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     The aim of this book is to provide the current status and development in the biomass 

energy research  fi eld and report new and highly innovative technology concepts to 

provide green/clean energy and control climate change. It will point out the poten-

tial bene fi ts of these new technology concepts and the technical challenges that we 

need to overcome to achieve the mission. This book could be helpful to a wide audi-

ence including not only energy and environmental scientists and engineers but also 

industry and academia, teachers and students, and the general public including the 

policy makers across the world. The book will address a variety of topics and tech-

nology concepts ranging from the latest development in smokeless biomass pyroly-

sis, Fischer–Tropsch hydrocarbons synthesis for biomass-derived syngas to liquid 

transportation fuels, catalytic and selective pyrolysis of biomass for production of 

fuels such as biodiesels and special chemicals such as levoglucosan and phenolic 

compounds, biomass hydrothermal processing, biomethane and naturally occurring 

hydrocarbon gas hydrates, to “cellulosic biofuels,” “electrofuels,” and photobiological 

production of advanced biofuels (e.g., hydrogen, lipids/biodiesel, ethanol, butanol, 

and/or related higher alcohols) directly from water and carbon dioxide. Advanced 

bioproducts such as biochar that could bring signi fi cant bene fi ts in helping control 

climate change and sustainable economic development will also be covered. Each 

chapter typically will describe a speci fi c technology including its fundamental concept, 

potential bene fi ts, current status, and technical challenges. Therefore, this BioEnergy 

sciences book will enable readers to quickly understand the up-to-date technical 

opportunities/challenges so that the readers may also be able to somehow contribute 

to this mission, since currently energy and environment (climate change) are such 

huge and urgent issues to human civilization on Earth. Together, we can help over-

come the challenges and build a sustainable future with clean renewable energy of 

tomorrow.

Norfolk, VA, USA James Weifu Lee   

    Preface 
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    Abstract The  fi eld of advanced biofuels and bioproducts may play an increasingly 

signi fi cant role in providing renewable energy and ensuring environmental health 

for a sustainable future of human civilization on Earth. This chapter as an introduc-

tion for the book provides a quick overview of advanced biofuels and bioproducts 

by highlighting the new developments and opportunities in the bioenergy research 

& development (R&D) arena in relation to the global energy and environmental 

challenges. The topics include: (1) Brazil’s sugarcane ethanol as an early and still 

encouraging example of biofuels at a nationally signi fi cant scale, (2) smokeless 

biomass pyrolysis for advanced biofuels production and global biochar carbon 

sequestration, (3) cellulosic biofuels, (4) synthetic biology for photobiological 

 production of biofuels from carbon dioxide and water, (5) lipid-based biodiesels, 

(6) life-cycle energy and environmental impact analysis, (7) high-value bioproducts 

and biomethane, and (8) electrofuels. 

    1   The Energy and Environment Challenges and Opportunities 

 The world currently faces a systematic energy and environmental problem of increased 

CO 
2
  emissions, decreased soil-carbon content, and global-climate change. To solve 

the massive global energy and environmental sustainability problem, it likely requires 

a comprehensive portfolio of R&D efforts with multiple energy technologies. 

    J.  W.   Lee   (*)

     Department of Chemistry & Biochemistry ,  Old Dominion University ,

  Physical Sciences Building, Room 3100B, 4402 Elkhorn Avenue ,  Norfolk ,  VA   23529 ,  USA  

   Johns Hopkins University, Whiting School of Engineering ,

  118 Latrobe Hall ,  Baltimore ,  MD   21218 ,  USA    

e-mail:  jwlee@odu.edu ;  JLee349@JHU.edu   

    Chapter 1  

  Introduction: An Overview of Advanced 
Biofuels and Bioproducts       

      James   Weifu   Lee                 
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The  fi eld of advanced biofuels and bioproducts, such as photosynthetic biomass 

energy, may represent one of the major R&D areas that have the potential to provide 

renewable clean energy, in additions to the other renewable energy technologies, 

including nuclear energy, geothermal, wind, solar, and hydropower. Photosynthesis 

captures more CO 
2
  from the atmosphere than any other processes on Earth capture. 

Each year, land-based green plants capture about 440 gigatons (Gt) CO 
2
  (equivalent 

to 120 GtC y −1 ) from the atmosphere into biomass  [  1  ] . That is, about one-seventh of 

all the CO 
2
  in the atmosphere (820 GtC) is  fi xed by photosynthesis (gross primary 

production) every year. Theoretically, if there is a technology that could translate as 

small as 7.5% of the annual terrestrial gross photosynthetic products (120 GtC y −1 ) to 

a usable biofuel to substitute fossil fuels that would be suf fi cient to eliminate the 

entire amount (nearly 9 GtC y −1 ) of CO 
2
  emitted into the atmosphere annually from the 

use of fossil fuels. The success of Brazil’s sugarcane ethanol reported in Chap. 2 has 

demonstrated that with the advancement of science and technology and coupled with 

proper policy support, it is possible for the  fi eld of advanced biofuels and bioproducts 

to make a signi fi cant contribution to enrich the energy market at a national and/or 

possibly global scale. Presently, ethanol from sugarcane replaces approximately 50% 

of the gasoline that would be used in Brazil if such an option did not exist. Therefore, 

Brazil’s sugarcane–ethanol success may be regarded as an early but still encouraging 

example of biofuels at least at a national scale. However, understandably, Brazil’s 

sugarcane–ethanol technology per se may or may not be applicable to the other parts 

of the world such as the United States because of the differences in climates, crop 

ecosystems, and various other factors. Development and deployment of other innova-

tive biofuels technologies are essential to achieve the mission of renewable energy 

production. The following highlights some of the bioenergy R&D areas that may be 

of special signi fi cance.  

    2   Smokeless Biomass Pyrolysis for Advanced Biofuels 

Production and Global Biochar Carbon Sequestration 

 Biomass utilization through smokeless (emission-free, clean, and ef fi cient) pyrol-

ysis is a potentially signi fi cant approach for biofuels production and biochar car-

bon sequestration at gigatons of carbon (GtC) scales. One of the key ideas here is 

to use a biomass-pyrolysis process to produce certain biofuels and more impor-

tantly to “lock” some of the unstable biomass carbon such as dead leaves, waste 

woods, cornstovers, and rice straws into a stable form of carbon―biochar, which 

could be used as a soil amendment to improve soil fertility and at the same time, 

to serve as a carbon sequestration agent, since biochar can be stable in soil for 

thousands of years and can help retain nutrients in soil to reduce the runoff of fer-

tilizers from agriculture lands that would otherwise pollute the rivers and water 

bodies. This “carbon negative” approach, which was co-initiated by Danny Day of 

Eprida Inc. and James Weifu Lee (the Editor) through their joint 2002 U.S. provi-

sional patent application followed by a PCT application  [  2,   3  ] , is now receiving 
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increased attention worldwide  [  4,   5  ] , especially since certain related studies have 

also indicated the possibility of using biochar as a soil amendment for carbon 

sequestration  [  6–  9  ] . 

 Chapter 3 provides an overview of this smokeless biomass-pyrolysis approach 

for producing biofuels and biochar as a possible arsenal to control climate change. 

For the immediate future, application of this biochar producing biomass-pyrolysis 

approach to turn waste biomass into valuable products could likely provide the best 

economic and environmental bene fi ts. Globally, each year, there are about 6.6 Gt 

dry matter of biomass (3.3 GtC) such as crop stovers that are appropriated but not 

used. Development and deployment of the smokeless biomass pyrolysis technol-

ogy could turn this type of waste biomass into valuable biochar and biofuel prod-

ucts. Even if assuming that only half amount of this waste biomass is utilized by 

this approach, it would produce 0.825 GtC y −1  of biochar and large amounts of 

biofuel (with a heating value equivalent to that of 3,250 million barrels of crude 

oil). By storing 0.825 GtC y −1  of biochar (equivalent to 3 Gt of CO 
2
  per year) into 

soil and/or underground reservoirs alone, it could offset the world’s 8.67 GtC y −1  of 

fossil fuel CO 
2
  emissions by 9.5%, which is still very signi fi cant. So far, there are 

no other technologies that could have such a big (GtC) capacity in effectively cap-

turing and sequestering CO 
2
  from the atmosphere. Therefore, this is a unique 

“carbon- negative” bioenergy technology system approach, which in the perspec-

tive of carbon management is likely going to be more effective (and better) than the 

nuclear energy option, since the nuclear-power energy system is merely a carbon-

neutral energy technology that could not capture CO 
2
  from the atmosphere. This is 

true also in comparing the “carbon-negative” smokeless biomass-pyrolysis 

approach with any other carbon-neutral energy technologies, including solar pho-

tovoltaic electricity, geothermal, wind, and hydropower, and all carbon-neutral 

biofuel technologies such as cellulosic biofuels, photobiological biofuels from car-

bon dioxide and water, lipid-based biodiesels, and electrofuels, which are also cov-

ered in this book. Consequently, nuclear energy and any other carbon-neutral 

energy technologies all cannot reverse the trend of climate change; on the other 

hand, the smokeless biochar-producing biomass-pyrolysis energy system approach, 

in principle, could not only reduce but also could possibly reverse the climate 

change. Therefore, this “carbon-negative” smokeless biomass-pyrolysis approach 

clearly merits serious research and development worldwide to help provide clean 

energy and control climate change for a sustainable future of human civilization on 

Earth  [  10  ] . 

 Chapter 4 reports an invention on partial oxygenation of biochar for enhanced 

cation exchange capacity, which is one of the key properties that enable biochar to 

help retain soil nutrients to reduce fertilizers runoff from agriculture lands and to 

keep water environment clean. Chapter 5 describes chemical structural character-

ization of biochars using advanced solid-state  13 C nuclear magnetic resonance spec-

troscopy, which is scienti fi cally important in understanding the chemistry and 

application of biochar materials. As reported in Chap. 6, one of the ideas is to use 

biochar particles incorporated with certain fertilizer species such as ammonium 

bicarbonate and/or urea, hopefully to make a type of slow-releasing fertilizer. 
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Use of this type of biochar fertilizer would place the biochar carbon into soil to 

improve soil fertility and, at the same time, store (sequester) carbon into the soil and 

subsoil earth layers to achieve carbon sequestration. Chapter 7 discusses selection 

and use of designer biochars to improve characteristics of Southeastern USA 

Coastal Plain degraded soils while Chap. 8 describes biochar as a co-product to 

bioenergy from slow-pyrolysis technology. 

 There are signi fi cant progresses and scienti fi c understanding in the arts of biomass 

pyrolysis. Chapter 9 reports the arts of catalytic pyrolysis of biomass for the produc-

tion of both biofuels and biochar while Chap. 10 describes the selective fast pyrolysis 

of biomass to produce fuels and chemicals. As reported in Chap. 11, it is also possi-

ble to produce advanced biofuels and biochar through hydrothermo processing of 

biomass. 

 To avoid negative impact on air quality with such a large (GtC)-scale operation 

required to achieve the envisioned global biochar carbon sequestration, the bio-

mass-pyrolysis process technology must be smokeless (emission-free, clean, and 

ef fi cient). Therefore, it is essential to fully develop a smokeless biomass-pyrolysis 

process to achieve the mission. One of the possible productive ways to achieve the 

smokeless (emission-free, clean, and ef fi cient) feature is by converting the pyrolysis 

syngas “smoke” into clean energy such as liquid transportation fuel. Currently, there 

are a number of Fischer–Tropsch processing technologies  [  11,   12  ]  that could be 

helpful for conversion of biomass-derived syngas into advanced (drop-in-ready) 

liquid biofuels, such as biodiesel, to replace petroleum-based transportation fuels. 

Chapter 12 describes the fundamentals of the biomass-to-liquid fuel process tech-

nologies via Fischer–Tropsch and related syntheses. Chapter 13 reports Fischer–

Tropsch hydrocarbons synthesis from a simulated biosyngas while Chap. 14 

describes Fischer–Tropsch synthesis of liquid fuel with Fe catalyst using CO 
2
 -

containing syngas that can be produced from biomass pyrolysis.  

    3   Cellulosic Biofuels 

 Chapter 15 reports cellulosic butanol production from agricultural biomass and 

residues: recent advances in technology while Chap. 16 describes the technology 

concept of consolidated bioprocessing of lignocellulosic biomass for biofuels pro-

duction. The research opportunity here is the possibility of converting vast amount 

of lignocellulosic plant biomass materials such as cornstover, wheat straw, switch-

grass, and woody plant materials into usable biofuels such as ethanol and/or butanol. 

Recently, bisabolane has also been identi fi ed as a terpene-based advanced biofuel 

that may be used as an alternative to D2 diesel  [  13  ] . This  fi eld of cellulosic biofuels 

has been active for more than 25 years and it still remains a hot topic because of its 

signi fi cant potential. One of the major challenges is known as the “lignocellulosic 

recalcitrance” which represents a quite formidable technical barrier to the cost-

effective conversion of plant biomass to fermentable sugars. That is, because of the 
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recalcitrance problem, lignocellulosic biomasses (such as cornstover, switchgrass, 

and woody plant materials) could not be readily converted to fermentable sugars to 

make ethanol or butanol without certain pretreatment, which is often associated 

with high processing cost. Despite more than 25 years of R&D efforts in lignocel-

lulosic biomass pretreatment and fermentative processing, the problem of recalci-

trant lignocellulosics still remains as a formidable technical barrier that has not yet 

been fully eliminated so far. This problem is probably rooted from the long history 

of natural plant evolution; plant biomass has evolved effective mechanisms for 

resisting assault on its cell-wall structural sugars from the microbial and animal 

kingdoms. This property underlies a natural recalcitrance, creating roadblocks to 

the cost-effective transformation of lignocellulosic biomass to fermentable sugars. 

Therefore, one of the R&D approaches is to unlock the sugars by re-engineering the 

cell wall structure through molecular genetics. Chapter 17 describes the synthesis, 

regulation, and modi fi cation of plant cell wall carbohydrates (lignocellulosic bio-

mass) as a resource for biofuels and bioproducts while Chap. 18 reports genetic 

modi fi cations of plant cell walls to increase biomass and bioethanol production. 

Other approaches include but are not limited to developing more effective pretreat-

ment, enzymes, and microorganisms that could help convert the biomass materials 

into biofuels. Chapter 19 reviews the structural features of cellulose and cellulose 

degrading enzymes and describes the technology concept of designer enzymes/cel-

lulosomes for cellulose-based biofuels production.  

    4   Synthetic Biology for Photobiological Production 

of Biofuels from Carbon Dioxide and Water 

 This multidisciplinary R&D area involves synthetic biology and genetic transformation 

of photosynthetic organisms to create designer transgenic organisms that can photo-

biologically produce biofuels such as hydrogen, lipids/biodiesel, ethanol, butanol, 

and/or other related higher alcohols (e.g., pentanol and hexanol), or hydrocarbons 

directly from water and carbon dioxide. Chapter 20 reports inventions on creating 

designer algae for photobiological production of hydrogen from water. In wild-type 

algae, there are four physiological problems associated with the proton gradient 

across the algal thylakoid membrane, which severely limit algal hydrogen production. 

These technical issues are: (1) accumulation of a proton gradient across the algal 

thylakoid membrane, (2) competition from carbon dioxide  fi xation, (3) requirement 

for bicarbonate binding at photosystem II (PSII) for ef fi cient photosynthetic activity, 

and (4) competitive drainage of electrons by molecular oxygen. As reported in 

Chap. 20 one of the key inventions here is the genetic insertion of a proton channel 

into the algal thylakoid membrane to simultaneously eliminate all of the four tran-

sthylakoid proton gradient-associated technical problems for enhanced photoauto-

trophic hydrogen production. 
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 In addition to the designer proton-channel algae, Chap. 20 describes a further 

invention on creating designer switchable PSII algae for robust photobiological 

production of hydrogen from water splitting, which can eliminate all the following 

three molecular oxygen (O 
2
 )-associated technical problems: (4) competitive drainage 

of electrons generated from photosynthetic water splitting by molecular oxygen, 

(5) oxygen sensitivity of algal hydrogenase, and (6) the H 
2
 –O 

2
  gas separation and 

safety issue. Use of the two inventions (two US patents): (I) designer proton-channel 

algae  [  14  ]  and (II) designer switchable PSII algae  [  15  ] , may enable ef fi cient and 

robust photobiological production of hydrogen with an enhanced yield likely more 

than ten times better than that of the wild-type. 

 This designer-algae synthetic biology approach can be applied not only for 

hydrogen production, but also for the production of other advanced biofuels of 

choice, such as ethanol and/or butanol, depending on speci fi c metabolic pathway 

designs  [  16,   17  ] . Chapter 21 reports inventions on application of synthetic biology 

for photobiologically production of ethanol directly from carbon dioxide and water 

while Chap. 22 describes the methods of creating designer transgenic organisms for 

photobiological production of butanol and/or related higher alcohols from carbon 

dioxide and water. One of the key ideas here is to genetically introduce a set of 

speci fi c enzymes to interface with the Calvin-cycle activity so that certain interme-

diate product such as 3-phosphoglycerate (3-PGA) of the Calvin cycle could be con-

verted immediately to biofuels such as butanol. The net result of the envisioned total 

process, including photosynthetic water splitting and proton-coupled electron trans-

port for generation of NADPH and ATP that supports the Calvin cycle and the 

butanol production pathway is the conversion of CO 
2
  and H 

2
 O to butanol 

(CH 
3
 CH 

2
 CH 

2
 CH 

2
 OH) and O 

2
  as shown in ( 1 ). Therefore, theoretically, this could be 

a new mechanism to synthesize biofuels (e.g., butanol) directly from CO 
2
  and H 

2
 O 

with the following photosynthetic process reaction:

     2 2 3 2 2 2 2
4CO 5H O CH CH CH CH OH 6O+ → +

 
  (1)   

 This photobiological biofuel production process completely eliminates the 

problem of recalcitrant lignocellulosics by bypassing the bottleneck problem of 

the biomass technology. Since this approach could theoretically produce biofuels 

(such as hydrogen, ethanol, butanol, related higher alcohols, and/or hydrocarbons/

biodiesel) directly from water and carbon dioxide with high solar-to-biofuel energy 

ef fi ciency, it may provide the ultimate green/clean renewable energy technology for 

the world as a long-term goal. According to a recent study  [  18  ]  for this type of direct 

photosynthesis-to-biofuel process, the practical maximum solar-to-biofuel energy 

conversion ef fi ciency could be about 7.2% while the theoretical maximum solar-to-

biofuel energy conversion ef fi ciency is calculated to be 12%. 

 The designer algae approach may also enable the use of seawater and/or ground-

water for photobiological production of biofuels without requiring freshwater or 

agricultural soil, since the biofuel-producing function can be placed through molecular 

genetics into certain marine algae and/or cyanobacteria that can use seawater and/or 
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certain groundwater. They may be used also in a sealed photobioreactor that could 

be operated on a desert for the production of biofuels with highly ef fi cient use of 

water since there will be little or no water loss by evaporation and/or transpiration 

that a common crop system would suffer. That is, this designer algae approach could 

provide a new generation of renewable energy (e.g., butanol) production technology 

without requiring arable land or freshwater resources, which may be strategically 

important to many parts of the world for long-term sustainable development. 

Recently, certain independent studies  [  19,   20  ]  have also applied synthetic biology in 

certain model cyanobacteria, such as  Synecoccus elongatus  PCC7942, for photobi-

ological production of isobutanol and 1-butanol. 

 Furthermore, the designer algae approach may be applied for enhanced photo-

biological production of other bioproducts, including (but not limited to) lipids, 

hydrocarbons, intermediate metabolites, and possibly high-value bioproducts such 

as docosahexaenoic acid (DHA) omega-3 fatty acid, eicosapentaenoic acid (EPA) 

omega-3 fatty acid, arachidonic acid (ARA) omega-6 fatty acid, chlorophylls, car-

otenoids, phycocyanins, allophycocyanin, phycoerythrin, and their derivatives/

related product species.  

    5   Lipid-Based Biodiesels 

 Biodiesel is a mixture of fatty acid alkyl esters obtained typically by transesteri fi cation 

of triglycerides from vegetable oils, algal lipids, or animal fats. Transesteri fi cation 

of the lipid feedstocks is already a quite well-established chemical engineering 

process with a multiple-step reaction, including three reversible steps in series, 

where triglycerides are converted to diglycerides, then diglycerides are converted to 

monoglycerides, and monoglycerides are then converted to esters (biodiesel) and 

glycerol (by-product). One of the major challenges is to cost-effectively produce large 

quantities of lipids that can be readily harvested for biodiesel fuel production. 

 One of the approaches is to produce vegetable oils through Jatropha plantation. 

Chapter 23 reports the production of biodiesel and nontoxic jatropha seedcake from 

 Jatropha curcas . The highest potential in biodiesel production probably resides in 

algae. The bio-oil (lipids) content for some of the algae can be upto 30–60% of its 

dry biomass, which energy density is at least as high as coal. Chapter 24 provides a 

quite comprehensive review of biofuels from microalgae towards meeting the 

advanced fuel standards. Chapter 25 discusses the bioprocess engineering aspects of 

biodiesel and bioethanol production from microalgae while Chap. 26 describes the 

arts of closed photo-bioreactors as tools for biofuel production. Chapter 27 reports 

extraction of hydrocarbons from  Botryococcus braunii  while Chap. 28 describes 

valorization of waste oils and animal fats for biodiesel production. Chapter 29 

reports a single-step direct thermo-conversion of algal biomass to biodiesel with the 

formation of an algal char as potential fertilizer.  
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    6   Life-Cycle Energy and Environmental Impact Analysis 

 To assess a new energy technology before considering its implementation, it is 

essential to perform a life-cycle analysis on its total energy ef fi ciency and environ-

ment impact, including both its potential bene fi ts and risks. A viable energy tech-

nology should have a signi fi cant net energy gain or a carbon footprint reduction 

based on its objective life-cycle analysis. Chapter 30 reports the process economics 

and greenhouse gas audit for microalgal biodiesel production. Chapter 31 discusses 

the sustainability considerations about microalgae for biodiesel production while 

Chap. 32 reports a life-cycle assessment for algae-to-energy systems.  

    7   High Value Bioproducts and Biomethane 

 Use of biomass technology can produce high-value products also. For example, cer-

tain cyanobacteria and green algae have been used as human foods, sources for vita-

mins, proteins,  fi ne chemicals, and bioactive compounds. Chapter 33 reports fed-batch 

cultivation of  Spirulina platensis , which can be used as high-value health nutrient 

supplement. Chapter 34 discusses the bioprocess development for Chlorophyll 

extraction from microalgae while Chap. 35 reports the screening methods for bioac-

tive compounds from algae. Fermentation of biomass for methane production repre-

sents another important bioresource for biofuel production and waste management. 

Chapter 36 provides a comprehensive review on algae/biomethane production. 

Methane hydrates created from biomass at the bottom of the vast oceans and in certain 

permafrost regions may represent another signi fi cant resource that could hopefully be 

explored for utilization in the future as well. Chapter 37 reports methane hydrates on 

its current status, resources, technology, and potential.  

    8   Electrofuels 

 Electrofuels is a newly created biofuel technology concept that may have signi fi cant 

potential in producing transportation fuel from non-biomass feedstocks such as 

CO 
2
 , H 

2,
  and/or electricity. One of its key features is the application of certain 

chemolithoautotrophic organisms with synthetic biology to synthesize biofuel(s), 

such as butanol through  fi xation of CO 
2
  using H 

2
  and/or electrons as a source of 

reductant. Potentially, this approach could become quite attractive for biofuels pro-

duction, since large quantities of inexpensive electricity (thus H 
2
  from electrolysis 

of water) and CO 
2
  feedstock could foreseeably become available in the near future. 

With advanced photovoltaic cells, the solar-to-electricity energy conversion 

ef fi ciency can now reach more than 20%. A solar electricity-based electrofuel 

process with certain chemolithoautotrophic CO 
2
   fi xation pathways  [  21  ]  could have 

a combined solar-to-biofuels energy conversion ef fi ciency higher than that of a 
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 photosynthesis-based biofuel technology. Therefore, the electrofuels approach merits 

serious exploration also. In 2009, the United States Department of Energy (DOE) 

Advanced Research Projects Agency-Energy (ARPA-E) created the electrofuels 

program to explore the potential of non-photosynthetic autotrophic organisms for 

the conversion of durable forms of energy to energy-dense, infrastructure-compatible 

liquid fuels. Chapter 38 reports the US DOE/ARPA-E Electrofuels program efforts, 

including its rationale, approach, potential bene fi ts, and challenges. Chapter 39 dis-

cusses the motivations and the methods used to engineer  Ralstonia eutropha  to pro-

duce the liquid transportation fuel isobutanol from CO 
2
 , H 

2
 , and O 

2
 ; and Chap. 40 

reports the development of an integrated Microbial-ElectroCatalytic (MEC) system 

consisting of  R. eutropha  as a chemolithoautotrophic host for metabolic engineering 

coupled to a small-molecule electrocatalyst for the production of biofuels from CO 
2
  

and H 
2
 , which extends well beyond biomass-derived substrates.      
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  Abstract   Presently, ethanol from sugarcane replaces approximately 50% of the 

gasoline that would be used in Brazil if such an option did not exist. In some aspects, 

ethanol may represent a better fuel than gasoline and to a great extent a renewable 

fuel contributing little to greenhouse gas emissions in contrast with fossil-derived 

fuels. Production of ethanol increase from 0.6 billion liters in 1975/1976 to 27.6 

billion liter in 2009/2010. Although production costs in 1975/1976 were three times 

higher than gasoline prices in the international market, such costs declined dramati-

cally thanks to technological advances and economics of scale becoming full 

competitive (without subsidies) with gasoline after 2004. This was achieved through 

appropriate policies of the Brazilian government. These policies and the rationale 

for them as a strategy to reduce oil imports are discussed here with the possibilities 

of replication in other countries.      

    1   Introduction 

 Sugarcane has been cultivated in Brazil since the sixteenth century and more recently 

the country became the largest producers of sugar accounting for approximately 

25% of the world’s production. The production of ethanol has been small but 

starting in 1931 the Government decided that all the gasoline used in the country 

(mostly imported) should contain 5% of ethanol from sugarcane. This was done to 

bene fi t sugar producing units when faced by declining prices of sugar in the 

international market which notoriously  fl uctuate over the years (Fig.  1 ).  

 Around 1970 the sugar industry in Brazil was stagnated, processing only 70–80 

million tonnes of sugarcane per year mainly due to Government policies of 

guaranteed prices to producers: when the international price of sugar was low the 
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government purchased the sugar at prices that satis fi ed the producers. Competition 

and modernization were thus discouraged; each producer had a quota and therefore 

few concerns about losing money. Sugar producers did not plan in the long run and 

usually produced strictly what they considered attractive in a given year. Since the 

price of sugar in the international markets varies signi fi cantly over time, as seen in 

Fig.  1 , such lack of planning frequently left them out of the market when prices 

suffered strong  fl uctuations  [  1  ] . 

 The solution proposed at that time by Ministry of Industry and Commerce  [  2  ]  

was to expand production regardless of the prices of sugar and use the excess pro-

duction (when prices were low) to produce ethanol which was more expensive to 

produce than gasoline. One of the drivers for that was the need to eliminate lead 

components from gasoline (lead tetraethyl) which was imported saving thus foreign 

currency. Such ideas did not prosper until the oil crisis of 1973: the cost of oil went 

suddenly from US$ 2.90 per barrel to US$ 11.65 per barrel. The import bill with oil 

(80% of which was imported) skyrocketed from 600 million dollars in 1973 to 2.5 

billion in 1974, approximately 32% of all Brazilian imports and 50% of all the hard 

currency that the country received from exports.  

    2   The Expansion of Ethanol Production 

 Under these conditions the Government decided to accelerate ethanol production 

thorough decree 76,593 of November 14, 1975 which is really the  birth certi fi cate  

of the Brazilian “Alcohol Program.” The idea was to reduce gasoline consumption 

  Fig. 1    World re fi ned sugar price—1983/2007       
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and therefore decrease oil imports. Production goals were set at three billion liters 

of ethanol in 1980 and 10.7 billion liters in 1985. 

 This decree determined that very generous  fi nancing terms were to be offered to 

entrepreneurs through Government banks 1  and that the price of ethanol should be on 

a parity with sugar 35% higher than the price of 1 kg of sugar. 2  

 The decree made the production of ethanol and the production of sugar equally 

attractive to the entrepreneurs. This opened the way for the increase in the produc-

tion of ethanol which happened indeed as seen in Fig.  2 .  

 Production increased from 600 million liters/year in 1975/1976 to 3.4 billion liters 

per year in 1979/1980. This corresponded to 14% of the gasoline used in 1979.  

    3   The Expansion of Ethanol Consumption 

 In principle, therefore the problem of increasing ethanol production was solved. The 

remaining problem was to make sure that the ethanol produced was consumed. 

 The Government solved the problem using two instruments  [  1  ] :

   Adopting mandates for mixing ethanol to gasoline. Up to 1979, the mixture of • 

ethanol in the gasoline increased gradually to approximately 10% which required 

small changes in the existing motors. In 1981, ethanol consumption reached 2.5 

billion liters.  

  Fig. 2    Ethanol and sugar 
production—Brazil 
1970–2008       

   1   The interest to be paid on these loans was lower than the rate of in fl ation which resulted in a nega-
tive real interest rate.  
   2   Theoretically one can produce 0.684 L of ethanol with 1 kg of sugar which is fairly close to the 
value established by the decree 76,593.  
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  Setting the price of ethanol paid to producers at 59% of the selling price of • 

gasoline (which was more than twice the cost of imported gasoline). The high 

price of gasoline has been used for a long time by the Government as a method 

of collecting resources to subsidize diesel oil. Parts of such resources were then 

used to subsidize ethanol.    

 Subsidies of approximately one billion dollars per year on the average over the 

30 years were needed to sustain the program. These subsidies were removed gradu-

ally and in 2004 the price paid to ethanol producers was similar to the cost of gaso-

line in the international market as seen in Fig.  3 .   

    4   Technologies for Ethanol Use 

 Decree 76,593 and its consequences were adopted purely for economic reasons. 

Only in 1978 it become evident through work of university groups  [  2  ]  that ethanol 

for sugarcane was very close of being a renewable energy source (except for the 

minor ingredients of pesticides, fertilizers, and some diesel oil needed for its pro-

duction). All the energy for the process of crushing the sugarcane, fermenting and 

distillation originated in the bagasse of the sugarcane. The ratio of the energy con-

tained in a 1 L of ethanol to the energy of fossil origin used in the process was 

approximately 4.53 to 1 when the  fi rst evaluation was carried out  [  3  ] . Today, evalu-

ations are showing that the rate is even better (8 to 1) due to the signi fi cant agricul-

tural and industrial ef fi ciency improvements  [  4,   5  ] . Impressive productivity gains of 

3% per year over 30 years have been achieved. As an example, Fig.  4  gives the 

growth of sugarcane agriculture productivity in different regions of Brazil, from 

1977 to 2009, indicating an increase of 51% in the period.  

  Fig. 3    Learning curve for ethanol production from sugarcane in Brazil.  Source : Refs.  [  8,   9  ]        
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 The second oil shock in 1979 led the Government to the drastic move to 

introduce cars with motors designed to operate exclusively with hydrated ethanol in 

order to increase ethanol consumption  [  2  ] . 

 A few years earlier President Ernesto Geisel had visited the Air Force 

Technological Center in São José dos Campos, São Paulo, and was very impressed 

by the work being done there by engineers, led by Urbano Ernesto Stumpf, on 

ethanol-fueled cars using hydrated ethanol (95.5% pure ethanol and 4.5% water). 

Important changes in the engine were needed to use that fuel, which required a 

compression ratio of 12:1, compared to 8:1 for regular gasoline. The higher com-

pression ratio meant higher ef fi ciency, which partly compensated for ethanol’s 

lower energy content. Combining all these factors, 199 L of pure (anhydrous) eth-

anol replace one barrel of gasoline (159 L). This change to engines meant a drastic 

change in auto manufacture, but under Government pressure, local carmakers 

adapted and nationalistic elements in the Government saw ethanol as an instru-

ment of national independence. In addition to that Brazilian auto manufacturers 

could no longer export their cars since hydrated ethanol was not available in other 

countries. It was also a problem to drive Brazilian cars in neighboring countries 

(and even some states in Brazil) that did not have service stations selling hydrated 

ethanol. Despite that the production of these cars began in earnest at the end of the 

decade; between 1979 and 1985, they accounted for 85% of all new car sales  [  2  ] . 

Over this same period, the percentage of ethanol in gasoline reached approxi-

mately 20%  [  1  ] . 

 Two  fl eets of automobiles were circulating in the country: some running on 

gasoline, using a blend of up to 20% anhydrous ethanol and 80% gasoline, and others 

−
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  Fig. 4    Evolution of the sugarcane productivity in Brazil.  Source : Ref.  [  10  ]        
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running on hydrated ethanol. In 1985, the scenario changed dramatically, as 

petroleum prices fell and sugar prices recovered on the international market. 

Subsidies were reduced and ethanol production could not keep up with demand. The 

production of ethanol leveled off but the total amount being used remained more or 

less constant because the blend was increased to 25% and more cars were using the 

blend. Thus, by 1990 a serious supply crises occurred and due to a shortage of the 

appropriate fuel. The government tried to mitigate the shortage importing ethanol 

and methanol. Methanol was blended with gasoline and ethanol yielding another 

fuel that could be used in gasoline cars, freeing more ethanol for the neat ethanol 

powered ones. But, the shortage crisis lasting 1 year scared consumers and the sales 

of neat ethanol cars dropped rapidly: by the year 2000, it was lower than 1% of total 

new cars sold. 

 Then, after 2003, ethanol consumption rose again, as  fl exible-fuel engines were 

introduced in the cars produced in Brazil. These cars are built to use pure ethanol 

with a high compression ratio (approximately 12:1) but can run with any proportion 

of ethanol and gasoline, from zero to 100%, as they have sensors that can detect the 

proportion and adjust the ignition electronically. Flex-fuel cars were an immediate 

hit; today, they represent more than 95% of all new cars sold because they allow 

drivers to choose the cheapest blend on any given day. Approximately 50% of the 

gasoline that would otherwise be used in Brazil today was replaced by ethanol. The 

production of pure ethanol driven cars is being discontinued because of the success 

with the  fl exible-fuel engines. 

 In the 30 years since 1976 ethanol substituted 1.51 billion barrels of gasoline 

which correspond to savings of US$ 75 billion (in dollars of 2006) taking into 

account the amount of gasoline saved each year at the world market price  [  6  ] .  

    5   Expansion of the Ethanol Program to Other Countries 

 To emulate the successful Ethanol Program of Brazil, which is clearly an instrument 

to reduce CO 
2
  emissions from gasoline, a number of countries have adopted ethanol 

mandates to introduce ethanol in their automotive  fl eets. As a consequence, it is 

necessary to subsidize producers at a rate of approximately 11 billion dollars per 

year mainly in the United States where ethanol is produced from corn. 

 Table  1  shows the existing mandates in a number of countries and projections of 

the amount of ethanol that will be needed by 2020/2022.  

 Present gasoline consumption in these countries is 943.2 billion liters, 82% of 

present gasoline consumption. 

 The potential demand for 2020/2022 on the basis of existing mandates  [  7  ]  is 

178.7 billion liters. 

 Clearly, an enormous effort will have to be made to meet the projected demand 

for 2020 in the basis of either  fi rst- or second-generation technologies.  
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    6   Summary 

 A discussion is made of the policies adopted by the Brazilian government in the mid 

1970s of last century to increase the production of ethanol from sugarcane. The suc-

cess of such policies can be assessed by the enormous increase in production (from 

0.6 billion liter in 1975/1978 to 27.6 billion in 2009/2010) as well as the sharp 

decline in production costs which turned this renewable fuel competitive with 

gasoline.      
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  Abstract   Smokeless (emission-free, clean, and ef fi cient) biomass pyrolysis for 

biochar and biofuel production is a possible arsenal for global carbon capture and 

sequestration at gigatons of carbon (GtC) scales. The world’s annual unused waste 

biomass, such as crop stovers, is about 3.3 GtC y −1 . If this amount of biomass 

(3.3 GtC y −1 ) is processed through the smokeless pyrolysis approach, it could pro-

duce biochar (1.65 GtC y −1 ) and biofuels (with heating value equivalent to 3,250 

million barrels of crude oil) to help control global warming and achieve energy 

independence from fossil fuel. By using 1.65 GtC y −1  of biochar into soil and/or 

underground reservoirs alone, it would offset the 8.5 GtC y −1  of fossil fuel CO 
2
  

emissions by 19%. The worldwide maximum capacity for storing biochar carbon 

into agricultural soils is estimated to be about 428 GtC. It may be also possible to 

provide a global carbon “thermostat” mechanism by creating biochar carbon energy 

storage reserves. This biomass-pyrolysis “carbon-negative” energy approach merits 

serious research and development worldwide to help provide clean energy and con-

trol climate change for a sustainable future of human civilization on Earth.      
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    1   Introduction 

 This approach of smokeless (emission-free, clean, and ef fi cient) biomass pyrolysis 

with biochar application as soil amendment and carbon sequestration agent was 

initiated through our joint 2002 US provisional patent application followed by a 

PCT application  [  1  ] . One of the key concepts here is to use a biomass-pyrolysis 

process to produce certain biofuels and more importantly to “lock” some of the 

unstable biomass carbon, such as dead leaves, waste woods, cornstovers, and rice 

straws, into a stable form of carbon―biochar, which could be used as a soil amendment 

to improve soil fertility and at the same time, to serve as a carbon sequestration 

agent, since biochar can be stable in soil for thousands of years and can help retain 

nutrients in soil to reduce the runoff of fertilizers from agriculture lands that would 

otherwise pollute the rivers and water bodies. The general philosophy or the “idea 

roots” of this approach can trace back to Lee’s early work in 1998 at Oak Ridge 

National Laboratory (ORNL) in developing the method for reducing CO 
2
 , CO, NO 

 x 
 , 

and SO 
 x 
  emissions, which subsequently resulted in a US Patent that laid a framework 

of solidifying carbon dioxide and placing it into soil and/or subsoil earth layers for 

win–win bene fi ts on carbon sequestration, environmental health, and agricultural 

productivity  [  2,   3  ] . In 2002, when Day of Eprida visited Lee’s lab at ORNL, we 

shared our visions and together extended this approach with the process of smokeless 

biomass pyrolysis and using biochar fertilizer as soil amendment and carbon seques-

tration agent  [  4,   5  ] . 

 When this approach of smokeless biomass pyrolysis and using biochar fertilizer 

as soil amendment for carbon sequestration was  fi rst proposed, we encountered 

various skepticisms from our peers, some of them with very good/tough questions, 

such as “how stable is biochar when used as carbon sequestration agent in soil?” and 

“how long would your envisioned biochar fertility effect last in soil?” In our minds, 

there were no doubts that biochar material and its fertility effects (such as cation 

exchanging capacity) could be stable for hundreds and perhaps thousands of years. 

However, to provide an absolutely clear answer to this type of questions, it would 

require a long-term biochar-soil experiment that lasts hundreds of years, which 

would be practically impossible to complete in our life time. We presented our 

 fi ndings  fi rst at the USDA Carbon Sequestration Conference in November of 2002 

and included references to the “black carbon” in the prehistoric (pre-Columbian) 

“Terra Preta” soils in Amazonia  [  6,   7  ] . Subsequently, one of us (Day) organized and 

sponsored the  fi rst two US biochar scienti fi c meetings and held brie fi ngs around the 

world to educate and further the use of biochar. The  fi rst US biochar and energy 

production scienti fi c meeting which was sponsored by Eprida (Day) held in June 

2004 at the University of Georgia at Athens with about 60 participants from across 

the world, including Brazil, Austria, Germany, New Zealand, Japan, and the USA. 

Since then, the approach of smokeless biomass pyrolysis and biochar soil application 

gradually became a hot research and development topic across the world. 

 Because biochar is not completely digestible to microorganisms, a biochar-based 

soil amendment could serve as a permanent carbon-sequestration agent in soils/

subsoil earth layers for thousands of years. As indicated by the recent discovery of 
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biochar particles in “Terra Preta” soils formed by pre-Columbian indigenous 

agriculturalists in Amazonia, biochar materials could be stored in soils as a means 

of carbon sequestration for hundreds and perhaps thousands of years. The longest 

lifetime of biochar material that has been reported with scienti fi c evidence is about 

38,000 years, according to the carbon isotope dating of a prehistoric Cro-Magnon 

man’s charcoal painting discovered in the Grotte Chauvet cave  [  8  ] . The black car-

bon in a “Terra Preta” soil at the Acutuba site has been dated about 6,850 years ago 

 [  9  ] . At the Jaguariuna soil site in Brazil, some high abundance of charcoal found in 

the summit soil was dated to occur about 9,000 years ago  [  10  ] . These carbon-isotope 

dating results all indicate how stable and permanent the biochar carbon sequestration 

can be. Through a  14 C-labeling study, the mean residence time of pyrogenic carbon 

in soils has now been estimated in the range of millennia  [  11  ] . 

 Here, we must point out that the practice of the pre-Columbian indigenous 

agriculturalists may or may not be applicable to achieving our envisioned clean 

energy production and global biochar carbon sequestration, although the discovery 

of biochar particles in “Terra Preta” soils seems to provide quite nice support for the 

proposed approach of smokeless biomass pyrolysis using biochar fertilizer for soil 

amendment and carbon sequestration. First of all, the biochar materials accumulated 

in the “Terra Preta” soil were probably resulted from some low-tech processes, 

including (1) “slash and burn,” (2) “slash and char,” and (3) wild  fi res. All of these 

three processes generate large amounts of hazardous smokes that can impact air 

quality. In the practice of “slash and burn,” trees, bushes, and other green plants are 

cut down and burned in the  fi eld to clear the land for cropland. The burning of biomass 

in open  fi elds creates large amounts of hazardous smoke similar to a wild  fi re; the 

biochar formed through the slash-and-burn techniques represents only about 1.7% 

of the pre-burn biomass  [  12  ] . “Slash and char” is a practice to make charcoal from 

biomass by use of conventional charcoal kilns  [  11,   13  ] , which is better than the 

practice of “slash and burn,” but would still produce large amount of smoke. Use of 

conventional charcoal kilns for charcoal production at a gigatons of carbon (GtC) 

scale would produce large amounts of smoke (pollutants including soot black-carbon 

particles) that are not acceptable to the environment and air quality, in addition to 

allowing heat, energy, and valuable chemicals to escape into the atmosphere. 

A recent study indicates that black-carbon aerosols which can directly absorb solar 

radiation might have substantially contributed to the rapid Arctic warming during 

the past 3 decades  [  14,   15  ] . Therefore, a smokeless and ef fi cient modern biomass-

pyrolysis process is essential to achieve the mission of annually converting gigatons 

of biomass into biochar and biofuel. Development and deployment of a modern 

biomass-pyrolysis biofuel/biochar-producing process would enable collecting of 

the “smoke” (organic volatiles and gases) into the biofuel fraction for clean energy 

(e.g., hydrogen and/or liquid fuels) production. Therefore, further development and 

use of this type of smokeless biofuel/biochar-producing biomass-pyrolysis tech-

nologies are needed for the envisioned large (GtC) scale mission of mitigating 

global CO 
2
  emissions, and, at the same time, ensuring good air quality. 

 Furthermore, the “Terra Preta” soils in Amazonia rain forest region represent 

only a tiny spot on Earth. What one may learn from there may or may not be useful 
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to the rest of the world because of the differences in climates, soil types, crops and 

ecological systems, and other factors. More importantly, for the envisioned modern 

application of biochar as a meaningful arsenal for global carbon sequestration to 

control global warming, it would require an operation of both biochar production 

and soil application at GtC scales, which have never been done in any human his-

tory. Serious studies across the world are needed before this approach could be 

considered for practical implementation. 

 Therefore, in the following, we provide a quick overview of the biomass-pyrolysis 

“carbon-negative” energy approach and discuss its future research and development 

opportunities.  

    2   The Biomass-Pyrolysis “Carbon-Negative” Approach 

 As illustrated in Figs.  1  and  2 , photosynthesis captures more CO 
2
  from the atmo-

sphere than any other process does on Earth. Each year, land-based green plants 

capture about 440 gigatons (Gt) CO 
2
  (equivalent to 120 Gt C y −1 ) from the atmo-

sphere into biomass  [  16  ] . However, biomass is not a stable form of carbon material 

with nearly all returning to the atmosphere in a relatively short time as CO 
2
 . Because 

of respiration and biomass decomposition, there is nearly equal amount of CO 
2
  

(about 120 GtC y −1 ) released from the terrestrial biomass system back into the atmo-

sphere each year  [  17  ] . As a result, using biomass for carbon sequestration is limited. 

Any technology that could signi fi cantly prolong the lifetime of biomass materials 

would be helpful to global carbon sequestration. The approach of smokeless biomass 

pyrolysis can provide such a possible capability to convert the otherwise unstable 

biomass into biofuels, and, more importantly, biochar which is suitable for use as a 

soil amendment and serve as a semipermanent carbon-sequestration agent in soils/

subsoil earth layers for hundreds and perhaps thousands of years  [  4  ] .   

 Biomass pyrolysis is a process in which biomass, such as waste woods and/or 

crop residues (e.g., cornstover), is heated to about 400°C in the absence of oxygen 

and converted to biofuels (bio-oils, syngas) and biochar—a stable form of solid 

black carbon (C) material (Fig.  3 ). Although its detailed thermochemical reactions 

are quite complex, the biomass-pyrolysis process can be described by the following 

general equation:

     
→

2
Biomass(e.g., lignin cellulose) biochar + H O + bio - oils + syngas

  
   

 The yield and characteristics of biochar produced varies widely depending on 

the feedstock properties and pyrolysis conditions, including temperature, heating 

rate, pressure, moisture, and vapor-phase residence time. Typically, biochar contains 

mainly carbon (C) with certain amounts of hydrogen (H), oxygen (O), and nitrogen 

(N) atoms, plus ash. As reported in one of our previous studies  [  4  ] , a typical compo-

sition of biochar on an ash- and nitrogen-free basis can be 82% C, 3.4% H, and 

14.6% O. Biochar has been produced throughout recorded history in energy-wasteful 

earthen pits, kilns, and steel drums releasing smoke. Advances in technology allow 

the organic volatiles (bio-oils) and syngas (CO, CO 
2
 , and H 

2
 , etc.) from biomass 
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pyrolysis to be used as a biofuel for clean energy production. Typically, through a 

400°C slow-pyrolysis process, about 50% of the dry biomass C (carbon) can be 

converted into biochar while the remaining 50% C in the biofuel portion provides 

part of its energy to sustain the process. 

  Fig. 1    The potential bene fi ts of smokeless biomass pyrolysis energy technology for carbon dioxide 

capture and sequestration. As illustrated by the major CO 
2
   arrow  pointing from the  top , photosyn-

thetic biomass production on Earth ( center ) is the biggest process that can take CO 
2
  from the 

atmosphere. The biomass pyrolysis process ( upper left ) could convert a fraction of biomass into 

biochar and biofuels (such as H 
2
  and CH 

4
 ), which could be optionally utilized to make NH 

4
 HCO 

3
 -

char and/or urea-char fertilizers. Use of the biochar fertilizers could store carbon into soil and 

subsoil earth layers, reduce fertilizer (such as NO  
3
  −  ) runoff, and improve soil fertility for more 

photosynthetic biomass production that could further translate to more win–win bene fi ts, including 

more forest, more fabric and wooden products, more food and feedstocks, and with possibility of 

creating biochar/energy reverses ( bottom right ) as “global carbon thermostat” to control climate 

change (reproduced from ref.  [  5  ] )       
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  Fig. 2    The global carbon cycle and envisioned “carbon-negative” biomass-pyrolysis energy tech-

nology concept for biofuel and biochar production, and carbon dioxide capture and sequestration 

(reproduced from ref.  [  5  ] )       

  Fig. 3    Photographs showing, from  left  to  right , 10 g biochar from pyrolysis of cornstover, 10 g 

soil, and 10 g mixture of biochar (10% W) and soil (90% W). The soil sample shown here is a 

surface soil from 0 to 15 cm deep at the University of Tennessee’s Research and Education Center, 

Milan, Tennessee, USA (358,560 N latitude, 888,430 W longitude), which is also known as the 

Carbon Sequestration in Terrestrial Ecosystems site (CSiTE) supported by the US Department of 

Energy (reproduced from ref.  [  5  ] )       
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 In perspective of the global carbon cycle, as shown in Fig.  1 , this biochar-producing 

biomass-pyrolysis approach essentially employs the existing natural green-plant 

photosynthesis on the planet as the  fi rst step to capture CO 
2
  from the atmosphere; 

then, the use of a pyrolysis process converts biomass materials primarily into bio-

fuel and char—a complex but stable form of solid carbon material that can enhance 

plant growth when used as soil amendment. The net result is the removal of CO 
2
  

from the atmosphere through the process of capturing CO 
2
  from the atmosphere and 

placing it into soils and/or subsoil earth layers as a stable carbon (biochar) while 

producing signi fi cant amount of biofuel energy through biomass pyrolysis. 

Therefore, this is a “carbon negative” energy production approach. 

 The world’s annual unused waste biomass such as crop stovers is about 6.6 Gt of 

dry biomass  [  18  ] , which is equivalent to about 3.3 GtC y −1  since dry biomass typically 

contains C as 50% of its total mass. If this amount of biomass (3.3 GtC y −1 ) is 

processed through controlled low-temperature pyrolysis assuming 50% conversion 

of biomass C to stable biochar C and 35% of the biomass energy to biofuels, it could 

produce biochar (1.65 GtC y −1 ) and biofuels (with heating value equivalent to 3,250 

million barrels of crude oil) to help control global warming and achieve energy 

independence from fossil fuel. By using 1.65 GtC y −1  of biochar as a bene fi cial soil 

amendment, it would offset the 8.5 GtC y −1  of fossil fuel CO 
2
  emissions by 19%. 

Therefore, the envisioned biochar-producing biomass-pyrolysis approach (Figs.  1  

and  2 ) should be considered as an option to mitigate the problem of global green-

house-gas emissions. 

 The capacity of carbon sequestration by the application of biochar fertilizer in 

soils could be quite signi fi cant since the technology could potentially be applied in 

many land areas, including croplands, grasslands, and also a fraction of forest lands. 

The maximum capacity of carbon sequestration through biochar soil amendment in 

croplands alone is estimated to be about 428 GtC for the world. This capacity is 

estimated according to: (a) the maximal amount of biochar carbon that could be 

cumulatively placed into soil while still bene fi cial to soil environment and plant 

growth; and (b) the arable land area that the technology could potentially be applied 

through biochar agricultural practice. 

 Using charcoal collected from a wild fi re, Gundale and DeLuca    recently showed 

that the amount of charcoal that can be applied can be as much as 10% of the weight 

of soil to increase plant  Koeleria macrantha  biomass growth without negative effect 

 [  19  ] . The composition of a biochar material depends on its source biomass material 

and pyrolysis conditions. Typically, biochar material produced from low-temperature 

(about 400°C) pyrolysis contains about 70% (w) of its mass as the stable carbon (C) 

and the remainder as ash content, oxides, and residual degradable carbon (such as 

bio-oil residue). The density of bulk soil is typically about 1.3 tons m −3 . With this 

preliminary knowledge, we calculated that the maximum theoretical biochar seques-

tration capacity is about 303.8 ton C per hectare (1 ha = 2.47 acres; 123 ton C per 

acre) in a 30-cm soil layer alone. From the size of the world’s arable land (1,411 

million hectares), the worldwide potential capacity for storing biochar carbon in 

agricultural soils was estimated to be 428 GtC (Table  1 ). This estimate (428 GtC), 

which is somewhat higher than that (224 GtC) estimated by Lehman et al.  [  20  ] , 
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probably represents an upper limit value. The maximal amounts of biochar carbon 

that could be cumulatively placed into soil while still bene fi cial to soil environment 

and plant growth are probably dependent on a number of factors, including the 

speci fi c biochar properties, topography, soil type, weather, and plant species. 

Worldwide biochar soil  fi eld tests are needed to obtain more accurate information 

on the capacity of biochar carbon sequestration in soils.   

    3   Future R&D Opportunities 

 Since this technology concept of smokeless biomass pyrolysis with biochar soil 

application is still in its early developing stage, much more research and development 

work is needed before this approach could be considered for practical implementation. 

To achieve the mission, a number of technical issues still need to be addressed. First, 

as pointed out previously, the process technology must be smokeless (emission-

free, clean, and ef fi cient) to avoid negative impact on air quality with such a large 

(GtC)-scale operation. Therefore, it is essential to fully develop a smokeless bio-

mass-pyrolysis process to achieve the mission. As illustrated in Fig.  4 , one of the 

possible productive ways to achieve the smokeless (emission-free, clean, and 

ef fi cient) feature is by converting the pyrolysis syngas “smoke” into clean energy, 

such as liquid biofuels. Currently, there are a number of Fischer–Tropsch process-

ing technologies that might be helpful for conversion of biomass-derived syngas 

into advanced (drop-in-ready) liquid biofuels, such as biodiesel, to replace petroleum-

based transportation fuels. However, signi fi cant R&D efforts are needed to fully 

develop and demonstrate this approach since the currently existing re fi nery technologies 

cannot cost-effectively convert biomass-derived syngas and/or bio-oils into liquid 

transportation biofuels.  

   Table 1    Calculated capacity of biochar carbon sequestration in world agricultural soils (repro-

duced from ref.  [  5  ] )   

 World region 

 Arable land a  (million 

hectares) 

 Estimated capacity (GtC) of 

biochar carbon storage in soil b  

 North America  215.5  65.5 

 Europe  277.5  84.3 

 Asia  504.5  153.3 

 Africa  219.2  66.6 

 Oceania  45.6  13.9 

 Central America/Caribbean  36.2  10.9 

 South America  112.5  34.2 

 Total  1,411  428.7 

   a Arable land area (1 ha = 2.47 acres) from the 2007 database of the Food and Agriculture 

Organization of the United Nations:   http://faostat.fao.org/site/377/default.aspx#ancor     

  b Calculated based on the theoretical biochar carbon(C) storage capacity of 303.8 ton C per hectare 

for the  fi rst 30-cm soil layer alone, assuming average soil density of 1.3 tons m −3 , maximally 10% 

biochar by soil weight, and biochar material containing about 70% (w) of its mass as the stable 

carbon (C)  

http://faostat.fao.org/site/377/default.aspx#ancor
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 Second, there are signi fi cant R&D opportunities to improve biofuels products in 

relation to proper utilization of the biomass-pyrolysis-derived syngas and bio-oils 

that currently cannot be used as a liquid transportation fuel. For example, one of the 

problems here is that the biofuel fractions (syngas and bio-oils) from biomass pyrolysis 

are not in a desired form that could be used as a transportation fuel for cars. In other 

words, although the amounts and the heating value of the syngas and bio-oils from 

the envisioned biomass pyrolysis approach could potentially be very large (with 

heating value equivalent to that of about 3,250 million barrels of crude oil for the 

world), it is not clear how much they could really replace crude oil because the 

ef fi ciency for conversion of the syngas and bio-oils into the advanced liquid biofuels 

has not been fully established. Additional re fi nery technology is needed to convert 

the biomass-derived syngas and/or bio-oils into certain desirable advanced liquid 

biofuels such as biodiesel for use in cars in order to replace the petroleum-based 

transportation fuels. It is possible to catalytically convert the biomass-derived syngas 

into liquid transportation fuels through the Fischer–Tropsch synthesis of hydrocar-

bons  [  21–  23  ] . It is also possible to convert the liquid bio-oils by different re fi nery 

processes, such as catalytic processing into biodiesel for use as a transportation fuel. 

Therefore, it is probably worthwhile to explore the use of a proper re fi nery process, 

such as the Fischer–Tropsch process, to couple with a continuous biomass pyrolysis 

for production of advanced liquid biofuels and biochar. However, since most require 

expensive catalysts, other viable options (such as using bio-oils as a heating oil and 

noncatalytic fuel production) remain to be examined to determine trade-off between 

energy ef fi ciency and costs. Signi fi cant research efforts are needed to develop inno-

vative technologies, such as catalytic bio-oils-hydroprocessing and/or an updated 

Fischer–Tropsch process, to convert the syngas into advanced (drop-in-ready) 

  Fig. 4    Illustration of an envisioned emission-free smokeless biomass pyrolysis technology system 

for advanced biofuels production and biochar carbon sequestration       
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 liquid biofuels to replace petroleum-based transportation fuels. This also re fl ects 

the need of developing tools for optimizing the entire process in relation to feed-

stock, energy, greenhouse gases, and economics. 

 Third, signi fi cantly more research efforts are needed on the aspects of biochar 

production and biochar soil applications. Biochar typically is a spectrum of sub-

stances produced from biomass pyrolysis. In order for biochar to serve as an effective 

soil amendment and carbon sequestration agent, the biochar product must possess 

certain required properties and quality standards, such as its cation exchange capacity 

and stability. More research is needed to further optimize the biochar cation 

exchange capacity  [  24  ]  while still retaining its carbon stability. It has also been 

reported that biochar occasionally shows inhibitory effects on plant growth, especially, 

when biochar soil application exceeds about 5–10% by weight  [  25–  27  ] . So far, very 

little is known about the true identity of the biochar inhibitory factors. If biochar 

were to be globally used as a soil amendment and carbon sequestration agent at GtC 

scales, the release of potentially toxic compounds into soil and associated hydro-

logic systems might have unpredictable consequences in agroecosystems. These 

characteristics of biochar, including both its bene fi cial features (e.g., cation exchange 

capacity) and possible harmful factors need to be systematically studied, since they 

are directly related to its application impacts (bene fi ts and risks) on soil and the 

environment. Rigorous biochar-soil studies at large scales across the world are 

needed to systematically assess the effects of biochar applications on soil fertility, 

including plant growth, on soil carbon storage (sequestration) and on the associated 

soil and hydrological ecosystems. Additional work is needed also on how to employ 

this approach in helping to utilize various waste biomass materials, including (but 

not limited to) dead leaves, waste woods, and various agriculture stovers, such as 

cornstovers and rice straws to produce both biochar and biofuels in a distributed 

manner across the world. It is also worthwhile to explore bene fi cial utilization of 

certain sewage solid waste, such as, on what fraction of sewage sludge could be 

added to waste biomass to produce a higher nutrient dense slow-release biochar and 

safely recycle the valuable nutrients currently lost in waste processing. With these 

studies and added knowledge, it should be possible to produce “ fi t-for-purpose” 

biochars to address speci fi c soil and environmental constraints and maximize the 

bene fi ts of biochar soil application at the national and international scales. 

 Fourth, systematic lifecycle impact-assessment on energy, carbon, land, water, 

air, and environmental health, including toxicology and ecology studies, must be 

carefully conducted to fully evaluate the potential bene fi ts and possible risks in rela-

tion to biomass pyrolysis and biochar application as soil amendment for global 

carbon sequestration at GtC scales. 

 Furthermore, the maximum capacity of carbon sequestration through biochar 

soil amendment in world agricultural soils (1,411 million hectares) is estimated to 

be about 428 GtC, assuming maximally 10% biochar C by soil weight for the  fi rst 

30-cm soil layer alone. To verify this potential capacity and demonstrate its feasibility, 

soil pot studies and  fi eld trials of biochar applications in relation to soil fertility and 

carbon sequestration are needed in all of the world regions and different soil types. 

For the immediate future, biochar should be used to revitalize barren degraded land. 
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This will improve the world’s capacity for growing biomass thus naturally removing 

more CO 
2
  from the atmosphere. 

 Another question to answer is whether it is possible to provide a global carbon 

“thermostat” mechanism to control the atmospheric CO 
2
  concentrations by creating 

large reservoirs underground (and/or above ground) for any biochar not used for soil 

restoration. Since the capacity of biochar storage reservoirs could be so large (limit-

less), the envisioned photosynthetic biomass production and biochar-producing 

biomass-pyrolysis approach (Figs.  1  and  2 ) could be used for many years to reduce 

the atmospheric CO 
2
  concentrations to any desired levels if the world population is 

mobilized to implement the approach. This is different from the application of bio-

char as a soil amendment where biochar particles are mixed with soil particles in 

such a diluted manner (such as 10% by soil weight) that recovering of biochar mate-

rials from the mixed soils would be very dif fi cult. The biochar materials in reser-

voirs are preferably in a pure and concentrated form so that they could be readily 

retrieved at any time when needed for use of its energy by combustion. Therefore, 

global use of biochar reservoirs in a regulated manner could provide a global carbon 

“thermostat” mechanism to control global warming (climate change) in a desirable 

manner as well. 

 As a conclusion, this smokeless biomass-pyrolysis “carbon-negative” energy-

production approach merits a major program support for serious research and devel-

opment worldwide. With further research and development, this approach could 

provide more ef fi cient and cleaner biomass pyrolysis technology for producing bio-

fuels and biochar from biomass as a signi fi cant arsenal to help achieve indepen-

dence from fossil energy and to control climate change for a sustainable future on 

Earth.      
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  Abstract   This chapter reports a technological concept for producing a partially 

oxygenated biochar material that possesses enhanced cation-exchanging property 

by reaction of a biochar source with one or more oxygenating compounds in such a 

manner that the biochar material homogeneously acquires oxygen-containing 

cation-exchanging groups. This concept is based on our recent experimental  fi nding 

that the O:C atomic ratio in biochar material correlates with its cation-exchange 

capacity. The technology is directed at biochar compositions and soil formulations 

containing the partially oxygenated biochar materials for soil amendment and carbon 

sequestration.      

    1   Introduction 

 Photosynthesis captures more carbon dioxide (CO 
2
 ) from the atmosphere than any 

other process on Earth. Each year, land-based green plants capture about 403 giga-

tons (Gt) of CO 
2
  (equivalent to 110 Gt C y −1 ) from the atmosphere into biomass  [  1  ] . 

However, only about ½ of the primary photosynthesis product (110 Gt C y −1 ) 

becomes plant tissue (biomass), the other half is respired directly from photosyn-

thetic sugars; furthermore, since biomass is not a stable form of carbon material, 
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a substantial portion of the biomass decomposes in a relatively short time to CO 
2
 . 

As a result, increased biomass production (i.e., by increased tree growth) is of 

limited utility for carbon sequestration since the resulting biomass soon returns 

the absorbed CO 
2
 . 

 Unlike untreated biomass, carbonized biomass (i.e., charcoal or “biochar”) contains 

carbon in a highly stabilized state, i.e., as elemental carbon. The inertness of elemental 

carbon results in its very slow decomposition to CO 
2
 . Typically, at least several 100 

years are necessary for the complete decomposition of biochar to CO 
2
 . Through a  14 C 

labeling study, the mean residence time of pyrogenic carbon in soils has now been 

estimated in the range of millennia  [  2  ] . As a result, there is great interest in producing 

biochar as a means for mitigating atmospheric CO 
2
  production. There is particular 

interest in incorporating produced biochar into soil (i.e., as a soil amendment) where 

the biochar functions both as a CO 
2
  sequestrant and as a soil amendment  [  3  ] . 

 Biochar production and incorporation into soil has been practiced since ancient 

times. Of particular relevance is the recent discovery of biochar particles in soils 

formed by pre-Columbian indigenous agriculturalists in Amazonia, i.e., the so-called 

Terra Preta soil  [  4  ] . 

 The capacity of carbon sequestration by the application of biochar fertilizer is 

estimated to be quite signi fi cant. The amount of biochar materials that could be 

placed into soil could be as high as 10% by weight of the soil  [  5  ] . Accordingly, in 

the  fi rst 30-cm layer of US cropland soil alone, 40 Gt of carbon could be sequestered 

in the form of biochar particles. The worldwide capacity for storing biochar carbon 

in agricultural soils could exceed 400 Gt of carbon. A conversion as low as 8% of 

the annual terrestrial photosynthetic products (110 Gt C y −1 ) into stable biochar 

material would be suf fi cient to offset the entire amount (over 8 Gt C y −1 ) of CO 
2
  

emitted into the atmosphere annually from the use of fossil fuels. 

 Signi fi cant amounts of biochar are currently being produced as a byproduct in 

biomass-to-biofuel production processes. The most common biomass-to-biofuel 

production processes include low temperature and high temperature pyrolysis (i.e., 

gasi fi cation) processes  [  6,   7  ] . Pyrolysis operations generally entail combusting 

biomass in the substantial absence of oxygen. Biofuels commonly produced in low 

temperature pyrolysis operations include hydrogen, methane, and ethanol. 

Gasi fi cation processes are generally useful for producing syngas (i.e., H 
2
  and CO). 

 An important property of biochar is its cation-exchanging ability. The cation-

exchanging ability or lack thereof of a biochar is evident by the magnitude of its 

cation exchange capacity (CEC). It is known that biochar which has an increased 

CEC generally possesses a greater nutrient retention capability. These biochars with 

greater CEC generally possess a signi fi cant amount of hydrophilic oxygen-containing 

groups, such as phenolic and carboxylic groups, which impart the greater cation 

exchange ability  [  7  ] . 

 The CEC is de fi ned as the amount of exchangeable cations (e.g., K + , Na + , NH  
4
  +  , 

Mg 2+ , Ca 2+ , Fe 3+ , Al 3+ , Ni 2+ , and Zn 2+ ) bound to a sample of soil. CEC is often expressed 

as centimoles (cmol) or millimoles (mmol) of total or speci fi c cations per kilogram 

(kg) of soil. A substantial lack of a cation-exchanging property is generally considered 

to be re fl ected in a CEC of less than 50 mmol kg −1 . A moderate CEC is typically 
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considered to be within the range of above 50 and at or less than 250 mmol kg −1 . 

An atypical or exceptionally high CEC would be at least 250 mmol kg −1 . 

 Though biochar is generally considered useful for CO 
2
  sequestration, the types 

of biochar found in ancient soils or produced as an industrial byproduct are highly 

variable in their physical and property characteristics, e.g., chemical composition, 

porosity, charge density, and CEC. One of the most common production processes 

of biochar is the practice since ancient times of burning biomass in open pits. Such 

uncontrolled processes generally produce signi fi cant quantities of oxide gases of 

combustion, such as CO 
2
  and CO, generally in amounts signi fi cantly greater than 

20% by weight of the carbon content of the biochar source. In addition, the resulting 

biochar is highly nonuniform in composition, e.g., substantially nonoxygenated 

portions particularly in the interior portions of the biochar pit and moderately 

 oxygenated portions at the outer peripheral portions of the biochar pit. Furthermore, 

the uncontrolled process generally results in signi fi cant batch-to-batch variability. 

Moreover, by the uncontrolled process, the characteristics of the resulting biochar 

are generally unpredictable and not capable of being adjusted or optimized. 

 Though biochar materials possessing moderate cation exchange capacities are 

known, such biochar compositions are not typical, and moreover, are found sporadi-

cally and in unpredictable locations of the world. Therefore, there is a need for a 

method that produces oxygenated biochar compositions which have at least a 

 moderate CEC, and more preferably, a CEC signi fi cantly higher than found in 

known soil deposits. Such biochar materials would have the advantage of more 

effectively retaining soil nutrients, and thus, functioning as superior fertilizing/soil 

amending materials as well as sequestering carbon. 

 In order to make such superior biochar materials readily available for widespread 

soil application, the biochar must be reproducibly manufactured with low batch-to-

batch variation in one or more characteristics of the biochar (e.g., CEC, particle 

size, porosity, C:O ratio, and the like) and should be substantially uniform in its 

characteristics, such as oxygen-to-carbon ratio, CEC, and chemical composition. 

Further, the production method needs to able to be appropriately modi fi ed in order 

to obtain adjustment or optimization in one or more properties dependent on desired 

application and source feed stock. In the remainder of this chapter, we discuss 

 several technology concepts to achieve these goals.  

    2   Technological Concept to Produce Partially Oxygenated 

Biochar with Higher Cation Exchange Capacity 

 The key concept is the production of a partially oxygenated biochar material, which 

possesses enhanced cation-exchanging property. The technology concept is based on 

our recent experimental  fi nding that the oxygen (O) to carbon (C) atom (O:C) ratio 

in biochar material correlates with its cation-exchange capacity  [  8,   9  ] . This makes 

sense, since the cation-exchanging groups are generally oxygen-containing chemical 

groups, such as hydroxy (−OH) and carboxyl (−COOH) groups. The cation-exchanging 
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ability of a biochar is known to be predominantly dependent on the density of 

cation-exchanging groups present in the biochar. This biochar CEC-enhancing 

technology comprises a series of methods described below. 

 In one of the proposed methods, a biochar source is reacted with one or more 

oxygenating compounds in a controlled manner such that the biochar source 

homogeneously acquires oxygen-containing cation-exchanging groups in an 

incomplete combustion process. An “incomplete combustion process” means that a 

signi fi cant portion of the total carbon content in the biochar source remains and is not 

converted to oxide gases of combustion after the oxygenation process is completed. 

Oxide gases of combustion typically include, for example, CO 
2
 , H 

2
 O, and CO. No 

more than about 20% by weight of the carbon contained in the biochar source should 

be lost due to combustion, and preferably, only between 1 and 10% by weight of the 

carbon contained in the biochar source is converted to combustion gases. The best 

yield of biochar can be obtained from a combustionless process, in which substantially 

none (e.g., less than 0.5% by weight) of the carbon content of the biochar source is 

lost through conversion to oxide gases. 

 In contrast to the typically used, highly uncontrolled combustion processes, the 

method described here uses a highly controlled oxygenation process that results in 

the partial oxidation of biochar material, such that a biochar with a cation exchange 

property could be produced while advantageously emitting much lower amounts of 

oxide gases of combustion. Moreover, due in large part to the controlled nature of 

the oxygenation process, this method produces a substantially uniform and homo-

geneously oxygenated biochar. In this context, “substantially uniform” means that 

there is an absence in the oxygenated biochar of regions of nonoxygenated biochar 

(as commonly found in biochar material formed under uncontrolled conditions, 

such as in open pits). A substantially uniform oxygenated biochar will possess 

different macroscopic regions of 100  m m 2  to 1 cm 2  in size that vary by no more than 

0.1–10% in at least one characteristic, such as CEC, oxygen to carbon ratio, and/or 

surface area. The substantial uniformity of the oxygenated biochar advantageously 

provides a user with a biochar material that gives a consistent result when distributed 

into soil, either packaged or in the ground. Furthermore, a substantial uniformity of 

the oxygenated biochar ensures that a tested characteristic of the biochar is indicative 

of the entire batch of biochar. 

 This method ensures production of a substantially uniform biochar by an effective 

level of mixing of the biochar during the oxygenation process. For example, biochar 

can be agitated, shaken, or stirred either manually or mechanically during the oxygen-

ation process. In another example, the biochar can be reacted in an open or closed 

container such as a kiln  fi tted with a tumbling mechanism such that the biochar is 

tumbled and mixed during the oxygenation reaction. 

 The biochar source can be any biochar material that could bene fi t by the oxygen-

ation process of the inventive method. In addition to raw biomass, byproducts of a 

pyrolysis or gasi fi cation process, or material acquired from an existent biochar 

deposit can be used. Generally, the biochar is plant-derived (i.e., derived from cel-

lulosic biomass or vegetation). The plant-derived biomass materials include: cornsto-

ver (e.g., the leaves, husks, stalks, or cobs of corn plants), grasses (e.g., switchgrass, 
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miscanthus, wheat straw, rice straw, barley straw, alfalfa, bamboo, hemp), sugarcane, 

hull or shell material (e.g., peanut, rice, and walnut hulls), woodchips, saw dust, paper 

or wood pulp, food waste, agricultural waste, and forest waste. The biomass material 

can be in its native form, i.e., unmodi fi ed except for natural degradation processes or 

the biomass material can be modi fi ed by adulteration with a non-biomass carbon-

based material (e.g., plastic- or rubber-based materials) or by physical modi fi cation 

(e.g., mashing, grinding, compacting, blending, heating, steaming, bleaching, nitro-

genating, oxygenating, or sulfurating), before being converted to biochar. 

 The oxygenating compounds that are used include any general use compounds or 

materials that tend to be reactive by imparting oxygen atoms into organic materials. 

Most notable in this regard is oxygen gas, in the form of air. The oxygen gas may 

also be in an arti fi cial gas mixture, such as an oxygen–nitrogen, oxygen–argon, 

oxygen–helium, oxygen–steam (H 
2
 O), or oxygen–carbon dioxide mixture. An 

arti fi cial gas mixture can be advantageous in that the level of oxygen can be precisely 

controlled, thereby preventing combustion and optimizing the density and kind of 

oxygen-containing groups in the biochar. Some examples of other oxygenating 

compounds include the hypohalites (e.g., a hypochlorite salt, such as NaOCl), the 

halites (e.g., a chlorite or bromite salt, such as NaO 
2
 Cl or NaO 

2
 Br), the halates (e.g., a 

chlorate or bromate salt, such as NaO 
3
 Cl or NaO 

3
 Br), the perhalates (e.g., a perchlorate, 

perbromate, or periodate salt, such as NaO 
4
 Cl, NaO 

4
 Br, or NaO 

4
 I), the halogen–

oxygen compounds (e.g., ClO 
2
 ), the peroxides (e.g., H 

2
 O 

2
  and urea peroxide), 

superoxides (e.g., NaO 
2
  and KO 

2
 ), ozone, pyrosulfates (e.g., NaS 

2
 O 

7
 ), peroxodisul-

fates (e.g., Na 
2
 S 

2
 O 

7
 , K 

2
 S 

2
 O 

7
 , and (NH 

4
 ) 

2
 S 

2
 O 

7
 ), percarboxylic acids (e.g., peracetic 

acid), percarbonates, and permanganates (e.g., K 
2
 MnO 

4
 ). Alternatively, oxygenation 

can be carried out with two or more chemicals that react with each other to form 

oxygen gas in situ (e.g., a permanganate salt or hypohalite combined with hydrogen 

peroxide). 

 In another version of this method shown in Fig.  1 , the biochar source is treated 

with an oxygen plasma. Any of the oxygen plasma processes, including high and 

low temperature plasma processes, can be used to introduce oxygen into the biochar 

materials to increase their O:C ratios, and, concomitantly, their CEC. Thus, the 

technological concept described here includes oxygen plasma treatment as a treatment 

that improves CEC by enhanced “partial oxygenation” of the biochar materials.  

 Preferably, a low temperature oxygen plasma (e.g., 15–30°C), commonly used 

for surface modi fi cation and cleaning, is used. Generally, the plasma process entails 

subjecting the biochar at reduced pressure (i.e., in a vacuum chamber) to a source of 

ionized oxygen or oxygen radicals. The ionized source of oxygen is typically pro-

duced by exposing oxygen at a reduced pressure of about 0.05–2 Torr to an ionizing 

source, such as an ionizing microwave, radiofrequency, or current source. Commonly, 

a radiofrequency source (e.g., of 13.56 MHz at an RF power of about 10–100 W) is 

used to ionize the oxygen. The particular oxygen plasma conditions depend on 

several factors, including the type of plasma generator, gas composition, power 

source capability and characteristics, operating pressure and temperature, the degree 

of oxygenation required, and characteristics of the particular biochar being treated 

(i.e., its susceptibility or resistance to oxygenation). Depending on several factors, 



40 J.W. Lee et al.

including those mentioned above, the biochar is typically exposed to the ionized 

oxygen for at least 0.1–5 min, with times as long as 60 min possible. Though the 

biochar is typically plasma treated within a temperature range of about 15–30°C, a 

lower temperature (e.g., less than 15°C) or a higher temperature (e.g., between 30 

and 100°C) may be used. Generally, an oxygen plasma process is conducted as a 

combustionless process, i.e., without producing oxide gases of combustion. 

 Another possible method is the treatment of a biochar source with one or more 

oxygenating compounds (typically, oxygen in the form of air) at a temperature at 

which the oxygenating compound is reactive enough to impart oxygen-containing 

cation-exchanging groups to the biomass, i.e., at a suitably reactive temperature, 

wherein the amount of the oxygenating compound and/or time of reaction is appro-

priately adjusted such that the biochar acquires the cation-exchanging groups in an 

incomplete combustion process. The reaction can be conducted as a combustionless 

process. Highly reactive oxygenating compounds can typically function effectively 

at room temperature (e.g., 15–30°C) or even lower temperatures (e.g., less than 

15°C). Moderately reactive oxygenating compounds (e.g., oxygen) can typically 

function effectively within a temperature range of 100–950°C. Longer reaction 

times generally yield a more oxygenated biochar whereas shorter reaction times 

generally yield a less oxygenated biochar. Therefore, a moderately reactive or 

substantially unreactive oxygenating compound may effectively oxygenate biochar 

by use of a temperature of or less than 100°C if a suf fi cient period of time is used, 

ranging from at least 12 h to as long as 3 months. 

 Alternatively, an incomplete combustion process is attained by limiting the 

amount of oxygenating compound to an amount less than that required for complete 

combustion of the biochar source. A permissible amount of oxygenating compound 

less than required for complete combustion can be determined based on the amount 

of carbon contained in the biochar source, from which an amount of oxygenating 

compound less than required for complete combustion is calculated. The amount of 

  Fig. 1    This  fi gure illustrates the application of oxygen-plasma treatment as an integrated or 

post-biochar-production processing technology to create biochar product with higher cation-

exchange capacity       
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carbon contained in the biochar sample can be determined by either an accurate 

measurement (e.g., by elemental analysis) or by an approximation (e.g., by weighing, 

and assuming nearly all of the weight to be from carbon materials). The amount of oxy-

genating compound is preferably no more than about 20–30% of the moles of 

oxygenating compound required for complete combustion of the biochar, and, 

preferably, in the range of 0.1–15%. 

 The oxygenating compound can be reacted with biochar in a closed system in 

order to ensure that the intended amount of oxygenating compound as measured is 

reacted with the biochar. When an oxygenating solid or liquid oxygenating compound 

is used, the solid or liquid can be weighed into the closed container along with the 

biochar source and the contents homogeneously mixed or blended under conditions 

suitable for oxygenation of the biochar to take place. For example, the temperature 

of the mixed reactants in the container can be raised along with proper agitation 

until the solid or liquid becomes suitably vaporized in order to promote uniform 

reaction with the biochar. When an oxygenating gas is used, a selected volume of 

the gas corresponding to a calculated weight or moles of the gas can be charged into 

the closed system along with the biochar source before raising the temperature for 

more ef fi cient oxygenation of the biochar. This could be applied also as a part of the 

biomass-pyrolysis process by injecting the calculated, limited amount of oxygen or 

air into the reactor system as illustrated in Fig.  2 . Alternatively, the process is 

simpli fi ed to opening the closed container containing an amount of biochar to cause 

the container to  fi ll with air, and then closed before proceeding with the heating 

process, thereby resulting in the addition of a limited amount of air.  

 Particularly when air or an arti fi cial oxygen-gas mixture is used, the reactants are 

typically placed in a heatable closed system (i.e., a thermally insulated chamber), 

such as an oven, kiln, or furnace. The heatable closed system can be any suitable 

system typically operated or assisted by, for example, a  fl ame (e.g., from a natural 

gas source), electricity, or microwaves. The kiln can be any of the downdraft, 

updraft, cross draft,  fl uid bed, or rotating kilns. The heatable closed system can also 

be one con fi gured to adjust the moisture level of the biochar. The moisture level can 

be suitably adjusted to a humidity level anywhere between 1 and 100%. The reactants 

are heated in the closed chamber to a temperature or temperature range between 100 

and 550°C. Heating can advantageously be minimized or altogether dispensed with 

  Fig. 2    This  fi gure illustrates a process of injecting a calculated/limited amount of oxygen (O 
2
 ) into 

the biomass-pyrolysis process to achieve partial oxidation of product biochar for enhanced cation-

exchange capacity       
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by reacting still hot biochar (i.e., as rendered hot by a biomass-to-biochar production 

process) under the oxygenating conditions of the invention. In this case, the hot 

biochar should be at a temperature between 250 and 450°C, or around 400°C. 

 In another variant of the method, the biochar and one or more oxygenating reactants 

are reacted for a period of time necessary for substantially all of the oxygenating 

reactant in a closed container to be consumed. The conditions of temperature and/or 

time can also be selected such that only a portion of the oxygenating reactant in a 

closed container is consumed. 

 An incomplete combustion process is attained by conducting the oxygenation 

reaction in an open or closed container and rapidly quenching the reaction. As illus-

trated in Fig.  3 , the reaction can be quenched by contacting the reacting biochar 

with an excessive amount of water and/or an inert substance, preferably when the 

biochar material is still hot, e.g., at a temperature of 150–450°C, as produced from 

a biomass-to-biochar process. The inert substance can be carbon dioxide or a form 

of biomass (e.g., soil, plant-material, or the like). The water and/or inert substance 

should preferably cover all of the reacting biochar, or alternatively, function as a 

bulk surface shield of the biochar, with the result that the oxygenating process 

(including a combustion process, if occurring) is immediately halted due to restricted 

access of the oxygenating compound to the biochar. If an elevated temperature is 

being used in the oxygenation process, the quenching step also typically has the 

effect of rapidly reducing the temperature of the biochar. A quenching step can 

alternatively be practiced by rapid sealing of an open container in which air-

combustion of biochar is taking place.  

 The method described here can also include one or more preliminary steps for 

producing biochar (i.e., the biochar source or “produced biochar”) from biomass 

before the biochar is oxygenated. The biomass-to-biochar process can be conducted 

within any suitable time frame before the produced biochar is oxygenated. 

  Fig. 3    This  fi gure illustrates a process of quick air O 
2
  exposure and water quenching of hot 

biochar as a post-biochar-production processing means to create biochar product with higher 

cation-exchange capacity       

 



434 Oxygenation of Biochar for Enhanced Cation Exchange Capacity

 A biomass-to-biochar process can be conducted in a nonintegrated manner with 

the biochar oxygenation process. In the nonintegrated process, biochar produced by 

a biomass-to-biochar process is transported to a separate location where the biochar 

oxygenation process is conducted. The transport process generally results in the 

cooling of the biochar to ambient temperature conditions (e.g., 15–30°C) before 

oxygenation occurs. Typically, the produced biochar is packaged and/or stored in 

the nonintegrated process before oxygenation of the biochar. 

 A biomass-to-biochar process can be conducted in an integrated manner with a 

biochar oxygenation process. In the integrated process, biochar produced by a 

 biomass-to-biochar process is oxygenated in situ without  fi rst being cooled to 

ambient temperature. For example, freshly produced biochar can have a temperature 

in the range of 50–450°C, before it is oxygenated. If desired, the freshly produced 

biochar can be subjected to additional heating to elevate and/or maintain its 

 temperature before the oxygenation step. 

 The biochar oxygenation process can be integrated with a biomass-to-fuel process, 

such as a low temperature or high temperature pyrolysis process. In such processes, 

typically about 40–60% of the biomass carbon is converted into biochar while the 

remaining 40–60% of the carbon is converted to fuel, such as H 
2
  and/or bio-oils. 

Since it has been found that lower temperature pyrolysis processes generally yield 

a biochar material with better fertilizer retention properties, the biochar oxygen-

ation process is best integrated with a biomass pyrolysis process conducted at 

temperatures of 350–450°C. 

 The integrated process can be con fi gured as a batch process wherein separate 

batches of produced biochar are oxygenated at different times. The integrated 

process can also be con fi gured as a continuous process wherein which biochar 

produced by the biomass-to-biochar process is continuously subjected to an oxygen-

ation process as it is produced. For example, produced biochar can be continuously 

transported either manually or by an automated conveyor mechanism through a 

biochar oxygenation zone. The automated conveyor mechanism can be a conveyor 

belt, gravity-fed mechanism, or air pressure mechanism. 

 The technology concept is based on the utility of an oxygenated biochar having 

a particular, exceptional, or optimal set of characteristics, exempli fi ed in the oxygen-

to-carbon molar ratio, CEC, surface area, composition, and uniformity in these and 

other characteristics. The methods described above are particularly suitable for 

producing these types of biochars. 

 Dependent upon the reaction conditions, the CEC of the oxygenated biochar is at 

least moderate, that is, between 50 and 240 mmol kg −1 , while preferably the CEC of 

the oxygenated biochar could be atypically or exceptionally high, in the range of 

250–850 mmol kg −1 . The CEC value should be substantially uniform throughout the 

biochar material. 

 The density of oxygen-containing cation-exchanging groups is typically propor-

tional to the measured oxygen-to-carbon molar ratio of the biochar, wherein the 

higher the oxygen-to-carbon molar ratio, the greater the density of cation-exchanging 

groups in the biochar. The oxygen-to-carbon molar ratio of the oxygenated biochar 

is preferably adjusted within a range of 0.1:1–0.4:1 that is substantially uniform 

throughout the biochar material. 
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 The oxygenated biochar should have a suitable speci fi c surface area (SSA), as 

commonly determined by BET analysis, typically within the range 10–65 m 2  g −1  

and suitable pore size up to 100,000 nm. The oxygenated biochar has a suitable 

charge density in the range of 1–75 mmol m −2 . It can have any suitable carbon, nitro-

gen, oxygen, hydrogen, phosphorous, calcium, sulfur, ash, and volatile matter content. 

The carbon content is typically 20–95 mol%, the nitrogen content 0.1–8.0 mol%, 

the oxygen content 1–30 mol%, and the hydrogen content 1–30 mol%. The phos-

phorus and calcium content can range from 5 to 25,000 mg kg −1  while the sulfur 

content is in the range of 50–2,000 ppm. The ash content ranges from 1 to 70% and 

the volatile matter content 1–40%. 

 The particle size of the oxygenated biochar should range between 50 and 

5,000  m m. For certain applications for which it is important to ensure that the biochar 

materials are resistant to becoming airborne, such as use in windy and/or desert 

areas, larger biochar particle sizes, such as 6,000–50,000  m m, or even up to 

100,000  m m will be desirable. The biochar materials may also be in the form of an 

agglomeration, compaction, or fusion of biochar particles (e.g., pellets or cakes) for 

this type of application as well. 

 Soil-fertilizing compounds or materials can be mixed with the oxygenated 

biochar to enrich it. Suitable soil-fertilizing compounds include nitrogen-based 

(e.g., ammonium-based), carbonate-based (e.g., CaCO 
3
 ), phosphate-based (e.g., the 

known phosphate minerals, such as in rock phosphate or triple superphosphate), and 

potassium-based (e.g., KCl). Typically, the added compounds or materials would 

include at least one nitrogen source, usually NH  
4
  +  -containing compound or material. 

Some examples of such nitrogen-containing fertilizing compounds or materials are 

(NH 
4
 ) 

2
 CO 

3
 , NH 

4
 HCO 

3
 , NH 

4
 NO 

3
 , (NH 

4
 ) 

2
 SO 

4
 , (NH 

2
 ) 

2
 CO, biuret, triazine-based 

materials (e.g., melamine or cyanuric acid), urea–formaldehyde resin, and polyamine 

or polyamide polymers. Organic fertilizers can be mixed with the biochar. Some 

examples of organic fertilizer materials include peat moss, manure, insect material, 

seaweed, sewage, and guano. The biochar material can be combined with a fertilizer 

by any of a number of commonly used methods. For example, the biochar material 

can be saturated with a gas stream of hydrated ammonia to saturate the biochar 

material. Fertilizer compounds may also be applied as a coating to the biochar 

material, utilizing standard formulations for time-release of the fertilizer if desired. 

 Obviously, soil will be admixed with any of the various biochar compositions 

described above. The oxygenated biochar can potentially be used to improve soil of 

any type and composition and should be compatible with common soil components, 

such as clay, sand, silt, plant matter containing lignin and cellulose, peat, and humic 

substances. 

 In summary, this technology comprises a series of proposed methods to produce 

partially oxygenated biochar products with enhanced CEC properties for applica-

tions as a soil amendment and carbon sequestration agent. A further detailed descrip-

tion of the technology concept can be found in our recent US Patent application  [  10  ] . 

Application of biochar as soil amendment is potentially a revolutionary approach in 

achieving carbon sequestration globally at Gt C scales  [  11  ] . An improved biochar 

soil amendment material with enhanced CEC properties is bene fi cial to helping 
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retain soil nutrients, reduce fertilizer run off, and ensure the associated soil and 

hydrologic environmental health. Therefore, this biochar CEC-enhancing technology 

could play a signi fi cant role in helping achieve this mission.      
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  Abstract   In this chapter, we  fi rst brie fl y reviewed the knowledge of biochar 

chemical structures based on solid-state NMR. Then, the reason why the widely 

applied  13 C cross polarization/magic angle spinning (CP/MAS) technique is inap-

propriate for biochar characterization was explained. Afterwards, advanced solid-

state NMR techniques for the characterization of biochars were introduced.  13 C 

direct polarization/magic angle spinning (DP/MAS) and DP/MAS with recoupled 

dipolar dephasing to quantify biochars are used to obtain quantitative aromaticity 

and nonprotonated aromatic fraction. The recoupled  1 H– 13 C dipolar dephasing tech-

nique is applied to distinguish different aromatic carbons in biochars. Combined 

with the data from  1 H– 13 C recoupled long-range dipolar dephasing, the information 

on the fraction of aromatic edge carbons can be used to obtain the structural models 

of aromatic cluster sizes. Finally, a case study on a slow-pyrolysis biochar produced 

from switchgrass was demonstrated.      

    1   Introduction 

 The conversion of biomass, such as switchgrass and corn stover, into renewable 

energy products has been widely investigated owing to the concerns over global 

warming and limited petroleum resources  [  4,   9  ] . This process can be achieved 

through the thermochemical route  [  5  ] . Thermochemical processing of biomass 

produces signi fi cant biochars. If wisely used, biochars can be bene fi cial resources 

but otherwise they could be wastes. Biochars have been used as soil conditioners, 

carbon sequestration agents, and adsorption agents  [  3,   12  ] . In addition, their 
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combustion can supply process heat  [  2  ] . In order to utilize biochars bene fi cially, the 

 fi rst step is to characterize them. 

 Various techniques have been employed to characterize biochars. Among them, 

solid-state NMR is regarded as one of the best choices because (1) it is nondestruc-

tive, (2) it can measure insoluble organic matter, and (3) it also provides comprehen-

sive structural information  [  15  ] . However, solid-state NMR has been underutilized 

in the characterization of biochars and most seriously it has been applied inappro-

priately in many studies, leading to distorted structural information on chars. In this 

chapter, we  fi rst provide a short review about the chemical structure of biochars 

obtained from solid-state  13 C NMR. Next, the reason why the most-widely used  13 C 

cross polarization/magic angle spinning (CP/MAS) technique is inappropriate for 

biochar characterization is addressed. Then, the quantitative approach for char char-

acterization using direct polarization (DP) techniques is introduced. Afterwards, the 

advanced solid-state NMR protocol for estimating aromatic cluster sizes of biochars 

is dealt with. To conclude, the characterization of biochars by advanced solid-state 

NMR techniques is demonstrated using a slow-pyrolysis biochar produced from 

switchgrass as an example. The major objective of this chapter is to clarify the mis-

leading concepts regarding the characterization of biochars using solid-state NMR 

spectroscopy and to introduce advanced solid-state NMR techniques for biochar 

characterization.  

    2   Knowledge of Biochar Chemical Structure 

from Solid-State  13 C NMR 

 Various solid-state  13 C NMR techniques, such as CP/MAS and occasionally DP 

technique, have been employed to identify carbon functionality and aromaticity of 

biochars  [  1,   3,   7,   8,   10,   11,   13,   19,   23,   26  ] . In these studies, chemical structure of 

biochars to a greater extent depends upon the pyrolysis temperature, but is not much 

affected by heating rate and the nature of biomass  [  1,   13  ] . Biochars prepared at rela-

tively low temperatures up to ~350°C retain spectral features of the original ligno-

cellulosic composition of biomass  [  25  ] . For example, characteristic peaks of 

cellulose ( O -alkyl carbons around 62, 72, 84 ppm, and di- O -alkyl carbons around 

103 ppm), as well as those of lignin (methoxyl carbons ~57 ppm, aromatic carbons 

~130 ppm, and aromatic C–O ~150 ppm) can still be observed in spectra of biochars 

within this temperature range (<350°C). For higher heat treatment temperature 

(HTT) biochars, a well-de fi ned aromatic resonance evolves simultaneously with the 

decrease of the lignocellulosic resonances and signals of aliphatic, carboxyl, and 

carbonyl carbons. Lignin structures are more thermally stable than cellulose struc-

tures because characteristic peaks of lignin such as the phenolic shoulders around 

150 ppm can survive even at temperatures about ~550°C  [  25  ] . For HTT about 600°C 

upwards, the general shapes of the  13 C NMR spectra of biochars are very alike, with 

a strong broad resonance line near 128 ppm in the aromatic region  [  1,   8,   22,   25  ] . 
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Chemical transformation of lignocellulosic materials into graphitic structures with 

the temperatures between 800 and 1,000°C is well documented  [  1,   13,   25  ] . Aromatic 

cluster typical of chars is also reported to grow with increasing HTT  [  21  ] .  

    3   Why Is  13 C Cross Polarization/Magic Angle Spinning 

Inappropriate for Biochar Characterization? 

 Solid-state  13 C NMR spectroscopy has been frequently employed to characterize 

organic matter. The most-commonly used technique is  13 C CP/MAS. In this tech-

nique, the magnetization from abundant  1 H is transferred to dilute  13 C by cross 

polarization and then  13 C magnetization is detected  [  20  ] . Its recycle delays depend 

on     H

1
T    ( 1 H spin–lattice relaxation time), rather than     C

1
T    ( 13 C spin–lattice relaxation 

time)  [  15  ] . Usually,     H

1
T    is much shorter than     C

1
T   . Therefore, this technique has the 

advantages of both enhancing sensitivity and shortening recycle delays. The combi-

nation of these two factors substantially reduces the measurement time. Despite its 

advantages, CP has inherent shortcomings which render it unreliable for biochar 

characterization, especially for quantitative characterization. For CP/MAS, CP 

ef fi ciency is reduced for nonprotonated carbons, mobile components, or regions 

having short proton rotating-frame spin–lattice relaxation time     
ρ

H

1
( )T     [  16  ] . Note that 

biochars usually contain signi fi cant nonprotonated fused-ring aromatic carbons. 

Fused-ring aromatic carbons are far away from protons, cannot cross polarize well 

with  1 H, and are thus dif fi cult to detect by CP. Also, the biochars produced via 

pyrolysis contain signi fi cant radicals which shorten     
ρ

H

1
T     [  8  ] . These two problems 

cause signi fi cant signal loss, especially for fused-ring aromatics in biochars. 

Compared with quantitative DP,  13 C CP/MAS can only detect approximately 1/3 the 

aromaticity that  13 C DP/MAS can detect  [  3  ] . Solid-state  13 C CP/MAS with either 

regular CP or ramp CP cannot be used to quantify chars  [  15  ] . In extreme cases, 

 13 C CP/MAS may not even be able to provide qualitative structural information 

of chars.  

    4   Quantitative Structural Information Based on  13 C Direct 

Polarization/Magic Angle Spinning and DP/MAS 

with Recoupled Dipolar Dephasing 

 Realizing the drawbacks of CP, the char community starts to use DP to characterize 

chars  [  7  ] . In our protocol, we use  13 C DP/MAS and DP/MAS with recoupled dipolar 

dephasing to quantify biochars, especially to obtain quantitative aromaticity and 

nonprotonated aromatic fraction  [  17  ] . DP/MAS NMR is more robust to small mis-

settings of spectrometer than is  13 C CP/MAS because no Hartmann-Hahn match of 

the radio-frequency  fi eld strengths is needed. 
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 For  13 C DP/MAS spectra in the literature, there are usually two problems. The 

 fi rst is that they do not have a reliable technique to estimate the recycle delays 

required to obtain a fully relaxed spectrum. If recycle delays are not long enough 

and the signals of some components not fully relaxed before the next scan, then the 

DP/MAS spectra acquired would not be quantitative. However, if the recycle delays 

are set longer than necessary excessive measurement time would be required. The 

second problem is that their pulse sequences lack Hahn echo, which would lead to 

baseline distortion due to dead-time effects. To obtain reliable recycle delays before 

DP/MAS experiments, we use the cross polarization/spin–lattice relaxation time/

total suppression of sidebands (CP/T 
1
 -TOSS) technique to make sure that all carbon 

sites are relaxed to <5% within the recycle delays  [  16  ] . The detailed principle of this 

technique can be found elsewhere  [  16,   18  ] . Brie fl y, the  z -period  t  
 z 
  in CP/T 

1
 -TOSS is 

increased, typically from 1 ms through 5, 20, 40, 60, 100 s, and so on. These spectra 

are collected until the one with residual intensity <5% compared with the 1-ms CP/

T 
1
 -TOSS spectrum which is used as a reference spectrum. The z-period for the 

spectrum with the residual intensity less than 5% is the recycle delay which is used 

for the DP/MAS experiment. The advantage of the CP/T 
1
 -TOSS experiment over 

inversion- or saturation-recovery experiments is that we know the fully relaxed 

value of the magnetization, which is zero. Therefore, with this approach we avoid 

the use of very long, unnecessary delay times. Moreover, in order to avoid spectral 

distortions, the “EXORCYCLE” phase cycling  [  18  ]  is also employed for DP/MAS 

and DP/MAS with recoupled dipolar dephasing with Hahn echo. In addition, we use 

high-spinning speeds. Unlike CP/MAS, high spinning speeds can be combined with 

the DP/MAS without problems and thus spinning sidebands are small and do not 

overlap with the centerbands of other carbon signals. 

 Since biochars usually contain signi fi cant aromatics, especially nonprotonated 

aromatics, the characterization of nonprotonated aromatics is important for biochar 

study. We developed a technique called DP/MAS with recoupled dipolar dephasing 

for obtaining quantitative estimation of nonprotonated carbons and carbons of 

mobile groups  [  18  ] . Although it is very common to use routine 40- m s dipolar 

dephasing to identify nonprotonated carbons, high spinning speeds are required to 

obtain quantitative spectra at high  fi elds. On the other hand, at high spinning fre-

quencies, such as 14 kHz, the standard dipolar-dephasing pulse sequence simply 

with a gated-decoupling time such as 40  m s does not ef fi ciently dephase the proto-

nated carbon signals. This is because at the end of each completed rotation period, 

magic-angle spinning has at least partially refocused the C–H dipolar coupling 

 [  17  ] . In our method, by recoupling the C–H dipolar interaction using  13 C 180° 

pulse applied at the center of the undecoupled C–H dipolar evolution period, 

the failure of standard dipolar dephasing at high spinning speeds can be overcome 

 [  18  ] . The combination of DP/MAS with recoupled dipolar dephasing technique 

with DP/MAS at high spinning speeds allows for the acquisition of quantitative 

structural information on all carbons as well as nonprotonated carbons and carbons 

of mobile groups.  
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    5   Selective Detection of Fused-Ring Aromatics 

by  1 H– 13 C Recoupled Long-Range Dipolar Dephasing 

 Aromatics in biochars are in different chemical environments. For example, there 

are protonated aromatics, nonprotonated aromatics in the out-layers of aromatic 

clusters and bridgehead carbons. It is impossible to distinguish these different types 

of aromatics by using simple  13 C CP/MAS or DP/MAS techniques except that 

advanced solid-state NMR techniques are employed. Our recently developed advanced 

solid-state NMR technique, recoupled  1 H– 13 C dipolar dephasing technique, can be 

employed to distinguish these aromatics  [  17  ] . It is based on long-range dipolar 

dephasing achieved by recoupling long-range C–H dipolar interactions using two 

 1 H 180° pulses per rotation period  [  17  ] . The recoupling fastens the dephasing of 

nonprotonated carbon signals by about three times compared to the standard dipo-

lar dephasing without recoupling. Therefore, it provides much more ef fi cient dif-

ferential dephasing of different aromatic carbons. Moreover, this technique reduces 

the effects of spinning-speed dependent effective proton–proton dipolar couplings 

on the heteronuclear dephasing. The dephasing rates of individual aromatic rings 

are signi fi cantly faster than those of aromatic sites separated from the nearest pro-

tons by three or more bonds, such as those in fused-ring aromatics of biochars. 

After 0.9 ms of recoupled dipolar dephasing time, the signals of most individual 

aromatic rings are dephased while those of fused-ring aromatics remain at the 95% 

level  [  17  ] . In order to detect the fused-ring aromatic carbons ef fi ciently which 

poorly cross polarize and prevent loss of the signals of interest,  13 C direct polariza-

tion is used. The combination of recoupled dipolar dephasing and direct polar-

ization at 7-kHz MAS enables selective observation of signals from fused rings in 

biochars  [  3,   6,   14  ] .  

    6   Aromatic Cluster Sizes Based on the Fraction of Aromatic 

Edge Carbons and  1 H– 13 C Recoupled Long-Range 

Dipolar Dephasing 

 The fraction of aromatic bridgehead carbons     χ
bridge

( )    is closely related to aromatic 

cluster sizes  [  3,   14  ] . If the fraction of carbons along the edges of aromatic rings is 

    χedge   , then

     
χ χ= −

bridge edge
1

 
  (1)   

 Note that     χedge    decreases with increasing aromatic cluster sizes. For biochars 

with dominant aromatics, most of the aromatic edge carbons are aromatic C–H 

and aromatic C–O functional groups. The fraction of aromatic C–H,     =
CH aCH ar

/f fχ   , 

and that of aromatic C–O,     χ =
C-O aC-O ar

/f f   , can be determined based on the quanti-

tative  13 C DP spectra using the techniques as shown in Sect.  4 . Note that  f  
aCH

 ,  f  
aC–O

  

and  f  
ar
  are the percentages of protonated aromatics, aromatic C–O and aromaticity, 
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respectively. The sum of the fractions of aromatic C–H and aromatic C–O gives the 

minimum aromatic edge fraction,

     
χ χ χ

−
= +

edge,min CH C O  
  (2)   

 Correspondingly, the maximum bridgehead-carbon fraction would be 

    = −
bridge,max edge,min

1  χ χ   . 

 In addition, alkyl C and C=O bonded to the aromatic rings can contribute to the 

edge carbon fraction. Similar to     CH
χ    and     C O

χ
-   , their fractions can be expressed as 

    χalkyl    and     χC = O   , respectively. With them, we can determine a meaningful upper 

limit to the edge fraction of biochars,

     
= + +

edge,max edge,min alkyl C = O
χ χ χ χ

 
  (3)   

 With     χedge,max   , we can provide a lower limit to the number carbons in an aromatic 

cluster because along the lines of Solum et al.  [  24  ]  it can be shown that

     
2 2

C,min edge edge,max
6 / 6 /n ≥ ≥χ χ

 
  (4)  

where  n  
C,min

  is the minimum number of carbons in an aromatic cluster. 

 With the  n  
C,min

 , we can propose rough models of the aromatic cluster for a bio-

char. Moreover, using  1 H– 13 C recoupled long-range dipolar dephasing technique, 

we can  fi ne-tune the models. In order to achieve this, model compounds with known 

C–H distances or aromatic cluster sizes are included for calibration.  

    7   A Case Study on a Slow-Pyrolysis Biochar 

Produced from Switchgrass 

 A biochar produced from switchgrass via slow pyrolysis at 500°C  [  3  ]  is used in this 

section as an example to demonstrate how we characterize biochars using advanced 

solid-state NMR techniques, mostly developed by Mao and Schmidt-Rohr. Figure  1  

shows the spectra of  13 C DP/MAS, DP/MAS with recoupled dipolar dephasing, and 

CP/TOSS.  

 These spectra are dominated by aromatic signals around 128 ppm. The comparison 

of the spectra of DP/MAS and DP/MAS with recoupled dipolar dephasing indicates 

that most aromatics are nonprotonated (thin and thick lines of Fig.  1a ). Only small alkyl 

signals, such as those from OCH, CCH 
2
 C, and CCH 

3
  groups, are observed. In addition, 

small C=O resonances are observed. These alkyl signals are enhanced in the  13 C CP/

TOSS spectrum due to overrepresentation of protonated carbons by CP (Fig.  1b ). Based 

on the spectra of DP/MAS and DP/MAS with recoupled dipolar dephasing, the per-

centages of different functional groups are obtained and different parameters, such as 

aromaticity,     χedge,max   , and  n  
C
  are derived. The aromaticity,     χCH  ,     χedge,min  ,     χedge,max  , and 

 n  
C,min

 , are 94%, 0.37, 0.44, 0.51, and >23 carbons, respectively, based on Sect.  6 . 

 Figure  2  displays the curves of  1 H– 13 C recoupled long-range dipolar dephasing 

of the biochar as well as those of carbons of model compounds, 3-methoxy benz-

amide, 1, 8-dihydroxy-3-methylanthraquinone, and lignin. The dephasing curves 

of model compounds provide the length-scale calibration approximately (Fig.  2 ). 
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  Fig. 1    ( a ) Quantitative  13 C DP/MAS spectrum ( thin line ) showing all carbons and the spectrum of 

 13 C DP/MAS with recoupled dipolar dephasing ( thick line ) selecting nonprotonated carbons and 

mobile CH 
3
 . ( b ) Nonquantitative  13 C CP/TOSS spectrum. Note that its alkyl signals are enhanced 

compared with the DP/MAS spectrum.  ssb  spinning sidebands. The biochar was produced from 

switchgrass via slow pyrolysis at 500°C       

  Fig. 2    (a)  1 H– 13 C recoupled long-range dipolar dephasing curves.  Squares : slow pyrolysis bio-

char.  Dash-dotted line : carbons 11 and 13 of 1, 8-dihydroxy-3-methylanthraquinone, which are 

three bonds away from the two nearest protons.  Dashed line : carbon 1 of 3-methoxy benzamide, 

which is two bonds away from the two nearest protons.  Triangles : lignin. The dephasing rates of 

lignin and 3-methoxy benzamide are almost the same. (b) Structural model. Thin-line ellipse: Two 

bonds from multiple H. Thick-line ellipse: Two bonds from one H. Open triangle: Three bonds 

from multiple H. Filled triangle: Three bonds from one H. Filled square: Four bonds from one H, 

or more than four bonds from any H       
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The long-range dipolar dephasing curves indicate that the dephasing rate of the 

biochar almost coincides with the three-bond calibration curve of carbons 11 and 13 

of 1, 8-dihydroxy-3-methylanthraquinone. This result indicates that the nonproto-

nated carbons in this biochar are at a three-bond distance from the nearest  1 H on aver-

age. Based on the dipolar-dephasing data,  n  
C,min

  as well as the quantitative percentages 

of different functional groups obtained from DP, a typical average model of the aro-

matic cluster for this biochar is proposed, with 8 rings and 28 carbons (Fig.  2b ).       
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  Abstract   Use of biochar fertilizer is potentially an attractive approach for soil 

amendment and carbon sequestration possibly at giga tons of carbon (GtC) scale. 

Cation exchange capacity (CEC) is an important parameter in retaining inorganic 

nutrients, such as K +  and NH  
4
  +   in soil. This experimental study showed that the CEC 

value of biochar is related to the biomass pyrolysis temperature. Biochar materials 

made from the pelletized peanut hulls at pyrolysis temperature of about 400°C yield 

the best CEC value. As the pyrolysis temperature increases over 400°C, the CEC 

value decreases. The biochar produced from the 400°C pyrolysis possesses certain 

binding af fi nity for ammonium bicarbonate (NH 
4
 HCO 

3
 ) probably because of the 

presence of more biochar surface functional groups. Addition of ammonium bicar-

bonate to biochar can help neutralize the pH of biochar material potentially bene fi cial 

for certain agricultural soil applications in relation to soil amendment and carbon 

sequestration.      
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    1   Introduction 

 The world currently faces a systematic problem of increased CO 
2
  emissions, 

decreased soil-carbon content, and global-climate change (global warming). The 

mean global atmospheric CO 
2
  concentration has increased from 280 ppm in the 

1,700 s to 380 ppm in 2005 at a progressively faster rate  [  1  ]  because of: (1) CO 
2
  

emissions from fossil-fuel use; and (2) the CO 
2
   fl ux from land-use change, including 

land clearing such as “slash and burn,” agriculture and intensive tillage. In certain 

areas, agriculture and intensive tillage have also caused a 30–50% decrease in soil 

organic carbon (SOC) since many soils were brought into cultivation more than 100 

years ago  [  2  ] . To solve this massive global energy and environmental sustainability 

problem, it likely requires a comprehensive portfolio of R&D efforts with multiple 

energy technologies. Application of a modern smokeless biomass pyrolysis process 

for producing biofuels and biochar is possibly a signi fi cant approach for global 

carbon capture and sequestration  [  3  ] . This “carbon-negative” biomass-pyrolysis 

energy-production concept of applying biochar as a soil amendment and carbon 

sequestration agent was initiated in 2002 by two of us (Day and Lee) with a provi-

sional US patent application followed by a PCT application  [  4  ] . Certain related 

studies, including biochar-related soil research, have also indicated the possibility 

of using biochar as a soil amendment for carbon sequestration  [  5–  7  ] . According to 

our preliminary analysis, global use of biochar as soil amendment could potentially 

achieve carbon sequestration at giga tons of carbon (GtC) scale  [  8  ] . 

 Globally, each year, there are about 6.6 Gt dry matter of biomass (3.3 GtC), such 

as crop stovers, that are appropriated but not used  [  9  ] . If this amount of biomass 

(3.3 Gt y −1 ) is processed through controlled pyrolysis assuming 50% conversion of 

biomass C to stable biochar C and 33% of the biomass energy to crude biofuels 

(syngas and biooils), it could produce biochar (1.65 GtC y −1 ) and crude biofuels 

(with heating value equivalent to that of 6,500 million barrels of crude oil). By storing 

1.65 GtC y −1  of biochar (equivalent to 6 Gt of CO 
2
 ) into soil and/or underground 

reservoirs alone, it could offset the world’s 8.67 GtC y −1  of fossil-fuel CO 
2
  emissions 

by 19%, which is quite signi fi cant. According to a recent life-cycle assessment  [  10  ] , 

for each ton of dry waste biomass utilized through biomass pyrolysis with biochar 

returned to soil, it could provide a net sequestration of about 800–900 kg of CO 
2
  

emissions (per ton of dry biomass). The life-cycle assessment also indicated that the 

biochar-producing biomass pyrolysis technology could be operated pro fi tably if/

when CO 
2
  emission reductions are valued at or above about $60 ton −1  of CO 

2
  equiv-

alent emissions. Therefore, the envisioned photosynthetic biomass production and 

biofuel/biochar-producing biomass-pyrolysis approach should be considered as an 

option to mitigate the problem of global greenhouse-gas emissions. 

 Putting biochar into soil can potentially improve soil fertility and reduce fertilizer 

runoff to bene fi t the soil and water environment in agricultural/forest watersheds. 

However, the biochar C itself is not a crop nutrient except its ash contents which can 

serve as mineral nutrients for crop growth. It is probably better to apply biochar 

along with certain fertilizers, such as NH 
4
 HCO 

3
  and/or urea, to achieve maximal 

environmental and agricultural bene fi ts  [  11  ] . One of the options is to produce a 
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biochar-NH 
4
 HCO 

3
  (or biochar-urea) compound fertilizer that may make the biochar 

materials more suitable to stimulate plant growth and to maximally place the carbon 

of biochar and bicarbonate HCO  
3
  −   into soils  [  3,   12  ] . As illustrated in Fig.  1 , the 

ammonia-carbonation-based scrubbing technology process  [  13  ]  can provide an 

option to integrate biomass pyrolysis with major industrial combustion facilities, 

such as a coal- fi red power plant to solidify major  fl ue-gas CO 
2
  emission and ppm 

levels of NO 
 x 
  and SO 

 x 
  emissions at the smokestacks into valuable fertilizers (mainly, 

NH 
4
 HCO 

3
  with trace amount of other fertilizer species, such as NH 

4
 NO 

3
  and 

(NH 
4
 ) 

2
 SO 

4
 ) with biochar particles to produce a biochar-NH 

4
 HCO 

3
  and/or biochar-

urea fertilizer which could not only bene fi t agriculture, but also sequester carbon 

into soils for protecting the global environment  [  3,   14  ] . Using biochar samples 

produced by Eprida from peanut hulls, we performed certain experimental studies 

of the biochar materials with an ammonia carbonation process and cation exchange 

capacity (CEC) assays. In this paper, we report certain experimental studies of 

designer biochar production from peanut hulls and test the biochar materials with an 

ammonia carbonation process in relation to the possible application of biochar for 

soil amendment and carbon sequestration.   

  Fig. 1    This  fi gure presents a conceptual design as an option to remove CO 
2
  emissions in industrial 

combustion facilities, such as a coal- fi red power plant by  fl exible combinations of biomass pyroly-
sis and ammonia scrubbing. This CO 

2
 -solidifying technology produces valuable soil amendment 

fertilizer products, such as NH 
4
 HCO 

3
 -char, that could be placed into soil and subsoil terrains 

through intelligent agricultural practice for soil amendment and carbon sequestration       
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    2   Experimental Materials and Methods 

    2.1   Biochar Materials Made with Temperature Variation 

 All of the charcoal samples were made in Omegalux LMF-3550 oven. A special box 

was constructed to allow preheated steam to  fl ow through the charring material. The 

oven and steam  fl ow settings for the charcoal production were: steam  fl ow of 

2.0 kg h −1 , with oven and steam temperature settings of 365, 385, 408, and 435°C. 

The material was removed from the oven when the temperature of the charcoal 

reached a maximum and stabilized for 5 min. The temperatures that were reached 

are: peanut hulls-371, 402, 426, 442°C. The batch system has been described in 

greater detail previously  [  15  ] . All of the char samples were crushed in a roller 

crusher and sieved to a size fraction of −850 +420  m m.  

    2.2   Cation Exchange Capacity Assay Protocol 

 CEC analysis was performed using the following method: The ground char sample 

was thoroughly mixed and 2 g was placed in a 250-mL Erlenmeyer  fl ask. Hundred 

milliliters of 0.5 N HCl was added, the  fl ask was covered with para fi lm and shaken 

vigorously periodically for 2 h. Sample was  fi ltered using a glass  fi ber  fi lter in a 

Buchner funnel, washing with 100 mL portions of H 
2
 O until wash shows no precipitate 

with AgNO 
3
 . Filtrate was discarded. Moist char was immediately transferred to a 

clean 250-mL Erlenmeyer  fl ask and a total of 100 mL 0.5 N Ba(OAc) 
2
  was added 

and a stopper placed on the  fl ask. The mixture was shaken vigorously periodically 

for 1 h and was  fi ltered, washing with three 100 mL portions H 
2
 O. The char was 

discarded, and the  fi ltrate was titrated with 0.0714 N NaOH using phenolphthalein 

to  fi rst pink. The following equation was used to calculate the CEC value:

     
× ×

=

−

milliequivalent mL normality NaOH 100

100g air dried char (g) sample  
  (1)     

    2.3   Designer Biochar Material 

 Previous research has shown that a 400°C pyrolysis process produced a preferred 

biochar for agriculture and ammonia adsorption  [  3  ] . A 400°C biochar sample was 

produced by Day using pyrolysis of pelletized peanut hulls at 400°C. Speci fi cally, 

the cross-draft reactor was brought up to 400°C empty with the exhaust from natural 

gas burner. Then, pelletized peanut hulls (biomass) were slowly fed in maintaining 

that internal reactor temperature. Once the biochar discharge sensor reached 400°C, 

the rotary discharge valve released biochar, the burner was switched off and the 
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system operated without any air or outside heat. This point coincides near the end 

of the exothermic zone for peanut shells. It also corresponds with the temperature 

range at which the resulting biochar had an increased fertilizer binding capacity as 

previously reported  [  3,   4  ] . The feed rate was controlled by the automated discharge 

of the biochar reaching 400°C and averaged 5–7 kg h −1 . The exothermic reaction 

allowed continuous feed to the pyrolysis reactor; however, the feed rate was 20% of 

what occurs when combustion of part of the pyrolysis vapors was used to augment 

the natural exothermic reaction.  

    2.4   Test of Biochar Material with Ammonia Carbonation 

 The designer biochar material made from the pelletized peanut hulls at 400°C was 

tested with a gas-phase ammonia carbonation process which is thermodynamically 

favored with the standard-free energy change (  D  G  0 ) of −18.05 kJ mol −1 :

     
+ + →3 2 2 4 3NH (g) CO (g) H O(g) NH HCO (s)

 
  (2)   

 In the experiments, about 500 g of the biochar material were packed into the 

reactor as illustrated in Fig.  2  to test whether the char material has binding af fi nity 

for the NH 
4
 HCO 

3
  formed through the gas-phase ammonia-scrubbing CO 

2
 -solidifying 

  Fig. 2    The NH 
4
 HCO 

3
 -char 

reactor experiment with the 
NH 

3
  scrubbing-CO 

2
 -

solidifying process in the 
gas-phase       
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process which is reported in ref.  [  13  ] . Brie fl y, a compressed gas containing 15 vol.% 

of CO 
2
  in N 

2
  (primary standard, supplied by Air Liquid) was taken as a synthetic 

 fl ue gas. The synthetic  fl ue gas was continuously fed into the reactor through a side 

port at the top of the reactor with a controlled constant  fl ow rate at about 350 mL min −1  

while the tail gas  fl owing out of the reactor through its bottom port. To mimic the 

moisture condition of a real-world  fl ue gas, which commonly contains a nearly satu-

rated amount of water vapor, the synthetic  fl ue gas was humidi fi ed by bubbling it 

through a water tank kept at 40°C in an isothermal water bath (model RMS, Lauda) 

before it  fl owed into the reactor. The concentration of CO 
2
  in the tail gas that exited 

from the bottom of the reactor was monitored in-line with a digital gas analyzer 

(model 866, Honeywell) and recorded by DATAQ instruments. Prior to the detec-

tion of CO 
2
  concentration, the tail gas  fi rst went through a dilute aqueous sulfuric 

acid solution (1 N) for the adsorption of residual NH 
3
  and through an ice bath for the 

condensation of moisture. The compressed gas containing 15% (vol) of CO 
2
  in N 

2
  

(primary standard, supplied by Air Liquid) and the pure N 
2
  (ultrahigh purity, sup-

plied by Air Liquid) were used to calibrate the CO 
2
  detector prior to each experi-

ment, using the same procedure as that used during the experiment. The NH 
3
  gas 

was generated by evaporation from anhydrous liquid NH 
3
  (purity  ³ 99.95%) that 

was purchased from Sigma-Aldrich. The  fl ow rates of NH 
3
  gas and  fl ue gas were 

controlled by calibrated mass  fl ow controllers (MKS Instruments, Inc.). When the 

initial air in the reactor was removed by the constant  fl ow of the humid  fl ue gas for 

more than 15 min and when the concentration of CO 
2
  in the outlet gas reached a 

steady value, ammonia gas was then introduced through a central port located at the 

top of the glass tube reactor. Thus, all reactants were introduced from the top of the 

reactor. The ratio of NH 
3
   fl ow rate to the  fl ue-gas  fl ow rate was adjusted to about 

0.12 where the steady-state CO 
2
  removal ef fi ciency was about 44% for the biochar 

ammonia carbonation test.    

    3   Results and Discussions 

    3.1   Cation Exchange Capacity of Biochar Materials 

 The value of CEC was measured for the biochar materials made from the pelletized 

peanut hulls at pyrolysis temperature of 371, 402, 426, and 442°C. As shown in 

Fig.  3 , the measurements demonstrated that the CEC value of the biochar materials 

is dependent on the pyrolysis temperature. Pyrolysis temperature of 402°C yielded 

the highest CEC value (18.2 meq/100 g) while the pyrolysis temperatures of 371, 

426, and 442°C resulted in CEC values of 17.1, 16.1, and 13.9 meq/100 g, respec-

tively. This experimental result indicated that it is important to control pyrolysis 

temperature for higher CEC value of biochar product. The optimal pyrolysis tem-

perature for high-CEC biochar production is likely at around 400°C.   
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    3.2   Biochar-NH 
4
 HCO 

3
  Experimental Results 

 In this part of the study, we tested the compatibility between NH 
4
 HCO 

3
  and the 

designer biochar material that was produced at 400°C from peanut hulls. Since the 

CO 
2
 -solidifying-NH 

4
 HCO 

3
  production process occurs in a gas phase, the char particles 

could potentially serve as nucleation site for the formation of solid NH 
4
 HCO 

3
  crystals 

thus enhancing the CO 
2
 -removal chemical engineering technology. The experimental 

objective was to explore the possibility of whether a compatible NH 
4
 HCO 

3
 -char fertil-

izer product can be created to enhance storage of carbons (both HCO  
3
  −   and biochar) 

into soil and subsoil earth layers and also bene fi t the agricultural industry. The experi-

mental result demonstrated that the biochar material indeed has certain binding af fi nity 

for the NH 
4
 HCO 

3
  formed in the gas-phase process. In the experiments, when ammonia 

carbonation was initiated by introducing ammonia gas along with the moisturized 

synthetic  fl ue gas into the reactor (with about 500 g of designed biochar material), the 

formation of ammonium salts (solid products) appeared immediately as a fog and 

white material that condensed on the biochar materials. As shown in Fig.  4 , the char 

grains after treated with the ammonia-scrubbing CO 
2
 -solidifying process became 

signi fi cantly whiter than the control biochar sample because of the deposition of 

NH 
4
 HCO 

3
  onto the surfaces of the char grains by the process treatment.  

 This observation is consistent with the results of our pH measurements for the 

treated char, untreated char (control), and NH 
4
 HCO 

3
 -char mixture that was pro-

duced by mixing equal weight (50%/50% by weight) of NH 
4
 HCO 

3
  and char. In the 

pH experiment, 1 g for each of these samples (the treated char, untreated char, and 

NH 
4
 HCO 

3
 -char mixture) was dissolved into 10 mL of distilled water. Then, pH values 

of the solutions were measured by a standard Beckman pH electrode system. 

As presented in Table  1 , the pH measurement clearly demonstrated that the addition 

of NH 
4
 HCO 

3
  can signi fi cantly neutralize the alkaline pH of the char material. The 

pH value of the untreated char material was 9.85 while that of the NH 
4
 HCO 

3
 -char 
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12.0

13.0

14.0

15.0

16.0

17.0

18.0

19.0

360 380 400 420 440 460

Pyrolysis Temperature �C

m
e
q

/1
0
0
g

CEC vs

Temperature

  Fig. 3    Biochar cation exchange capacity (CEC) vs. pyrolysis temperature. Char samples were 
created at four temperatures in a range from 370 to 450°C and were analyzed for CEC. A peak 
value was obtained for the char sample created at 402°C with CEC values decreasing as pyrolysis 
temperature increases from this point       
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mixture (50%/50% by weight) was 7.89. This is expected since the bicarbonate 

HCO  
3
  −   of NH 

4
 HCO 

3
  can act as a pH buffer in neutralizing certain alkaline ash com-

ponents in the char material. The gas-phase ammonia-carbonation treatment (by the 

NH 
3
 -CO 

2
 -solidifying process) reduced the pH value of the biochar from 9.85 to 8.76. 

According to the pH change in the treated char, the NH 
3
  scrubbing-CO 

2
 -solidifying 

process resulted in deposition of NH 
4
 HCO 

3
  onto the char grains by roughly about 

40% of the char weight.  

 These results demonstrated that the char material has certain binding af fi nity for 

NH 
4
 HCO 

3
  and the pH value of the char material can be improved by the addition of 

NH 
4
 HCO 

3
 . The binding af fi nity for NH 

4
 HCO 

3
  could be explained by the presence 

of biochar surface acids groups, such as carboxyl groups, that are known to form 

preferably at the biomass pyrolysis temperature of around 400°C  [  4  ] . The results 

also indicate that biochar could probably be used as an adsorbing  fi ltration material 

along with the NH 
3
  scrubbing-CO 

2
 -solidifying process to clean certain industrial 

 fl ue gases and, at the same time, produce a valuable soil amendment and/or, per-

haps, “organic slow-release” biochar fertilizer (such as biochar-NH 
4
 HCO 

3
 ) that can 

potentially enhance sequestration of carbon into soil and subsoil earth layers, 

reduce NO  
3
  −   run-off, and stimulate photosynthetic  fi xation of CO 

2
  from the atmo-

sphere  [  12  ] . 

  Fig. 4    Charcoal (char) material produced from pyrolysis of biomass peanut hull and treated with 
and without an ammonia-carbonation process       

   Table 1    Measurements of pH for the treated char, untreated char, and NH 
4
 HCO 

3
 -char mixture   

 Products 
 Char treated by NH 

3
 -CO 

2
 -

solidifying process  Untreated char 
 NH 

4
 HCO 

3
 -char mixture 

(50%/50% by weight) 

 pH  8.76  9.85  7.89 
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 These experimental results may have practical implications for biochar soil 

applications. For examples, because of their alkaline ash contents, the pH of biochar 

material can sometimes be as high as about 10, which would be unfavorable for use 

in alkaline soils (pH above 8) such as those in the western part of the United States 

because the addition of an alkaline material could make the alkaline soil pH worse 

for plant growth. Since NH 
4
 HCO 

3
  can act as a pH buffer, co-application of biochar 

and NH 
4
 HCO 

3
  as a mixture or compound fertilizer is likely to improve biochar fer-

tilizer pH. As shown in Table  1 , mixing (50/50 by weight) with NH 
4
 HCO 

3
  can neu-

tralize the pH of biochar material from 9.85 to 7.89, which could make the biochar 

fertilizer pH more favorable to use in many soils, including (but not limited to) the 

alkaline soils. On the other hand, biochar can effectively adsorb ammonia (NH 
3
 ) 

and other nutrients to minimize fertilizer nutrient loss. This type of chemisorption 

properties is typical of biochar since the biomass pyrolysis thermochemical process 

involves the fracture of many chemical bonds initially present in the biomass feed-

stock. The product biochar carbon does not go through a  fl uid state during the pyrol-

ysis; consequently many of these bonds are left “dangling”  [  16  ] . As described by 

Antal and Gronli  [  16  ] , these dangling bonds are believed to give rise to some of the 

chemisorption properties of biochar. In addition, certain polar functional groups, 

such as hydroxyl (−OH) and carboxyl (−COOH) groups of the biochar materials, 

may give rise to the property of CEC, which is important also in helping retain 

nutrients, such as ammonium and potassium ions (NH  
4
  +   and K + ) in soil. Therefore, 

co-application of biochar and NH 
4
 HCO 

3
  (or urea) can probably maximize the 

bene fi cial effects. Furthermore, as illustrated in Fig.  5 , the bicarbonate HCO  
3
  −   of 

NH 
4
 HCO 

3
  (or urea) that could be used in this manner may stay in the alkaline soils, 

since its HCO  
3
  −   could neutralize certain alkaline earth minerals, such as [Ca(OH)] +  

and/or Ca 2+ , to form stable carbonated mineral products such as CaCO 
3
  that can 

serve as a permanent sequestration of the carbon in soil and/or subsoil earth layers. 

Therefore, co-use of NH 
4
 HCO 

3
  and char materials together could allow continued 

formation of carbonated mineral products, such as CaCO 
3
  and/or MgCO 

3
 , to seques-

ter maximal amount of carbons into the soil and subsoil terrains while still maintain-

ing good soil properties for plant growth. In addition, use of the carbon-based 

nitrogen fertilizer could also provide an option to help solve the environmental 

problem of nitrate (NO  
3
  −  ) run off from the current use of ammonium nitrate 

(NH 
4
 NO 

3
 ) as a fertilizer in the United States. However, more research and develop-

ment efforts are still needed to test this option.  

 Note, ammonium bicarbonate (NH 
4
 HCO 

3
 ) has a quite limited stability; it can 

decompose at a temperature above a range of 36–60°C. For best result, therefore, a 

biochar-NH 
4
 HCO 

3
  fertilizer should be applied immediately into/underneath soil or 

stored in a tightly sealed container (e.g., plastic bag) at temperatures below 27°C to 

minimize decomposition. If the stability of ammonium bicarbonate (NH 
4
 HCO 

3
 ) is a 

problem, the alternative is to use biochar with urea which is much more stable. In 

addition, biochar material alone can also be used in soil application as well.   
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  Fig. 5    Intelligent application of NH 
4
 HCO 

3
 -char fertilizer to enhance sequestration of carbon into 

soil/subsoil earth layers       
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    4   Conclusions 

 The CEC value of biochar is related to the biomass pyrolysis temperature. Biochar 

materials made from peanut hulls at pyrolysis temperature of about 400°C yield 

the highest CEC value. As the pyrolysis temperature increases over 400°C, 

the CEC value decreases. The biochar materials appear to have certain binding 

af fi nity for ammonium bicarbonate (NH 
4
 HCO 

3
 ) formed through a gas-phase 

ammonia carbonation reaction. The binding af fi nity for NH 
4
 HCO 

3
  could be 

explained by the presence of biochar surface functional groups, such as carboxyl 

groups, that are known to form preferably at a pyrolysis temperature of around 

400°C. Addition of ammonium bicarbonate to biochar can help neutralize biochar 

pH. Use of biochar fertilizer is potentially an attractive approach for soil amend-

ment and carbon sequestration.      
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  Abstract   The US Southeastern Coastal Plains have a long history of agricultural 

production. However, poor quality sandy soils hamper productivity. Soils have 

depleted organic carbon contents that lead to poor nutrient retention, reduced aggre-

gation, and low plant-available soil water retention. Past soil management used 

reduced tillage to increase organic carbon but it deteriorated quickly in the hot, 

humid environment. Biochars can provide an alternative recalcitrant carbon source. 

Since biochar varies widely in characteristics, it must be designed to  fi t the needs of 

the soil—increased carbon, aggregation, nutrient retention, and plant-available 

water retention. Biochar design characteristics depend mainly on feedstock charac-

teristics and method of pyrolysis. This review offers guidelines for designer biochar 

manufacture through feedstock selection and pyrolysis technique; it outlines poten-

tial usage to improve speci fi c soil quality problems.      

    1   Introduction 

 The Southeastern Coastal Plains of the Carolinas have a long history of crop pro-

duction by Paleo-Americans  [  63  ]  and European settlers  [  15,   46,   103  ] . The region 

was initially settled by the Paleo-Americans  [  63  ] , and they thrived by growing 

maize, beans, and squash and letting  fi elds remain fallow after about 2 years of 

production. This rotation continued until the European settlers colonized the 

Carolinas in the seventeenth and eighteenth centuries  [  103  ] . With time, the European 

settlers shifted agriculture to more intensive corn, cotton, tobacco, rice, and timber 

production. Overuse of  fi elds and poor land management accelerated depletion of 
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soil nutrients and enhanced erosion of topsoil  [  16  ] . Fields of depleted soils were 

quickly abandoned. 

 In addition to the physical and chemical soil problems, the coastal plain climate 

hindered agricultural productivity. For example, the South Carolina Coastal Plain 

has an annual rainfall of about 1,310 mm  [  86  ] , which is suf fi cient for row crop 

production  [  89  ] . But, crop water stress is common because of poor temporal rainfall 

distribution  [  85  ]  and low soil water storage  [  36  ] . Droughts can last several weeks 

and reduce yields. 

 USDA agencies such as the Natural Resource Conservation Service and the 

Agricultural Research Service, have developed soil and water conservation management 

practices for these soils that promote productivity. Non-inversion, deep tillage that 

physically disrupts a subsurface hard pan can promote deep crop root penetration 

while minimally disrupting the surface to reduce water runoff and erosion  [  1,   2  ] . 

Unfortunately, the bene fi cial effects of deep tillage are temporary; deep disruption 

must be redone annually  [  13,   19  ]  and soil organic carbon (SOC) levels are concen-

trated at the surface or deteriorate in the hot, wet weather  [  77,   105  ] . 

 Minimal tillage, where crop residues are left on the soil surface, can increase 

SOC levels in sandy soils  [  50,   69  ] , a soil characteristic that is known to improve 

aggregation  [  34  ] , water in fi ltration, and nutrient retention  [  102  ] . An ideal 

OC-enriched amendment for these soils would be one that is long-lasting and 

increases aggregation, fertility, and water retention. Recently, Laird  [  57  ]  described 

how a long-lost technology could be adopted as a management strategy to revitalize 

soils. In South America, pre-Columbian Amazonian inhabitants improved their 

infertile soils by applying biochar  [  45,   61  ] . These inhabitants obtained biochar from 

trees cleared from the forest and organic wastes such as bones, carcasses, and other 

 fi re pits debris; they added biochar to soils using a “slash and char” process which 

increased soil productivity  [  45  ] . Carbon in the form of biochar is resistant to degra-

dation  [  99  ] , having remained in tropical Amazonian soils for centuries  [  63  ] . 

Following the biochar vision of Laird  [  57  ] , applying biochar to sandy agricultural 

soils of the Southeastern Coastal Plain would be a similar management strategy 

aimed at overcoming soil physical and chemical de fi ciencies. 

 Biochars quality can be variable  [  21  ]  and different biochars react differently in 

soils [    62 ,  70  ] . Biochar properties should be known to be bene fi cial to a soil to avoid 

creating unwanted chemical or physical legacies. One biochar type will not resolve 

all issues in all soils because of differences in its quality, and in its interaction with 

soil particles, and microbes. Arguably, it may be more prudent to design a biochar 

with speci fi c chemical and physical attributes that can target speci fi c soil problems. 

A biochar designed for a speci fi c purpose was  fi rst introduced by Day et al.  [  27  ]  to 

produce a material that acted as a nutrient carrier while being able to resist leaching. 

Day and his team were able to sequester C, H, and N from coal gas emissions into 

a char-based product for use as an N fertilizer source. Novak et al.  [  70  ]  also recog-

nized that biochars could be designed with speci fi c chemical and physical proper-

ties through feedstock selection, pyrolytic temperature, and residence time 

manipulation. The designer biochar concept was further re fi ned through a coopera-

tive research  [  71  ] . This novel concept caught the attention of the scienti fi c community, 
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because shortly thereafter, others reported that biochar production can be managed 

to derive purposefully designed biochars that have properties tailored for speci fi c 

end uses  [  6,   53,   98  ] . 

 Biochar can be expensive to manufacturer with cost estimates of $220 per Mg 

using current technologies  [  64  ] . If biochar is applied to soils at a common rate of 

between 1 and 30 Mg ha −1   [  9  ] ; its cost per ha can range from $220 to $6,615. To be 

a feasible option under these conditions, biochar marketing will need to establish a 

pro fi t balance of bio-oil/biochars/syngas production from the parent feedstocks 

 [  94  ] . Also, if C offsets come to fruition, biochar could be seen as an amendment that 

would bene fi t reductions in atmospheric CO 
2
  concentrations by increasing soil C 

sequestration. Additionally, N 
2
 O is a potent greenhouse gas in fl uencing global 

warming and a linkage has been established showing reduced N 
2
 O emissions from 

soils treated with biochar  [  90,   96  ] . 

 In this article, we offer guidelines to pyrolytically design biochar, evaluate rela-

tionships between feedstock selection and biochar quality, and match the correct 

biochars or their blends to targeted soil and greenhouse gas production problems. It 

is important to  fi rst, understand what soil problem needs to be modi fi ed, and second, 

select a feedstock and pyrolysis condition that develops a biochar speci fi c for that 

targeted problem. Therefore, the objectives of this review are to (1) appraise the 

geomorphic, chemical, and physical characteristics of degraded southeastern sandy 

coastal plain soils, (2) describe past physical and chemical remediation strategies to 

revitalize these sandy soils, and (3) establish guidelines for manufacture and use of 

designer biochars and their blends that could improve soil de fi ciencies and reduce 

greenhouse gas emissions.  

    2   Description of Southeastern USA Coastal Plain Soils 

    2.1   Geomorphic Properties 

 The coastal plain is an expansive geomorphic region of the Southeastern USA that 

extends from southern New Jersey along the Atlantic coast through the coast of the 

Gulf of Mexico to South Texas. It comprises nearly 2/3 of the land area of South 

Carolina (Fig.  1 ); most of which is either in agriculture or forestry. The coastal plain 

was initially deposited during a series of sea level rises and recessions; it has been 

subject to depositional and erosional forces moving and relocating sediments from 

the Pliocene Epoch (1.8–5 million years ago,  [  91  ] ) to today. Below Pliocene age 

sediments are geologic strata consisting of beds of multicolored sands, intermixed 

with gravel and clay beds laid down during the Tertiary Epoch from 5 to 38 million 

years ago  [  91  ] .  

 Terraces and scarps commonly occur across the coastal plain that are re fl ective 

of glacioeustatic changes in ocean level, deposition of sediments, and river dissec-

tion during the last 5 million years  [  30  ] . The terraces are gently eastward-sloping on 

the surface, which are bounded by seaward-facing scarps  [  25  ] . These scarps are a 
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few meters in height and demark a time when sea levels were higher. Some of the 

scarps are de fi nitive on the landscape  [  32  ]  and are used to divide the area into phys-

iographic divisions consisting of (1) lower, (2) middle, and (3) upper coastal plain, 

based on topography, sediments, elevations above mean sea level, and soils  [  30  ] . 

Their elevations range from sea level to about 150 m.  

    2.2   Pedogenic Activity Shapes Soil Morphology 

 Because coastal sediments were deposited by sea level changes,  fl uvial activity, and 

by erosional processes over the past 35,000–5 million years  [  32  ] , pedogenic activity 

has had millions of years to form sediments into soils. Stable coastal surfaces devel-

oped aged soils that include an eluvial (E) horizon, weathered clays  [  28  ] , and a 

reddened argillic B horizon  [  29  ] . 

 The upper coastal plain is highly dissected by streams, and is covered by exten-

sively weathered well-drained soils  [  32  ] . The middle coastal plain is gently undulat-

ing with a swell and swale relief of 0.3–1.5 m  [  31  ] . Here, upland soils are well 

drained when located closer to drainage ways and depressions are poorly drained. 

Circular depressions are referred to as Carolina Bays  [  30  ] . 

 The Norfolk and Bonneau soil series are examples of well-drained upland soils of 

the middle coastal plain (Fig.  2 ). They are classi fi ed as Paleudults and have well-

developed E and clay-enriched argillic B horizons. Particle size and fertility analyses 

show that their topsoils are sandy and mildly acidic  [  72  ] . Their low pH is caused by 

leaching of sandy parent material and the predominance of alumino-hydroxy species 

on cation exchange sites  [  32  ] . The clay fraction also attests to the soil age; it can be 

composed primarily of kaolinite, gibbsite, and hydroxy-interlayer vermiculite with 

minor amounts of hydroxy (Fe and Al) interlayer chlorite  [  73,   88  ] . All of this leads 

to a soil with low cation exchange capacities (<2 to 4 cmol 
c
  kg −1 ,  [  55  ] ).  

 Another characteristic of the Norfolk series is a subsurface hard layer (Fig.  3 , 

left) that is caused by physical cementation and/or chemical precipitation of soluble 

Si between particles during wetting/drying cycles  [  22,   66  ] . This hard layer when dry 

  Fig. 1    View of the coastal 
plains of the Southeastern 
USA ( left ) and of South 
Carolina ( right ) from the fall 
line to the coast       
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has penetration resistances that can deform the steel probe used to measure its 

strength (Fig.  3 , right). In some cases, crop roots will grow along the top of the hard 

layer because high soil strength and lack of aggregation deters their penetration.  

 The Bonneau series also forms in upland areas. It has a thicker, hard E horizon 

and its argillic B horizon can have a lower boundary up to 102-cm deep. As shown 

in Fig.  2 , the lack of vegetation on the Bonneau soil was due to crop moisture stress 

during a drought (2002). Crop growth was limited in this series because roots were 

unable to penetrate the hard layer to exploit water stored in the argillic B horizon. 

  Fig. 2    Coxville (poorly drained), Norfolk (well-drained), and Bonneau (excessively well-drained) 
soil series in a Coastal Plain agricultural  fi eld (Darlington, SC)       

  Fig. 3    Poorly aggregated, massive structure of the E horizon (hard layer) of the Norfolk soil series 
( left ). A deformed probe attempting to measure penetration resistance in the hard layer ( right , 
photos courtesy of ARS Florence)       
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 Deep coring into the Norfolk and Bonneau soil pro fi les shows that they have low 

SOC contents (Fig.  4 ). This can be explained by their high sand content (Fig.  5 ), and 

their lack of clay-size particles that are known to sorb SOC compounds and slow 

organic matter mineralization  [  101  ] . In contrast, the Coxville is a poorly drained 

Paleaquult, which forms in Carolina Bays (Fig.  2 ). Sediments from soils in upslope 

locations have eroded into the bay over millennia causing the Coxville to contain 

more clay. As shown in Fig.  4 , the Coxville soil has more SOC in the pro fi le than 

the Norfolk or Bonneau soil. Accumulation of SOC in the Coxville is also facilitated 

  Fig. 4    Percentage by weight of soil organic carbon (SOC) in the pro fi le of Bonneau, Norfolk, and 
Coxville soil series (pro fi le data from  fi eld in Fig.  2 )       

  Fig. 5    Relationship between sand and SOC in topsoil (0–15-cm) of Norfolk, Bonneau, and 
Coxville soil series (samples collected from  fi eld shown in Fig.  2 )       
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by its poor internal drainage that slows oxidation  [  101  ] . The Coxville series has a 

greater ability to retain nutrients than the Norfolk and Bonneau because of its larger 

cation exchange capacity (5–15 cmol 
c
  kg −1 ,  [  55  ] ).    

    2.3   Water Storage in Sandy Soils 

 Annual precipitation in the coastal plain region of South Carolina is high enough for 

crop production (1,310 mm,  [  86  ] ). However, erratic rainfall with dry spells of a few 

days to a few weeks  [  16,   85  ]  reduces production as seen in (Fig.  6 ) where less than 

5 mm of rainfall was recorded in June 2008 in Darlington SC during the corn growing 

season (April to July). Low rainfall caused crop moisture stress to occur (Fig.  6 , 

left), resulting in low corn yields (3.8–4.7 Mg ha −1 ). In contrast, rainfall was 

suf fi cient during the 2009 corn growing season (Fig.  6 , right) and yield was double 

the drought year (8.4–9.3 Mg ha −1 ).  

 Low water storage  [  18,   79  ]  and poorly aggregated, hard layers, that restricts root 

penetration to the top 25–30 cm of the soil pro fi le  [  36  ]  limit soil water holding 

capacity to  » 22.5 mm  [  37,   81  ] . During the hot summer, evapotranspiration rates of 

16.8 mm day −1  for soybeans  [  82  ]  will use this in less than 2 days. Unless water is 

replenished with rain or irrigation, crops will stress. In contrast, a  fi ner-textured 

  Fig. 6    Monthly rainfall totals during 2008 ( left ) and 2009 ( right ) recorded at the Clemson 
University, Pee Dee Research and Education Center, Florence, SC, USA and its in fl uence on corn 
yields show the importance of water availability. Corn grows from mid April to early August. Its 
yields were 3.8–4.7 Mg ha −1  in 2008 and yields = 8.4–9.3 Mg ha −1  in 2009       
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SOC-enriched Coxville soil series can have between 29 and 51 mm of available 

H 
2
 O per 300 mm of soil  [  79  ] . Under similar conditions, a soybean crop growing in 

the Coxville soil would have more time (1.7–3 days) before soil water is depleted.  

    2.4   Management Practices to Increase Soil Water Storage 

 Tillage management practices disrupt the subsurface hard layer to encourage deeper 

root growth and increase SOC levels to improve water storage. Physical disruption 

using deep tillage of the hard layer is expensive and requires specialized equipment 

 [  52  ] . Because hard layers re-cement  [  13,   19  ] , deep tillage in the coastal plain is 

usually preformed annually  [  14  ] . In today’s economy, annual deep tillage is expen-

sive; therefore, less-expensive forms of minimum tillage or no-till are used to build-

up SOC contents  [  8,   12,   50,   69  ] . Accumulation of SOC is bene fi cial because the 

effects have been shown to reduce soil strength  [  39  ] . 

 Increases in SOC improve soil aggregation and pore space  [  8,   34,   93  ] , which 

favor water in fi ltration and storage  [  102  ] . Minimum tillage systems favor SOC 

rebuilding, but in sandy coastal plain soils, the increase is depth-dependent  [  69,   72  ] , 

and only a small portion (5%) of OC in crop residue is returned to the SOC pool 

 [  72  ] . Other minimal tillage studies reported that SOC increases are not long-lasting, 

but must be continually resupplied with fresh residue  [  77,   105  ] . 

 Considering these problems, an ideal OC supplement should last longer, return 

more OC to the SOC pool, and increase aggregate formation and pore space. 

A promising soil amendment that can add recalcitrant OC while concomitantly 

improving soil chemical and physical issues is biochar  [  16,   57,   61  ] .   

    3   Biochar Production and Properties 

    3.1   Biochar Production 

 Biochar is a byproduct of the biofuel industry  [  5,   58,   62  ] . It is produced by the 

pyrolysis of organic feedstocks at temperatures between 300 and 700°C in an oxygen-

free or low oxygen noncombustible atmosphere. Different feedstocks are used to 

make biochars, including biomass energy crops, bioenergy residues, crop residues, 

manures, and kitchen wastes. During the pyrolytic process, these organic feedstocks 

thermally decompose, releasing volatile compounds, syngas and biochar. The vola-

tile compounds can be recondensed and re fi ned as bio-oil  [  11  ] . The biochar residual 

product has chemical and physical properties that depend on complex reactions during 

the pyrolysis process and are reported to vary with feedstock selection and pyrolysis 

conditions  [  38,   74  ] . 

 Biochars can be made using various thermochemical processes systems such as 

slow/fast pyrolysis,  fl ash pyrolysis, and gasi fi cation  [  58,   94  ] . Slow and fast pyrolysis 
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technologies are featured in this review. A more detailed explanation of gasi fi cation 

technologies for syngas production is available  [  58  ] . 

 In the slow/fast pyrolysis systems, the feedstock (depending on the delivery feed 

scheme) can remain in the pyrolysis reactor anywhere from a few seconds to 24 h 

 [  94  ] . Pyrolysis reaction times vary among manufacturers because of differences in 

reactor temperature ramp settings, choices of dehydration (100–150°C) and carbon-

ization temperatures (300–700°C), and cooling time. Under these conditions, 

biochar yields can range from 51 to 72% on an oven-dry C basis and between 29 

and 57% on an air-dry mass basis  [  74  ] . More biochar is recovered at lower pyrolysis 

temperatures (around 350°C) because less volatile material is driven off as bio-oil. 

If maximizing bio-oil production is the goal, the manufacturer can adjust the slow 

pyrolysis process to operate at a higher temperature range (500–700°C). While 

more bio-oil is recovered, biochar mass yields will decline because of dehydration 

of hydroxyl groups and thermal degradation of ligno-cellulose structures  [  4,   5  ] . 

 Biochars pyrolyzed at higher temperatures (500–700°C) tend to have greater ash 

contents, and hence, more alkaline pH values (Table  1 ). High temperature pyrolysis 

will concentrate the salts because of the loss of C-, O-, and H-containing com-

pounds removed as volatiles  [  20,   43,   74  ] . Ash contents for several biochars pyro-

lyzed at the higher (400–700°C) temperatures regime ranged from 5.62 to 52.9% 

while at the lower temperature (<350°C) biochar ash contents ranged from 2.4 to 

35.9% (Table  1 ). Biochar pyrolyzed from poultry litter had the highest ash content 

because of excretion of unassimilated nutrients  [  92  ]  and from chemical additives to 

the litter to reduce N volatilization  [  74  ] . The high ash content also contributed to the 

poultry litter biochar having a calcareous pH (Table  1 ).  

 The elemental composition in several biochars is heterogeneous (Tables  1  and  2 ) 

because of differences in nutrient uptake by the raw feedstock  [  21  ]  and by chemicals 

added to manure feedstocks prior to pyrolysis  [  74  ] . If the ash contains elements like 

   Table 1    Biochar percent ash (dry wt. basis), pH, and fertilizer ratios   

 Feedstock  Pyrolysis (°C)  Ash (%) a   pH a  

 Fertilizer (100 kg −1  biochar) 

 N  P  K 

 Peanut hull  400  8.2  7.9  3  0.3  2 

 500  9.3  8.6  3  0.3  2 

 Pecan shell  350  2.4  5.9  0.3  0.03  0.2 

 700  7.2  7.2  0.5  0.05  0.5 

 Poultry litter  350  35.9  8.7  5  3  6 

 700  52.4  10.3  3  4  9 

 Switchgrass  250  2.6  5.4  0.4  0.1  0.5 

 500  7.8  8  1  0.2  1 

 Hardwood  Fast  5.6  6.1  0.3  na  0.6 

 Pine chips b   465  5.6  6.1  0.3  0.08  0.4 

 Corn stover b   500  69.1  7.2  0.6  0.2  1.6 

   a From Novak et al.  [  74  ]  
  b Results courtesy of Drs. Don Reicosky and Kurt Spokas (USDA-ARS)  
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N, P, and K, then it could serve as a low grade fertilizer with a corresponding low 

N-P-K ratio (Table  1 ). These ratios were calculated based on the total contents of 

elements in the biochar, and does not necessarily re fl ect their plant availability status. 

Poultry litter and peanut hulls have a modest N-P-K fertilizer ratio while biochar 

made from pine chip and pecan shells had the lowest ratio (Table  1 ). Results from 

Table  2  show that the biochars pyrolyzed from different feedstocks can contain size-

able quantities of base cations such as Ca and Mg. While also being essential plant 

nutrients, the presence of Ca and Mg causes the biochar to act like a liming agent. 

As Novak et al.  [  73  ]  reported pecan shell biochar had liming properties since it had 

an alkaline pH, and contained 3.6 and 0.7 g kg −1 , respectively, of Ca and Mg. Another 

important property of these four plant-based biochars (Table  2 ) is the low concentra-

tions of heavy metals (i.e., Cd, Cr, Ni, Pb, and V). If these biochars are used as a soil 

amendment, low metal concentrations should ease environmental concerns.  

 In fast pyrolysis, the feedstock is placed in a retort and subjected to a very short 

burst (1–2 s in duration) of heat (400–600°C) usually under pressure  [  94  ] . These 

conditions also maximize bio-oil production (75%); however, lower biochar mass 

yields are recovered ( » 12%,  [  94  ] ). For comparative purposes, one biochar made 

from hardwood using the fast pyrolysis system was included in this review. Its ash 

content, pH value, and fertilizer ratio were fairly similar to characteristics of the low 

temperature (350°C) pecan shell biochar (Table  1 ). 

 There are considerable time advantages when using fast pyrolysis, including 

shorter residence, carbonization, and temperature squelching times. The choice of 

pyrolysis system (slow vs. fast) for biochar manufacturer will ultimately be decided 

by a balance between biochar, bio-oil, and syngas recovery  [  94  ] .  

   Table 2    Elemental composition of four biochars ( m g g −1  on a dry-weight basis, unpublished data) a    

 Element  Hardwood  Cotton gin trash  Pine chips b   Corn stover b  

 Al  402  208  578  13,915 

 Ag  0  0  0.1  0.2 

 As  0.2  0.2  0.2  1.2 

 Ba  42  12  21  136 

 Ca  5,164  4,361  3,976  11,831 

 Cd  0.2  0  0  0 

 Cr  217  0.7  11  58 

 Cu  9.1  124  5.3  57 

 Fe  2,046  163  1,515  8,307 

 K  6,237  11,451  4,353  52,574 

 Mg  741  1,086  1,390  4,867 

 Mn  113  12  172  201 

 Na  480  384  805  8,525 

 Ni  8.5  4.3  0.6  18 

 Pb  2.4  0.4  2.6  31 

 Se  0.8  0.7  0.7  0.4 

 V  0.4  0.4  0.6  16 

 Zn  6.7  6.7  44  41 

   a Biochars digested using EPA method 3052 (HNO 
3
  + HF) 

  b Samples courtesy of Dr. Don Reicosky (USDA-ARS)  
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    3.2   Biochar Characterization 

 Pyrolysis systems cause many changes to the initial feedstock that inevitability is 

re fl ected in the biochars structural and elemental composition. These intensive 

thermal conditions during pyrolysis cause decomposition of organic structures 

from the raw feedstock through dehydrogenation, demethylation, and  fi nally decar-

boxylation resulting in the release of a variety of organic compounds, including 

volatile C compounds, CH 
4
 , and CO  [  7  ] . By assessing the elemental composition of 

the raw feedstock and the biochar, a determination of these released volatile com-

pounds containing C, H, and O will result in major shifts in their atomic O/C and 

H/C ratios (Fig.  7 ).  

 The Van Krevelen diagram is a convenient way to show that the raw feedstocks 

are rich in H and O, and as the pyrolysis temperature increases, loss of volatile 

elements cause biochars to have decreasing O/C and H/C atomic ratios (Fig.  7 ). 

Consequently, manufacturers can quickly assess the degree of biochar production 

by examining for changes in the elemental concentrations of C, H, O, and N, and 

their associated ratios. For example, low H/C and O/C ratios indicate that the biochar 

is higher in aromatic structures  [  7,   48  ] . Biochars with O/C and H/C ratios in the 

0.3–1.2 range indicate that it contains lignin and polysaccharide-like compounds 

 [  48  ] . Krull et al.  [  56  ]  has listed atomic ratios, including the OC contents, in biochars 

processed from several feedstocks and pyrolysis temperatures. 

 Computation of a biochars atomic ratio requires that a sample be digested result-

ing in its loss for future experiments. Alternative, nondestructive methods for 

  Fig. 7    Atomic ratio distribution shown in the Van Krevelen diagram for raw feedstocks and 
biochars pyrolyzed using two temperature ranges       
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biochar characterization are available, such as solid-state  13 C nuclear magnetic reso-

nance (NMR,  [  56  ] ), and Fourier transformed infrared spectroscopy (FT-IR;  [  80,   84  ] ). 

If  13 C NMR spectroscopy is used, each sample analyses may take several hours to 

1 day to acquire the spectral pattern. As presented below,  13 C NMR spectroscopy is 

a more practical tool for examining progressive structural changes in biochars with 

increasing pyrolysis temperatures. Research has shown that plant-based feedstocks 

pyrolyzed between 350 and 400°C, cellulose and hemicellulose degradation occurs 

 [  7  ] . In the mid-range temperature of 400–500°C, additional structural modi fi cations 

can occur through condensation of aromatic molecules in the basal sheets followed 

by loss of functional groups as a result of decarboxylation and demethylation reac-

tions. At the higher pyrolysis temperature regime (500–700°C), biochars will be 

dominated by aromatic-C groups, with minor contributions of carbonyl-C,  O -alkyl-C, 

and alkyl-C moieties  [  56,   74  ] . The dominance of C in aromatic groups in high tem-

perature pyrolyzed biochar is evident when plotting the  13 C distribution in each 

biochars aliphatic, aromatic, and carbonyl region of the NMR spectral patterns 

(Fig.  8 ). Biochars pyrolyzed from switchgrass and peanut hull feedstocks at 500°C 

had the highest aromatic-C character (82%) among the 11 biochars evaluated. 

Lower temperature pyrolyzed biochars (250–350°C) have more C as aliphatic struc-

tures because their polysaccharide-like compounds have not been lost to thermal 

degradation  [  5  ] .  

 As shown in Fig.  9  (top), the  13 C NMR spectra of cotton gin trash biochar (500°C) 

was dominated by a peak at 128 ppm due to resonance of aromatic C structures, 
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  Fig. 8    Carbon distribution in biochars produced from various feedstocks using high (>400°C), 
low (<400°C) and fast pyrolysis (pine chip and corn stover results courtesy of Dr. Don Reicosky)       
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while minor spectral peaks were recorded in the aliphatic-C (0–50 ppm), polysac-

charide-C (60–110 ppm) and carboxylic-C (194 ppm) region. Integrating the area of 

the spectral region revealed that the cotton gin trash biochar contained 65% aromatic-

C with only 12% occurring as polysaccharides. Most of the polysaccharide-like 

compounds in the cotton gin trash biochar were lost during pyrolysis at the higher 

temperature regime (500°C).  

 Biochar (Fig.  9 , bottom), which has been produced from hardwoods using a fast 

pyrolysis system, had minor peaks at 56 and 75 ppm, respectively, which is indica-

tive of methoxy and C–O groups in polysaccharides. Similar to gin trash biochar, 

the hardwood biochar was dominated by an aromatic-C peak (126 ppm) which 

accounted for 52% of the C distribution. A minor amount (20%) of the total C 

structures occurred in polysaccharide-like compounds. 

 Fourier transformed infrared spectroscopy can determine the presence of types 

of organic compounds in biochars  [  80,   84  ] . It is a robust system and uses the mid-infrared 

spectrum (4,000–500 cm −1 ) to examine for sorption peaks that are diagnostic of 

rotational and vibrational movements of molecular structures and bonds within 

those structures  [  101  ] . On the one hand, there are issues with FT-IR analyses includ-

ing broad peaks due to sorbed moisture  [  101  ]  and sorption overlap that complicates 

ascribing the organic compound responsible for the sorption peaks  [  78  ] . On the 

other hand, very little sample is needed (few mg), it is nondestructive, and the results 

are more rapidly obtained when compared to  13 C NMR spectroscopy. 

  Fig. 9     13 C NMR spectra of 
( bottom ) hardwood biochar 
(fast pyrolysis) and ( top ) 
cotton gin trash (500°) 
biochar       
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 These properties make FT-IR an acceptable analytical tool for examination of 

biochar properties during manufacturer and for biochar mineralization studies. For 

example, FT-IR spectroscopy has been employed to determine structural and func-

tional group changes during biochar mineralization in soils  [  23,   24,   75  ] . The FT-IR 

spectral analysis of biochar pyrolyzed from cotton gin trash (Fig.  10 , top) and hard-

wood biochar (bottom) show broad peaks between 3,500 and 2,000 cm −1 , but also a 

few sharp peaks between 1,600 and 1,620, and 1,170–975 cm −1 . Surface hydroxyls 

and or sorbed water and C–H stretching are responsible for the broad beak between 

3,500 and 2,000 cm −1 . Peaks at 1,620 and 1,600 cm −1  are ascribed to aromatic C=C 

and H-bonded C=O and peaks at 1,170, 1,070 and 975 cm −1  are indicative of C–O 

stretching of polysaccharides and OH deformation of COOH groups  [  101  ] . 

The aromatic peak in the FT-IR spectra of the hardwood biochar is more distinct 

than in the gin trash, which is consistent with  13 C NMR results.    

    4   Biochars Designed to Resolve Speci fi c Soil Issues 

 Biochar pyrolyzed from organic feedstocks (i.e., woody wastes, crop residues, 

nutshells, manures, etc.) have the potential to increase long-term soil C sequestra-

tion, restore fertility, and promote aggregate formation in soils. Biochar application 

  Fig. 10    FT-IR spectra of 
( bottom ) hardwood biochar 
(fast pyrolysis) and ( top ) 
cotton gin trash biochar 
(500°C)       
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to soils unfortunately is not “a one-size  fi ts all” principle, but biochars need to be 

crafted to target soil chemical and physical de fi ciencies. This is the creed of 

designing a biochar. 

 We can identify a targeted soil chemical and physical characteristics that could 

be improved, and explain how a designer biochar can be manufactured to possess 

properties that will ameliorate soil problems. In Fig.  11 , we present a diagram that 

shows four problem areas of coastal plain soils described earlier, and then offers a 

pick of feedstock and pyrolysis temperature (high vs. low) to produce a biochar 

designed with speci fi c properties to resolve the select soil problem. The next section 

discusses relationships between the designer biochar and de fi nite soil problem.  

    4.1   Increasing Soil C Storage 

 Because of the coastal plain soils advanced age, the single most important soil quality 

issue to improve, arguably, is the low soil SOC contents (Fig.  4 ). While most of the 

OC from crop residue is lost within a few months  [  72  ] ; the logical remedy would be 

to increase long-term SOC by applying a biochar that has recalcitrant properties 

(Fig.  11 ). Biochars suited to long-term C storage in soils have highly aromatic 

composition  [  45,   87  ]  and black carbon with low O/C ratios (0.2–0.4,  [  68,   97  ] ). 
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  Fig. 11    Criteria for the manufacture of a designer biochar considering relationships between tar-
geted soil properties, feedstock selection, and pyrolysis conditions       
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To design biochar with these properties, feedstocks should be pyrolyzed at high 

temperature (500–700°C) leading to biochar composed of poly-condensed aromatic 

structures  [  7,   48  ]  and O/C ratio similar to charcoal (0.2–0.4,  [  49  ] ). A good example 

of an appropriate feedstock choice is pecan shells, which after high temperature 

pyrolysis at 700°C, had 58% C in aromatic structures and an atomic O/C ratio of 

0.02  [  73  ] . After 67 days of laboratory incubation in a Norfolk E horizon, pecan shell 

biochar (700°C) had the lowest CO 
2
  evolved when compared to the control and 

several raw crop residues (Table  3 ). In fact, its CO 
2
  mass evolved was similar to soil 

treated with hardwood shavings. These are laboratory results that were obtained 

only after few months of biochar incubation in the sandy Norfolk soil. But, the rela-

tive difference in CO 
2
  evolution suggests that if pecan shells were pyrolyzed at a 

high temperature (700°C), they would serve as a suitable designer biochar to 

increase C sequestration in the sandy Norfolk soil. Other feedstocks (i.e., hard-

woods, shells from other nut crops, etc.) may also be suitable, but should also have 

high aromaticity and atomic O/C ratios of <0.4.  

 Another characteristic for biochar stability in soils is its volatile matter/ fi xed 

carbon (VM/FC) ratio  [  3  ] . Biochar with VM/FC of 0.5–1.0 are speculated to be 

stable in soils  [  3  ] . As an acceptable index of biochars longevity in soil, the actual 

relationship between its VM/FC ratio with CO 
2
  evolution from soils/culture media 

needs further evaluation.  

    4.2   Improving Soil Fertility 

 Sandy soils in the coastal plain of South Carolina have inherently low soil fertility 

and a meager capacity to retain nutrients. Increased levels of SOC are regarded as 

an important determent to improve their fertility. Organic carbon compounds 

   Table 3    Cumulative CO 
2
  evolved (mg) a  from Norfolk E after mixing in 1% 

(w w −1 ) crop/wood residue and pecan shell biochar (results submitted for 
publication) b    

 Norfolk E mixed with  Mean c  

 Control  0.77a    

 Corn stalk  1.75bc 

 Cotton hull  1.76b 

 Soybean  1.39b 

 Peanut hull  0.81a 

 Poultry litter  2.37c 

 Hardwood shavings  0.43a 

 Pecan shell biochar (700°C)  0.65a 

   a Measured with an Li-Cor 6250 CO 
2
  analyzer 

  b Suf fi cient raw crop/wood residues added to E horizon soil to obtain 1% (w 
w −1 ) OC and each treatment ( n  = 3) incubated for 67 day at 10% (w w −1 ) soil 
moisture content 
  c Tested for signi fi cant differences using a 1-way ANOVA with means followed 
by a different letter being sign fi cantly different  
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returned as crop residues to sandy soils are temporal; a longer lasting solution is 

need. Therefore, it would be sensible to supplement sandy soils with biochar. This 

is not a new concept, but has been practiced by Amerindian populations for a long 

period of time  [  63  ] . In fact, it is arguably the starkest example of improving impov-

erished Amazonian soils. In this region, the inhabitants stock piled char-like mate-

rial on red-colored, infertile soils to convert them into a dark earth colored soil 

called “terra preta do Indio”  [  45,   95,   100  ] . Today, large amounts of C supplied 

through biochar additions to the Terra Preta soils have lasted for thousands of years 

after they were deserted  [  61  ] . In fact, Glaser et al.  [  44  ]  reported that as much as 

250 Mg C ha −1  has been sequestered in the Terra Preta as compared to 100 Mg C ha −1  

typically measured in surrounding untreated soils. The message is apparent that 

biochars applied to the Terra Preta soils improved their fertility while also supplying 

C in recalcitrant forms that have lasted for several thousand years. 

 Building on the fertility gains by applying biochars to Terra Preta soils, let us 

establish the Norfolk’s Ap low fertility as the target issue to improve (Table  4 ). The 

next step would be selection of a feedstock and pyrolysis conditions (Fig.  11 ) that 

produces a biochar with properties chosen to compensate for these targeted (pH, 

SOC, N, P, etc.) problems. Among the biochar properties shown in Table  1 , peanut 

hulls and poultry litter biochar contain greater N, P contents, and would act as a 

liming agent because of their alkaline pH. Biochars produced from the remainder of 

the feedstocks contain lesser amounts of nutrients or are not as alkaline. So, a logi-

cal choice would be to use peanut hull and poultry litter feedstock and the prefer-

ence of pyrolysis temperature could be selected based on the desired biochars 

nutrient concentration or by its alkalinity. If more nutrients and a better liming agent 

are desired, then the biochars should be produced using a higher pyrolysis tempera-

ture (>500°C; Table  1 ).  

 The biochar application rates to this example Norfolk Ap, however, should be 

carefully chosen to avoid causing excessive alkaline or macronutrient imbalances. 

   Table 4    Mean fertility characteristics in a Norfolk Ap after 0 and 120 days laboratory incubation 
with 2% (w w −1 ) peanut hull and hardwood biochars ( n  = 4, unpublished data) a    

 Treatment 
 Pyrolysis 
(°C) 

 Incubation 
(day)  pH b  

 CEC 
(mol 

c
 kg −1 ) 

 Soil OC 
(g kg −1 ) 

 Total  N  
(g kg −1 ) 

 Mehlich 1 extractable 
(mg kg −1 ) 

 P  K  Ca  Mg 

 Control  –  0  5.6  2.2  2.78  0.35  28  37  131  24 

 120  5.2a  1.8a  2.81a  0.22a  29a  14a  100a  14a 

 Peanut hull  400  0  7.3  2.7  18.80  0.77  47  319  173  46 

 120  7.1b  2.4b  18.80  0.78b  39b  111b  174b  51b 

 500  0  7.4  2.4  21.80  0.75  38  304  151  31 

 120  7.4c  2.1ba  19.55  0.71b  33c  145c  159b  37c 

 Hardwood  Fast  0  6.1  2.6  18.42  0.35  28  85  187  28 

 120  6.2d  2.3b  17.18  0.37c  22d  46d  154b  18d 

   a Treatments leached with di. H 
2
 O four times during the 120 day incubation period 

  b Means of soil characteristics measured on day 120 of incubation within a column followed by a 
different letter are signi fi cantly different using a 1-Way ANOVA at a  P  = 0.05 level of signi fi cance  
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Because this Norfolk Ap sample has a low buffer capacity, gross chemical changes 

occur with high biochar applications. For example, Novak et al.  [  74  ]  reported that 

intensive application of poultry litter biochar (40 Mg ha −1 ) to a Norfolk Ap resulted 

in high soil pH values (8–9.7) and excessively high Mehlich-1 extractable P concen-

trations (1,280–1,812 kg ha −1 ). Under these conditions, the Norfolk Ap contained 

plant available P concentrations that were grossly in excess of soil plant P suf fi ciency 

levels  [  51  ] . These disproportionate P concentrations, if moved off-site, poses surface 

and ground water quality issues  [  17,   47  ] . Crops may also experience micronutrient 

de fi ciencies; micronutrients have low solubility at elevated soil pH levels  [  102  ] . 

 Unwanted soil pH increases may be avoided by employing alternate feedstocks 

such as peanut hulls, pecan shells, hardwood, or pine chips because they contain 

modest N-P-K ratios and are not as alkaline (Table  1 ). It should be understandable 

that when applying biochar to soil, it is important to not create an additional prob-

lem while attempting to solve the target soil problem. The impact of biochars pro-

duced from these alternate feedstocks and under different pyrolysis conditions (high 

vs. low temperature) on the fertility of a Norfolk Ap was shown in Table  4 . Both 

peanut hull (400 and 500°C) and    hardwood biochars were added at 2% (w w −1 , 

40–44 Mg ha −1 ). The treatments were laboratory incubated for 4 months and were 

then leached monthly with water to simulate loss of nutrients due to rainfall and/or 

irrigation. All biochar treatments after 120 days of incubation signi fi cantly raised 

soil pH, SOC, and TN contents, CEC had mixed results, when compared to the 

control (Table  4 ). After 120 days of incubation, the CEC increases were not particu-

larly large (<0.6 cmol 
c
  kg −1 ), but some of the increases were still signi fi cant. 

The Norfolk Ap fertility was increased because Mehlich 1 extractable P, K, Ca, and 

Mg were all signi fi cantly higher than the control (Table  4 ). Both peanut hull bio-

chars caused the greatest increases in OC, TN, and K relative to the control. Both 

OC and Ca concentrations were increased after applying hardwood biochar; minimal 

improvement occurred in pH, TN, P, K, and Mg concentrations. These results imply 

that hardwood would be an appropriate feedstock for a biochar designed to improve 

SOC and Ca levels alone, without causing large upward shifts in soil pH. 

Unfortunately, hardwood did not improve other soil problems such as low N and P 

contents. If OC and N improvements were the target soil fertility issue, then peanut 

hull would be an appropriate feedstock and either pyrolysis temperature. 

 Water leaching of the treatments resulted in loss of K and some P, whereas mixed 

results were obtained for the other nutrients. Leaching of K is not unexpected in 

sandy soils; its monovalent charge causes it to be less attracted to cation exchange 

sites  [  102  ] . This Norfolk’s Ap fertility status was improved by employing a biochar 

with appropriately designed characteristics. We avoided using an ill-suited biochar 

(poultry litter) in this situation because prior laboratory soil incubation showed that 

would cause a negative soil legacy (e.g., excessive nutrient concentrations, alkaline 

pH values, etc.  [  75  ] ) potentially resulting in crop productivity declines. Poultry lit-

ter biochar has special chemical properties, such as high P and alkalinity, which 

may be useful as a fertilizer and lime source if their concentrations are diluted 

through blending with benign biochar (see Sect.  6 ). 
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 Biochars applications are not just limited to infertile soils, but the technology can 

be applied to fertile, mid-western soils as a supplement for increased C sequestra-

tion and to replace nutrients lost through plant uptake, erosion and leaching. Laird 

et al.  [  59  ]  incubated a hardwood biochar produced by slow pyrolysis in an Iowa 

Mollisol (Typic Hapludoll) and reported signi fi cant increases in total N, OC and 

Mehlich 3 extractable P, K, Mg, and Ca concentrations. In a similar study, Laird 

et al.  [  60  ]  reported that the same biochar reduced total N and dissolved P leaching 

from swine manure applied to this Mollisol. These results imply that hardwood 

biochar additions to a mid-western Mollisol can be an effective agricultural and 

environmental management option by improving fertility and minimizing nutrient 

leaching. The authors did not choose to investigate if other feedstocks and different 

pyrolysis temperatures could have resulted in biochars with designed characteristics 

to improve the biochars performance at modifying fertility and nutrient leaching.  

    4.3   Improving Soil Physical Issues 

 The Norfolk soil has several physical problems such as low water retention, and a 

poorly aggregated subsurface hard layer that challenges agricultural productivity. If 

these physical problems are targeted for improvement, then their upgrading would 

also require an assessment of bulk density and aggregate formation since these fea-

tures signi fi cantly in fl uence pore space available to store water and lessen root pen-

etration resistance  [  102  ] . Designing a biochar to resolve these soil physical issues 

once more requires identifying a feedstock and pyrolysis conditions followed by an 

assessment of their performance. Biochars effects on bulk density, available water 

storage, and aggregate formation were evaluated in a similar manner as described in 

Table  4 . Pecan shell biochar pyrolyzed at 700°C was further evaluated in the Norfolk 

Ap to assess its impacts on reducing penetration resistance (Fig.  12 ;  [  15  ] ).  

  Fig. 12    Penetration 
resistance of a Norfolk Ap 
after 44 days of incubation 
with pecan shell biochar  [  15  ]        
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 The poor physical properties of the Norfolk Ap (control) are evident; it had the 

lowest available water, small amounts of 1.0 and 0.5 mm sized soil aggregates 

(Table  5 ), and the highest penetration resistance (Fig.  12 ). These physical properties 

were signi fi cantly improved after mixing in the four biochars relative to the control 

(Table  5  and Fig.  12 ). Closer examination of the signi fi cant differences in these 

measured properties will reveal the suitable feedstock and pyrolysis temperature for 

producing the designer biochar. Pecan shell biochar produced at 700°C was found 

to reduce soil strength in the Norfolk Ap, especially at the 40 Mg ha −1  application 

rate (Fig.  12 ;  [  15  ] ). Mixed results, however, were obtained for pecan shell biochar 

to increase water retention  [  15  ] . Pecan shell biochar (700°C) is more suitable under 

these conditions with resolving soil penetration resistance. On the other hand, peanut 

hull biochar at the lower pyrolysis temperature (400°C) provided a greater increase 

in available water and in 1.0-mm aggregate formation. Lower soil water increases 

were obtained using the higher temperature (500°C) peanut hull biochar.  

 Biochar produced from hardwood under fast pyrolysis signi fi cantly improved 

two soil physical properties relative to the other treatments. Among these three 

feedstocks, the hardwood-based biochar appears to be a more appropriate feedstock 

selection for physical improvement. Hardwoods subject to fast pyrolysis may be the 

best feedstock for producing a designer biochar. If hardwood biochar is used to 

resolve soil physical issues, concomitant improvements of SOC and Ca concentra-

tions are obtainable without elevating the Norfolk’s pH.  

    4.4   Biochar and N 
2
 O Dynamics 

 Greenhouse gas emissions as CO 
2
 , CH 

4
 , and N 

2
 O as a result of fossil fuel usage and 

agricultural activity within the USA have increased 14% between 1990 and 2008  [  40  ] . 

The agricultural sector was estimated by the US-EPA to contribute approximately 6% 

   Table 5    Mean physical properties in a Norfolk Ap after 0 and 120 days laboratory incubation with 
2% (w w −1 ) peanut hull and DCQ (hardwood) biochars ( n  = 4, data submitted for publication) a    

 Treatment 
 Pyrolysis 
(°C) 

 Incubation 
(day) 

 Bulk density 
(g cm −3 ) b  

 Available H 
2
 O 

(mm/150 mm) 

 Aggregate wt. c  

 1.0-mm  0.5-mm 

 Control  –  0  1.37  –  –  – 

 120  1.62a   8.82a  3.08a  18.94a 

 Peanut hull  400  0  1.49  –  –  – 

 120  1.57a  21.64b  3.43b  20.33b 

 500  0  1.57  –  –  – 

 120  1.59a  17.78c  3.11a  19.92b 

 Hardwood  Fast  0  1.51  –  –  – 

 120  1.57a  20.67b  3.46b  21.47c 

   a Treatments leached with di. H 
2
 O four times during the 120 day incubation period 

  b Means of soil characteristics measured on day 120 of incubation within a column followed by a 
different letter are signi fi cantly different using a 1-Way ANOVA at a  P  = 0.05 level of signi fi cance 
  c Percentage of total  



897 Selection and Use of Designer Biochars to Improve Characteristics…

of the total GHG emissions. Animal and crop production may account for as much as 

70% of the annual global anthropogenic N 
2
 O emitted  [  65  ] . Globally, N 

2
 O is a 

signi fi cant contributor to the emission total ( » 8%,  [  35  ] ) and has a global warming 

potential of 298 times greater than CO 
2
   [  41  ] . The large difference in N 

2
 O radiative 

force with CO 
2
  causes it to have a larger destructive potential to the stratospheric 

ozone layer  [  26  ] . 

 N 
2
 O  fl uxes have been measured in agricultural  fi eld, but estimates of their overall 

contributions to the global GHG budget is dif fi cult to estimate because  fl uxes have 

been linked to differences in soil N application, N form, soil pH, soil wetness, and 

tillage practices  [  33,   54,   76  ] . Nevertheless, the sizable hazard that N 
2
 O poses for 

climate change relative to CO 
2
 , suggests that it is important to have management 

strategies available to curtail N 
2
 O production from agricultural soils. This will 

require both  fi eld and laboratory evaluations between feedstock, pyrolysis conditions, 

and biochar chemical properties on N 
2
 O dynamics. 

 Both  fi eld and laboratory studies reported that biochar additions to soil can reduce 

N 
2
 O emissions  [  42,   67,   83,   90,   96,   104  ] . In the  fi eld, biochar applications at 

20 Mg ha −1  to soybean plots were found to cause a 50% curtailment in N 
2
 O emissions 

 [  83  ] . While in the lab, N 
2
 O production was suppressed by a variety of biochars pro-

duced from nut shell wastes and hardwoods  [  96  ]  and from poultry litter and wood 

 [  90  ] . In fact, both studies employed biochars produced at different temperatures and 

reported difference in N 
2
 O reduction. Neither study reported an over-arching biochar 

chemical/structural characteristic as responsible for reducing N 
2
 O emissions. 

 Not all biochars will suppress N 
2
 O emissions when added to soils, in fact, Spokas 

and Reicosky  [  96  ]  reported that two out of 16 biochars stimulated N 
2
 O production 

relative to the control. Similarly, Singh et al.  [  90  ]  reported that a biochar produced 

from pyrolyzed poultry manure at 400°C stimulated N 
2
 O production. Based on 

these reports, it is dif fi cult to make suggestions (Fig.  11 ) to create a biochar tailored 

to effectively suppress N 
2
 O production. 

 What we do know, however, is that biochars may suppress N 
2
 O production if 

they have properties that in fl uence N availability  [  90  ] , decrease soil microbial 

activity [      96  ] , and improve soil physical properties that promotes aeration  [  58  ] . 

Whereas, others have reported soil N 
2
 O production can be stimulated with biochar. 

These con fl icting conclusions suggest that additional laboratory and  fi eld evalua-

tions involving biochars produced from multi-feedstocks and under different 

pyrolysis conditions are needed.   

    5   Biochar Blends Create Hybrid Biochars 

 This review has shown that each biochar evaluated has a unique set of chemical and 

physical properties. While one biochar may be effective at resolving one soil prob-

lem, it may also have properties that are either benign or promote gross changes to 

another soil property. It would be bene fi cial, if a negative characteristic of a biochar 

could be turned into an advantage through blending. Blending of different biochars 

to produce a hybrid product with designed characteristics for a speci fi c soil purpose 
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is possible (Fig.  13 ). For instance, in acid environments, such as in mine reclamation, 

metals such as Al, Cu, Mn, Pb, and Zn are highly soluble     [  10  ] . These metals, in 

suf fi cient quantities, can pose a hazard to plants. A proper remediation strategy 

would be to reduce their solubility by raising the pH and/or by complexation with 

soil organic compounds. This may be achieved by applying a high temperature 

pyrolyzed biochar (>400°C) produced from peanut hulls, pecan shells, and switch-

grass, which have alkaline pH values (Table  1 ). In fact, peanut hull biochar 

produced at both pyrolysis temperatures did raise the pH of a sandy soil (Table  2 ). 

Biochars made from other feedstocks (i.e., hardwoods, pine chips, poultry litter, 

etc.) may be unsuitable for application in mine spoil sites because of their inability 

to act as a liming agent or by potential increases in other nutrients solubility (i.e., P, 

Fe, etc.). The impact of biochars or blends on remediating mine reclamation sites is 

largely unknown, but could be a viable assignment for biochars found not to be suit-

able for agricultural soil improvement.  

 Poultry litter biochar, although it has some dif fi cult characteristics, can still be 

used as a low-grade fertilizer (Table  1 ). It contained the highest N-P-K ratios, is 

extremely alkaline, and also contained high levels of Na  [  74  ] . Problems associated 

with these properties could be rebalanced or diminished by blending with other bio-

chars (i.e., hardwood, pine chips, etc.) to produce a hybrid biochar (Fig.  13 ) that has 

more benign characteristics (Tables  1  and  3 ; lower N-P-K ratios, ash contents, pH, 

etc.) or added to improve another soil issue (i.e., low water holding capacity, etc.). 

The blending ratio of other biochars can be chosen depending upon the purpose of 

the hybrid biochar (Fig.  13 ). As an example, a hybrid biochar blend could consist of 

a mixture of hardwoods, pine chips, and poultry litter biochar; a blend designed to 

improve soil water storage while also delivering C, N, P and raising the pH as well. 

  Fig. 13    Blending biochars creates a multifunctional hybrid biochar       
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 Blending biochars for agricultural production or commercial purposes is beyond 

the concept stage. Commercial companies have internet sites advertising that their 

designer biochars made from blended materials that have their own unique proper-

ties. These companies have developed a biochar product that could be used in a 

number of different market sectors (greenhouse, nursery, golf courses, etc.) as a 

plant media, improvement in golf greens, or in site reclamation.  

    6   Conclusions 

 Biochars can be produced from diverse feedstocks and under a variety of pyrolysis 

conditions. Because resultant biochar properties vary, no one biochar will  fi t all soil 

improvement intentions. Each biochar has its own unique chemical and physical 

signature and when applied to soils may have a positive, negative, or a benign effect. 

To avoid creating unwanted long-lasting effects in soils, thus the concept of designer 

biochar was introduced and the utility of producing biochars tailored for speci fi c 

soil problems was illustrated. If one biochar has unsatisfactory properties, then 

blends of biochars in unique proportions can be created to produce a hybrid biochar 

that has tailored characteristics to provide multiple bene fi ts for speci fi c soil prob-

lems. In this review, designer biochars were shown to have a positive effect by 

improving soil fertility and physical properties. In the future, biochars or their 

hybrid blends may also be formulated to reduce N 
2
 O emissions. 

 Because of their costs, designer biochars may be regarded as a product for bou-

tique markets; but, they would de fi nitely improve production in agricultural  fi elds if 

costs were reduced. Given the fact that biochars react in a different way in different 

soils, more research is needed to understand relationships between feedstock and 

pyrolysis conditions vs. biochar quality. Therefore, this review has suggested poten-

tial protocols and guidelines for the selection of feedstock’s and pyrolysis condi-

tions to produced biochars with tailored properties for selected soil problems.      
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  Abstract   Well-engineered, slow-pyrolysis technology, optimized for the production 

of bioenergy and biochar from sustainable feedstocks, could deliver signi fi cant 

environmental and economic advantages to industry. Utilization of biochar products 

as a soil amendment could contribute to ongoing food security and agricultural 

productivity. Biochar production and sequestration can result in the net removal of 

greenhouse gases from the atmosphere, making the technology a potentially valuable 

tool for climate change mitigation. It is essential that the emerging industry is well 

regulated and that quality assurance and sustainability mechanisms are adopted. This 

will optimize the net bene fi t of the technology. Biochar products produced from 

different industries will vary greatly in characteristics. Equally, the drivers for different 

industries to adopt slow-pyrolysis technology will vary. Signi fi cant advantages pro-

vided by the technology across multiple industries may result in extensive adoption. 

The development of a biochar market is required, with the uncertainty in biochar 

price and market size, being a major contributor to lack of con fi dence in the business 

case for the technology. Markets for biochar as a product are diverse, ranging from 

broad acre agriculture to niche applications such as roof gardens, where its unique 

properties give it signi fi cant competitive advantages over alternatives.      

    1   Introduction 

 International interest in the adoption of modern slow-pyrolysis technology for the 

production of biochar products and bioenergy is growing. Solid, carbon-rich biochar 

can be a coproduct of pyrolysis and gasi fi cation technologies (Fig.  1 ), which have 
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traditionally had a focus on energy generation. Optimization of the technology for 

sustainable and economic biochar production, however, has recently garnered 

signi fi cant and escalating investment. This is due to a mounting body of scienti fi c 

literature demonstrating its potential application as a valuable soil amendment, which 

not only enhances soil health and productivity but stores carbon  [  31  ] . Carbon stor-

age in the terrestrial sink of agricultural soils via biochar could present a low-risk 

solution that sustainably reduces atmospheric loads of greenhouse gases  [  17  ] .  

 When seeking to apply the technology to achieve atmospheric greenhouse gas sta-

bilization and soil health for ongoing environmental sustainability, all aspects of the 

technology must be considered to ensure sustainability gains in one area are not under-

mined by consequences in another. This kind of thinking is driving the development 

of a new generation of pyrolysis technologies that deliver higher standards of process 

ef fi ciency, reductions in emissions of pollutants, and improved public health and 

safety outcomes than is possible from traditional charcoal production technologies. 

 Another appeal of modern slow-pyrolysis technologies is that some have been 

engineered to process very low-grade waste organics  [  39  ] . That is, organic materials 

that have: high ash and moisture content; soil, stone, and other contamination; large 

particle size distributions; and few options for bene fi cial reuse. This enables modern 

slow-pyrolysis technologies to  fi t within the de fi nition of a second-generation 

bioenergy solution, as it does not rely on food-based feedstocks or high-grade forestry 

products  [  26  ] . Signi fi cant sustainability and food security bene fi ts can be achieved 

with the use of such technologies, as they do not compete for valuable resources, but 

provide resource recovery of waste materials  [  14  ] . Managing wastes, that by de fi nition 

  Fig. 1    Biochar produced 
in a modern slow pyrolysis 
plant, operated by PacPyro, 
from greenwaste as a soil 
amendment and means 
to sequester carbon over 
the long term       
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are underutilized and may present an environmental risk, not only contributes to the 

sustainability credentials of pyrolysis technology, but also provides economic 

advantages. Low-grade feedstocks are typically low-cost and often have signi fi cant 

management costs, hence providing a revenue stream (or cost-saving) to a pyrolysis 

project providing an organic waste management service. 

 Along with revenue for waste services, slow-pyrolysis technology may generate 

revenue through the production of bioenergy, biochar, and environmental offsets. 

The technology can be applied at a scale that is large enough to get the economies-

of-scale required to make a commercial business case, yet small enough that the 

distributed nature of organic feedstocks does not limit viability. 

 When slow-pyrolysis technology is utilized for bioenergy and biochar production 

the following bene fi ts can be achieved:

   Generating renewable, distributed energy, improving energy security.  • 

  Mitigating greenhouse gases and sequestering carbon.  • 

  Recycling nutrients back to agricultural land while increasing soil carbon levels.  • 

  Increasing the sustainability of agricultural production through enhancing soil • 

health, hence improving food security.  

  Improving land use outcomes through minimizing waste going to land fi ll.  • 

  Ensuring environmental quality (air, water, and soil) and human health through • 

strict environmental and operational standards.     

    2   Technology Overview 

 Pyrolysis technology relates to the heating of organic or fossil sources of solid carbon 

in a very low oxygen environment to temperatures over 400°C. The resulting thermal 

decomposition yields solid char, liquid bio-oils and tars, and syngas. The reaction 

conditions can be engineered to change the product ratios and properties  [  8,   15  ]  as 

illustrated in Fig.  2 . Pyrolysis technologies that optimize for bio-oil production 

facilitate fast heating rates, from ambient to highest heating temperature in seconds, 

and are therefore described as fast pyrolysis. Utilization of fast pyrolysis for biochar 

and bio-oil production has been the subject of a recent investigation  [  28  ] . The focus 

of this chapter, however, is on slow-pyrolysis technology, which via more steady 

heating rates, from ambient to highest heating temperature in minutes to hours, 

optimizes for the production of syngas and biochar. In modern systems designed for 

commercial biochar production, such as that operated by Paci fi c Pyrolysis Pty Ltd 

(see Fig.  3 ) bio-oil produced is cracked to syngas to circumvent the necessity to 

market or dispose of a bio-oil  [  16  ] .   

 The utilization of slow pyrolysis for the production of charcoal is one of the oldest 

industries known to society  [  21  ] . Traditional systems vent all volatiles directly to 

the atmosphere and have very limited process controls. This results in environmentally 

damaging air pollution and risks to human health and safety  [  1,   9,   17,   37  ] . Modern 

slow-pyrolysis technology developers need to conform to the relevant regulatory 

and economic requirements. This means that high environmental standards need to 

be met and losses of potentially valuable products to the atmosphere eliminated. 
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 Characteristics targeted by developers of modern slow-pyrolysis technologies 

for the economical and sustainable production of biochar include  [  8,   9,   28,   39  ] :

   Energy ef fi ciency: continuous feed rather than batch processing, exothermic • 

operation without air in fi ltration (i.e., pyrolysis conditions rather than gasi fi cation/

combustion), waste heat recovery and recycling, utilization of insulation, lagging, 

and refractory.  

  Fig. 2    Thermal conversion technology product splits. Fast and slow pyrolysis, gasi fi cation product 
data  [  8  ] , modern slow-pyrolysis data  [  16  ]        

  Fig. 3    Paci fi c Pyrolysis Pty Ltd’s slow-pyrolysis demonstration facility at Somersby, Australia. 
Production facility for Agrichar™ biochar and bioelectricity from syngas       
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  Reduced pollution: air emissions managed (i.e., no smoke, low NO • 
x
  burners, low 

organic pollutants such as dioxins, etc.).  

  Improved biochar yields and quality: slow pyrolysis rather than gasi fi cation or • 

fast pyrolysis (see Fig.  2 ), process control to ensure consistent product quality.  

  Operability: decreased labor requirement (i.e., automated materials handling, • 

continuous operation, etc.), steady-state operation resulting in control of product 

quality and quantity, high workplace health, and safety standards.  

  Feedstock  fl exibility: allowing broader range of low-cost feedstocks to be • 

processed.  

  Scalability: suf fi cient size to reach the required economies-of-scale while small • 

enough to not be limited by biomass availability.    

 Adequate precautions need to be taken to ensure that environmental standards are 

upheld. For example, technology should be designed to prevent the formation of toxic 

compounds such as PAHs and dioxins. There is extensive literature on the reaction 

conditions conducive to the formation of PAHs  [  3,   34,   43  ]  and dioxins  [  24,   27,   29,   36  ] , 

which can be referred to. It should be noted that these are usually in reference to 

more commonly employed thermal-conversion technologies such as gasi fi ers and 

incinerators; however, this knowledge can be adopted for pyrolysis reactor design.  

    3   Commercial Status of the Technology 

 Although charcoal production is one of the oldest industries the adoption of modern 

slow-pyrolysis technologies, optimized for biochar and bioenergy production, is in 

the early stages of commercialization  [  9,   28  ] . Adoption of the technology relies on 

building a convincing business case  [  10  ] . Although each application of the tech-

nology will have project-speci fi c differences, the technology business case is built 

around the following framework. 

    3.1   Revenue Streams 

 The following revenue streams may be available to a biochar production business:

   Biochar sales.  • 

  Energy sales such as electricity or thermal energy generated from liquid, solid, • 

or gas products.  

  Environmental offsets such as policy-driven  fi scal incentives for greenhouse gas • 

emissions abatement, renewable energy generation, waste reduction, etc.  

  Organics waste management charges (perhaps offsetting land fi ll tipping fees).    • 

 Revenue streams may alternatively be cost-savings compared with business-as-

usual operation. For example, energy generated may be used internally (embedded) 

by the industry operations and hence not generate a revenue stream from sales, but 

a cost-savings due to decreased retail energy requirements. 
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 All revenue streams may not be available to all projects. For example, there may 

be no market for the energy, and/or the project may have to pay for feedstock 

making it a cost rather than a revenue stream. If however, one of the remaining 

revenue streams is very pro fi table, a reduction in the number of revenue streams 

may not necessarily result in an unviable project  [  10  ] . 

 Some revenue streams are more economically certi fi able than others in the project 

(and industry) development phase. That is, they represent a more reliable and lower 

risk source of income to the project. For example, at the time of writing there is no 

existing market for biochar demonstrated on a commercial scale. Therefore, the 

level of demand and market price for this new product is debatable (the value of 

biochar products is discussed further in Sect.  15 ). Energy, on the other hand, is a 

commoditized product with a long price and demand history. Energy sales are there-

fore considered a more economically certi fi able or bankable form of revenue when 

developing a business case for a proposed biochar production facility.  

    3.2   Operating Costs 

 The following operating costs may be incurred by a biochar production business:

   Management, administration, monitoring, and reporting.  • 

  Operations staff.  • 

  Maintenance, service agreements, and sustaining capital.  • 

  Debt servicing.  • 

  Insurance.  • 

  Transport of feedstocks and products.  • 

  Consumables.  • 

  Energy requirements (start-up, shut-down, and sustaining).    • 

 The magnitude of the project operating costs varies greatly depending on the loca-

tion of the project and the regulatory regime it is subjected to. For example, in a 

developed country the cost of human resources is likely to be one of, if not, the most 

signi fi cant contributors to operating costs. However, in a developing country these 

resources come at a signi fi cantly lower cost. Likewise, in developing countries the 

level of administration, monitoring, and reporting required to meet government 

requirements could also be less and therefore represent a decreased operating cost.  

    3.3   Capital Costs 

 The following items are likely to contribute to the capital cost of establishing a 

modern slow-pyrolysis facility for biochar production:

   Site preparation and civil works such as buildings, roads, fences, etc.  • 

  Feedstock harvesting and preprocessing equipment. This may include plant items • 

such as; dewatering of sludges; grinders, shedders, or mills for size reduction; screens 
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or sieves for size selection; conveyors and/or screws for on-site transfer; pads, bays, 

buckets, and bins for storage; trucks and front end loaders for transport.  

  Feedstock drying equipment (may be incorporated into the pyrolysis kiln design).  • 

  Pyrolysis kiln.  • 

  Biochar conditioning, blending, handling, and packaging.  • 

  Syngas cleaning, cooling, and  fl aring equipment.  • 

  Energy conversion technology. This may include a gas engine, turbine, boiler, • 

etc. If electricity is produced, grid connection and metering is required. If bio-oil 

is produced, condensing, handling, and packaging equipment is required.  

  Piping and instrumentation.  • 

  Control systems.  • 

  Emissions control.  • 

  Ancillary services such as water, power, telephone, etc.  • 

  Safety systems and controls.    • 

 Additional items typically added to the capital cost include:

   Project management.  • 

  Procurement.  • 

  Installation and commissioning.  • 

  Technology license or development costs.  • 

  Project structuring and contracting.  • 

  Project development.  • 

  Planning approvals and environmental consents.  • 

  Financing.    • 

 The capacity factor of the project, or the number of hours the project is operating 

compared to periods of shut-down or derated operation, can also have a large impact 

on the business case. Capacity factors can be impacted by; technology-speci fi c reli-

ability and maintenance requirements, processing con fi guration (batch vs. continuous), 

integration with other industries (only producing feedstock or requiring energy for 

limited periods), or limitations imposed by planning and consents. For example, the 

project may run 24 h a day, 7 days a week, or 8 h a day, 5 days a week. If the quantity 

and value of the products produced per hour is the same, the greatly reduced pro-

duction hours will result in a far greater burden per unit produced to payback the 

capital and  fi xed operating costs. 

 Uncertainty surrounding the business case is high due to the lack of any veri fi ed 

commercial biochar production business being in operation. Although the technology 

has been successfully demonstrated on a pilot-scale  [  16  ]  (see Fig.  3 ), the technology 

faces the challenging hurdle faced by all new technologies and that is attracting the 

higher-risk investment required for the initial, commercial-scale demonstration 

projects. In typical commercialization pathways, this investment is made either by 

governments to enable the new industry or by an industry for which the opportunity 

presents an exceptional rate-of-return which warrants the risk to be taken on the 

new technology approach  [  20  ] . Once demonstrated, the rate-of-return required by 

projects utilizing the technology is expected to decrease in line with the decreased 

risk pro fi le.   
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    4   Opportunities for Industry 

 Adoption of slow-pyrolysis technology may eventually occur within stand-alone 

businesses whose core business is the production of biochar. It is likely however 

that the  fi rst projects will be driven by the advantages gained through integration 

with existing industry, which makes the technology more economically viable in the 

short-term. Case studies have been developed to explore how some major existing 

industries may utilize pyrolysis technology to overcome some of the challenges 

they face. Each industry examined in the case studies has a unique organics resource 

to manage. Resource recovery, energy security, greenhouse gas savings, and economic 

outcomes for each industry are discussed using a comparison between adoption of 

a slow-pyrolysis solution and business-as-usual. 

    4.1   Pulp and Paper 

 Worldwide, about 300 million metric tons of paper and paperboard are produced 

each year. About 2–4% (dry weight) of paper sludge is produced as a by-product of 

the paper making process  [  40  ] . The managed disposal of paper sludge is a signi fi cant 

challenge to the pulp and paper industry globally. The sludges produced by the 

paper industry can be divided into several categories: the waste paper sludge coming 

from the production of virgin wood  fi ber, called primary sludge; the waste paper 

sludge produced by removing inks from postconsumer  fi ber, called de-inking paper 

sludge; the activated sludge from the secondary systems, called secondary sludge; 

and combined waste paper and activated sludge, called combined sludge  [  7  ] . 

 In the UK, paper mills produce a total of 250,000 dry tones of waste sludge per 

year  [  40  ] . This is most typically dewatered to about 30% dry matter and sent to a 

commercial land fi ll at considerable cost  [  40  ] . Slow-pyrolysis technology offers one 

of few options to traditional land fi ll, and presents signi fi cant advantages over 

alternatives such as land spreading, or incineration. 

 There are several advantages to be gained from producing biochar from paper 

sludge for land application, compared with using the sludge directly as has been 

proposed by some authors  [  4,   5,   40  ] . The sludge-derived biochar has improved 

physical characteristics, such as increased surface areas, and is more friable than the 

stodgy sludge. The carbon, carbonates, and nutrient contained in the sludges are 

concentrated in the biochar while the product itself is more readily transportable to 

markets due to being greatly reduced in volume and mass. Caution, however, should 

be exercised with  fl ammability of the product. Testing against the Dangerous Goods, 

class 4, for combustible solids is recommended to ensure appropriate transporting 

controls are in place where needed.  



1058 Biochar: A Coproduct to Bioenergy from Slow-Pyrolysis Technology

 One of the challenges of processing sludges through thermochemical processes, 

such as pyrolysis, is the high moisture content which imposes a large energy burden 

to evaporate the water. This challenge can be overcome via blending the sludge with 

a higher calori fi c value and/or dryer organic material, such as waste wood and bark 

that are also commonly found at pulp mills. Alternatively, waste heat from existing 

boilers already in operation at the mill can be utilized to dry the material. 

 Biochar produced from paper sludge has been demonstrated to increase produc-

tivity in an acidic ferrosol, but had little in fl uence in an alkaline calcarosol  [  53  ] . 

Further research is still required before the bene fi ts across a wide range of soil types 

and crops are determined. This will allow cost-bene fi t analysis to be undertaken for 

farmers utilizing the product. 

 The high content of carbonates in the sludge material, due to the use of CaCO 
3
  

as a whitening agent in the paper making process, means that their use on acidic 

soils for pH control is bene fi cial  [  7,   53  ] . Direct paper sludge application for acid-

mine drainage treatment and in the removal of heavy metals in solution has been 

proposed  [  7  ] . These functions may be enhanced in the biochar derived from paper 

sludges due to their increased surface areas and adsorptive properties  [  18  ]  compared 

with the unprocessed sludge. 

 The greatest uptake of paper sludge-derived biochar is to be expected when con-

sumers have commercial quality and environmental assurances related to the prod-

uct. Possible contaminants in the paper sludge should be assessed for each project 

application according to the processes used in production. Biochar qualities from 

each paper sludge source and pyrolysis process should also be reviewed to ensure 

all risks identi fi ed are managed  [  17  ] . Analysis of a primary sludge from an Italian 

mill suggest that the sludge does not represent a major threat for the environment in 

terms of heavy metal release  [  7  ] . If chlorine is used to whiten the paper, this could 

be a potential source of dioxins and furans  [  7  ] , which should be monitored in sludge-

derived products to be applied to the environment. 

 The net production of greenhouse gases of slow pyrolysis compared to business-

as-usual management of paper sludges needs to be assessed on a case-by-case basis. 

However, the outcome is likely to be positively in fl uenced by the improved resource 

 Bene fi ts of slow pyrolysis for the paper and pulp industry:

   Increased resource recovery of waste sludges.  • 

  Decreased need for land fi ll.  • 

  Value adding of paper sludge to marketable biochar product.  • 

  Cheaper transport due to decreased mass and volume of product.  • 

  Concentration of carbon and carbonates into biochar.  • 

  Odor and pathogen elimination.  • 

  Decreased greenhouse gases from land fi ll and direct land application.  • 

  Stabilization of carbon for sequestration.    • 
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recovery of the sludge from land fi ll where a portion of the carbon would be released 

to the atmosphere as the potent greenhouse gas methane. The stabilization of the 

carbon into the biochar and the  fl ow-on bene fi ts of biochar application to soil, as 

discussed in Sect.  17 , all contribute to a signi fi cantly enhanced greenhouse gas out-

come compared to the standard practice for managing paper sludges. It is unlikely, 

due to paper sludges being very wet, that any energy will remain for export after 

energy is utilized for internal drying. If however, signi fi cant external energy sources 

from fossil fuels are required to allow the thermal conversion process to progress 

with this very wet feedstock, then any greenhouse gas advantages may be under-

mined. The energy ef fi ciency of the speci fi c slow-pyrolysis technology will need to 

be assessed through a complete life cycle assessment to ensure optimized environ-

mental gains are realized in practice.  

    4.2   Municipal Organic Wastes 

 The United Nations  2008 Revision of World Population Prospects  estimates the 

world population, which stood at 6.8 billion in 2009, is projected to reach 9 billion 

in 2050  [  50  ] . Most of the additional people expected by 2050 will be concentrated 

in developing countries, whose population is projected to rise from 5.6 billion in 

2009 to 7.9 billion in 2050. This high growth in the rate of urbanization and 

development will drive signi fi cant increases in demand for energy production while 

generating ever-expanding volumes of centralized organic waste in urban centers. 

Organic wastes typically from urban centers are from parks and gardens, food waste, 

and wastewater solids from sewage treatment plants. The increasing dissociation of 

this organic waste resource from farming production areas signi fi cantly challenges 

the ongoing sustainability of rural crop production that relies on the effective cycling 

of carbon and nutrients  [  2  ] . Urban centers are also challenged with the lack of 

appropriate area for land fi lling wastes, with the transporting of wet, bulky, and often 

odorous waste to land fi lls increasing in costs and social pressure (Fig.  4 ).  

 Slow-pyrolysis technology applied to municipal organic wastes may help in 

addressing these challenges experienced currently in urban centers that are expected 

to be exacerbated by the predicted growth in urban populations. The environmental 

and economic bene fi ts of utilizing urban waste water sludges in thermal conver-

sion processes has been demonstrated in the literature  [  12,   42  ] . Slow-pyrolysis 

processing of organic wastes could provide not only a renewable source of elec-

tricity, but it also  fi lls in the missing link between soil carbon, nutrient cycling, and 

urban food consumption through the production of biochar. The nutrients and 

carbon contained in the organic wastes are concentrated into a greatly reduced mass 

and volume of biochar that is therefore more cost-effectively transported back to 

agricultural land. 

 The pyrolysis process effectively sterilizes the wastes so that biosecurity risk 

(human health, animal disease risk, plant pathogen, plant propagule, etc.) is greatly 



1078 Biochar: A Coproduct to Bioenergy from Slow-Pyrolysis Technology

diminished. It should be noted, however, that there is potential for contamination in 

waste streams and therefore an evaluation, monitoring, and veri fi cation plan should 

be adopted to ensure the risk of applying contaminated biochar to land is mitigated  [  17  ] .  

  Fig. 4    Processing of urban, source separated, green waste to reduce volume for land fi lling       

 Bene fi ts for local governments of urban centers:

   Job creation.  • 

  Renewable energy production.  • 

  Increased resource recovery of waste organics.  • 

  Decreased need for land fi ll.  • 

  Value adding of wastes to marketable product.  • 

  Decreased mass and volume of product—less to transport.  • 

  Concentration of carbon and nutrients into biochar.  • 

  Odor reduction.  • 

  Improved biosecurity through pathogen destruction.  • 

  Decreased greenhouse gases from land fi ll.  • 

  Carbon offsets generated to contribute to achieving targets.  • 

  Stabilization of carbon for sequestration.  • 

  Enhanced energy security.  • 

  Enhanced food security.    • 
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 The production of biochar also presents some opportunities unique to urban 

uses. For example, the incorporation of gardens into the landscape of urban build-

ing development provides many environmental and social bene fi ts. The concept of 

retro fi tting existing roof areas with gardens, know as “green roofs,” is becoming 

increasingly popular. One of the challenges of this practice is that existing roofs 

have load ratings that greatly limit the amount of heavy soil and water that they can 

support. Biochar has been demonstrated to have a low bulk density  [  18  ]  and good 

water holding capacity  [  13  ]  which potentially make it an ideal substrate for soil 

mixes which need to be light weight and retain moisture. Another advantage of 

biochar for this application is that it is recalcitrant and therefore breaks down 

slowly in the environment. This means that it will need to be replaced a lot less 

frequently than other low-bulk density substrates that are made from more labile 

carbon components. This becomes important when access to roof areas for bulk 

goods is dif fi cult. 

 The use of slow-pyrolysis for producing thermal energy, in the form of high 

pressure hot water, from urban waste organics for district heating also presents a 

unique resource recovery opportunity. Local governments overseeing the delivery 

of both waste management and district heating services to the community are in 

position to implement such projects without the need for complicated counterparty 

agreements.  

    4.3   Intensive Agriculture 

 The intensi fi cation of agriculture is resulting in large stocks of high nutrient waste 

accumulating in localized areas  [  45  ] . Industries include; cattle feedlots, dairy cattle 

on hard-stands, piggeries, and poultry. This presents challenges of euthrophication, 

nutrient cycling, biosecurity, and disposal. Waste materials including; poultry litter 

(manure and bedding), deep litter piggery bedding, and mechanically managed beef 

feedlot manures could be utilized in a slow-pyrolysis process to produce energy and 

a high nutrient biochar. It should be noted that very wet wastes such as dairy slurry, 

manures washed out with water, are not likely to be suitable for pyrolysis technology 

as the energy required to drive off moisture in the thermal process would require 

signi fi cant external energy sources. These materials could, however, be utilized in 

biological conversion processes such as anaerobic digestion to enhance resource 

recovery. 

 In some regions where intensive agriculture is practiced, the drivers for improved 

management of livestock wastes are compelling due to:

   Nutrient saturation of surrounding land which prevents further land spreading.  • 

  The bulky and wet nature of the material making it uneconomical to transport to • 

broader markets.  

  Regulatory requirements for biosecurity, where manures are not allowed to be • 

transported and/or used on food crops due to public health risk.  
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  Expansion being limited by regulators due to lack of sustainable waste management.  • 

  Social pressures to control and limit odors.    • 

 This risk is acutely managed in Europe where animal waste is routinely inciner-

ated. However, in many regions there is no viable alternative in use other than land 

spreading, as land fi ll and incineration are expensive or have legislative barriers due 

to emissions and odor concerns. Slow-pyrolysis technology may offer the industry 

and regulators the opportunity to address this gap in the market and provide a viable 

means for mitigating public health risk while providing effective recovery of this 

valuable resource. 

 Operators in this sector in developed countries already invest in large capital 

items to optimize their processes. Slow-pyrolysis technology could be targeted at 

large beef feedlot operations or poultry producers, who manage enough waste to 

achieve the economies of scale required for a viable project. In many cases, these 

operations are vertically integrated in that they also grow the grain for the livestock 

and have meat processing and packing facilities. Hence, they have an internal 

requirement for the biochar and energy produced. Waste heat from the process 

could also contribute to space heating animal sheds in cooler climates, adsorption 

chillers in warmer climates, and for processing such as steam  fl aking of grain, which 

increases its digestibility for livestock. 

 The agricultural sector is a large greenhouse gas emitter, predominantly through 

livestock. The large emissions liability may be able to be offset partly through the 

integration of pyrolysis facilities into their operations. The greenhouse gas savings 

demonstrated from soils with biochar applied  [  47,   54  ]  may be particularly relevant 

   Bene fi ts of slow-pyrolysis for intensive livestock production:

   Regional development and employment opportunities.  • 

  Distributed energy security, which is essential to regional industries who • 

experience frequent brown-outs through lack of capacity, which adversely 

effects productivity.  

  Renewable energy production.  • 

  Diversifying farm revenues.  • 

  Ability to demonstrate waste management plans to regulators who may • 

then allow continued operation or expansion.  

  Resource recovery of carbon and nutrients.  • 

  Decreased mass and volume of product—less to transport.  • 

  Odor reduction.  • 

  Improved biosecurity through pathogen destruction.  • 

  Stabilization of carbon for sequestration.  • 

  Enhanced food security.  • 

  Offsetting of greenhouse gas emissions.    • 
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to soils which have been saturated with nutrient via the historic application of high 

rates of animal manures.   

     5   Biochar Product Qualities and Marketing 

 Biochar characteristics are highly dependent on the feedstock and the processing 

conditions under which they were made  [  18  ] . Biochar quality control will be critical 

in establishing a valuable and reliable market for the product. Consumers are likely 

to be sensitive to the following biochar attributes:

   Homogeneity (consistent and repeatable).  • 

  Visual appeal (packaging, contamination, color).  • 

  Odors.  • 

  Handling (convenient, low risk, economical).  • 

  Availability (quantities and seasonality).  • 

  Measurable productivity bene fi ts; and of course.  • 

  Price.    • 

 Standards for biochar products may be adopted to ensure that quality products 

are available on the market and that consumers are able to easily identify what they 

are purchasing  [  23  ] . 

 As there are no commercial biochar production facilities established at the time 

of writing, the ability to marketing signi fi cant quantities of the product has not yet 

been tested. Despite the demand for biochar building on the back of increasing levels 

of research being published, along with media attention about its veri fi ed bene fi ts, 

the lack of supply has meant that no market has been demonstrated at any signi fi cant 

scale. Therefore, the use of the product by consumers has been limited and hence 

their response to the products bene fi ts and usability are unable to be gauged. If and 

when supply is established, according to standard market economics, the initial 

quantities of product are likely to attract a premium. Once the backlog of demand is 

exhausted, however, a more stable, commodity type market will be established. 

 The quantities and price points of the product required to satisfy this market are 

dif fi cult to estimate. However, there is a large range of target markets where biochar 

could be applied:

   Potting mixes and home garden landscaping.  • 

  Market gardens.  • 

  Public parks and gardens.  • 

  Playing  fi elds.  • 

  Turf industry.  • 

  Horticulture and viticulture.  • 

  Hydroponics.  • 

  Cropping.  • 

  Intensive pasture.  • 
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  Land remediation and mine site rehabilitation.  • 

  Planted forestry.  • 

  Urban landscaping.  • 

  Green roofs.  • 

  Industrial applications such as ef fl uent clean-up.    • 

 Each of the potential markets identi fi ed has a different cost-bene fi t outcome from 

increased productivity. This will in fl uence the price each primary producer or 

customer can afford to pay for the biochar product that provides the bene fi t. Therefore, 

it is likely that markets for biochar will be initially developed for high value uses. 

The exception may be where government incentives such as C offsets, may make 

biochar available for lower value applications, or where biochar production is subsi-

dized by another revenue stream, such as electricity sales, and no high value appli-

cations for the biochar product exist in close vicinity to the production facility.  

    6   Biochar as a Soil Amendment 

 Biochar is attracting increasing scienti fi c, political, and industry attention for its 

potential bene fi ts as a soil amendment. Issues such as food security, declining soil 

fertility, climate change adaptation, and pro fi tability, are all drivers for implement-

ing new technologies or new farming systems. Application of biochar to soil has 

been shown to have effects ranging from very positive, through to neutral and even 

negative impacts for crop production. It is therefore essential that the mechanisms 

for action of biochar in soil be understood before it is applied. 

 The application of biochar to soil can in fl uence a wide range of soil constraints, 

including low pH and high available Al  [  51  ] , soil structure and nutrient availability 

 [  13  ] , bioavailability of organic  [  56  ]  and inorganic contaminants  [  25  ] , cation 

exchange capacity (CEC) and nutrient retention  [  33,   46  ] , and organic matter decline 

 [  32  ] . Biochars have a highly porous structure with surface areas sometimes exceed-

ing 1,000 m 2 /g  [  18  ] . Like activated charcoal, they adsorb organics, nutrients and 

gases, and are likely to provide habitats for bacteria, actinomycetes, and fungi  [  49  ] . 

Increases in water holding capacity following biochar application to soil have been 

well established  [  11,   41  ] , and this may in fl uence crop production, soil microbial 

populations, and population  fl ux during wetting/drying cycles.    

   Soil constraints where biochar may provide bene fi ts to productivity include:

   Low pH and high Al availability.  • 

  Low CEC and nutrient holding capacity.  • 

  Low water holding capacity, poor in fi ltration.  • 

  Poor soil aeration, root development.  • 

  Hard setting soils.  • 

  Residual herbicide or heavy metal phytotoxicity.  • 

  Presence of certain soil-borne diseases.    • 
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       In some cases, biochar application to soil may in fl uence nutrient availability and 

nutrient use ef fi ciency  [  54  ] . The application of a low nutrient biochar derived from 

timber increased the retention of N in soil and uptake of N into crop biomass  [  48  ] . 

Lehmann et al.  [  30  ]  showed that biochar reduced leaching of NH  
4
  +  , maintaining it 

in the surface soil where it is available for plant uptake. Similarly, the application of 

charcoal derived from bamboo into a sludge composting system was shown to 

provide signi fi cant increases in N retention in the compost  [  25  ] . Increased fertility 

of soil resulting from biochar application is likely to increase crop vigor, and thus 

may enhance disease tolerance. 

 Biochar is also likely to in fl uence a range of soil physical properties. For example, 

 [  11,   13  ]  demonstrated signi fi cant declines in soil tensile strength following addition 

of biochar derived from green waste or pecan shells. These declines in soil tensile 

strength may allow for better crop root penetration (especially during dry periods), 

and will also reduce costs associated with soil preparation (such as tillage). 

 Biochar has been shown to increase biological N 
2
   fi xation (BNF) of  Phaseolus 

vulgaris   [  44  ] , largely due to greater availability of plant micronutrients following 

biochar application. By increasing potential for BNF, and increasing N use ef fi ciency, 

lower rates of synthetic N fertilizers may be acceptable for maintaining productivity. 

Synthetic N fertilizers have a signi fi cant C footprint, with over 4t CO 
2
  emission 

required per t N fertilizer produced  [  55  ] . 

 Although there is a paucity of published data on the effects of biochar on soil-borne 

pathogens, evidence is mounting that control of certain pathogens may be possible. 

The addition of biochar (0.32, 1.60, and 3.20% (w/w)) to asparagus soils infested 

with  Fusarium  root rot pathogens increased asparagus plant weights and reduced 

Fusarium root rot disease  [  19  ] . Further, Matsubara et al. (2002) (cited in  [  49  ] ) have 

shown that biochar inoculated with mycorrhizal fungi are effective in reducing 

Fusarium root rot disease in asparagus. A study of bacterial wilt suppression in 

tomatoes found that biochar derived from municipal organic waste reduced the 

incidence of disease in  Ralstonia solanacearum  infested soil  [  38  ] . The mechanism 

of disease suppression was attributed to the presence of calcium compounds, as well 

as improvements in the physical, chemical, and biological characteristics of the soil. 

Likewise, Ogawa  [  57  ]     describes the use of biochars and biochar amended composts in 

reducing bacterial and fungal soil-borne diseases. 

 The economic value of biochar as an agricultural commodity is largely untested. 

Although the bene fi t of biochar in many systems has been described to increase 

crop yield, the cost-bene fi t ratio of applying the technology has not been completed. 

Van Zwieten et al.  [  52  ]  discusses several mechanisms for valuing biochar as a 

commodity. Simply, it could be valued based on its nutrient or liming value, replacing 

commodities such as fertilizer or lime, alternatively, it could be valued according to 

bene fi ts to productivity or projected productivity. A recent study  [  6  ]  using biochar 

derived from  Eucalyptus  banded at a low rate of 1 ton/ha was shown to have a 

breakeven valuation of around Aus$170 per ton of biochar in broadacre wheat, 

assuming yield bene fi ts for 12 years. In the cost-bene fi t outcome described by Van 

Zwieten et al.  [  52  ] , biochar derived from poultry litter waste was valued at $300 per 

ton, based on the performance enhancement of three crops following the single 
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application of biochar. Clearly, the economic value of biochar will depend on its 

properties, but will also be driven by supply and demand, inherent value of the target 

enterprise, and demonstrated bene fi ts.  

    7   Greenhouse Gas Outcomes 

 Slow-pyrolysis technology has the potential to deliver renewable energy, and biochar 

products while exhibiting a carbon negative greenhouse gas balance  [  22,   35  ] . The 

carbon sequestration achieved by the high carbon biochar product results in a net 

removal of carbon dioxide from the atmosphere. If organics are not used as fuel they 

decompose relatively quickly in the natural environment, releasing the carbon as 

CO 
2
  back to the atmosphere. Production of biochar from these organics removes 

this material from the short-term carbon cycle, into the long-term carbon cycle. 

Biochar is far more stable in the environment when compared to the original organics 

and prevents the release of the carbon in its structures (Fig.  5 ).  

 When compared to typical bioenergy GHG balances, where all of the carbon in 

the fuel source (biomass organics) is released through the energy cycle as green-

house gases, in pyrolysis a portion of the carbon is stabilized as the biochar product. 

The coproduction of biochar along with renewable energy results in a signi fi cant net 

removal of GHGs from the atmosphere via this pathway. It should be noted, 

however, that not all biochar technologies are necessarily carbon negative as carbon 

  Fig. 5    Comparison of carbon balances: fossil fuel, bioenergy, and slow-pyrolysis for bioenergy 
and biochar       
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leakage and poor combustion systems can have a signi fi cant negative impact on the 

carbon lifecycle analysis  [  17  ]  .  It is essential that modeling, monitoring, and audit-

ing of the system is carried out to verify carbon offsets generated.    

       The contribution biochar can make in maintaining soils for agricultural production 

during climate variability may prove a vital tool for adaptation.  

    8   Conclusions and Future Outlook 

 Well-engineered, slow-pyrolysis technology, optimized for the production of 

bioenergy and biochar from sustainable feedstocks, could deliver signi fi cant 

environmental and economical advantages to industry. The growing fi eld of 

   Key pathways to GHG mitigation via production and use of biochar include:

   Renewable energy generation (displacing fossil fuel).  • 

  Bio-sequestration (stabilizing organic carbon as biochar and storing it in • 

terrestrial sinks).  

  Stabilization of labile soil organic carbon onto biochar surfaces.  • 

  Reduced agriculture emissions (from reduced; nitrous oxide from soil, fuel • 

use, fertilizer use, and improved water use ef fi ciency).  

  Decreased emissions from waste biomass (including avoided methane • 

generation from land fi lls and compost production).  

  Increased agricultural productivity (increased biomass yields taking up • 

more atmospheric carbon, less land area required for food production).    

 The sequestration of carbon via biochar and mitigation of GHGs are offset 

by various steps along the biochar production lifecycle. These aspects might 

include:

   Use of fossil fuels for harvesting, transporting, and processing.  • 

  Fugitive emission from feedstock degradation being stored or preprocessed.  • 

  Emissions from the processing plant, such as uncombusted syngas.  • 

  Land use change, for example biomass requirements provide a market for • 

more purpose-grown organics which may result in deforestation  [  14  ].     

 Technology considerations that should be optimized to ensure carbon 

negative balances are achieved:

   Energy ef fi ciency of processes.  • 

  Emissions control, including utilization of syngas.  • 

  Limited distances for feedstock collection and product distribution.  • 

  Alternate higher uses of organics is fully considered, e.g., waste organics • 

are sourced over purpose-grown feedstocks.    
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 scientifi c research on biochar by agronomists, soil and plant scientists, is leading to 

a rigourous body of knowledge on the effective use of biochar for agricultural 

 productivity gains. This work will assist in justifying a market price for biochar 

products, which is needed to underpin the economic feasibility of the emerging indus-

try. Several companies, such as Paci fi c Pyrolysis in Australia, are working towards 

commercializing new technology for the production of biochar along with bioen-

ergy from low-grade organics. Establishing one or more commercial-scale produc-

tion facilities dedicated to demonstrating the technical, environmental, and economic 

outcomes of the business will be an essential next step for the emerging industry.      
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  Abstract   Converting lignocellulosic biomass into biofuels compatible with the 

existing petroleum re fi nery infrastructure requires removal of oxygen from the car-

bohydrate and lignin-derived molecules. The necessary deoxygenation can be 

achieved through the rejection of water and carbon oxides which occurs at 400–

600°C in the presence of catalysts. The yield of hydrocarbons could theoretically 

reach 35% of the biomass feedstock. So far, the highest yields achieved were in the 

range of 12–18%. The most promising deoxygenation catalysts belong to the group 

of medium-pore size zeolites such as ZSM-5. This chapter reviews the research in 

the  fi eld and provides numerous references to the original work in the area of catalytic 

pyrolysis of biomass. It also reports on some recent experimental results obtained at 

National Renewable Energy Laboratory.      

    1   Introduction 

 In recent years, high crude oil prices, national security concerns, and potential climate 

change consequences resulted in a signi fi cant increase of interest in biofuels. In 

addition to the commercial production of biodiesel and corn-based ethanol, research 

efforts intensi fi ed on developing processes for producing liquid fuels from lignocel-

lulosic biomass. One of the emerging technologies is fast pyrolysis, a thermal 

decomposition of biomass carried out in the absence of oxygen with a very high 

heat transfer to the biomass particles. It produces high yields of a liquid product, 

called bio-oil, which contains up to 70% of the energy of the biomass feed  [  1  ] . 

However, certain bio-oil properties such as its low heating value, incomplete volatility, 

acidity, instability, and incompatibility with standard petroleum fuels signi fi cantly 

    S.   Czernik   (*)
     National Renewable Energy Laboratory ,
  1617 Cole Blvd ,  Golden ,  CO   80401 ,  USA    
e-mail:  Stefan_Czernik@nrel.gov   

      Chapter 9

Catalytic Pyrolysis of Biomass       

       Stefan   Czernik         



120 S. Czernik

restrict its application  [  2  ] . The undesirable properties of pyrolysis oil result from the 

chemical composition of bio-oil that mostly consists of different classes of oxygen-

ated organic compounds. The elimination of oxygen is thus necessary to transform 

bio-oil into a liquid fuel that would be broadly accepted and economically attrac-

tive. Two types of approaches that have been used to reject oxygen from organic 

molecules are hydrotreating and catalytic cracking  [  3  ] . The former uses hydrogen to 

remove oxygen in the form of water and resembles desulfurization/deoxygenation/

denitrogenation processes widely used in petroleum re fi neries. The research on bio-

oil hydrotreating was recently comprehensively reviewed  [  4  ] . The latter accom-

plishes the oxygen removal from bio-oil or directly from biomass in the form of 

water and carbon oxides. The following equation represents the best case scenario 

for deoxygenation of biomass pyrolysis vapors:

     
→ + +6 8 3 5 6 2 2C H O C H CO H O.

  
  

 The yield of hydrocarbons could theoretically reach 50% based on pyrolysis 

vapor or 35% of the biomass feedstock. So far, the highest yields achieved were in 

the range of 12–18%. From different types of catalysts used to deoxygenate biomass-

derived vapors and liquids the most effective appear to be shape-selective catalysts 

like zeolites. Such an approach offers several potential advantages over hydrotreating 

because it does not need hydrogen, occurs at atmospheric pressure, and can be close 

coupled with operating fast pyrolysis units. 

    1.1   Catalytic Conversion of Oxygenated Organic Compounds 

 Catalytic processing of oxygenated organic compounds accomplishes deoxygenation 

through simultaneous dehydration, decarboxylation, and decarbonylation reactions 

occurring in the presence of zeolite catalysts. In the late 1970s, synthetic zeolites 

such as ZSM-5 were successfully used to convert oxygenated organic compounds 

into hydrocarbons  [  5,   6  ] . ZSM-5 proved to be particularly effective for the conversion 

of methanol to gasoline range hydrocarbons  [  7  ] , which led to the commercialization 

of the methanol-to-gasoline process by Mobil. This discovery also stimulated 

research focused on the production of hydrocarbons from biomass-derived pyrolysis 

oil and from biomass pyrolysis vapors. To enhance understanding of the reaction 

mechanisms and identify the most favorable process conditions research was conducted 

using model compounds representing different chemical classes of bio-oil components. 

Extensive research in this area has been performed in several centers, especially at 

Laval University  [  8,   9  ] , University of Saskatchewan  [  10–  13  ] , University of 

Thessaloniki  [  14  ]  ,  University of The Basque Country  [  15,   16  ] , University of Valencia 

 [  17  ] , and at University of Massachusetts  [  18  ] . In general those studies showed that 

in the temperature range of 350–450°C oxygenated organic compounds in contact 

with zeolite catalysts undergo a suite of chemical reactions including dehydration, 

decarboxylation, cracking, aromatization, alkylation, condensation, and polymer-

ization. The product was always a two-phase liquid (aqueous and organic) and gas, 

while coke deposits formed on the catalyst surface. The conversion and the product 
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composition varied depending on the class of compounds tested. Using a  fi xed bed 

of ZSM-5 catalyst, high conversions (>90%) were obtained for alcohols, aldehydes, 

ketones, acids, and esters while phenols and ethers remained mostly unchanged. 

Alcohols and ketones reacted to produce high yields of aromatic hydrocarbons 

while acids and esters were mostly converted to gas, water, and coke with low yield 

of hydrocarbons. For example, initially complete acetic acid conversion declined to 

60% after 3 h on stream with the total hydrocarbon yield below 10%. The high pro-

duction of coke resulting in a rapid catalyst deactivation was observed especially 

for the compounds having low (<1) effective hydrogen index de fi ned in  [  19  ]  as:

     

   =   
   eff

H H - 2O
,

C C
  
  

    where H, C, and O represent the number of moles of hydrogen, carbon, and oxygen 

in the feedstock. This coke is mostly produced by dehydration of oxygenated organic 

compounds containing high amount of oxygen; dehydration of low-oxygen-content 

compounds produces mostly hydrocarbons. Signi fi cant improvement in the produc-

tion of hydrocarbons from low effective-hydrogen-index compounds such as acetic 

acid can be obtained by coprocessing with methanol, which has a hydrogen index 

equal 2  [  19  ] . 

 In parallel to model compound studies, zeolites were also applied for deoxygen-

ation of biomass pyrolysis oils and its fractions  [  8,   10,   20  ]  .  The reported hydrocar-

bon yields were in the range of 12–15% but also high coke production and rapid 

catalyst deactivation were observed due to hydrogen de fi ciency (effective hydrogen 

index <0.3) of biomass pyrolysis oils.  

    1.2   Catalytic Conversion of Biomass to Hydrocarbons 

 Catalytic pyrolysis includes two common approaches. The  fi rst is a one-step process 

in which biomass pyrolysis is carried out in the presence of the catalyst, so that 

pyrolysis vapors and intermediates are in immediate contact with the catalyst. The 

second approach combines two consecutive steps: (a) fast pyrolysis and (b) catalytic 

cracking of the vapors carried out in separate reactors. In contrast to non-catalytic 

fast pyrolysis of biomass that produces mostly oxygenated compounds and only 

very small amount of hydrocarbons, the process carried out in the presence of a 

catalyst can dramatically change the product slate. The chromatograms in Fig.  1  

show a dramatic difference in the product composition obtained from pyrolysis of 

oak wood performed at National Renewable Energy Laboratory (NREL) using a 

Pyroprobe-GC/MS system in the absence (upper) and in the presence of a ZSM-5 

(Albemarle UPV-2) catalyst (lower). These results, though not obtained in a real 

reactor system, suggest that catalytic pyrolysis carried out in the optimized process 

conditions could produce almost completely deoxygenated liquid product from 

lignocellulosic biomass.   
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  Fig. 1    Py-GC/MS of non-catalytic and catalytic (Albemarle UPV-2) pyrolysis of oak wood at 
600°C       
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 First attempts to catalytically deoxygenate biomass to produce hydrocarbons 

were reported in the 1980s  [  9,   19,   21  ]  .  That concept was further developed at the 

NREL  [  22,   23  ]  with a demonstration of an integrated fast pyrolysis/catalytic cracking 

process in which vapors from the pyrolyzer were not condensed and collected as 

bio-oil but were directly fed to a catalytic reactor and converted to aromatic and 

ole fi n hydrocarbons. Using a pilot plant vortex reactor followed by a  fi xed-bed cata-

lytic cracker (450°C, commercial Mobil MCSG-2 catalyst), they achieved 12.7% of 

total hydrocarbon yield based on wood feedstock. The technoeconomic evaluation 

of the process performed by the IEA Biomass Liquefaction Task based on this data 

estimated the production cost of gasoline at $0.97/gal (1992 $) for a biomass cost of 

$30/ton, which was not attractive at that time  [  24  ] . 

 Extensive studies on catalytic pyrolysis of biomass in  fl uidized bed reactors were 

also carried out at several other research centers, especially at University of Leeds 

 [  25,   26  ] , University of Thessaloniki  [  27  ] , and Virginia Institute of Technology  [  28,   29  ] . 

In all of those studies aromatic hydrocarbons, including polycyclic (PAHs) and 

phenols constituted the majority of the organic liquid product. 

 Our previous research  [  30  ]  focused on improving the process performance 

(increasing yield of hydrocarbons, decreasing coking) by modifying the catalyst 

composition. The presence of transition metals was expected to affect the mode of 

oxygen rejection by producing more carbon oxides and less water making that way 

more hydrogen available for incorporation into hydrocarbons. The performance 

measured as the total hydrocarbon yield was evaluated for 40 different catalysts 

using a micro-reactor/molecular-beam mass-spectrometer system. The highest 

yields of the desired    hydrocarbon product from wood, 16 wt% including 3.5 wt% of 

toluene, were obtained at 600°C using NiZSM-5 though the yields produced by 

several other catalysts (gallium, cobalt, and iron-substituted ZSM-5 zeolites were 

within the experimental error estimated at ±3%. These yields are comparable to 

those obtained earlier in a similar system  [  31  ] ) .  In this work we used a bench-scale 

system to collect and analyze the liquid product obtained from pyrolysis of wood in 

the presence of a promising commercial zeolite catalyst, UPV-2 from Albemarle.   

    2   Methods 

 The catalytic pyrolysis tests were performed using a 2-in. diameter  fl uidizing bed 

reactor system shown in Fig.  2 . The Inconel 625 reactor supplied with a perforated 

distribution plate was placed inside a three-zone electric furnace. The reactor con-

tained 250 g of a commercial ZSM-5 catalyst ground to a particle size of 200–

350  m m. Either superheated steam or nitrogen (4 slm) at a pressure slightly above 

barometric was used as a  fl uidizing gas. The reactor was operated at the temperature 

of 500°C. Mixed wood of particle size less than 0.5 mm was pneumatically (3 slm 

nitrogen) fed to the reactor at a rate of 120 g/h controlled by a K-Tron feeder. The 

vapor/catalyst contact time was 0.7 s and the space velocity (WHSV) was 0.48 h −1 . 

The volatile product passed through a cyclone and hot-gas  fi lter, which captured 
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 fi ne catalyst particles and carbonaceous solids generated in the reactor, then (in 

most experiments) through an electrostatic precipitator (ESP) and two heat exchang-

ers, which collected the liquid product. 

 The process gas  fl ow rate was monitored by a mass  fl ow meter and measured by 

a dry test meter. The concentrations of CO 
2
 , CO, and methane in the product gas 

were monitored by a nondispersive infra-red analyzer (NDIR Model 300 from 

California Analytical Instruments). In addition, the gas was analyzed every 4 min 

by an online Varian micro gas chromatograph, which provided concentrations of 

hydrogen, carbon monoxide, carbon dioxide, methane, C 
2
 –C 

4
  hydrocarbons, and 

nitrogen. The temperatures in the system, as well as the  fl ows, were recorded and 

controlled by the OPTO data acquisition and control system.  

    3   Results and Discussion 

 During 5–6-h long experiments the product gas composition did not change 

signi fi cantly; CO and CO 
2
  were the major gas components with C 

1
 –C 

4
  hydrocar-

bons accounting for approximately 20 vol% of the product gas. The product col-

lected in the ESP that operated at the exit temperature of 80°C was a dark brown 

viscous liquid while that collected in the condensers was mostly water (90–95 wt%) 

with a thin layer of organics  fl oating on the top. In every test signi fi cant amounts of 

carbon (coke and char) were produced which were collected in the reactor, the 

cyclone, and the  fi lter. The carbon yields were determined by weight difference of 

the collected solids and of the initial catalysts. The yields of liquids corresponded to 

the weight of the fractions collected in the ESP and condensers, and the amount of 

gaseous product was calculated based on its volume and composition (excluding 

the carrier gas). Table  1  shows the results of two experiments carried out using the 
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  Fig. 2    Schematic of the 2-in.  fl uidized bed reactor system       
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Albemarle catalyst. The  fi rst experiment was run for 6 h and the  fi nal ratio of cata-

lyst to biomass was 0.38 and the second experiment was run from 2 h with a  fi nal 

catalyst to biomass ratio of 1.2.  

 Mass balance closures were in the range 83–85% with 15–17% not accounted 

for. These losses most likely comprised of noncondensed water and volatile organic 

compounds that were not analyzed by gas chromatography. The amounts of carbon 

solids (char and coke) were in the range of 15–23% of the weight of the feedstock 

while the yields of total liquid were 35–40%, and those of gas were 25–28%. Similar 

product distribution was reported by Zhang et al.  [  32  ] , Aho et al.  [  33  ] , and Agblevor 

et al.  [  28  ]  in bubbling  fl uidized beds. However, Lappas et al.  [  27  ]  achieved 

signi fi cantly higher yields of liquids using a  fl uidized catalytic cracking system 

(circulating  fl uidized bed) with ZSM-5 catalyst. The most likely reason for that was 

maintaining the catalyst activity by continuous regeneration. 

 The liquid product included three phases: a very thin top organic layer, the middle 

most abundant water-rich fraction, and the bottom dark brown organic fraction. The 

yield of the heavy organic fraction was about 12% based on the feedstock. The light 

liquid hydrocarbon phase was 3–5% of the total condensate. The analysis of the organic 

liquid from the  fi rst test showed the following elemental composition: C 67–68 wt%, 

H 6.2–6.6 wt%, O 25–26 wt%. The oxygen content of this liquid was signi fi cantly less 

than for crude bio-oil from a non-catalytic process that contains 45–50% oxygen (37–

40% on water-free basis). The organic liquid from the second test was even much 

more deoxygenated and included 83% C, 7.3% H, and 9.6% O, which is the lowest 

known to us oxygen content from bench-scale catalytic pyrolysis reported in the litera-

ture ( [  27,   28,   32,   33  ] , all report higher oxygen contents of 13.5–22%). 

 In both tests, the biomass carbon conversion to organic liquid was 20–22% with 

most of carbon converted to gas and char/coke. It seems that in our experiments the 

lignin part of the feedstock was partly depolymerized (M 
w
  330–350) while the car-

bohydrates were mostly converted to solids (char and coke), gas, and water. Agblevor 

et al.  [  29  ]  had also concluded that the majority of the organic oil from catalytic 

pyrolysis in their experiments originated from lignin. The results showed that pyrol-

ysis oil with highly reduced oxygen content can be produced by catalytic pyrolysis; 

however, the biomass carbon to liquid conversion was still low and more research 

is needed to improve the process performance.      

   Table 1    Product distribution from catalytic pyrolysis of mixed wood at 500°C using Albemarle 
UPV-2 catalyst   

 Experiment 1  Experiment 2 

 g  %  g  % 

 Feed (mixed wood)  650  214 

 Char/coke  99  15.2  50  23.4 

 Total liquid  262  40.3  78  36.4 

 Organic fraction  81  12.5  25  11.6 

 Aqueous fraction  181  27.8  53  24.8 

 Gas  180  27.7  54  25.2 

 C 
1
 -C4 hydrocarbons  29  4.5  8  3.7 

 Total product  541  83.2  182  85.0 
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  Abstract   Selective fast pyrolysis, differed from traditional fast pyrolysis which is 

usually aimed at the maximum bio-oil yield, is to selectively control or alter biomass 

pyrolytic pathways for obtaining speci fi c products (high-grade liquid fuels or special 

chemicals). Fast pyrolysis of biomass can be regarded as the pyrolysis of its three 

major components, mainly including the following three pathways. The decomposi-

tion of lignin mainly produces various monomeric phenolic compounds as well as 

oligomers (pyrolytic lignins). The depolymerization of holocellulose (cellulose and 

hemicellulose) mainly generates anhydro-oligosaccharides, monomeric anhydro-

sugars (mainly levoglucosan), furans, and other products. The pyrolytic ring scission 

of holocellulose obtains various light products, such as hydroxyacetaldehyde and 

acetol. The pyrolytic pathways and the subsequent products are in fl uenced by a 

number of factors, including the biomass type, feedstock properties, pyrolysis con-

ditions (pyrolysis temperature, heating rate, vapor residence time, pressure, gaseous 

environment), catalysts, vapor  fi ltration, and condensation. Therefore, selective fast 

pyrolysis can be achieved via proper control of these factors, such as biomass pre-

treatment or catalyst utilization. This chapter reviews the mechanisms and pathways 

of biomass pyrolysis, as well as the properties and applications of crude bio-oils. It 

also summarizes the recent advances in the selective fast pyrolysis of biomass, aim-

ing at how to produce quality-improved liquid fuels, and speci fi c chemicals such as 

levoglucosan, levoglucosenone, acetic acid, hydroxyacetaldehyde, furfural, 

1-hydroxy-3,6-dioxabicyclo[3.2.1]octan-2-one, and phenolic compounds.      
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    1   Introduction 

 With the increasing concern on fossil fuel storage and environmental problems, the 

utilization of renewable lignocellulosic biomass resources will play an increasing 

important role in the future. Biomass can be converted to a variety of fuels and 

chemicals by different technologies; one of them is fast pyrolysis which has received 

extensive interests in recent years  [  17,   58  ] . Fast pyrolysis of biomass is a thermal 

decomposition process that occurs in the absence of oxygen, with quick biomass 

decomposition and rapid vapor condensation, to convert biomass mainly into a 

liquid product (know as bio-oil) with the yield as high as 70–80 wt%. The essential 

principles to obtain high bio-oil yield include moderate pyrolysis temperature 

(around 500°C), very high heating rates (10 3 –10 5 °C/s), short vapor residence time 

(<2 s), and rapid quenching of pyrolysis vapors. A number of pyrolysis reactors 

have been developed for the bio-oil production, including bubbling  fl uidized bed, 

entrained bed, circulating  fl uidized bed, rotating cone, screw pyrolysis reactor, vac-

uum pyrolysis reactor, etc. In recent years, several research institutes (BTG, 

Dynamotive) have already established biomass fast pyrolysis demonstration plants, 

suggesting that the fast pyrolysis technique is near commercialization. 

 Crude bio-oils, also referred to as biomass pyrolysis liquids, pyrolysis oils, or 

bio-crude oils, are dark brown, free  fl owing liquids with an acrid or smoky odor. 

Chemically, bio-oils are complex mixtures of water and hundreds of organic com-

pounds that belong to acids, aldehydes, ketones, alcohols, esters, anhydrosugars, 

furans, phenols, guaiacols, syringols, nitrogen compounds, as well as large 

molecular oligomers (holocellulose-derived anhydro-oligosaccharides and lignin-

derived oligomers). There are many valuable compounds, and thus, bio-oils have 

the potential for useful chemicals recovery. However, most of the chemicals are in 

low contents, making their recovery not only technically dif fi cult but also 

economically unattractive at present. Therefore, the commercialization of bio-oils 

for value-added chemicals requires the production of speci fi c bio-oils with high 

contents of target products. 

 Selective fast pyrolysis, differed from conventional fast pyrolysis which is 

usually aimed at the maximum bio-oil yield, is to drive the pyrolysis of biomass 

towards the products of interest. Since the biomass pyrolytic pathways and the sub-

sequent products are in fl uenced by various factors, and thus, selective fast pyrolysis 

can be performed in different ways, mostly by catalyst utilization, to (1) maximize 

the yield of target products and (2) obtain target products with high purity. This 

manuscript is divided into two sections. The  fi rst section reviews the biomass fast 

pyrolysis reaction pathways and mechanisms, and the second section discusses the 

methods for the production of several value-added chemicals from selective fast 

pyrolysis of biomass.  
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    2   Biomass Fast Pyrolysis Reaction Pathways and Mechanisms 

    2.1   Cellulose Fast Pyrolysis 

 Cellulose is the main component of lignocellulosic biomass and is predominantly 

located in the cell wall. It is a linear homopolysaccharide of  b - d -glucopyranose 

units linked together by (1→4)-glycosidic bonds. Among the three major compo-

nents of lignocellulosic biomass, the cellulose has received the most attention in its 

pyrolytic mechanism study. 

 Cellulose starts pyrolysis at as low as 150°C. At temperatures lower than 300°C, 

pyrolysis of cellulose mainly involves the reduction in degree of polymerization, the 

formation of free radicals, elimination of water, formation of carbonyl, carboxyl and 

hydroperoxide groups, and evolution of carbon monoxide and carbon dioxide, 

 fi nally leaving a charred residue  [  31,   86  ] . The low temperature pyrolysis will pro-

duce very low yield of organic liquid products. 

 At temperatures above 300°C, the pyrolysis of cellulose involves many new 

reactions, mainly leading to a liquid product with the yield as high as 87 wt%  [  72  ] . 

Generally, cellulose is  fi rstly decomposed to form activated cellulose  [  15  ] . 

Afterwards, two major parallel pathways will take place, the depolymerization and 

the fragmentation (ring scission), as shown in Fig.  1 . The depolymerization process 

mainly forms anhydro-oligosaccharides, levoglucosan (LG) and other monomeric 

anhydrosugars, furans, cyclopentanones, pyrans, and other related derivatives. The 

ring scission process mainly obtains hydroxyacetaldehyde (HAA), acetol (HA), 

other linear carbonyls, linear alcohols, esters, and other products  [  46,   47,   71,   79  ] . In 

a recent study, Shen and Gu  [  87  ]  proposed the detailed possible routes for the pyro-

lytic formation of several major products from cellulose, as shown in Fig.  2 .    

  Fig. 1    The two parallel pyrolytic pathways during fast pyrolysis of cellulose at moderate 

temperatures       
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    2.2   Hemicellulose Fast Pyrolysis 

 Hemicelluloses are closely associated with cellulose in the cell wall as well as to 

lignin in the middle lamella. They are amorphous polysaccharides with building 

units belong either to hexoses (mainly  d -glucose,  d -mannose, and  d -galactose) or to 

pentoses (mainly  d -xylose and  l -arabinose). The primary hemicellulose components 

are galactoglucomannans (glucomannans) and arabinoglucuronoxylan (xylan). 

Compared with cellulose, hemicelluloses have received less attention in their 

pyrolytic mechanism study. 

 Hemicelluloses are less thermally stable than cellulose, presumably due to the 

lack of crystallinity, and their pyrolysis is generally thought to be analogous to cel-

lulose in the reaction mechanisms. Fast pyrolysis of glucomannans generates similar 

pyrolytic products as the cellulose, while the pyrolytic products from xylan differ 

more than those from cellulose  [  6  ] . Generally, xylan fast pyrolysis will obtain higher 

char yield than that from cellulose, and will not form a typical depolymerization 

product, like the LG from cellulose. A probable cause of this difference was explained 

by Ponder and Nichards  [  74  ] . During cellulose pyrolysis, the glucosyl cation from 

the scission of the common glucans can readily form a stable 1,6-anhydride with the 

free primary hydroxyl group at C-6, and  fi nally yields the volatile LG. However, 

there is no feasible mechanism for intramolecular “stabilization” for the xylosyl cation 

  Fig. 2    The major pyrolytic pathways during cellulose fast pyrolysis (proposed by Shen and Gu 

 [  87  ] )       
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via anhydride formation, and hence, the xylosyl cation is more likely to enter the 

nonspeci fi c dehydration pathways, resulting in the char formation rather volatiles. 

 In a recent study, Shen et al.  [  88  ]  also proposed the detailed possible routes for 

the pyrolytic formation of several major products from main xylan chain, as well as 

the  O -acetylxylan and 4- O -methylglucuronic acid unit, as shown in Fig.  3 .   

  Fig. 3    The major pyrolytic pathways during xylan fast pyrolysis (proposed by Shen et al.  [  88  ] ). 

( a ) The main chain of  O -acetyl-4-methylglucurono-xylan, ( b )  O -acetylxylan and 4- O -methyl-

glucuronic acid unit       
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    2.3   Lignin Fast Pyrolysis 

 Lignin is the amorphous material that surrounds cellulose  fi bers and cements 

them together. It is a complex, heterogeneous polymer formed by the polymerization 

of three phenyl propane monomers, i.e., guaiacyl (4-hydroxy-3-methoxyphenyl), 

syringyl (3,5-dimethoxy-4-hydroxyphenyl), and  p -hydroxyphenyl units. Lignin is the 

most complicated, least understood, and most thermally stable component of biomass. 

 Primary pyrolysis of lignin begins with thermal softening at around 200°C, while 

most lignin pyrolysis occurs at higher temperatures, higher than the fast decomposi-

tion of cellulose. Fast pyrolysis of lignin will obtain higher char yield and lower 

liquid yield than holocellulose, and the liquid product can be classi fi ed into three 

groups, the large molecular oligomers (known as pyrolytic lignins), the monomeric 

phenolic compounds, as well as light compounds (such as methanol, HAA, acetic acid). 

The pyrolytic lignins are formed in much higher yield than the other two classes of 

products, usually account for 13.5–27.7 wt% of crude bio-oils on a water-free basis 

 [  37,   38,   65  ] . Several studies have been conducted to analyze them by various wet 

chemical and spectroscopic methods as well as pyrolysis-gas chromatography/mass 

spectrometry  [  12,   13,   38,   83,   84  ] , and to  fi nd out that their average molecular weight 

is between 650 and 1,300 g/mol, and they are typically characterized by biphenyl, 

phenyl coumaran, diphenyl ethers, stilbene, and resinol structures.  

    2.4   Biomass Fast Pyrolysis 

 Biomass fast pyrolysis is the summation of its major components fast pyrolysis. 

In addition to the cellulose, hemicellulose, and lignin, biomass usually contains 

some extractives which would also decompose during fast pyrolysis, making the 

pyrolytic products more complex. 

 The biomass fast pyrolytic pathways and subsequent product distribution will be 

in fl uenced by many factors, including biomass composition, feedstock property, 

pyrolysis temperature, heating rate, pressure, pyrolysis reactor con fi guration, and a 

combination of these variables. The detailed effects of these factors can be found in 

previous studies, and will not be shown here.   

    3   Chemicals Production from Selective 

Fast Pyrolysis of Biomass 

    3.1   Levoglucosan 

 LG (1,6-anhydro- b - d -glucopyranose) is the most important pyrolytic product of 

pure cellulose, formed through the depolymerization reaction. The chemistry of LG 

has long been known, and it can be used as a chiral synthon for the synthesis of 
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stereoregular polysaccharides possessing biological activities  [  11,   56  ] . Moreover, 

LG can also be hydrolyzed to glucose, providing a potentially rapid route to produce 

bio-ethanol  [  14  ] . 

 Fast pyrolysis of pure cellulose can produce LG with the yield up to 40 wt%, but 

fast pyrolysis of raw biomass materials would produce much lower LG yield due to 

the presence of inorganic impurities. Even the minor amounts of alkaline cations 

would shift the pyrolytic pathways of cellulose, to promote the formation of ring-

scission products (such as HAA, HA, etc.) and char on the expense of LG  [  61,   68  ] . 

Hence, it is necessary to use pure cellulose or demineralized biomass for the LG 

production. Furthermore, some studies pointed out that when small amounts of 

acids or acidic salts were added to demineralized biomass, the LG yield could be 

increased. For example, it was reported in an analytical pyrolysis study that, the 

LG content in the pyrolytic products was 5.3% from raw birch wood, 17.0% from 

decationized wood, 33.6% from wood impregnated with 1.0% phosphoric acid, and 

27.3% from decationized wood adsorbed with iron ions  [  28  ] . 

 The main dif fi culty in LG preparation is not the pyrolysis process, but its isolation 

from pyrolysis liquids. Due to its high boiling point (386°C), LG could not be 

simply recovered by distillation. Currently, several methods have been proposed or 

patented for the puri fi cation of LG  [  44,   57,   81  ] .  

    3.2   Levoglucosenone 

 Levoglucosenone (LGO, 1,6-anhydro-3,4-dideoxy- b - d -pyranosen-2-one, or 

6,8-dioxabicyclo[3.2.1]oct-2-en-4-one) is a sugar enone product of cellulose, 

formed from the combined depolymerization and dehydration reactions, with the 

possible pyrolytic pathways shown in Fig.  4   [  66  ] . Its structure was  fi rstly con fi rmed 

  Fig. 4    The pyrolytic pathways for the formation of LGO from pyrolysis of cellulose       
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in 1973  [  41  ] , and further con fi rmed and adopted by other researchers. LGO is an 

optically active organic compound in which all carbon atoms are different environ-

ments and which has easily modi fi able functional groups. As a result, LGO can be 

used in the synthesis of various products (such as tetrodotoxin, thiosugar, ras activa-

tion inhibitors). The detailed applications of LGO can be found elsewhere  [  55  ] .  

 LGO is formed in very low yield from fast pyrolysis of cellulose or biomass, but 

can be promoted by the addition of some acid catalysts in the pyrolytic process. 

A mechanism has been proposed for acid-catalyzed decomposition of LG to form 

the LGO, as shown in Fig.  5   [  41  ] .  

 Various acid catalysts exhibited the capability to promote the LGO formation, 

such as the MgCl 
2
  and FeCl 

3
   [  45  ] , (NH 

4
 ) 

2
 SO 

4
  and (NH 

4
 ) 

2
 HPO 

4
   [  21,   69  ] , CrO 

3
  and 

CrO 
3
 +CuSO 

4
   [  34  ] , ZnCl 

2
   [  22  ] , M/MCM-41(M=Sn, Zr, Ti, Mg, etc.)  [  91  ] . However, 

almost all of these catalysts did not show high selectivity on the LGO, because they 

catalyzed the formation of several dehydrated products (LGO, LAC, DGP, FF, etc.), 

rather than LGO alone. 

 According to a series of studies performed by Dobele et al.  [  25–  27  ] , fast pyrolysis 

of cellulose/biomass impregnated with phosphoric acid could produce LGO with 

very high purity. The highest LGO yield reached 34 wt% from microcrystalline cel-

lulose impregnated with 2% phosphoric acid, or 17.5 wt% from birch wood impreg-

nated with 2.5% phosphoric acid. Other studies also con fi rmed the promising catalytic 

selectivity of the phosphoric acid on the LGO production  [  35,   64,   82  ] . Furthermore, 

Dobele et al.  [  28  ]  reported that the pretreatment of cellulose/biomass with adsorption 

of Fe 
2
 (SO 

4
 ) 

3
  provided another way to prepare LGO with high purity, but the selectivity 

of the Fe 
2
 (SO 

4
 ) 

3
  on the LGO was a little lower than the phosphoric acid. 

 In a recent study, it was reported that fast pyrolysis of pure cellulose followed 

with catalytic cracking of the pyrolysis vapors with solid super acids (sulfated metal 

oxides, SO  
4
  2−  /TiO 

2
 , SO  

4
  2−  /ZrO 

2
 , SO  

4
  2−  /SnO 

2
 , etc.) allowed the production of LGO 

with the content reaching 40% (peak area% on the GC/MS ion chromatograms) in 

the pyrolytic products  [  49  ] . In fact, when the solid super acids were mechanically 

mixed with cellulose, fast pyrolysis of the mixture also produced LGO with high 

purity. Compared with the impregnation of catalysts (phosphoric acid or Fe 
2
 (SO 

4
 ) 

3
 ) 

on the cellulose/biomass, the utilization of solid catalysts avoids the complex pre-

treatment process, and will offer a signi fi cant advantage on catalyst recycles. 

  Fig. 5    The formation of LGO from acid-catalyzed decomposition of LG       
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 Compared with the LG, the LGO can be easily recovered from pyrolytic liquids 

by distillation, and a detailed puri fi cation method was proposed by Marshall  [  54  ] . 

    3.2.1   1-Hydroxy-3,6-Dioxabicyclo[3.2.1]Octan-2-One 

 The 1-hydroxy-3,6-dioxabicyclo[3.2.1]octan-2-one (LAC) is another multifunc-

tional C6-monomer formed from fast pyrolysis of cellulose. It was  fi rstly identi fi ed 

by Furneaux et al.  [  36  ] , who also proposed its possible pyrolytic formation path-

ways, as shown in Fig.  6 . Compared with the LG and LGO, the LAC has received 

much less attention in either its production or application studies.  

 Similar to the LGO, the LAC is formed in very low yield during fast pyrolysis of 

cellulose, but can be promoted in the acid-catalyzed pyrolysis process. Most of the 

catalysts which could increase the LGO formation could also promote the LAC 

formation. Therefore, it is necessary to  fi nd out proper catalyst which has high 

selectivity on the LAC. 

 According to some previous studies, fast pyrolysis of cellulose mixed with nano-

powder aluminum titanate at 350°C obtained the LGO and LAC as the major products, 

with the yields reaching 22 and 8.6 wt%, respectively. When the pyrolysis tempera-

ture was increased to 500°C, the LAC was formed as the only predominant product 

with high purity, but its yield was decreased to 6.2 wt% (the LGO yield was 

decreased to 0.77 wt%)  [  32,   33,   92  ] . As indicated above, the utilization of solid 

catalysts will provide a convenient way for the catalyst recycles. Further studies 

have also been conducted by them to use the LAC as a possible building block in the 

synthesis of  fi ne chemicals.   

    3.3   Anhydro-Oligosaccharides 

 It is clearly demonstrated in previous studies that fast pyrolysis of cellulose will 

generate a range of anhydro-oligosaccharides, resulting from random cleavage of 

the polymer chain  [  48,   75,   78,   79  ] . Anhydro-oligosaccharides are potential for a 

number of possible uses, such as the preparation of glycoconjugates, the so-called 

anti-adhesive drugs, and so on. 

  Fig. 6    The pyrolytic pathways for the formation of LAC from pyrolysis of cellulose       
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 Although fast pyrolysis is a known technique to produce anhydro-oligosaccharides 

from cellulose, very limited studies have been carried out to produce the oligomers 

as a target product. Piskorz et al.  [  73  ]  initiated a  fl ash pyrolysis study on this target 

product. Compared with conventional fast pyrolysis aiming at the maximum bio-oil 

yield, the production of anhydro-oligosaccharides required stricter reaction condi-

tions: higher pyrolysis temperature (850–1,200°C) together with shorter residence 

time (35–75 ms). The short residence time was used to inhibit the conversion of 

large oligomers to monomer and dimer anhydrosaccharides. Anhydro-

oligosaccharides in the range of G2–G7 were successfully produced with the yield 

up to near 20 wt%. These oligomers could be recovered as water soluble fraction 

from the reaction solid residues. Moreover, substantial amounts of larger oligomers 

(>G7) could also be produced but dif fi cult to be identi fi ed. 

 Furthermore, if single anhydro-oligosaccharides can be produced and recovered, 

they should be more valuable than the mixed anhydro-oligosaccharides, but no 

reports are available in this research  fi eld at present.  

    3.4   Furfural 

 Furfural (FF) is a typical pyrolytic product formed from both of cellulose and hemi-

cellulose. It is widely used as an organic solvent or an organic reagent for the produc-

tion of medicines, resins, food additives, fuel additives, and other special chemicals. 

Currently, FF is industrially produced from agricultural raw materials rich in pentosan. 

By aqueous acid catalysis (e.g., sulfuric acid or phosphoric acid), the pentosan is 

 fi rstly hydrolyzed to pentose which is then dehydrated to form FF  [  96  ] . 

 Similar as the LGO and LAC, the formation of FF can be promoted in the acid-

catalyzed pyrolysis of biomass  [  2,   29,   30,   50,   85,   89  ] . Zinc chloride (ZnCl 
2
 ) is one 

of the promising catalysts to produce FF. It was found that fast pyrolysis of cellulose 

impregnated with small amounts of ZnCl 
2
  (below 10 wt%) would generate several 

dehydrated products as the primary pyrolytic products, mainly the FF, LGO, LAC, 

and 1,4:3,6-dianhydro- a - d -glucopyranose (DGP). With the increasing of ZnCl 
2
  

impregnation (at least 15 wt% or more), the ZnCl 
2
  catalysis would increase the FF 

formation, while decrease the anhydrosugars. Moreover, the secondary catalytic 

cracking of the primary pyrolysis vapors by ZnCl 
2
  could promote the conversion of 

LGO and other anhydrosugars to FF, leaving the FF as the only predominant product 

(Fig.  7 ). Compared with the cellulose, the ZnCl 
2
 -catalzyed fast pyrolysis of xylan 

would obtain the FF as the only predominant product, and the FF yield would be 

higher than that from cellulose, indicating that biomass rich xylan would be suitable 

for the FF production.  

 In another study, microwave-assisted fast pyrolysis was applied to treat biomass 

mixed with various catalysts, and the results revealed that the MgCl 
2
  exhibited high 

selectivity on the FF production  [  93  ] . The highest FF content was more than 80% 

(peak area% on the GC/MS ion chromatograms) at the 8 g MgCl 
2
  mixed with 100 g 

biomass. 
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 In addition, ZnCl 
2
  (or sometimes MgCl 

2
 ) is an effective chemical activation 

agent for the production of activated carbons from biomass. Hence, for the biomass 

pretreated by ZnCl 
2
  (or MgCl 

2
 ) impregnation, they can be  fi rstly subjected to fast 

pyrolysis to produce FF. The solid residues which contained char and ZnCl 
2
  (or 

MgCl 
2
 ) could be further activated to produce activated carbons, so as to achieve the 

coproduction of FF and activated carbons.  

    3.5   Hydroxyacetaldehyde 

 HAA is formed as the most abundant linear carbonyl product from pyrolytic ring 

scission of holocellulose. It is the simplest aldehyde-alcohol or sugar, and can be 

used as an active meat-browning agent in food  fl avoring industry  [  39  ] , or ingredient 

in cosmetic industry. 

 As been indicated above, during fast pyrolysis of biomass, the pyrolytic ring 

scission of holocellulose will be promoted by the small amounts of ash or alkaline 

cations  [  89  ] , and hence, HAA can be formed with high yield in these conditions. 

Moreover, HAA could be further formed from the secondary cracking of the anhy-

drosugar products. As a result, HAA is usually the most abundant single organic 

compound in crude bio-oils produced from raw biomass materials. 

 Similar as the LG, the dif fi culty for the preparation of HAA mainly lies in its 

recovery from pyrolysis liquids, due to its high reactivity. An ef fi cient puri fi cation 

method was patented by Stradal and Underwood  [  90  ] .  

  Fig. 7    The formation of FF during ZnCl 
2
 -catalyzed fast pyrolysis of biomass       
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    3.6   Acetic Acid 

 During fast pyrolysis of biomass, acetic acid (AA) can be formed from different 

ways, with a large portion from deacetylation of hemicellulose, and a small portion 

from pyrolytic ring scission of holocellulose and side-chain cracking of lignin. 

The content of AA could be over 10 wt% in crude bio-oils produced from biomass 

rich in acetyl groups, and some preliminary studies have been reported for the 

recovery of AA  [  53  ] . AA is a common chemical, and is less valuable than other 

chemicals described above. According to its formation characteristics, selective fast 

pyrolysis of biomass to produce AA with high purity might be achieved in several 

different ways. 

 The deacetylation of hemicellulose occurs at relatively low temperature, lower 

than the fast decomposition of the major biomass components. Hence, AA can be 

produced from low temperature pyrolysis of biomass. It has already been con fi rmed 

that during carbonization or torrefaction of biomass at temperatures lower than 

300°C, a liquid by-product rich in AA could be produced  [  76  ] . In fact, if biomass is 

subjected to fast pyrolysis at around 300°C for a short time period, part of the acetyl 

group would break down to form AA, while the other biomass components would 

not be greatly in fl uenced. Therefore, a two-step process might be applied to treat 

biomass, with the  fi rst low-temperature fast pyrolysis to produce AA, followed with 

the moderate-temperature fast pyrolysis to produce bio-oil. 

 AA can also be prepared by catalytic pyrolysis of biomass. For example, Qi et al. 

 [  77  ]  reported that catalytic pyrolysis of biomass using NaY catalyst produced abun-

dant AA, with the content over 80% (peak area% on the GC/MS ion chromato-

grams) in the pyrolytic products. 

 In addition, during the production of FF through fast pyrolysis of biomass 

impregnated with ZnCl 
2
  (or MgCl 

2
 ), the catalysis of ZnCl 

2
  (or MgCl 

2
 ) inhibited 

most of the pyrolytic pathways, but not the AA formation. As a result, AA would be 

the second most important product in the catalytic organic products, and thus, it 

could be recovered as a by-product during preparation of FF.  

    3.7   Phenolic Compounds 

 The lignin-derived phenolic compounds (monomeric phenolic compounds and 

pyrolytic lignins) can be isolated from crude bio-oils by different methods  [  1,   7,   20  ] , 

and they are known to be used as phenol replacement in production of phenol-

formaldehyde resins  [  19,   40,   42,   80  ] . 

 As indicated above, the monomeric phenolic compounds are usually formed in 

much lower yield than the pyrolytic lignins. Since the monomers are more reactive 

than the oligomers for resin production, and thus, it will be attractive to promote the 

production of monomeric phenolic compounds. According to some previous studies, 

fast pyrolysis of biomass impregnated with some alkaline compounds (NaOH, 

KOH) could increase the yield of monomeric phenolic compounds  [  23,   24,   63  ] . 
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In another study, Pd/SBA-15 catalysts were employed to catalytic crack biomass 

fast pyrolysis vapors that contained a lot of pyrolytic lignins, and the results indi-

cated that the Pd/SBA-15 catalysts were able to promote the conversion the pyro-

lytic lignins to monomeric phenolic compounds, and meanwhile to crack and 

decrease holocellulose-derived products. Hence, the content of the total monomeric 

phenolic compounds reached 55% (peak area% on the GC/MS ion chromatograms) 

in the catalytic pyrolytic products  [  51  ] . Some other catalysts were also con fi rmed to 

possess the catalytic capability to increase the yield of monomeric phenolic com-

pounds or their content in the catalytic bio-oils  [  3,   8,   9,   62  ] . 

 Furthermore, if single phenolic compounds could be produced and recovered, 

they should be much more valuable than the mixed phenolic compounds. 

According to a previous study done by Murwanashyaka et al.  [  59  ] , the evolution of 

major monomeric phenolic compounds took place in the following order: methyl-

guaiacol, ethylguaiacol, guaiacol, propenylsyringol, phenol, and catechol, which 

suggested that the production of speci fi c phenolic compounds might be achieved by 

stepwise pyrolysis of biomass. Catalytic pyrolysis is another promising way. For 

example, during the catalytic cracking of biomass fast pyrolysis vapors with Pd/

SBA-15 catalysts, the 4-ethyl-2-methoxy-phenol was increased greatly, with the 

content up to 10% (peak area% on the GC/MS ion chromatograms) in the pyrolytic 

products  [  51  ] . Some subsequent studies have also been reported for the recovery of 

pure single phenolic compounds  [  60  ] .  

    3.8   Light Aromatic Hydrocarbons 

 Hydrocarbons are usually formed in very low yields during fast pyrolysis of bio-

mass, but can be greatly increased by using proper cracking catalysts with deoxy-

genation capability  [  16  ] . Zeolite catalysts (such as HZSM-5, HY, etc.) are very 

effective to convert the highly oxygenated crude bio-oils or pyrolysis vapors to 

hydrocarbons which are dominated by several light aromatic hydrocarbons (ben-

zene, toluene, xylene, and naphthalene)  [  43,   67,   70,   95,   97  ] . For example, in the 

studies performed by Adjaye et al.  [  4,   5  ] , catalytic cracking of the crude bio-oil by 

HZSM-5 catalysts obtained a organic liquid product with up to 90 wt% of aromatic 

hydrocarbons, and the aromatic hydrocarbons contained abundant toluene 

(31.8 wt%) and xylene (33.1 wt%). 

 Other catalysts were also investigated for the production of light aromatic hydro-

carbons. For example, Wang et al.  [  94  ]  reported that catalytic pyrolysis of biomass 

using CoMo-S/Al 
2
 O 

3
  catalyst produced the four light aromatic hydrocarbons (ben-

zene, toluene, xylene, and naphthalene) with the yield reaching 6.3 wt% at 590°C.  

    3.9   Other Valuable Chemicals 

 In addition to the above chemicals, many other chemicals can be produced by selective 

fast pyrolysis of biomass. For example, Chen et al.  [  18  ]  reported that fast pyrolysis 
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of biomass impregnated with Na 
2
 CO 

3
  produced HA with high purity. Badri  [  10  ]  

revealed that catalytic pyrolysis of cotton with reactive dyes favored the formation 

of 5-hydroxymethyl-furfural (HMF) and 3-(hydroxymethyl)-furan. Lu et al.  [  51  ]  

found that fast pyrolysis of cellulose followed with catalytic cracking of the vapors 

by sulfated metal oxides could obtain high yields of furan and 5-methyl furfural. In 

another study, Lu et al.  [  52  ]  con fi rmed that catalytic cracking of the biomass fast 

pyrolysis vapors using ZrO 
2
  and TiO 

2
  increased the formation of three light carbo-

nyl products (acetaldehyde, acetone, and 2-butanone).   

    4   Conclusion 

 Most of the selective fast pyrolysis techniques are only in their early stage of devel-

opment, and none of the techniques is commercially practical to produce speci fi c 

chemicals in marketable quantities at present. Three aspects should be considered 

for the commercialization of the selective fast pyrolysis techniques, including (1) 

the technique to produce speci fi c chemicals in high yield and purity, (2) the method 

to recover the target chemicals from pyrolysis liquids, and (3) the ready markets for 

the chemicals. 

 Among the above indicated chemicals, the LG, HAA, and AA can be produced 

without catalyst utilization, and thus, their large-scale production might be rela-

tively easy to achieve through slight modi fi cation of the conventional fast pyrolysis 

technique. The production of other chemicals requires catalysts, which will add 

dif fi culty to their scale up. Various methods have been proposed for the chemicals 

recovery, and further studies should be conducted to reduce the puri fi cation cost. 

Finally, it is important to note that currently there are no existing markets for the 

LG, LGO, LAC, anhydro-oligosaccharides, and some other chemicals. Corresponding 

markets should be developed by manufacturers who would incorporate these chemi-

cals into various products.      
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  Abstract   One of the major challenges in utilization of biomass is its high moisture 

content and variable composition. The conventional thermochemical conversion 

processes such as pyrolysis and gasi fi cation require dry biomass for production of 

biofuels. Sub- and supercritical water (critical point: 374°C, 22.1°MPa) technology, 

which can utilize wet biomass, capitalizes on the extraordinary solvent properties of 

water at elevated temperature for converting biomass to high energy density fuels and 

functional carbonaceous materials. Here, water acts as reactant as well as reaction 

medium in performing hydrolysis, depolymerization, dehydration, decarboxylation, 

and many other chemical reactions. One of the advantages is that the large parasitic 

energy losses that can consume much of the energy content of the biomass for moisture 

removal are avoided. In sub- and supercritical water-based processes, water is kept in 

liquid or supercritical phase by applying pressure greater than the vapor pressure of 

water. Thus, latent heat required for phase change of water from liquid to vapor phase 

(2.26 MJ/kg of water) is not needed. For a typical 250°C subcritical water process, the 

energy requirement to heat water from ambient condition to the reaction temperature 

is about 1 MJ/kg, equivalent to 6–8% of energy content of dry biomass.      

    1   Introduction 

 This chapter describes the application and current status of sub- and supercritical 

water (collectively called hydrothermal) technology for liquid fuels (bioethanol, 

biocrude), gaseous fuels (methane, hydrogen, synthesis gas), and solid fuels 

(biochar, other functional carbonaceous materials) production from biomass. Energy 

security, sustainability, and climate change concerns have led the world to look for 
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renewable and alternative energy resources. The large-scale substitution of petro-

leum-based fuels and products with renewable sources are needed to minimize the 

environmental issues  [  30  ] . Biomass is the world’s fourth largest energy source, fol-

lowing coal, oil, and natural gas. Biomass is an attractive feedstock for fuel and 

biomaterials due to three main reasons. First, it is a carbon-neutral renewable 

resource that could be sustainably developed for the production of bioenergy and 

biomaterials. Second, it is environmentally benign, as it does not add to the green 

house gas emission, and possibly reduces NO 
x
  and SO 

x
  depending on the fossil fuels 

displaced. However, when combusted in traditional stoves, emission of polycyclic 

aromatic hydrocarbons, dioxins, furans, and heavy metals is an environmental health 

concern  [  89  ] . Third, it appears to have a signi fi cant economic potential given the 

 fl uctuating prices of the fossil fuels. Moreover, development of bio-based economy 

brings the opportunity for rural empowerment and also the energy security, since 

biomass resource is distributed all over the world. 

 In recent years, there is signi fi cant research interest on nonfood resources or 

so-called second-generation biofuels from lignocellulosic biomass. Lignocellulose 

is a generic term for describing the main constituents in most plants, namely cellulose, 

hemicellulose, and lignin (Fig.  1 ).  

 Lignocellulosic biomass, which is the non-starch-based  fi brous part of plant 

material, is a renewable and abundantly available resource that can be considered as 

a potential feedstock for biofuels. The components of lignocelluloses form 3D 

polymeric composites to provide structure and rigidity to the plant. The composition 

of lignocellulosic materials varies with several factors such as type of plant, growth 

conditions, on the part of plant, and on the age of harvesting  [  28,   77,   87  ] .  

    2   Structure and Composition of Lignocellulosic Biomass 

 Lignocelluloses are derived from wood, grass, agricultural residues, forestry waste, 

and municipal solid wastes. The major components of lignocellulosic material are 

cellulose, lignin, and hemicellulose, with others (extractives and ash) also present in 

Cellulose

38-50%

Hemicelluloses

23 - 32%

Lignin

15 - 25%

Other 

5 - 15%Cellulose

Lignin

Hemicelluloses

  Fig. 1    Typical composition of lignocellulosic biomass       
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small percentage. Cellulose and hemicelluloses are polymers based on different 

sugars, whereas lignin is an aromatic polymer mainly built of phenylpropanoid 

precursors. Composition of these polymers within single plant varies with age and 

stage of growth  [  90  ] . 

  Cellulose : Discovered 150 years ago, cellulose is most abundant organic matter on 

the earth. It is the main structural constituent of plants and algal cell walls. Cellulose 

in wood is mixed with many polymers such as hemicelluloses and lignin. The  fl uffy 

 fi ber of cotton bolls is the purest naturally occurring form of cellulose. It is an 

unbranched chain and homopolymer of  b - d -glucopyranose units linked together 

by (1 → 4)-glycosidic bonds with a repeating unit of C 
6
 H 

10
 O 

5
  strung together by 

 b -glycosidic linkages (Fig.  2 ).  

 The  b -linked glucose units in cellulose form long linear chains that associate to 

form nanometer-scale crystalline  fi bers called elemental  fi brils that are highly stable 

and resistant to chemical attack because of the high degree of hydrogen bonding 

present between chains of native cellulose. Hemicellulose and lignin cover the 

cellulose micro fi brils which are formed by assembly of elemental  fi brils. Hydrogen 

bonding between cellulose chains makes the polymers more rigid, inhibiting the 

 fl exing of the molecules that must occur in the hydrolytic breaking of glycosidic 

linkages. Hydrolysis can reduce cellulose to a cellobiose repeating unit, C 
12

 H 
22

 O 
11

 , 

and ultimately to glucose  [  70,   86,   99  ] . 

 There are six known polymorphs of cellulose (I, II, III 
1
 , III 

II
 , IV 

I
 , and IV 

II
 ) which 

can also interconvert. The interconversion of cellulose is shown in Fig.  3 .  

 Cellulose I, also termed as native cellulose, has parallel arrangement of chains 

and is the only polymorph that occurs naturally. Cellulose II is converted through 

mercerization or solubilization–regeneration of native or other celluloses. Cellulose 

II is thermodynamically more stable structure with a low energy crystalline arrange-

ment having an antiparallel arrangement of the strands (two cellulose chains lie 

antiparallel to one another) and some intersheet hydrogen bonding. Cellulose III 
I
  

and III 
II
  can be obtained from Cellulose I and II, respectively, by treatment with 

liquid ammonia or some amines, whereas polymorphs IV 
I
  and IV 

II
  can be obtained 

from heating cellulose III 
I
  and III 

II,
  respectively, to 206°C in glycerol  [  70,   86,   98, 

  99  ] . Two decades ago, it was reported that native cellulose (cellulose I) exists as a 

mixture of two crystalline forms I 
 a 
  and I 

 b 
 , having triclinic and monoclinic unit cells, 

respectively  [  2  ] . Cellulose I 
 a 
  is thermodynamically less stable, as shown by its 

conversion to cellulose I 
 b 
  by annealing at 260°C. In both crystalline forms, cellobiose 

  Fig. 2    Cellulose structure       
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is the repeating unit with a strong intra-chain H-bond from 3-OH to the preceding 

ring O5, whereas the interchain H-bonding and packing of the crystal are slightly 

different in the two forms  [  111  ] . 

 The comparatively lower stability of I 
 a 
  may provide the site of initial reaction in 

the micro fi bril. Cellulose molecules have reducing end groups, as chemical linkage 

between C1 carbon and the ring oxygen to form the pyranose ring. It is a hemiacetal 

group that allows the ring to open to form an aldehyde. The other end group is a 

secondary alcohol and commonly referred as the nonreducing end. The structural 

unit of cellulose has three hydroxyl groups, one primary and two secondary. These 

groups undergo chemical modi fi cations (e.g., esteri fi cations and etheri fi cations) 

during the reactions. But the accessibility of the reactants is limited because of the 

high degree of crystallinity of the native cellulose  [  24  ] . 

 Cellulases enzyme hydrolyze the  b -1,4-glycosidic linkages of cellulose. They 

are divided in two classes and referred as endoglucanases (endo-1,4- b -glucanases, 

EGs) and cellobiohydrolases (exo-1,4- b -glucanases, CBHs). EGs hydrolyze prefer-

ably amorphous region of cellulose and releases new terminal ends. Whereas CBHs 

act on existing or EGs generated chain ends. Both enzymes can degrade amorphous 

cellulose, but only CBHs enzyme act ef fi ciently on crystalline cellulose. Thus, 

CBHs and EGs work synergistically in cellulose hydrolysis and releases cellobiose 

molecules.  b -glucosidases are required to further breakdown the cellobiose to two 

glucose molecules  [  90  ] . 

  Hemicelluloses : Hemicelluloses are important carbohydrate fraction in plants made 

of mixed polysaccharides and stick to cellulose via hydrogen bonds, to create poly-

saccharide micro fi brils. Together these give a strong rigidity to plant cell walls but 

the added lignin improves this strength greatly. The molecules are much smaller 

than the cellulose (degree of polymerization  »  10 2 ) and are dominated by hydrogen 

bond from the 3-OH of one sugar to the ring oxygen of preceding sugar. 

Cellulose I Cellulose II

Regeneration

Mercerization

NH3(l) NH3(l)

-NH3(g) -NH3(g)

Cellulose IIII Cellulose IIIII

Cellulose IVI
Cellulose IVII

  Fig. 3    Interconversion of 
polymorphs of cellulose  [  86  ]        
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Hemicelluloses are a class of polymers that contain mixed sugars. The monomeric 

form of mixed sugars can be six carbon sugars such as mannose, galactose, glucose, 

and 4- O -methyl-d-glucuronic acid and  fi ve carbon sugars such as xylose and arabi-

nose depending upon the species   . Unlike cellulose, hemicelluloses possess side 

chains (Fig.  4 ).  

 The side groups include acetic acid, pentoses ( b - d -glucose,  b - d -mannose,  a - d -

galactose), hexuronic acids ( b - d -glucuronic acid,  a - d -4- O -methylglucuronic acid, 

 a - d -galacturonic acid), and deoxyhexoses ( a - l -rhamnose  a - l -fructose) and are 

responsible for the solubility of hemicelluloses in water and/or alkali. These 

side groups stop hemicelluloses molecules to aggregate and make them more sus-

ceptible to chemical degradation than cellulose. Within the plant, hemicelluloses are 

bound to cellulose and lignin component by covalent and noncovalent bonds in the 

cell wall and are thus  fi xed in the  fi ber structure  [  9,   97  ] . Xylans, mannans (glucoman-

nans), and galactans are the major categories of hemicelluloses. The xylans have 

backbone of  b -(1 → 4)-glycosidic linked xylose units and some of the xylose 

molecules have  a -(1 → 2)-bonded 4- O -methylglucuronic acids. The xyloses also 

contain acetyl groups. In softwoods, xylose molecules are connected to arabinose 

side chains are connected to the xylose molecules by  a -(1 → 3)-glycosidic bonds. 

Corncobs having a high xylan content are highly concentrated in xylans. Hardwoods 

have mannose and glucose units liked by  b -(1 → 4)-glycosidic bonds. Acetyl and 

galactose groups are connected to glucose–mannose backbone structure in soft-

woods. A summary of hemicelluloses composition in hardwoods (deciduous trees) 

and in softwoods (coniferous trees) is given in Table  1 .  

 Acetyl groups present in hardwood xylans and softwood galactoglucomannans 

are hydrolyzable by acid at elevated temperatures. The acetic acid released provides 

the acidity to the reaction media. The presence of uronic acid groups reduces the 

hydrolysis rate of glycocidic linkages appreciably  [  9  ] . Hemicelluloses are biode-

graded to monomeric sugars and acetic acid. Xylan is the main carbohydrate found 

in hemicelluloses and degradation requires the cooperative action of a variety of 

hydrolytic enzymes. Endo-1,4- b -xylanase generates oligosaccharides from the cleav-

age of xylan and 1,4- b -xylosidase produces xylose from the xylan oligosaccharides. 

Hemicellulose biodegradation requires accessory enzymes such as xylan esterases, 

ferulic and  p -coumeric esterases,  a -l-arabinofuranosidases, and  a -4- O -methyl 

glucuronidases    to work synergistically on wood xylans and mannans  [  90,   114  ] . 

O

O

O

O-Ac

OH

O

OH

O

OH

OH

O
O

O

O-Ac

OH

O
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O-Ac

O

O

OH
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O

COOH
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  Fig. 4    A segment of hardwood xylan       
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  Lignin : Lignin is a complex aromatic polymer. It is synthesized by the generation 

of free radicals released during peroxidase-mediated dehydrogenation of three 

phenylpropionic alcohols:  trans - p -coumaryl ( p -hydroxyphenyl propanol), coniferyl 

alcohol (guaiacyl propanol), and sinapyl alcohol (syringyl propanol). The structures 

of these lignin monomers are shown in Fig.  5 . The polymerization results in a 

heterogeneous structure whose basic units are linked by C–C and aryl-ether link-

ages, with aryl-glycerol  b -aryl ether being the predominant structure. Lignin is an 

amorphous heteropolymer, nonwater soluble, and optically inactive  [  90  ] .  

 The structural complexity of the lignin and its high molecular weight is the main 

reason why it is so hard to degrade by enzymes. Lignin content in wood or lignocel-

lulosic varies based on the species type, growing conditions, part of the plant tested, 

and numerous other factors. Lignin mainly acts as adhesive or binder in wood that 

provides strength and structure to the cellular composites of the plant and protects 

against microorganism or chemical attack. It controls the  fl uid  fl ow, acts as antioxidant 

by absorbing UV light, and stores energy. When lignin binds, it cross-links with the 

regular structure of the micro fi brils made of cellulose and hemicelluloses  [  77,   112  ] . 

Isolated lignin shows maximum solubility in the solvents such as dioxane, acetone, 

methyl cellosolve (ethylene glycol monomethyl ether), tetrahydrofuran, dimethyl 

formaldehyde (DMF), and dimethyl sulfoxide (DMSO). 

 Carbon–carbon linkages are very resistant to chemical attack, and degradation of 

lignin is largely limited to the cleavages of ether units at  a - and  b -positions. 

Functional groups of lignin follow  [  3  ] :

     – Hydrolyzable ether linkages :  b -aryl,  a -aryl, and  a -alkyl ether linkages are the 

main hydrolyzable ether units in lignin. Lignin may also contain some  a -ether 

linked l to carbohydrate, which is hydrolyzed at relatively lower rates.  

    – Phenolic hydroxyl groups : It plays an important role in promoting alkali-catalyzed 

cleavages of interunitary ether linkages, oxidative degradation of lignin, and in 

lignin modi fi cation reactions.  

    – Aliphatic hydroxyl groups : Two major aliphatic hydroxyl groups in lignin are 

located at the  g - and  a -positions of the side chains. Aliphatic hydroxyl group at 

  Fig. 5    Lignin monomers ( a )  trans - p -coumaryl alcohol, ( b ) coniferyl alcohol, and ( c ) sinapyl alco-
hol (redrawn from Bobleter)  [  9  ]        
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 a -position is a benzyl alcohol, which is very reactive and plays a dominant role 

in lignin reactions.  

    – Uncondensed Units : Units at position C2, C3, C5, and C6 are free or substituted 

by methyl groups are de fi ned as uncondensed units. Hardwood lignin, which 

contains high syringical units, has high content of uncondensed units.  

    – Unsaturated groups : Lignin contains some unsaturated groups, mainly as 

coniferyl alcohol and coniferaldehyde end groups.  

    – Ester group : Grass lignins contain signi fi cant amount of  p -coumeric acid and 

ferulic acid moieties, which are mainly esteri fi ed. These functional groups are 

liable to mild alkali treatment and mainly present at the  a -position.  

    – Methoxyl groups : These groups are relatively resistant to both acidic and alkaline 

hydrolysis.  

    – Accessibility : Lignins have a very high tendency to form hydrogen bonds like 

hemicelluloses and cellulose.    

 Lignin empirical formulae are based on ratios of methoxy groups to phenylpro-

panoid groups (MeO:C 
9
 ). The general empirical formula for lignin monomers is 

C 
9
 H 

10
 O 

2
  (OCH 

3
 ) 

 n 
 , where  n  is the ratio of MeO to C 

9
  groups. Where no experimental 

ratios have been found, they are estimated as follows: 0.94 for softwoods, 1.18 for 

grasses, 1.4 for hardwoods. These are averages of the lignin ratios found in the 

literature. Paper products, which are produced primarily from softwoods, are 

estimated to have a MeO: C 
9
  ratio of 0.94 (source: National Renewable Energy 

Laboratory, USA). 

  Extractives : Extractives are low to moderately high molecular weight compounds, 

which are soluble in water or organic solvents. They impart color, odor, and taste to 

the biomass. The composition of extractives varies widely based on the species and 

class of wood. Some of the important classes of extractives are terpenes, triglycer-

ides, fatty acids, and phenolic compounds  [  8  ] . 

  Ash : Ash contains metallic ions of sodium, potassium, calcium, and the corresponding 

ions of carbonate, phosphate, silicate, sulfate, chloride, etc.  

    3   Major Conversion Routes for Lignocellulosic 

Biomass to Biofuels 

 Lignocellulosic biomass consists of a variety of materials with distinctive physical 

and chemical characteristics. Typically it is categorized into either woody, herba-

ceous, or crop residues. Most of these biomass materials are already used, without 

preliminary conversion, as a fuel for heating purpose and also to produce steam for 

generating electricity. Direct combustion is best suited to biomass having low 

contents of moisture and ash. In fact, until the start of twentieth century, biomass 

and coal were the major sources of fuels and chemicals. The recent energy crisis, 

 fl uctuating oil prices, and political factors associated with the import of fossil fuels 



15511 Sub- and Supercritical Water Technology for Biofuels

have brought the focus again on the utilization of abundantly available biomass 

resources for producing easy-to-handle forms of energy such as gases, liquids, and 

charcoal  [  56,   134  ] . Biomass may be converted to energy by many different processes 

such as biochemical, thermochemical, and hydrothermal pathways depending on 

the raw characteristics of the material and the type of energy desired (Fig.  6 ).  

 Thermochemical processes depend on the relationship between heat and chemical 

action as a means of extracting and creating products and energy. Pyrolysis, 

gasi fi cation, and liquefaction which are conducted at a temperature of several 

hundred degrees Celsius are categorized in thermochemical processes. Pyrolysis is 

de fi ned as the thermal degradation of biomass in the absence of oxygen to produce 

condensable vapors, gases, and charcoal; in some instances, a small amount of air 

may be admitted to promote this endothermic process. The products of pyrolysis 

can be gas, liquid, and/or solid. In  fl ash pyrolysis, biomass is rapidly heated (e.g., at 

rates of 100–10,000°C/s) to 400–600°C, while limiting the vapor residence time to 

less than 2 s  [  4  ] . The oil production is maximized at the expense of char and gas. 

Pyrolysis processes typically use dry and  fi nely ground biomass. Pyrolysis and 

direct liquefaction processes are sometimes confused with each other, and a 

simpli fi ed comparison of the two follows. Both are thermochemical processes in 

which feedstock organic compounds are converted into liquid products. In the case 
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  Fig. 6    Major pathways for the conversion of biomass to biofuels       
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of liquefaction, feedstock macromolecules are decomposed into fragments of light 

molecules in the presence of a suitable catalyst. At the same time, these fragments, 

which are unstable and reactive, repolymerize into oily compounds having 

appropriate molecular weights  [  19  ] . With pyrolysis, on the other hand, a catalyst is 

usually unnecessary, and the light decomposed fragments are converted to oily 

compounds through homogeneous reactions in the gas phase. 

 In gasi fi cation, oxygen-de fi cient thermal decomposition of organic matter primarily 

produces synthesis gas. Gasi fi cation can be thought of as a combination of pyrolysis 

and combustion. Gasi fi cation has a good potential for near-term commercial applica-

tion due to the bene fi ts over combustion including more  fl exibility in terms of energy 

applications, higher economical and thermodynamic ef fi ciency at smaller scales, and 

potentially lower environmental impact when combined with gas cleaning and 

re fi ning technologies. An ef fi cient gasi fi er decomposes high molecular weight 

organic compounds released during pyrolysis into low molecular weight noncon-

densable compounds in a process referred to as tar cracking. Undesirable char that is 

produced during gasi fi cation participates in a series of endothermic reactions at tem-

peratures above 800°C which converts carbon into a gaseous fuel. Typically gaseous 

products include: CO, H 
2
 , and CH 

4
 . Fisher–Tropsch synthesis can be used to convert 

the gaseous products into liquid fuels through the use of catalysts. Gasi fi cation and 

pyrolysis both requires feedstock that contains less than 10% moisture  [  49,   85  ] . 

 Biochemical processes takes place at ambient to slightly higher temperature 

levels using a biological catalyst to bring out the desired chemical transformation. 

Bioethanol from lignocellulosic biomass is produced mainly via biochemical routes. 

The biomass is  fi rst pretreated by different pretreatment methods (discussed later) 

for the improving the accessibility of enzymes. After the pretreatment, biomass 

goes through the enzymatic hydrolysis for conversion of polysaccharides into 

monomeric sugars such as glucose, xylose, etc. Subsequently, sugars are fermented 

to ethanol by the use of different microorganisms using the process called simulta-

neous sacchari fi cation and co-fermentation (SSCF)  [  33  ] .  

    4   Supercritical Fluid Technology 

 The unique physicochemical    properties of dense supercritical  fl uids provide an 

attractive medium for chemical reactions and other processes. Fluids near critical 

points have solvent power comparable to that of liquids and are much more compress-

ible than dilute gases. The transport properties of such  fl uids lie intermediate 

between gas- and liquid-like. Supercritical  fl uids are attracting much attention in 

various  fi elds of science and technology. In the last decades, the number of applica-

tions has increased continuously in several areas such as:

   Supercritical water and carbon dioxide as alternative solvents   –

  Supercritical  fl uid extraction and puri fi cation   –

  Fine particle production by supercritical antisolvent (SAS) and rapid expansion  –

of supercritical solutions (RESS)  
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  Supercritical  fl uid chromatography for analytical applications   –

  Supercritical steam cycle technology for power plants     –

 Supercritical  fl uids can be advantageously exploited in environmentally benign 

separation and reaction processes, as well as for new kinds of materials processing. 

Although laboratory scale studies show excellent results, there are relatively few 

processes in industrial scale. The high pressure processes are generally expensive to 

design, build, operate, and maintain. Therefore, scaling up from laboratory to indus-

trial scale of such processes can only be successful if clear bene fi ts can be achieved 

in terms of high ef fi ciency, conversion ratios, product quality, and cost advantages 

over the conventional processes  [  25,   104,   128  ] . 

    4.1   Sub- and Supercritical Water 

 Water is an ecologically safe and abundantly available solvent in nature. Water has 

a relatively high critical point (374°C and 22.1 MPa) because of the strong interaction 

between the molecules due to strong hydrogen bond. Liquid water below the critical 

point is referred as subcritical water whereas water above the critical point is called 

supercritical water. Density and dielectric constant of the water medium play major 

role in solubilizing different compounds. Water at ambient conditions (25°C and 

0.1 MPa) is good solvent for electrolytes because of its high dielectric constant 

78.5), whereas most organic matters are poorly soluble under these conditions. 

 As water is heated, the H-bonding starts weakening, allowing dissociation of 

water into acidic hydronium ions (H 
3
 O + ) and basic hydroxide ions (OH − ). Structure 

of water changes signi fi cantly near the critical point because of the breakage of 

in fi nite network of hydrogen bonds and water exists as separate clusters with a 

chain structure  [  52  ] . In fact, dielectric constant of water decreases considerably near 

the critical point, which causes a change in the dynamic viscosity and also increases 

self-diffusion coef fi cient of water  [  71  ] . 

 Supercritical water has liquid-like density and gas-like transport properties, and 

behaves very differently than it does at room temperature. For example, it is highly 

nonpolar, permitting complete solubilization of most organic compounds and oxygen. 

The resulting single-phase mixture does not have many of the conventional transport 

limitations that are encountered in multiphase reactors. However, the polar species 

present, such as inorganic salts, are no longer soluble and start precipitating. The 

physicochemical properties of water, such as viscosity, ion product, density, and 

heat capacity, also change dramatically in the supercritical region with only a small 

change in the temperature or pressure, resulting in a substantial increase in the rates 

of chemical reactions. It is interesting to see (Fig.  7 ) that the dielectric behavior 

of 200°C water is similar to that of ambient methanol, 300°C water is similar to ambi-

ent acetone, 370°C water is similar to methylene chloride, and 50°C water is similar 

to ambient hexane.  

 In addition to the unusual dielectric behavior, transport properties of water are 

signi fi cantly different than the ambient water as presented in Table  2 .    
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    5   Sub- and Supercritical Water Technology for Biofuels 

 The use of sub- and supercritical water media also known as hydrothermal media, 

which can be broadly de fi ned as water-rich phase above 200°C, offers several 

advantages over the other biofuels production methods  [  94  ] . Some of the major 

bene fi ts are

   Ability to wet biomass   –

  Can use mixed feedstock or waste biomass from other process residues   –

  High energy and separation ef fi ciency (since water remains in liquid phase and  –

the phase change is avoided)  

  High throughputs   –

  Versatility of chemistry (solid, liquid, and gaseous fuels)   –

  Reduced mass transfer resistance   –

  Improved selectivity for the desired energy products (methane, hydrogen, liquid  –

fuel) or biochemicals (sugars, furfural, organic acids, etc.)  

  Fig. 7    Physical properties of water with temperature at 24 MPa  [  59  ]        

   Table 2    Comparison of ambient and supercritical water   

 Ambient water  Supercritical water 

 Dielectric constant  78  <5 

 Solubility of organic compounds  Very low  Fully miscible 

 Solubility of oxygen  6 ppm  Fully miscible 

 Solubility of inorganic compounds  Very high  ~0 

 Diffusivity (cm 2  s -1 )  10 -5   10 -3  

 Viscosity (gcm -1  s -1 )  10 -2   10 -4  

 Density (g cm -3 )  1  0.2–0.9 
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  No need to maintain specialized microbial cultures   –

  Products are completely sterilized with respect to any pathogens including  –

biotoxins, bacteria, or viruses  

  Processing of postfermentation residues     –

 Since the process is conducted in liquid/water-rich phase, the energy required for 

phase change of water from liquid to vapor is avoided. This provides an opportunity 

to reduce the requirement of process heat compared to steam-based processes. As an 

example, we know that 2.869 MJ/kg of energy is required to convert ambient water 

from 25°C to steam at 250°C and 0.1 MPa whereas only 0.976 MJ/kg of energy is 

required to convert ambient water from 25°C to subcritical water at 250°C and 

5 MPa. This energy need for heating water to subcritical condition (0.976 MJ/kg) is 

equivalent to 6–8% of energy contained in dry biomass. Generally, the higher heating 

value of dry biomass is in the range of 16–19 MJ/kg. This also means that the energy 

contained in the subcritical water is insuf fi cient to vaporize the water on decom-

pression. Further, it is possible to recover much of the heat from subcritical water. 

The technology can be applied to produce solid (biochar), liquid (bioethanol, 

biocrude/bio-oil), and gaseous (methane, hydrogen) fuels from biomass depending 

on the processing temperature and pressure as shown in Fig.  8 .  

 The substantial changes in the physical and chemical properties of water in the 

vicinity of its critical point can be utilized advantageously for converting lignocel-

lulosic biomass to desired biofuels  [  22,   94  ] . In fact, reactions in subcritical and 

supercritical water also provide a novel medium to conduct tunable reactions for the 

synthesis of specialty chemicals from biomass  [  76  ] . 

 In the subcritical region, the ionization constant ( K  
 w 
 ) of water increases with 

temperature and is about three orders of magnitude higher than that of ambient 

water (Fig.  7 ) and the dielectric constant (  e  ) of water drops from 80 to 20  [  118  ] . 

 A low dielectric constant allows subcritical water to dissolve organic compounds, 

while a high ionization constant allows subcritical water to provide an acidic 

  Fig. 8    Application referenced to pressure–temperature phase diagram of water       
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medium for the hydrolysis reactions. These ionic reactions can be dominant because 

of the liquid-like properties of subcritical water. Moreover, the physical properties 

of water, such as viscosity, density, dielectric constant, and ionic product, can be 

tuned by small changes in pressure and/or temperature in subcritical region  [  31,   79, 

  103  ] . In the supercritical region, density of water drops down to lower value. This 

means that ionic product of water is much lower and ionic reactions are inhibited 

because of the low relative dielectric constant of water. The lower density favors 

free-radical reactions, which may be favorable for gasi fi cation  [  61  ] . 

    5.1   Reaction Pathways of Cellulose, Hemicelluloses, 

and Lignin in Hydrothermal Medium 

 Lignocellulosic biomass is a mixture of cellulose, hemicelluloses, and lignin which 

are held together by covalent bonding, various intermolecular bridges, and van der 

Waals forces forming a complex structure. Several studies have been conducted 

using model compounds such as cellulose, hemicelluloses, and lignin in sub- and 

supercritical water to establish the reaction pathways of these compounds in hydro-

thermal medium. The chemistry behind the reactions of the individual components 

of biomass under hydrothermal conditions is well understood. The generalized 

individual reaction pathways of the major components of biomass (cellulose, 

hemicelluloses, and lignin) are discussed in the following section.  

    5.2   Cellulose Reaction Pathways 

 Hydrothermal degradation of cellulose is a heterogeneous and pseudo- fi rst-order 

reaction for which detailed chemistry and mechanism have been proposed earlier 

 [  9,   80,   81,   107  ] . Cellulose reaction in hydrothermal and catalyst free medium mainly 

proceeds via hydrolysis of glycosidic linkages. The long chain of cellulose starts 

breaking down in such condition to smaller molecular weight water soluble 

compounds (oligomers) and further to glucose (monomer). Glucose is water soluble 

and undergoes rapid degradation in hydrothermal medium at elevated temperature. 

The key products from the glucose decomposition are shown in Fig.  9 . These prod-

ucts are formed mainly via dehydration, isomerization, reverse aldol condensation, 

and fragmentation reactions.  

 Hydrolysis of cellulose in supercritical water is very sensitive to residence time. 

A high residence time enhances the formation of organic acids such as acetic acid, 

formic acid, and lactic acid. Formation of acids makes the reaction medium more 

acidic, which is conducive for further degradation of hydrolysis products. Indeed 

after hydrolysis of cellulose in water at 320°C and 25 MPa for 9.9 s, more than half 

of the cellulose was converted to organic acids  [  100  ] . The solid cellulose-like 



16111 Sub- and Supercritical Water Technology for Biofuels

residues have been inevitably observed because of the rapid change in the polarity 

of water in going from reaction condition to room temperature. These residues have 

been reported to have a lower viscosity-average degree of polymerization (DP 
 v 
 ) 

with no signi fi cant change in crystallinity as compared to untreated cellulose  [  63  ] .  

    5.3   Hemicelluloses Reaction Pathways 

 Hemicelluloses are polysaccharides of  fi ve carbon sugars such as xylose or six car-

bon sugars other than glucose. They are usually branched and have much lower 

degree of polymerization. Branches in the chains do not allow the formation of 

tightly packed  fi brils. Hemicelluloses are not crystalline and easily hydrolyzable to 

their respective monomers. In fact, about 95% of hemicelluloses were extracted as 

monomeric sugars using water at 34.5 MPa and 200–230°C in a span of just few 

minutes  [  80  ] . In hydrothermal medium, hemicelluloses are hydrolyzed to sugars, 

which subsequently degrade into furfural and other degradation compounds. 

Furfural (2-furaldehyde) is commercially produced from hemicelluloses-derived 

xylose  [  94  ] .  

  Fig. 9    Key reaction products from cellulose hydrolysis in catalyst free hydrothermal medium 
 [  50,   94,   101,   125  ]        
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    5.4   Lignin Reaction Pathways 

 Lignin is a complex and high molecular weight polymer of phenylpropane derivatives 

( p -coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol). The density of 

hydrothermal medium is found to be a key parameter in lignin decomposition. In 

hydrothermal reaction medium, most of the hemicelluloses and part of the lignin are 

solubilized below 200°C. Lignin fragments have high chemical reactivity. Part of 

these fragments again cross-links and re-condenses to form high molecular weight 

water insoluble products  [  9  ] . Recently, Fang et al. have proposed the reaction pathway 

(Fig.  10 ) for lignin in supercritical water  [  29  ] .  

 The reaction steps consist of four phases: oil phase, aqueous phase, gas phase, 

and a solid residue phase  [  6,   29  ] . Their study concluded that lignin can be completely 

dissolved and undergoes homogeneous hydrolysis and pyrolysis preventing further 

re-polymerization. 

 The following sections discuss about application of sub- and supercritical water/

hydrothermal medium’s properties for bioethanol, biocrude, biochar, and gaseous 

fuels production.   

  Fig. 10    Reaction pathway of lignin in supercritical water (reproduced from  [  29  ] )       
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    6   Subcritical Water/Hydrothermal Pretreatment 

of Biomass for Bioethanol Production 

 Lignocellulosic biomass has emerged as a potential renewable biomass resource for 

the bioethanol production  [  92,   117  ] . The concept is to hydrolyze the cellulose and 

hemicelluloses fraction of biomass (holocellulose) to recover C 
5
  and C 

6
  sugars and 

then ferment the sugars to bioethanol  [  93  ] . The recovered lignin in the process 

which has relatively higher heating value in the range of 24–26 MJ/kg is typically 

used for generating steam or providing the process heat. The biochemical pathways 

which can be realized at a very moderate process conditions using cellulase and 

accessory enzymes to convert holocelluloses to fermentable sugars are the most 

promising ones for large-scale bioethanol production. But the ef fi ciency of this 

technology is limited due to the complex chemical structure of lignocellulose biomass 

and the inaccessibility of  b -glycosidic linkages to cellulase enzymes because of the 

low surface area and small size of pores in multicomponent structure. Hence, pre-

treatment is nowadays viewed as a critical step in lignocellulose processing  [  66  ] . 

 Pretreatment alters both the structural barrier (removal of lignin and hemicellu-

loses) and physical barrier (surface area, crystallinity, pore size distribution, degree 

of polymerization) which help in improving the accessibility of enzyme for hydro-

lysis  [  38,   67,   83  ] . It enhances the rate of production and the yield of monomeric 

sugars from biomass. Pretreatment is among the most costly step in the bioethanol 

conversion process as it may account for up to 40% of the processing cost. Moreover, 

it also affects the cost of upstream and downstream processes  [  69,   91,   130,   135  ] . 

Hence, an ef fi cient, less energy intensive and cost-effective pretreatment method is 

a necessity for producing ethanol at an economically viable cost. Different pretreatment 

methods are broadly classi fi ed into physical, chemical, physicochemical, and biologi-

cal processes. The conventional pretreatment, by using acids or alkalis, is associated 

with the serious economic and environmental constraints due to the heavy use of 

chemicals and chemical resistant materials  [  21,   43,   115  ] . 

 Hydrothermal pretreatment employing subcritical water has attracted much 

attention because of its suitability as a nontoxic, environmentally benign and inex-

pensive media for chemical reactions  [  63,   76  ] . One of the most important bene fi ts 

of using water instead of acid as pretreatment media is that there is no need of acid 

recovery process and related solid disposal and handling cost  [  21,   51  ] . Below the 

critical point, the ionization constant of water increases with temperature and is 

about three orders of magnitude higher than that of ambient water. Also, the dielectric 

constant of water decreases with temperature. A low dielectric constant allows 

liquid water to dissolve organic compounds, while a high ionization constant provides 

an acidic medium for the hydrolysis of biomass components via the cleavage of 

ether and ester bonds and favor the hydrolysis of hemicelluloses  [  31,   65,   79,   103  ] . 

The structural alterations due to the removal of hemicelluloses increase the acces-

sibility and enzymatic hydrolysis of cellulose. Enzyme accessibility is increased as 

a result of the increase in mean pore size of the substrate which enhances the prob-

ability of the hydrolysis of glycosidic linkage  [  42  ] . 
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 Hydrothermal pretreatment is typically conducted in the range of 150–220°C. 

The temperature range, aiming for the fractionation of hemicelluloses, is decided 

based on the fact that at temperature below 100°C less/small extent of hydrolytic 

reaction is observed whereas cellulose hydrolysis and degradation become signi fi cant 

above 210°C  [  32,   41  ] . The severity factor ( R  
 0 
 ) has been used by several researchers 

to measure the combined effect of temperature and residence time in hot water 

treatment of biomass processes  [  1,   88,   96  ] . The severity index is de fi ned as
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where  t  is the residence time in minutes and  T  is temperature in °C. 

 Ether bonds of the hemicelluloses are most susceptible to breakage by the hydronium 

ions. Depending on the operational conditions, hemicelluloses are depolymerized to 

oligosaccharides and monomers, and the xylose recovery from biomass can be as 

high as 88–98%. For example, Suryawati et al. have reported 90% removal of hemi-

celluloses from Kanlow switchgrass at 200°C  [  116  ] . Acetic acid is also generated 

from the splitting of thermally labile acetyl groups of hemicelluloses. In further 

reactions, the hydronium ions generated from the autoionization of acetic acid also 

acts as catalyst and promotes the degradation of solubilized sugars. In fact, the forma-

tion of hydronium ions from acetic acid is much more than from water  [  32,   41  ] . 

 The low pH (< 3) of the medium causes the precipitation of solubilized lignin 

and also catalyzes the degradation of hemicelluloses. To avoid the formation of 

inhibitors, the pH should be kept between 4 and 7 during the pretreatment. This pH 

range minimizes the formation of monosaccharides, and therefore the formations of 

degradation products that can further catalyze hydrolysis of the cellulosic material 

during pretreatment  [  10,   41,   58,   67,   82,   110,   128  ] . Maintaining the pH near neutral 

(5–7) helps in avoiding the formation of fermentation inhibitors during the pretreatment. 

The addition of small amount of K 
2
 CO 

3
  increases the glucan digestibility even at 

low pretreatment temperatures (150–175°C)  [  66  ] . Figure  11  shows the SEM images 

  Fig. 11    SEM images of untreated and pretreated switchgrass at 150°C in the presence of 0.9 wt.% 
of K 

2
 CO 

3
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of untreated and hydrothermally pretreated switchgrass in a  fl ow-through reactor 

where additional pores created after the pretreatment can be seen  [  62  ] .  

 In general, the concentrations of solubilized products are lower in hydrothermal 

pretreatment compared to the steam pretreatment  [  9  ] . Since the hot compressed 

water is used instead of steam, the latent heat of evaporation is saved which makes 

it easier to apply for a continuous process  [  57  ] . Yang and Wyman have reported that 

 fl ow-through process fractionated more hemicelluloses and lignin from corn stover 

as compared to batch system under the conditions of similar severity  [  132  ] . In a 

 fl ow-through system, the product is continuously removed from the reactor which 

reduces the risk on condensation and precipitation of lignin components, making 

the biomass less digestible. The soluble lignin compounds are very reactive at the 

pretreatment temperature and if not removed rapidly part of these compounds 

recondense and precipitate on the biomass  [  68,   96  ] . 

 In a subcritical water pretreatment study, the microcrystalline cellulose (MCC) 

pretreated at 315°C in a continuous  fl ow reactor for about 4 s of residence time 

showed nearly threefold increase in the initial enzymatic reactivity as compared to 

the untreated MCC at 3.5 FPU/g of glucan enzyme loading  [  63  ] . The percentage 

crystallinity of MCC slightly increased after the subcritical water pretreatment and 

remained high (>81%) throughout the treatment range (200–315°C). Increase in 

percentage crystallinity is generally attributed to the hydrolysis and removal of the 

amorphous part of cellulose during pretreatment  [  63  ] . The DP 
 v 
  of cellulose reduced 

with the pretreatment temperature and sharp decline was observed in cellulose 

samples pretreated at 315°C (Fig.  12 ). The DP 
 v 
  of untreated MCC was 327. It decreased 

with temperature as expected, but reduced rapidly for treatment above 300°C.   
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  Fig. 12    Degree of polymerization (DP 
 v 
 ) vs. pretreatment temperature for microcrystalline 

cellulose(MCC) in subcritical water  [  63  ]        
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    7   Subcritical Water/Hydrothermal Liquefaction 

for Biocrude Production 

 Biocrude is de fi ned as an aqueous carbohydrate solution (oxygenated hydrocarbon) 

produced from the liquefaction of biomass. Biocrude derived from the direct lique-

faction of biomass can be converted to liquid fuel, hydrogen gas, or chemicals. 

Aqueous phase reforming processes have been successfully utilized for converting 

the biomass-derived, water-soluble carbohydrates to liquid alkanes and hydrogen 

 [  45,   46,   121  ] . Preliminary studies on the conversion of various biomass types into 

liquid fuels have indicated that hydrothermal liquefaction can be more attractive 

than pyrolysis or gasi fi cation. In these studies, typically 25% biomass slurry in 

water is treated at temperatures of 300–350°C and 12–18 MPa pressures for 

5–20 min to yield a mixture of liquid, gas (mainly CO 
2
 ), and water. The liquid is a 

mixture with a wide molecular weight distribution and consists of various kinds of 

molecules. A large proportion of the oxygen is removed as carbon dioxide and the 

resulting biocrude contains only 10–13% oxygen, as compared to 40% in the dried 

biomass  [  35  ] . Hydrothermal upgrading (HTU) process was  fi rst developed by Shell, 

where biomass was subjected to subcritical water at 330°C to produce biocrude. 

Biocrude was further upgraded to liquid fuels via hydrodeoxygenation process  [  35  ] . 

In a conceptual process scheme, it was shown that each ton (dry basis) of biomass 

can produce 300 kg (or 95 gal) of liquid fuel. 

 Karagoez et al. investigated the distribution of products from hydrothermal liq-

uefaction (280°C for 15 min) when wood (sawdust), nonwood biomass (rice husk), 

and model biomass components (e.g. lignin, cellulose) are used as feedstock. The 

produced bio-oil was characterized for their differences in the hydrocarbon compo-

sitions with respect to feedstock. Cellulose showed the highest conversion among 

the four samples investigated. Sawdust and rice husk had almost similar conver-

sions. Liquid products were recovered with various solvents (ether, acetone, and 

ethyl acetate) and analyzed by GC–MS. The oil (ether extract) from the hydrother-

mal treatment of cellulose consisted of furan derivatives whereas lignin-derived oil 

contained phenolic compounds. The composition of oils (ether extract) from saw-

dust and rice husk contained both phenolic compounds and furans; however, pheno-

lic compounds were dominant. Rice-husk-derived oil consists of more benzenediols 

than sawdust-derived oil. The volatility distribution of oxygenated hydrocarbons 

was carried out by C-NP gram and it showed that the majority of oxygenated hydro-

carbons from sawdust, rice husk, and lignin were distributed at n-C 
11

 , whereas they 

were distributed at n-C 
8
  and n-C 

10
  in cellulose-derived oil. The gaseous products 

were carbon dioxide, carbon monoxide, methane in sawdust, rice husk, lignin, and 

cellulose  [  53,   54  ] . 

 Liquefaction of biomass in subcritical water proceeds through a series of structural 

and chemical transformations involving  [  16  ] 

   Solvolysis of biomass resulting in micellar-like structure   –

  Depolymerization of cellulose, hemicelluloses, and lignin   –

  Chemical and thermal decomposition of monomers to smaller molecules     –
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 Demirbas has also reviewed the possible mechanism of liquefaction. Organic 

materials are converted to lique fi ed products through a series of physical and chemical 

changes such as solvolysis, depolymerization, dehydration, and decarboxylation. 

Solvolysis is a type of nucleophilic substitution where the nucleophile is a solvent 

molecule. This reaction results in micellar-like substructures of the feedstock. 

Depolymerization reactions lead to smaller molecules. Decarboxylation and dehy-

dration lead to new molecules and the formation of carbon dioxide through splitting 

off of carboxyl groups  [  19  ] . 

 Switchgrass was effectively lique fi ed to produce biocrude in subcritical water in 

a  fl ow-through reactor. Biocrude composed of aqueous phase (water-soluble compound) 

and solid precipitates. The aqueous phase contained oligomers and monomers of 

 fi ve and six carbon sugars, degradation products (5-HMF and furfural), organic 

acids (lactic, formic, and acetic acid), 2-furancarboxaldehyde, and other phenolic 

products containing 5–9 carbon atoms. A small amount of potassium carbonate cata-

lyzed the liquefaction and enhanced the decomposition of biomass to water-soluble 

products. The residual solid contained mainly lignin fractions. Based on the infrared 

spectroscopy and electron microscopy, it was con fi rmed that subcritical water treat-

ment lead to a breakdown of lignocellulosic structure. Some of the identi fi ed 

compounds by GC–MS analysis (> 85% of con fi dence level) in biocrude from 

switchgrass liquefaction are given in Table  3 .  

 Hydrolysis of cellulose in hydrothermal medium has been studied extensively. 

Several research studies have shown that subcritical and supercritical water can be 

used under a variety of conditions to rapidly (order of seconds) liquefy cellulose to 

sugar and its degradation products  [  18,   76,   102  ] . Hemicelluloses, an amorphous 

fraction of lignocellulosic have been successfully extracted up to 95% of its fraction 

as monomeric sugar and sugar products in hydrothermal medium in the range of 

200–230°C in a very short reaction time  [  9,   80  ] . Low activation energy of lignin 

causes substantial degradation of lignin in hydrothermal medium at temperature 

   Table 3    Some of the identi fi ed compounds in biocrude produced from switchgrass (>85% of 
con fi dence level)  [  65  ]    

 No. 
 GC retention 
time (min)  Compound  Area (%)  Quality (%) 

  1  9.0  Furfural  10.5  86 

  2  21.0  1,2-Benzenediol  3.8  94 

  3  21.6  2,3-Dihydrobenzofuran  2.6  86 

  4  21.9  2-Furancarboxaldehyde  30.2  94 

  5  24.3  2-Methoxy-4-vinylphenol  2.3  93 

  6  24.9  1,4-Benzenediol, 2-methyl-  2.1  96 

  7  25.3  Phenol, 2, 6-dimethoxy-  1.5  96 

  8  25.4  Benzaldehyde, 4-hydroxy-  1.4  95 

  9  26.5  Vanillin  3.0  97 

 10  29.7  Homovanillyl alcohol  1.0  87 

 11  32.6  Benzaldehyde, 4-hydroxy-3,
5-dimethoxy- 

 1.0  91 
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below 200°C. Reaction proceeds through the cleavage of aryl ether linkages, 

fragmentation, and dissolution  [  9  ] . Lignin depolymerization yields low molecular 

weight fragments having very reactive functional groups such as syringols, guaiacols, 

catechols, and phenols  [  29  ] . The density of water within the hydrothermal medium 

has been found to be a key parameter in deciding the product pathways  [  94  ] . 

 The results of liquefaction studies on model compounds and the actual biomass 

in hydrothermal medium provides an opportunity for converting biomass to biocrude 

and other important chemicals. The hydrothermal medium (subcritical water) in the 

range of 250–350°C regions provides a favorable condition for conducting ionic 

reactions. In general, hydrothermal liquefaction conditions range from 250 to 

380°C, 7–30 MPa with liquid water present, often in presence of alkaline catalyst 

 [  94  ] . Crystalline cellulose was successfully converted to monomers (mainly glucose) 

and oligomers by hydrolysis in subcritical water in a continuous  fl ow reactor. More 

than 90% of the cellulose converts to water-soluble products above 330°C. The 

study showed that a high yield of hydrolysis products can be achieved at comparatively 

lower temperature (335°C) in subcritical water. For example, up to 66.8% of crystalline 

cellulose was converted to hydrolysis products at 335°C and 27.6 MPa in merely 

4.7 s reaction time. With increase in the reaction time, the hydrolysis products 

degraded to glycoaldehyde, fructose, 1,3 dihydroxyacetone, anhydroglucose, 5-HMF, 

and furfural. Yield of glycoaldehyde, a retro-aldol condensation product of glucose, 

increased with a decrease in the density of supercritical water, and the yield of degra-

dation products, 5-HMF and organic acids, increased with temperature and residence 

time. In supercritical water conditions, more than 80% of the cellulose converted 

into the degradation products (oxygenated hydrocarbons) and organic acids  [  64  ] .  

    8   Hydrothermal Carbonization for Biochar Production 

 Biochar is the carbon rich, high energy density solid product resulting from the 

advanced thermal degradation of organic materials such as wood, manure, agricultural 

residues, etc. The less  fi brous structure and high calori fi c value of biochar similar to 

that of coal makes it an excellent candidate for solid fuel. Table  4  compares some of 

the advantages of biochar as solid fuels over the raw biomass.  

 Biochar is resistant to decomposition upon land application and has a number of 

positive effects relating to soil fertility  [  10  ] . Pyrolysis and hydrothermal carbonization 

   Table 4    Comparison of biomass and biochar as solid fuel   

 Biomass  Biochar 

 High moisture retention  Low moisture retention and easily dried 

 Low heating value, so high transportation cost  High heating value, so less ($)/MJ cost 
during transportation 

 Perishable on storage  Not perishable and can be stored longer 

 Fibrous and so, dif fi cult material handling  Friable, easier to compact and handle 

 Poor compatibility with coal for co- fi ring  Better compatibility with coal for co- fi ring 



16911 Sub- and Supercritical Water Technology for Biofuels

(HTC) are the two main processes for the production of biochar. Pyrolysis typically 

utilizes high quality dry biomass for biochar production where air pollution is 

primary concern during traditional pyrolysis operation due to the emission of volatile 

compounds. The HTC is an environment friendly and promising process that uses 

water as solvent. Besides being relatively simple process, HTC has a number of 

other practical advantages. The HTC process does not require dry biomass and also 

the  fi nal product can be easily  fi ltered from the reaction solution. This way, complicated 

drying schemes and costly separation procedures are conceptually avoided. 

 The biomass feedstock typically contains 40–60% oxygen. Therefore, the 

removal of oxygen from biomass is the major objective for upgrading its energy 

density during biochar production. This objective can be accomplished by the 

removal of oxygen by dehydration, which removes oxygen in the form of water, and 

by decarboxylation, which removes oxygen in the form of carbon dioxide. 

Thermodynamically, water is fully oxidized compound and has no residual heating 

value. Therefore, water makes an ideal medium for conducting such reactions. Even 

in the excess of water, biomass undergoes dehydration reaction at elevated tempera-

ture and pressure  [  94  ] . Due to the increased ionization of water at elevated temperature, 

the biomass components undergo depolymerization mainly by hydrolysis reactions. 

The subcritical water in the temperature region of 180–250°C can effectively be 

utilized for the production of biochar from biomass  [  62  ] . The longer reaction time 

of the order of several hours is typically needed for the substantial removal of oxy-

gen by dehydration and for the subsequent breakdown of the  fi brous structure of 

biomass. The dehydration of biomass at lower temperature can be accelerated by 

the addition of small amount of acids. 

 In nature, coal is formed from plant material undergoing heat and pressure treat-

ment over millions of years. The acceleration of coali fi cation of biomass by a factor 

of 10 6 –10 9  in hydrothermal medium under milder process conditions can be a con-

siderable and technically attractive alternative for biochar production  [  120  ] . 

Essentially, all forms of biomass can be converted to biochar. Forest thinning, 

herbaceous grasses, crop residues, manure, and paper sludge are some of the poten-

tially attractive feedstock. The enhanced transportation and solubilization properties 

of sub- and supercritical water (hydrothermal medium) play an important role in the 

transformation of biomass to high energy density fuels and functional materials 

 [  44  ] . Here, water acts as reactant as well as reaction medium which help in perform-

ing hydrolysis, depolymerization, dehydration, and decarboxylation reactions. The 

proton-catalyzed mechanism, direct nucleophilic attack mechanism, hydroxide-

ion-catalyzed mechanism, and the radical mechanism play important roles in the 

conversion of biomass in hydrothermal medium  [  73,   95  ] . Under the umbrella of 

hydrothermal process, the conversion of a variety of biomass to chemicals, includ-

ing organic monomer, biofuel, hydrogen, and biochar, has been studied widely. 

Through hydrothermal carbonization, a carbon-rich black solid as insoluble product 

is obtained from biomass in the range of 180–350°C  [  105,   120  ] . 

 The earliest research focused on analyzing the changes in O/C and H/C atomic 

ratio to understand the chemical transformations taking place during HTC  [  7  ] . For 

example, Marta et al. studied the HTC of three different saccharides (glucose, 
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sucrose, and starch) at temperatures ranging from 170 to 240°C. The result showed 

that a carbon-rich solid product made up of uniform spherical micrometer-sized par-

ticles of diameter 0.4–6 mm range could be synthesized by modifying the reaction 

conditions. The formation of the carbon-rich solid through the HTC of saccharides 

was the consequence of dehydration, condensation, polymerization, and aromatiza-

tion reactions. In a recent study, the same group of researchers used cellulose as 

starting material and successfully established that highly functionalized carbona-

ceous materials can be produced by HTC from cellulose in the range of 220–250°C 

 [  72  ] . The formation of this material follows essentially the path of a dehydration 

process, similar to that previously observed for the hydrothermal transformation of 

saccharides such as glucose, sucrose, or starch. In another recent study, Titirici et al. 

compared hydrothermal carbons synthesized from diverse monomeric sugars and 

their derivatives (5-hydroxymethyl-furfural-1-aldehyde (HMF) and furfural) under 

hydrothermal conditions at 180°C with respect to their chemical structures. The results 

showed that type of sugars has an effect on the structure of carbon-rich solids  [  119  ] . 

 The traditional method for biochar production from biomass sources is slow 

pyrolysis, where dry biomass is used for the purpose in the range of 500–800°C. 

Antal Jr. and coworkers have developed another method for charcoal production 

which is named as  fl ash carbonization. The process is conducted at elevated pressure 

by the ignition and control of a  fl ash  fi re within a packed bed of biomass  [  122  ] . 

Considering the relatively high energy consumption needed in the pyrolysis process, 

HTC process which is typically conducted in subcritical water below 300°C might 

be an economical and ef fi cient option for biochar production. The process is par-

ticularly important since it can utilize the wet biomass. Switchgrass was converted 

to biochar by HTC at 200–280°C. Compared with the reaction time and pressure, 

the temperature plays an important role in the conversion. With increase in tempera-

ture, biochar yield decreased but the heating value increased. The HHV of biochar 

produced at 280°C in just 1 h of HTC was comparable to the bituminous grade coal 

 [  62  ] . In October 2010, AVA-CO2, ZUG, Switzerland & KARLSRUHE launched 

the world’s  fi rst industrial-size HTC plant. With an overall capacity of 14,400 L and 

an annual capacity to process 8,400 tons of biomass, the HTC reactor demonstrates 

an impressive way that the experts from AVA-CO2 have succeeded in constructing 

and operating a plant of industrial size.  

    9   Carbon-Rich Microspheres from Sugars in Subcritical Water 

 Carbon-rich microspheres can be formed by the HTC of sugar solution if treated for 

several minutes to hours at 180–200°C. Titirici et al. had studied the HTC of carbo-

hydrate model compounds such as glucose and xylose. Their study reported the 

elemental carbon in the microsphere as 64 and 68% from glucose and xylose, 

respectively  [  119  ] . HTC of sugars is a potential alternative to produce uniform carbon-

rich microspheres  [  120  ] . Kumar et al. studied the HTC of glucose solution to 

produce the carbon microspheres from soluble organic compounds (Fig.  13 ). The 

precipitated solids were globular with their diameter ranging from 0.2 to 2  m m and 
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having a higher heating value (HHV) of 24.8 MJ/kg which is comparable to lignin’s 

HHV (24–26 MJ/kg)  [  62  ] . Glucose in hydrothermal medium at relatively low tem-

perature (180–200°C) range and longer residence time (order of few hours) under-

goes mainly dehydration and partial fragmentation (C–C bond breaking) reactions.  

 The intermediate compounds are mainly furan-like compounds, organic acids, 

and aldehydes  [  55  ] . Furan-like ring compounds may undergo polymerization via 

aldol condensation to form soluble polymers. Aromatization of soluble polymers 

takes place under the reaction condition and when the aromatic clusters in aqueous 

solution reach the critical supersaturation point, they precipitate as carbon-rich 

microspheres. The process can be a novel tool for recovering the water-soluble 

oxygenated hydrocarbons as high heating value carbon-rich microspheres. The yield 

of these microspheres depends on the sugar contents in liquid solution subjected to 

HTC. Majority of sugar compounds present in the liquid undergoes polycondensa-

tion and dehydration processes resulting in carbon-rich microspheres.  

    10   Supercritical Water/Hydrothermal Gasi fi cation 

 Gasi fi cation of biomass into fuel gases, such as synthesis gas or producer gas, is a 

promising route to produce renewable fuels, which is commonly accomplished via 

partial oxidation of the feedstock using sub-stoichiometric air or oxygen or by indirect 

heating with or without steam. Typically, gasi fi cation is performed using relatively 

dry feedstock with moisture < 10 wt.% at 700–1,000°C and near ambient pressures. 

The synthesis gas or “syngas” can be utilized to produce liquid fuels by Fischer–Tropsch 

synthesis. Supercritical water gasi fi cation is a novel method to process organic 

matter from biomass  [  26  ] . Relatively fast hydrolysis of biomass in supercritical 

  Fig. 13    SEM images of carbon microspheres produced via hydrothermal carbonization (HTC) 
from glucose solution at 200°C for 2 h  [  66  ]        
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water leads to a rapid degradation of polymeric structure of biomass. The subsequent 

reactions also are rather fast, which leads to gas formation at relatively lower 

temperature compared to dry processes  [  60  ] . Above the critical point, the lower density 

of supercritical  fl uid favors free radical reactions and makes the reaction conditions 

conducive for the formation of methane and hydrogen gas  [  61  ] . There are two types 

of SCWG operations: (a) low temperature ranging from 350 to 600°C in the 

presence of metal catalysts, and (b) high temperature ranging from 500 to 750°C 

without catalyst or using nonmetallic catalysts  [  74  ] . For hydrogen formation from 

biomass, Watanabe et al.  [  126  ]  used Zirconia (ZrO 
2
 ) to catalyze the reaction while 

Elliott et al.  [  27  ]  and Byrd et al.  [  11  ]  demonstrated the signi fi cant activity of Ru, Rh, 

and Ni as catalysts. Biomass is gasi fi ed to mainly methane and carbon dioxide in the 

presence of an added heterogeneous catalyst in near critical or supercritical water 

(350–400°C). At higher temperature in supercritical water, biomass is converted to 

hydrogen-rich gas without catalyst or with nonmetal catalysts  [  26  ] . As discussed 

earlier, part of lignin and hemicelluloses fraction of biomass undergo solvolysis 

within few minutes of the exposure to hydrothermal medium. The hydrothermolysis 

of remaining biomass fractions occurs at somewhat higher temperature. The initial 

products subsequently undergo a variety of isomerization, dehydration, fragmentation, 

and condensation reactions that ultimately form gas and tars  [  74  ] . There are numerous 

studies describing supercritical water gasi fi cation of cellulosic biomass for methane, 

hydrogen, or fuel gas production  [  75,   94  ] . The Paci fi c Northwest National Laboratory 

(PNNL) has extensively studied the catalytic hydrothermal gasi fi cation process for 

several feedstocks in the last 30 years. In a recent feedstock test project, lignin-rich 

biore fi nery residues showed several levels of dif fi culty such as slow rate of conversion 

and plugging of feedlines, while algae feedstock were more reliably processed. The 

gasi fi cation was conducted using Ru/C gasi fi cation catalyst with a pelletized Raney 

nickel sulfur scrubbing bed. 

 The principal advantages of supercritical water for gasi fi cation are that process 

can utilize wet feedstock and can achieve high gasi fi cation ef fi ciency at compara-

tively low temperature (400–700°C). The homogeneous reaction medium with a 

minimal mass transfer resistance favors decomposition of organic compounds into 

gases, decreasing formation of tar and char  [  12  ] . For example, the highly nonpolar 

nature of supercritical water permits complete solubilization of most organic 

compounds. The resulting single-phase mixture does not have many of the conventional 

transport limitations that are encountered in multiphase reactors. However, the polar 

species present, such as inorganic salts, are no longer soluble and start precipitating 

 [  64  ] . Due to the different reaction mechanisms, supercritical water exhibits some 

important inherent advantages over the conventional gasi fi cation such as:

   Energy intensive drying of biomass is avoided   –

  The homogeneous reaction medium   –

  Easier separation of gaseous products after the reaction    –

  Requires lower reaction temperature compared to the conventional gasi fi cation     –

 Moreover, fuel gas is produced directly at high pressure, which means a smaller 

reactor volume and lower energy needed to pressurize the gas in a storage tank. The 
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nonvolatile inorganic constituents of the co-product residue are expected to remain 

in the aqueous solution. This makes the resulting fuel gas cleaner and less corrosive 

compared to the conventional dry processes. The presence of alkali salts catalyzes 

the gasi fi cation processes  [  64  ] . Due to insolubility of inorganic salts in supercritical 

water, the alkali salts precipitate out rapidly as  fi ne particles and these in situ- 

generated particles provide extra surface area for heterogeneous catalysis  [  84  ] . The 

addition of alkali metal salts (e.g., KHCO 
3
 , KOH, Na 

2
 CO 

3
 , K 

2
 CO 

3
 ) also reduces 

coke formation and catalyzes the water-gas shift reaction  [  40  ] . For example, the 

addition of KHCO 
3
  leads to an increase in gas formation and a decrease in the 

amount of carbon monoxide  [  110  ] . For example, the use of K 
2
 CO 

3
  in the reaction 

mixture during depolymerization of cellulose in subcritical water substantially 

enhanced gas formation  [  64  ] . SCW has been utilized to gasify coal. For example, 

Hui  [  48  ]  obtained gas containing 70% hydrogen from gasi fi cation of a 24 wt.% 

coal-water-slurry with 2 wt.% sodium carboxymethyl cellulose and 1 wt.% K 
2
 CO 

3
  

at 580°C and 250 bar using a  fl uidized bed reactor.  

    11   Microalgae to Biofuels Using Sub- and Supercritical 

Water Technology 

 In general, conventional higher land plants are not very ef fi cient in capturing solar 

energy. Even the fastest growing energy crops can convert solar energy to biomass 

at a yearly rate of no more than 1 W/m 2   [  133  ] . However, the biomass productivity 

of microalgae, a photosynthetic microorganism, can be 50 times greater than switch-

grass  [  20  ] . Microalgae grow in marine and freshwater environments. Due to their 

simple cellular structure and submergence in an aqueous environment where they 

are in vicinity of water, CO 
2
 , and other nutrients, microalgae are generally more 

ef fi cient in converting solar energy into biomass. Microalgae can be used to pro-

duce wide range of second-generation biofuels and bioactive compounds  [  47,   106  ] . 

They offer many potential advantages  [  14,   106,   133  ]  over conventional biomass 

sources. Microalgae primarily comprise of varying proportion of proteins, carbohy-

drates, lipids, and ash. The percentages vary depending upon the species. Table  5  

presents the general composition of different microalgae. What really makes algal 

biomass feasible for biofuels production is the fact that many forms of algae have 

   Table 5    General composition of different algae (% of dry matter)  [  5  ]    

 Alga  Protein  Carbohydrates  Lipids 

  Chlamydomonas rheinhardii   48  17  21 

  Chlorella vulgaris   51–58  12–17  14–22 

  Euglena gracilis   39–61  14–18  14–20 

  Porphyridium cruentum   28–39  40–57  9–14 

  Scenedesmus obliquus   50–56  10–17  12–14 

  Spirulina platensis   46–63  8–14  4–9 
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very high lipid contents. The biomass that is nonlipid provides a high-value co-

product such as animal feed or fertilizer that offsets the cost of converting the algae 

to fuels. Growing algae also removes nitrogen and phosphorus from water and con-

sumes atmospheric CO 
2
 .  

    11.1   Major Challenges in the Conversion 

of Microalgae to Biofuels 

 Microalgae are considered as one of the most promising feedstock for biofuels. 

The biomass can be used for producing solid (biochar), liquid (biodiesel, liquid 

hydrocarbons, pyrolysis oil), and gaseous fuels (synthesis gas, methane, hydrogen). 

However, the attractive target is producing fungible fuels such as gasoline, diesel, 

and jet fuel ( [  37  ] ; Rene H.  [  129  ] ). Some of the major challenges in accomplishing 

the objective of cost-competitive biofuels production from microalgae are: 

  Dewatering : It is not uncommon to have less than one gram of algae per liter of 

water. Therefore, a cost-ef fi cient harvesting and drying process is needed to produce 

a biomass suitable for oil recovery. Conversion processes that can process wet 

biomass are highly desirable for reducing the energy intensive dewatering cost. 

  High Nitrogen Content : Microalgae are rich in proteins (Table  5 ). The elemental 

composition (carbon, hydrogen, and oxygen) of microalgae is similar to other 

cellulosic biomass but differs in nitrogen contents. Apart from water, sunlight, and 

carbon dioxide, nitrogen and phosphorous are the primary nutrients which are required 

to grow microalgae. Based on the average elemental composition, microalgae can be 

represented by a general formula as CH 
1.7

 O 
0.4

 N 
0.15

 P 
0.0094

 . The nitrogen content varies 

between 4 and 8 wt.% of the dry biomass depending upon the physiological state and 

nutrient limitation condition of microalgae  [  37,   129  ] . Due to the high nitrogen con-

tent, NO 
x
  emission and losses of nitrogen fertilizer are matter of great concern besides 

the high moisture content if whole microalgae are processed for biofuels  [  47  ] . 

 The organically bound nitrogen converts to ammonia in reducing atmosphere 

and NO 
x
  in combustion/oxidizing atmosphere during the biofuels conversion 

processes. In biogas production, high nitrogen contents lead to the ammonia toxicity 

during anaerobic digestion process. Also, high nitrogen contents are reported to 

inhibit the digestion of algal biomass. Similarly, presence of nitrogen in biomass 

will cause the formation of NO 
x
  compounds during gasi fi cation process which is 

conducted in the limited supply of oxygen. NO 
x
  is a greenhouse gas and heavily 

regulated environmental pollutant. Further, gas cleaning also adds to the cost, if 

synthesis gas is to be used for liquid fuels production via Fischer–Tropsch process. 

The nitrogen is mainly present as the protein in microalgae. Therefore, it is impor-

tant to extract high value protein for the sustainable production of biofuels from 

microalgae. The major emphasis should be on the value addition to the nonfuels 

components and the recycle of nutrients as much as possible. The approach for 

producing biofuels from microalgae can be different compared to the conventional 
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cellulosic biomass processes. The high protein contents of microalgae make it a 

potential candidate for extracting protein  [  16  ]  and the species which have the high 

lipid contents are best considered for biodiesel production via transesteri fi cation 

process  [  15,   23,   108  ] . 

  Diverse Composition : More than 50,000 species of microalgae are reported to exist 

 [  78  ] . Algal biomass composition varies depending upon the species (Table  5 ). The 

challenge involves developing a process that can tolerate the complex compo-

sitions found with different species of algae. In order to make biofuels cost competi-

tive, it is important to develop processes for the 100% utilization of algal biomass 

components.  

    11.2   Microalgae to Biofuels Conversion Processes 

 The most attractive target for fuel production from algae is the production of gaso-

line, diesel, and jet fuel  [  23,   36  ] . There are several competing pathways similar to 

lignocellulosic biomass for converting the biomass to liquid fuel, chemicals, and/or 

hydrogen. 

 The anaerobic digestion of microalgae is a process for production of biogas  [  34  ]  

which mainly contains CH 
4
  and CO 

2
  and is an environment friendly clean, cheap, 

and versatile gaseous fuel  [  39  ] . Vergara-Fernandez et al. reported that biogas produc-

tion levels of 180.4 mL/g-d of biogas can be realized using a two-stage anaerobic 

digestion process with different strains of algae, with a methane concentration of 

65%  [  124  ] . Unfortunately, biogas garners less importance than the common trans-

portation fuels. The selling cost per unit energy is considerably lower than gasoline. 

Because the biogas produced is relatively low in value, the anaerobic process must 

be simple in design, have low operating cost, and produce gas at high rates. 

 Pyrolysis processes typically use dry and  fi nely ground biomass. The oxygen 

content of bio-oils is usually 35–40 wt. %. The presence of oxygen is reason for 

substantially lower heating value of bio-oils compared to hydrocarbon fuels. Also 

of concern is the nitrogen content of algae, because this nitrogen tied up mostly as 

proteins is transformed to nitrogenous species such as pyridines. Removal of such 

oxygen is possible by decarboxylation, dehydration, and/or catalytic hydrotreating 

 [  123  ] . Therefore, bio-oils are required to be catalytically upgraded to make them 

fungible fuels. Considering the high moisture content of algae, pyrolysis that 

requires dried algae may not be an economical option and an inexpensive dewater-

ing or extraction process will have to be developed  [  23  ] . In fact, very few studies 

have been reported on pyrolysis of algae for bio-oil. The bio-oil yield for the 

microalgae  Chlorella protothecoides  rose from 5.7 to 55.3% as the pyrolysis 

temperature rose from 250 to 500°C, and then gradually decreased to 51.8% and 

was obtained at 600°C  [  20  ] . The heating value of bio-oils from algae was in the 

range of 35 MJ/kg which is relatively higher than that from wood. 

 Gasi fi cation is another transformation pathway for production of liquid fuels 

from algae. Synthesis gas is produced through the thermal decomposition of organic 
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matter in oxygen-de fi cient conditions. The presence of sulfur and nitrogen in 

feedstock can be the cause of impurities in synthesis gas. Sulfur in microalgae is 

signi fi cantly low (< 0.1 wt.% dry basis) and hence may not be a matter of concern. 

However, high nitrogen contents of microalgae lead to the formation of NH 
3
 , NO 

x
 , 

and HCN gases. These impurities should be cleaned before synthesis gas is 

subjected to FT process for avoiding the catalyst deactivation. It is important to note 

that the tolerance limits for NH 
3
 , NO 

x
 , and HCN are reported to be 10 ppmv, 

0.2 ppmv, and 10 ppb, respectively  [  113  ] . 

 In view of challenges associated with utilizing wet biomass, principally the need 

for water and nitrogen removal, reactions in sub and supercritical water medium 

may be an attractive option for extracting valuable bioactive compounds and 

producing biofuels from microalgae. Figure  14  shows the possibility of producing 

different kind of biofuels using sub- and supercritical water technologies.  

 The reactions conditions can be tuned to conduct liquefaction, carbonization, or 

gasi fi cation in water medium based on the product requirement. Microalgae is 

non fi brous compared to the lignocellulosic biomass and so feeding algae slurry at 

high pressure may be less challenging. In another recent study, it was reported that 

more than 80 wt.% of microalgae ( Chlorella vulgaris ) could be gasi fi ed in super-

critical water. The studies were conducted in quartz capillaries under operating 

temperatures of 400–700°C and reaction times of 1–15 min in the presence of 

nickel-based catalysts. The dry gas composition from algae gasi fi cation in super-

critical water was mainly comprised of CO 
2
 , CO, CH 

4
 , H 

2
 , and some C 

2
 –C 

3
  com-

pounds  [  13  ] .   

    12   Challenges of Hydrothermal Processing 

 Although in laboratory experiments excellent results have been achieved and the 

technology possesses many potential bene fi ts over the conventional methods of 

processing biomass to biofuels or chemicals, there are certain issues, which need to 

be addressed.

     – Biomass feeding at high pressure : As a “rule of thumb,” the solid loading in 

excess of 15–20 wt.% is considered economical on commercial point of view. 

Gas (CH4, CO, CO2, H2) 

Bio-oil

Biochar

Hydrothermal

Treatment

(200-600�C)

Algae

  Fig. 14    Different fuels from microalgae using sub- and supercritical water technology       
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Feeding slurries at high pressure is always challenging especially for the lab 

scale studies since low capacity slurry pumps are rarely available. Pumping 

slurry at large scale is less of a problem, where progressive cavity or similar 

pumps are commercially available.  

    – Salt precipitation : Plugging of reactors caused by the precipitation of inorganic 

salts above supercritical temperature and low density conditions. At room tem-

perature, water is an excellent solvent for most salts. On the other hand, solubility 

of most salts is very low (typically 1–100 ppm) in supercritical water (low 

density) and precipitating salts may plug the reactors even at high  fl ow velocities 

 [  59  ] . However, the problem may be used as an opportunity to produce a valuable 

fertilizer by-product of the process, if managed properly.  

    – Corrosion : The halogens, such as sulfur or phosphorous, present in the organic 

matter are converted to the respective acids, which may cause severe corrosion 

on the reactor wall under harsh reaction conditions. The corrosion problem can 

be reduced or avoided by selecting the right material of construction and or a 

slightly modi fi ed reactor concept.  

    – Coking and deactivation of heterogeneous catalyst : Some catalyst supports degrade 

or oxidize in hydrothermal conditions. Decline in catalyst activity is also observed 

with long period of exposure of catalyst during continuous process  [  94  ] .     

    13   Energy Balance of Wet Processes 

 Most of the biomass feedstock such as forest residues, agricultural residues, food 

processing wastes, agricultural sludge, etc. contains moisture or large amounts of 

water. In conventional thermochemical processes, considerable amount of energy is 

required to evaporate water. In case of microalgae as feedstock, energy required for 

the dewatering process may account for more than 75% of the total energy con-

sumption. Typical thermal dryers use signi fi cantly more energy per kilogram of 

evaporated water (3.3–3.9 MJ/kg). The drying steps lead to large parasitic energy 

losses that can consume much of the energy content of the biomass. In sub- and 

supercritical water processing, water is kept in liquid or supercritical phase by 

applying pressure greater than the vapor pressure of water at the reaction tempera-

ture. Thus, energy (latent heat of vaporization of water 2.26 MJ/kg) required for the 

phase change of water from liquid to vapor phase is avoided by carrying out the 

reactions under pressure. The speci fi c energy requirements needed to affect the iso-

baric expansion from liquid-like to gas-like densities are typically lower than what 

is needed when boiling occurs under subcritical pressures at an intermediate tem-

perature to form a two-phase mixture  [  94  ] . 

 Xu et al. compared the energy balance for wet and dry process for converting 

microalgae to biofuels  [  131  ] . In their study, biodiesel, glycerol, pyrolysis oil, and 

producer gas were considered as products from conventional dry processes, whereas 

green diesel, hydrogen, producer gas, and CO 
2
  recycling were considered for the 
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wet/hydrothermal process products. The fossil energy ratio (FER) was selected as 

performance indicator which was de fi ned as:

     
= biofuel

input

HHV
FER

E   
  

 HHV 
biofuel

 : Higher heating value of biofuel products. 

  E  
input

 : Fossil energy input. 

 The FER for dry and wet process was reported as 1.50 and 1.37, respectively. 

The FER of 1 indicates that the same amount of fossil energy is consumed in the 

process of converting the fossil energy to a useable fuel. The analysis showed that 

the drying process in the dry route and the oil extraction process in the wet route 

consume a signi fi cant amount of energy. By coupling waste heat from a nearby 

power plant to the process, the energy balance can be improved and a potential FER 

up to 2.38 and 1.82 can be reached for the dry and wet route, respectively. Their 

study further concluded that the dry route may be more interesting on a short-term 

basis because of a higher FER, but for the long term, the wet route has more potential 

because of producing biofuels with a higher value. In the absence of existing 

commercial operations on wet processes, most of the cost is estimated based on the 

equipment used in supercritical water oxidation processes, as an example: one wet 

ton of organic waste with an organic content of 10°wt.% to below 300 US$  [  59  ] . 

Being a high pressure system, major investment is attributed mainly to the equipment 

cost. The energy needed for pumping the feed at high pressure is signi fi cantly lower 

compared to the heat input required for heating the reactor at reaction temperature. 

In December 2010, Ignite Energy Resources, Australia declared that they have 

developed a supercritical Water (SCW) reactor technology for converting biomass 

and ancient coal into highly valuable oil and coal products.      
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  Abstract   This chapter brie fl y reviews the state of art on the conversion of biomass 

to biofuels by gasi fi cation followed by the gas to liquid conversion of biosyngas via 

Fischer–Tropsch and related syntheses. An integrated process to produce heat, elec-

tricity, or fuel by gasi fi cation and Fischer–Tropsch synthesis is analyzed. The present 

state of gasi fi cation reactor technology is outlined. The strategies for syn-gas 

cleanup are delineated. The catalysis and processes for methanol, Fischer–Tropsch, 

and isosynthesis are brie fl y evaluated. Finally, various approaches to an integrated 

process design depending on the desired end results (heat, electricity, or fuel) and 

the associated economics for each approach are outlined and brie fl y discussed.      

    1   Introduction 

 The world energy demand is increasing at a faster rate than its supply. This is particu-

larly true for the transportation fuel. The sources for total world energy supply at the 

present time are graphically illustrated in Fig.  1 . It is clear from this graph that coal 

and renewable sources combine to provide as much energy as oil. Heat, electricity, 

and transportation fuel are the major forms of energy use. While heat and electricity 

are derived from all sources of energy, transportation fuel has been largely obtained 

from the oil and natural gas. Although the major world reserve of crudes, heavy oils, 

and natural gas    reside in regions like Middle East, Canada, Venezuela, Russia, etc., the 

United States is the largest consumer of these forms of energy. In fact, because of 

the supply and demand discrepancies for the United States, more than 60% of oil con-

sumed by the United States is imported from the foreign countries. Furthermore, the 

global supply of oil is decreasing, while the demand is increasing. One of the reasons 
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for this is the aggressive economic development and the resulting energy need by the 

countries such as China, India, Latin America, and Russia among others  [  1,   2  ] .  

 It is imperative for the United States to be less dependent on foreign oil and develop 

alternate domestic sources to produce power for heat and electricity and synthetic oils. 

Besides crude oil and natural gas, the United States also uses considerable amount of 

coal, particularly for the power industries. The United States has the largest reserve of 

coal (which can last up to 200 years)  [  1,   2  ] , which can also be a very good oil substi-

tute for the production of transportation fuels. This can decrease the U.S. dependence 

on the foreign crude and heavy oil signi fi cantly. The technologies that have the most 

promise to convert coal to heat and electricity and/or liquid fuel include coal pyroly-

sis, combustion, and gasi fi cation. Gasi fi cation converts coal into producer gas with 

different amounts of methane, depending upon the gasi fi cation technology. The pro-

ducer gas can either be used for heat and electricity or it can be converted into syngas 

(which largely contains CO and H 
2
 ) by reforming technology. The syngas can then be 

converted to a liquid fuel by means of Fischer–Tropsch (FT) synthesis   . Both coal-

based power production and CTL (coal-to-liquid) technology are commercially avail-

able. Unfortunately, they suffer from unacceptable production of green house gases 

(GHG) such as carbon dioxide and other harmful volatile organic compounds. While 

other toxic compounds can be removed from power generation and CTL plants, the 

sequestration of carbon dioxide still remains a major issue. 

 While for the past several decades the use of biomass for the source of heat, 

electricity, and transportation fuel has been extensively examined in Europe, Brazil, 

and several other countries, in recent years the use of biomass as a raw material for heat 

and electricity and transportation fuels is also becoming increasingly important in the 

United States. The energy available from renewable biomass sources in the United 

States has been estimated to be about 20% of the U.S. energy consumption  [  1,   2  ] . 

There are basically three classes of feedstocks derived from biomass that are 

appropriate for the production of renewable fuels for heat, electricity, and transportation 

Oil
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Nuclear
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Hydro
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Combustible
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Waste
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fuel: (1) starchy and edible feedstocks such as corn, beets, sugar cane, (2) triglyceride 

feedstocks such as soybeans, algae, jatropha, and about 350 other types of crop oils, 

and (3) lignocellulosic feedstocks. While, bioethanol and biodiesel derived from 

 fi rst two sources are commercialized and continue to be examined, it is the lignocel-

lulosic biomass that is the most abundant class of biomass. While starch and triglyc-

erides are only present in some crops, lignocellulose contributes structural integrity 

to plants and thus always present. In general, most energy crops and waste biomass, 

such as switch grass, miscanthus, agricultural residues, municipal wastes, animal 

wastes, waste from wood processing, waste from paper and pulp industries, etc., are 

lignocellulose that can be used for the generation of heat, electricity, and transportation 

fuel. The analysis carried out by EPA  [  4  ]  shows that the use of biomass fuel sources 

results in the generation of signi fi cantly lower quantities of anthropogenic CO 
2
  

emissions during power or fuel productions. 

 Biomass can be converted to biofuels in a number of different ways. For lignocel-

lulosic biomass, thermochemical methods for the productions of biosyngas and 

bioliquids are very popular. These methods utilize gasi fi cation, reforming, pyrolysis, 

extraction, and liquefaction technologies to convert biomass into a variety of biogas 

and bioliquids. One method widely used is the gasi fi cation of biomass followed by 

reforming and gas cleaning to produce clean syngas. This syngas can be converted 

to a variety of bioliquids via well-known FT and related syntheses. This method is 

very versatile in that it can generate biofuels for heat, electricity, or transportation as 

well as for chemical feed stock. This brief chapter addresses three aspects of this 

method of biomass conversion: (a) basic chemistry and catalysis of FT and related 

processes for the conversion of biosyngas to bioliquids, (b) brief descriptions of various 

processes that currently exist for biomass to biosyngas and biosyngas to methanol 

and transportation fuels via FT and related syntheses, and (c) a brief assessment of an 

integrated process for the conversion of biomass to synthetic biodiesel fuel.  

    2   Fundamentals of Fischer–Tropsch and Related 

Chemistry and Catalysis 

 The general reactions for the hydrogenation of carbon monoxide are given as:

     +
+ + = +2 2 2 2(2 1)H CO C H H O 

n n
n n n

 
  (1)  

     +
+ + = +2 2 2 2( 1)H 2 CO C H CO

n n
n n n

 
  (2)  

     
+ = +2 2 22 H CO C H H O

n n
n n n

 
  (3)  

     
+ = +2 2 2H 2 CO C H CO

n n
n n n

 
  (4)  

     +
+ = + −2 2 1 22 H CO C H OH ( 1)H O

n n
n n n

 
   (5)  

     +
+ + − = + −2 2 1 2( 1)H (2 1)CO C H OH ( 1)CO

n n
n n n

 
  (6)   
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 These reactions represent the formation of paraf fi ns, monoole fi ns, and alcohols. 

The reactions generate water or carbon dioxide as by-products. As the concentration 

of carbon monoxide compared to that of hydrogen is increased, by-products change 

from water to carbon dioxide. However, the desired product can still be obtained 

during this change in the formation of the by-product. 

 Since the synthesis reactions lead to a smaller number of gaseous molecules, the 

equilibrium conversion at any given temperature increases with pressure. The 

in fl uence of temperature and pressure on equilibrium conversion of reaction ( 3 ) is 

given in Table  1 . As given in the table, for the formation of 1-decene (reaction ( 3 )), 

an increase in pressure by 50 atm allows temperature to be increased by 175°C to 

obtain the same level of conversion.  

 Generally, the reactions forming carbon dioxide rather than water have larger 

equilibrium constants. The standard free energy per carbon atoms,  D F o /n   , for reactions 

producing methane is more negative than that of the reactions forming the higher 

hydrocarbons. In addition, the free energy of elemental carbon formation is more 

negative than that for the higher hydrocarbons; therefore, the production of higher 

hydrocarbons for liquid fuels must depend on the selectivity of the catalyst. The 

nature of the catalyst affects the Schultz-Flory    chain growth distribution of FT 

products  [  6  ] . Also, as given in Table  2 , different catalysts and promoters under various 

temperature and pressure conditions produce varying products from the reactions 

between carbon dioxide and hydrogen  [  8  ] . Three most commercialized reactions in 

Table  2  are methanol synthesis, FT synthesis, and isosynthesis. The last synthesis 

converts syngas into branched hydrocarbons. We will mainly focus our discussion 

on these three syntheses.  

    2.1   Methanol Synthesis 

 Methanol synthesis has been postulated to occur via two different types of reaction 

steps. One mechanistic view indicate methanol to be formed by direct reaction ( 7 ) 

between carbon monoxide and hydrogen as:

     
+ =2 3CO 2H CH OH

 
  (7)  

   Table 1    In fl uence of temperature and pressure on equilibrium conversion 
in a typical synthesis reaction:     

2 10 20 2
20H 10CO C H 10H O+ = +    

(conversion = 80%) (after Anderson  [  5  ] )   

 Temp. (°C)  Pressure atm abs 

 300  1 

 390  10 

 420  20 

 445  30 

 475  50 
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   Table 2    Products of reaction between carbon monoxide and hydrogen  [  7  ]    

 Catalysts  Promoters 
 Temp. 
(°C) 

 Pressure 
(atm)  Product 

 Methane 
synthesis 

 Ru  250–500  1  Chie fl y methane 

 Ni  ThO 
2
 , MgO  250–500  1  Chie fl y methane 

 Fischer–
Tropsch 
synthesis 

 Fe, Co, Ni  ThO 
2
 , MgO, 

Al 
2
 O 

3
 , K 

2
 O 

 150–350  1–30  Paraf fi nic and ole fi nic 
hydrocarbons up to 
waxes, plus small 
to large quantities 
of oxygenated 
products 

 Ru  150–250  100–1,000  High molecular 
weight paraf fi nic 
hydrocarbons 

 Methanol 
synthesis 

 ZnO, Cu, 
Cr 

2
 O 

3
 , MnO 

 200–400  100–1,000  Methanol 

 Higher 
alcohol 
synthesis 

 Same as in C  Alkali  300–450  100–400  Methanol and higher 
alcohols 

 Isosynthesis  ThO 
2
 , 

ZnO + Al 
2
 O 

3
  

 K 
2
 O  400–500  100–1,000  Saturated branched 

hydrocarbons 

 Oxosynthesis a   CO, Fe  100–200  100–200  Oxygenated organic 
compounds 

   a This reaction involves hydrogen, carbon monoxide, and ole fi ns  

Also,

     
+ = +2 2 2CO H CO H O

 
  (8)   

 Thus, in this view, methanol is predominantly synthesized via direct hydrogena-

tion of carbon monoxide (reaction ( 7 )). The second reaction ( 8 ) is a reverse water 

gas shift (WGS) reaction. Experimental data containing 3–9% carbon dioxide in 

feed show a decrease in carbon dioxide concentration in the ef fl uent stream indicat-

ing the presence of the second reaction. The  fi rst reaction ( 7 ) is exothermic, while 

the second reaction ( 8 ) is endothermic. In this mechanism, the presence of carbon 

dioxide in the feed is extremely important. Low carbon dioxide in the feed will 

result in lower methanol productivity. Typically, 2–4% of carbon dioxide is present 

in the syngas mixture for the vapor phase synthesis of methanol and the correspond-

ing value for the liquid phase methanol synthesis is 4–8%  [  9,   10  ] . 

 The second view implies that the principal chemical reactions that lead to the 

synthesis of methanol are  [  9–  13  ] :

     
+ = +2 2 3 2CO 3H CH OH H O

 
  (9)  

     
+ = +2 2 2CO H O CO H

 
  (10)   

 According to this view, the synthesis of methanol proceeds predominantly via 

direct hydrogenation of carbon dioxide and WGS reaction proceeds in the forward 
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direction. The WGS reaction produces carbon dioxide which in turn increases the 

productivity of the methanol production. A signi fi cant literature is available to justify 

each of these two mechanistic views for the methanol productions. 

 Numerous commercial processes for methanol synthesis are available. These pro-

cesses have exploited both high and low pressure operations as well as both vapor 

phase and liquid phase operations. Some of the important commercial processes are 

outlined in Table  3 . The details of these processes are given by Lee et al.  [  14  ] .   

    2.2   FT Synthesis 

 The FT synthesis process can be made generally selective by proper choice of oper-

ating conditions and catalysts. Most of the studies over last several decades have 

been focused in this area. The status of the several FT processes through 1950 is 

given in Table  4 . The yield of C  
3
  +   product per cubic meter of synthesis gas given in 

this table is very important because it directly relates to the purity of the synthesis 

gas. The cost of the production of puri fi ed synthesis gas can be as high as 70% of 

the total cost of the FT process  [  16  ] . Earlier work focused on Fe catalysts and the 

improvements in these catalysts that would increase their operability and selectivity 

and decrease the operating costs of FT process  [  16  ] . The efforts were made to pre-

vent the reaction     = +22CO CO C    and improve the steady-state life of the catalyst. 

Signi fi cant developmental efforts were also made  [  17,   18  ]  for a more active and 

mechanically stable catalyst to further reduce the yields of C 
1
  and C 

2
   [  19  ] . The pro-

cess improvement efforts were also focused on developing a catalyst which mini-

mized the shift reaction.  

 It was suggested  [  8  ]  that further selectivity in FT reactions can be attained by 

either poisoning acceptable catalysts with sulfur compounds or by selecting sul fi des 

of less frequently used catalysts. Storch et al.  [  20  ]  reported that the initial effect of 

small amounts of H 
2
 S is the increase in nickel–manganese catalyst activity   . This 

was also con fi rmed by Herrington and Woodward  [  21  ]  for cobalt–thoria–kisselguhr 

   Table 3    Commercial processes for methanol synthesis (after Lee et al.  [  14  ] )   

 Process  Comments 

 The conventional ICI’s 100 atm 
methanol process 

 Cu/ZnO/Al 
2
 O 

3
  catalyst system; two parts: reforming 

and synthesis gas conversion 

 Haldor Topsoe A/S low pressure 
methanol process 

 Low capital cost; two stage reforming; suitable for 
smaller and larger plants (10,000 tons per day) 

 Kvaerner methanol process  Similar to Haldor Topsoe process; CO 
2
  can be used as 

supplementary feed; 2,000–3,000 mtpd typical size 

 Krupp Uhde’s methanol process  Flexible feedstock, different steam reforming; 
at least 11 plants 

 Lurgi Ol-Gas-Chemie GMBH process  10,000 mtpd capacity; two stage reforming 

 Synetix LPM process  Large capacities; improved ICI’s LPM 

 Liquid phase methanol process  Three stages developed by Chem Systems Inc.; 
slurry reactor; Cu/ZnO/Al 

2
 O 

3
  catalyst at 230–

260°C, 50–100 atm 
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(100:18:100) catalysts. In their experiments, H 
2
 S is mixed with the synthesis gas in 

small batches and no H 
2
 S was eliminated in the off-gas during the course of sulfur 

poisoning experiments. The  fi rst addition of H 
2
 S increased the yield of liquid 

hydrocarbons at constant temperature. As sulfur addition continued, there was a 

decrease in the yield of gaseous hydrocarbons. Total hydrocarbon yield increased 

with sulfur addition to the catalyst until 8 mg. of sulfur was added to each gram of 

catalyst. This work suggested the advantage of stopping sul fi dization at low level 

(1–4 mg of sulfur/g of catalyst) to obtain the bene fi ts of increased liquid hydrocar-

bons yield. The results also suggested that the catalyst might show the same behav-

ior if presul fi ded to the same degree before introducing the synthesis gas. The patent 

of Storch et al.  [  22  ]  showed that 69% of CO conversion can be obtained for a molybde-

num disul fi de catalyst alkalized with 2–3% KOH in a feed of 2H 
2
  + CO at 530°F and 

13.6 atm   . Products from this synthesis were low boiling with 30% of the product C  
3
  +   

hydrocarbons and organic oxygenated compounds. Laynes  [  23  ]  indicated that by 

allowing the sulfur content of the iron catalyst to build up to an optimum ratio and 

maintain at that level will minimize CO 
2
  formation during hydrogenation of CO to 

form hydrocarbons. 

 Over last several decades, a continuous effort to improve catalyst activity, selec-

tivity, and stability has been carried out. Besides looking at different forms of iron 

catalysts, nickel, cobalt, and ruthenium catalysts have been extensively studied. 

Both cobalt and ruthenium catalysts with different types of promoters have been 

extensively examined by Exxon and other oil companies. Their studies indicate that 

while these catalysts give higher initial activity, they also tend to decay rapidly. 

Numerous patents on these catalysts have been reported by Exxon and other oil 

companies. In recent years, MOF (metal organic framework) have been tested to 

improve the selectivity of FT reactions. This work is being carried out at NETL in 

Pittsburgh and it is still at the development stage. More work in this area (perhaps 

using recent developments in nanotechnology) is needed.  

    2.3   Isosynthesis 

 Isosynthesis (for the production of branched hydrocarbons) is interesting because (a) 

under proper conditions it gives saturated branched-chain aliphatic hydrocarbons 

containing 4–8 carbon atoms, (b) compared to other types of synthesis, it is the only 

one that uses dif fi cult reducible oxides as catalysts  [  24–  27  ] , and (c) it produces isob-

utane for high octane gasoline. The oxide catalysts that are used for this synthesis are 

thorium oxide, aluminum oxide, tungstic oxide, uranium oxide, and zinc oxide. The 

thoria and alumina catalysts can be prepared by precipitation from nitrate solutions 

by adding a hot sodium carbonate solution. The other oxide catalysts can be pre-

pared by addition of alkali to their respective nitrate solutions except in the case of 

tungsten which can be precipitated from Na 
2
 WO 

4
  solution by nitric acid addition. 

 The most effective catalysts for isosynthesis are the tetravalent oxides, thoria, 

ceria, and zirconia. Alumina and the other oxides are not as effective in producing 
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isobutane. Other oxides such as chromia, lanthana, praseodymium oxide, magnesia, 

manganese oxide, titania, and berylia have been tested but they had lower activity. 

Of all the catalysts tested so far, thoria or promoted thoria has been the most promis-

ing catalysts. Unlike catalysts of iron group, thoria is not poisoned by sulfur com-

pounds. In addition, an activity decline due to carbon deposition can be easily 

overcome by simply passing air over the catalyst to generate CO 
2
  at the synthesis 

temperature. Some typical results for one-component catalysts at various pressures 

are given in Table  5 .  

 Thoria catalyzes the production of hydrocarbons with relatively high carbon 

number from synthesis gas. Furthermore, the so-called gasol hydrocarbons consisting 

of mainly C 
3
 –C 

4
  also contain large amounts of isobutane. In contrast, the trivalent 

oxide alumina produced mainly methane and carbon with small amount of “gasol” 

and traces of isobutane. The most active divalent oxide, zinc oxide, produced no 

liquid hydrocarbons but mainly methane and alcohols. For thoria catalyst, the best 

temperature has been found to be between 375 and 475°C. Alcohol production 

dominated below 375°C and methane and LPG were the main products between 

pressure of 300 and 600 atm. Below 300 atm, gas conversion was small; above 

600 atm, methane and dimethyl ether were obtained. 

 The effects of additions of various promoters on the performance of thoria cata-

lysts have also been examined. Three promoters have been studied: (1) alkali to 

increase molecular weight of the product, (2) phosphoric acid to convert unsaturated 

hydrocarbons such as propane to  n -butene to higher branched hydrocarbons particularly 

to dimers, and (3) zinc oxide and alumina to enhance the formation of alcohols and 

subsequently the dehydration of alcohols for the formation of branched hydrocarbons. 

   Table 5    Isosynthesis results over one-component catalysts (450°C, water gas conversion  [  28  ] )   

 Catalyst 

 Water gas conversion 

 % Hydrocarbons  C no. 
 %  i -C 

4
  in C 

4
  

fraction  30 atm  150 atm  300 atm 

 Thoria a   19  2.1  2.1 

 Thoria  46  5.1  2.6  88 

 Thoria  66  6.4  2.8 

 Alumina b   54  11.0  1.4 

 Alumina b   53  10.5  1.5  59 

 Alumina a   21  3.1  2.0 

 W 
2
 O 

5
   58  12.9  1.3 

 ZrO  
2
  a    9  1.0 

 ZrO 
2
   31  3.5  2.1  82 

 ZrO 
2
   36  3.5  2.3 

 UO  
2
  a    3.7  1.4 

 ZnO a   10  1.2  1.3 

 ZnO  44  10.0  1.1 

 CeO  
2
  a    7  0.5  2.0 

 CeO 
2
   10  1.0  2.4  81 

   a From nitrates 
  b From sodium aluminate (or tungstates)  
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The alkali did not work well and the activity of thoria catalyst decreased with an 

increase in alkali content. The most effective promoter was alumina. For thoria–

alumina catalyst, the literature data show  [  29  ]  that the amount of isobutene increased 

with an addition of alumina; best results were obtained at 20% alumina on thorium 

oxide. Catalysts prepared by separate precipitation and mixing of the wet precipi-

tates produced the highest  i -C 
4
  (isobutane) yields. While “gasol” increased with an 

increase in temperature, C  
5
  +   and alcohols (not shown in the table) decreased with an 

increase in temperature.  i -C 
4
  increased with an increase in temperature. In this study, 

thoria was precipitated from a nitrate solution with sodium carbonate while aluminum 

oxide was precipitated from a sodium aluminate solution using sulfuric acid. Finally, 

the best thoria–alumina–zinc oxide catalysts gave lower yields of isobutane and 

somewhat higher yield of C  
5
  +   hydrocarbons than thoria–alumina catalysts. Once 

again, just like for FT synthesis, most recent efforts on the catalyst development for 

isosynthesis are focused on improving product selectivity.   

    3   Processes for Syngas Productions and Syngas 

to Liquid Conversion 

 A process for converting fossil fuels such as crude oil, heavy oil, coal, shale oil, tar 

sand, bitumen, etc., or biomass to liquid fuels such as methanol, biogasoline, biod-

iesel, or biojet fuel, etc., generally contain  fi ve steps: pretreatment, gasi fi cation, gas 

cleaning and conditioning, FT process, and  fi nal product separation and possible 

upgrading. This section outlines some details of each of these steps with special 

attention to biomass feedstock. 

    3.1   Pretreatment 

 The  fi rst step is the pretreatment of fossil fuel or biomass. Here undesired impurities 

such as mineral matters, inorganic impurities (particularly in biomass), sulfur, etc., 

are removed and particle size of the feed stock is adjusted to satisfy the need of the 

subsequent gasi fi cation process. Pretreatment of coal requires removal of ash and 

sulfur along with adjustment of the particle size. The inorganic sulfur and ash are 

often removed by the  fl oatation technique supported by the  fi ne particle technology. 

Pretreatment step is particularly important for biomass. Unlike coal, biomass is a 

low density (both mass and energy) product and easily degradable in the natural 

environment. The storage and transportation of biomass are very problematic 

because of its low density and easy degradation. The reduction of biomass particle 

size to the desired level is also problematic because it requires high grinding energy. 

Biomass is generally wet and contains a large amount of water. The removal of this 

water is also important for high energy ef fi ciency of the gasi fi er. 

 Numerous pretreatment processes for biomass have been examined. The advan-

tages and disadvantages of these processes are outlined in Table  6 .  
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   Table 6    Summary of advantages and disadvantages of various biomass pretreatments  [  30  ]       

 Biomass pretreatment  Advantages  Disadvantages 

 Sizing (grinding, 
chipping, chunking, 
milling) 

 Adjusts the feedstock to the 
size requirement of the 
downstream use 

 Nonbrittle character of biomass 
creates problems for sizing 

 Should be done before transportation 
but storage of sized materials 
increases dry matter losses and 
microbiological activities leading 
to GHG (CH 

4
 , N 

2
 O) emissions 

 Drying  Reduces dry matter losses, 
decomposition, self-ignition, 
and fungi developments 
during storage 

 Natural drying is weather dependent; 
drying in dryers requires sizing 

 Increases potential energy 
input for steam generation 

 Bailing  Better for storage and transpor-
tation; higher density and 
lower moisture content 

 Cannot be used without sizing 
for gasi fi cation 

 Briquetting  Higher energy density, 
possibility for more ef fi cient 
transport and storage 

 Easy moisture uptake leading to 
biological degradation and losses 
of structure 

 Possibility for utilization of 
coal infrastructure for 
storage, milling, and 
feeding; rate of combustion 
comparable with coal 

 Require special storage conditions 

 Hydrophobic agents can be added 
to briquetting process, but these 
increase their costs signi fi cantly 

 Reduces spontaneous 
combustion 

 Washing/leaching  Reduction of corrosion, 
slagging, fouling, sintering, 
and agglomeration of the 
bed washing is especially 
important in case of 
herbaceous feedstock 

 Increased moisture content 
of biomass 

 Addition of dolomite or kaolin, 
which increases ash melting 
point, can also reduce negative 
effects of alkali compounds 

 Reduced wearing out of 
equipment, and system 
shut down risks 

 Pelletizing  Higher energy density leads 
to better transportation, 
storage and grinding, 
and reduced health risks 

 Sensitive to mechanical damaging 
and can absorb moisture and 
swell, loose shape, and 
consistency 

 Possible utilization of coal 
infrastructure for feeding 
and milling (permits 
automatic handling and 
feeding) 

 Demanding with regard to storage 
conditions 

(continued)
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Table 6 (continued)

 Biomass pretreatment  Advantages  Disadvantages 

 Torrefaction  Possibility for utilization 
of coal infrastructure 
for feeding and milling 

 No commercial process 

 Torre fi ed biomass has low 
volumetric energy density 

 Improved hydrophobic 
nature—easy and safe 
storage, biological degrada-
tion almost impossible 

 Improved grinding properties 
resulting in reduction 
of power consumption 
during sizing 

 Increased uniformity 
and durability 

 TOP process  Combines the advantages of 
torrefaction and pelletizing 

 No commercial process 

 Does not address the problems 
related to biomass chemical 
properties, i.e., corrosion, 
slagging, fouling, sintering, 
or agglomeration 

 Better volumetric energy 
density leading to better 
storage and cheaper 
transportation 

 Desired production capacity 
can be established with 
smaller equipment 

 Easy utilization of coal 
infrastructure for feeding 
and milling 

 For combustion and gasi fi cation, biomass particle size, water content, decay 

resistance, and inorganic impurities are important parameters. For these reasons, 

leaching and torrefaction are considered to be the two most important pretreatment 

steps. Leaching process will remove salts and other inorganic impurities from the 

biomass and can be easily carried out using hot water or steam. Torrefaction process 

makes biomass hydrophobic, easy to crush, and improve its resistance for decay. 

A typical comparison of grinding energy required for untreated and torre fi ed wood 

is illustrated in Fig.  2 . This comparison clearly indicates the important role torrefac-

tion can play in reducing the grinding energy of biomass. Torre fi ed biomass also has 

higher mass density and it is resistant to water and biological decay. These param-

eters help the transportation and storage of biomass. The positive features of torri fi ed 

biomass for gasi fi cation are given in Table  7 .    

    3.2   Gasi fi cation 

 For fossil fuel, the gasi fi cation technology is very mature and commercialized. 

Numerous gasi fi er technologies are available and they are well described in the lit-

erature  [  14  ] . Earlier commercial gasi fi ers tend to be low pressure gasi fi ers operating 
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  Fig. 2    Power consumption for size reduction: wood vs. torre fi ed wood  [  31–  35  ]        

   Table 7    Positive features of torre fi ed biomass for gasi fi cation and other applications  [  32–  35  ]    

 Torre fi ed product 

 Has lower moisture content and higher heating value 

 Is easy to store and transport 

 Is hydrophobic; does not gain humidity in storage and transportation 

 Is less susceptible to fungal attack 

 Is easy to burn, forms less smoke and ignites faster 

 Signi fi cantly conserves the chemical energy in biomass 

 Has heating value (11,000 Btu/lb) that compares well with coal (12,000 Btu/lb) 

 Generates electricity with a similar ef fi ciency with that of coal (35% fuel to electricity) and 
considerably higher than that of untreated biomass (23% fuel to electricity) 

 Has grindability similar to that of coal 

 Requires grinding energy 7.5–15 times less than that for untreated biomass for the same particle size 

 Has mill capacity 2–6.5 times higher compared to untreated biomass 

 Possess better  fl uidization properties in the gasi fi ers 

 Is suitable for various applications in heating, fuel, steel, and new materials manufacturing 
industries 

with a varying temperature to obtain producer gas with different levels of methane, 

carbon monoxide, hydrogen, carbon dioxide, and water with other small levels of 

hydrocarbons and impurities. High, medium, and low Btu gases produced by the 

gasi fi er depend on the level of methane in the producer gas. Generally, gasi fi er 

either uses air or oxygen. However, in recent years other gaseous carriers such as 

steam, hydrogen, and carbon dioxide have also been examined. The main purpose 

has been to improve energy ef fi ciency, conversion, and an adjustment of the  fi nal 

composition of the producer gas. A notable effort on hydrogasi fi cation is being car-

ried out at University of California at Riverside  [  36  ] . 

 In recent years, high pressure gasi fi ers have also been tested and preferred. Some 

efforts have also been made to examine gasi fi cation under supercritical conditions. 
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Both water and carbon dioxide have been used as supercritical media. These condi-

tions, in general, reduce the required temperature for gasi fi cation and it also alters 

the composition of the producer gas (for example, with super critical water, more 

hydrogen and carbon dioxide are produced). A good review of gasi fi cation in super-

critical water has been given by Guo et al.  [  37  ] . 

 Numerous reactor technologies for the gasi fi er have also been tested. Earlier 

studies used  fl uidized bed (both homogeneous and turbulent),  fi xed bed, moving bed, 

and circulating  fl uidized bed (CFB) technologies. The CFB was popular because it 

allowed a better control of the residence time of feed stock within the gasi fi er. More 

recently, entrained bed gasi fi er (or even fast  fl uidized or transport bed) is used and 

this technology is recommended for new gasi fi cation processes. An overview of 

commercial gasi fi cation reactor technology that is being practiced is illustrated in 

Fig.  3   [  38,   39  ] . It is clear from this  fi gure that the entrained  fl ow gasi fi er dominates 

the commercial market and it should be used for the future gasi fi cation of biomass. 

The entrained bed allows a small residence time with very little backmixing of 

solid particles. This type of reactor dynamics allows a better modeling and scale-up 

capability for such a reactor. The entrained bed reactor can also be circulating bed 

in order to maximize the residence time of the feedstock. Signi fi cant research on the 

design of gasi fi er internals has also been carried out to improve energy ef fi ciency, 

reduce formation of harmful gaseous impurities, and reduce or better handle the 

slag formation within the reactor.  

 Most gasi fi ers are operated with dry feed, although GE has developed gasi fi cation 

technology for the slurry feed. Unlike for coal, dry feeding of biomass, particularly 

  Fig. 3    Overview of commercial biomass gasi fi cation experience: 2004 world gasi fi cation survey 
 [  38,   39  ]        
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in the pressurized gasi fi er is a challenging problem. Several devices have been 

developed (e.g., Stamet) to effectively feed dry biomass in the gasi fi er. In general, 

coal gasi fi cation is operated at a higher temperature than biomass gasi fi cation. This 

is because biomass is more reactive and easy to thermally decompose. For FT appli-

cation, a gasi fi er needs to produce syngas (carbon dioxide and hydrogen) as pure as 

possible. This is generally achieved by increasing the temperature of the gasi fi er 

(greater than 1,200°C). For biomass, a pressurized oxygen-blown entrained  fl ow 

gasi fi er is preferred. This technology has been identi fi ed as an optimum technology 

for biosyngas production as it has the advantages of (a) high ef fi ciency of biosyngas 

production  [  40  ] , (b) fuel  fl exibility for all types of biomass, e.g., wood, straw and 

grassy materials, and coal with possibility to use coal as backup fuel, and (c) suit-

ability for scales of several hundreds to a few thousand megawatt  [  41  ] . As discussed 

earlier, biomass requires signi fi cant pretreatment to allow stable feeding to the 

gasi fi er without excessive inert gas consumption. Torrefaction is one of the most 

promising routes, as it has ef fi ciency up to 97% and torre fi ed biomass can be han-

dled and fed to the gasi fi er with existing coal infrastructure. Entrained  fl ow 

gasi fi cation for coal is a well established and commercial technology which can be 

readily adapted for biomass. 

 In order to get the right composition of syngas and removing methane from the 

exit gases, the gasi fi er is often followed by a reformer. The reformer adjusts the syn-

gas composition that is most desirable for FT, methanol, or other syntheses. The typi-

cal H 
2
 /CO ratios required for various end uses are described in Table  8 . As shown, 

the nature of reforming process required depends on the end use of the syngas.   

    3.3   Gas Cleaning and Conditioning 

 The raw syngas from the gasi fi er needs signi fi cant cleaning and conditioning and 

treating before it is suitable for subsequent catalytic synthesis. A typical composition 

of the raw biosyngas from an air-blown CFB gasi fi er is given in Table  9 . The syngas 

contains H 
2
 /CO ratio of 0.9 and it makes up only 34 vol.% corresponding to 48.9% 

of chemical energy. The remainder of energy is mainly contained in CH 
4
 , C 

2
 H 

4
 , and 

benzene (total of 44.4%). As mentioned before, this can be converted to CO and H 
2
  

by appropriate reforming process. The major gas cleaning issue is the presence of 

7 g/m 3  of tars in the gas. Tars are condensable organic compounds with boiling points 

   Table 8    Product compositions and applications for various types of reforming reactions  [  42  ]    

 Reforming reaction  H 
2
 /CO  Possible application 

 Dry reforming  1 or less  Polycarbonates, oxo-alcohol, 
formaldehyde, iron ore reduction 

 Partial oxidation  ~2  Methanol, FT synthesis 

 Steam reforming and WGS reaction  >3  H 
2
  production, NH 

3
  synthesis 
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between 80 and 350°C. When the temperature in the system decreases below 350°C, 

tars start condensing resulting in fouling and ultimately failing of the system. Typical 

inorganic biomass impurities are NH 
3
 , HCl, and H 

2
 S and in minor quantities COS, 

CS 
2
 , HCN, and volatile metals. Also, 2 g/m 3  of solids are present in raw biosyngas.  

 A typical gas conditioning lineup comprises gas cooling, water gas shift (or other 

reforming), CO 
2
  removal, and impurities removal (e.g., H 

2
 S, COS, HCN, volatile 

metals). Cooling can be achieved with a cooler or a water quench. While a cooler 

can utilize latent heat in the gas, for biomass there is an increased risk of fouling due 

to relative high alkaline and chloride concentrations compared with coal. In a 

gasi fi er using water quench, fouling problems are avoided. Except for gas cooling, 

there is a great deal of similarity in biosyngas conditioning and the treating of fossil 

fuel-based syngas. Thus, biosyngas can be cleaned using the available technologies 

for commercial coal to liquid operations. There are no biomass speci fi c impurities 

that require a totally different gas cleaning approach  [  40  ] . 

 In commercial FT operation, catalysts are replaced or regenerated after a certain 

operational period. The level of gas cleaning is a matter of economics between the 

cost of catalyst regeneration and the cost of cleaning up front. This economics may 

depend on the nature of FT synthesis and the catalyst. As a rule of thumb, a maxi-

mum value of 1 ppm V may be used for the sum of the nitrogen-containing 

(NH 
3
  + HCN) and sulfur-containing (H 

2
 S + COS + CS 

2
 ) compounds. For the halides 

(HCl + HBr + HF) and alkaline metals, a lower level of 10 ppb V should be targeted. 

There are no limits regarding the poisoning of the catalysts by the tars. For FT syn-

thesis, since gas is compressed to 25–60 atm pressure, the concentration of organic 

compounds must be below the dew point at FT pressure so as to avoid condensation 

of tars which can poison the catalyst and foul up the entire system. For thiophene 

and pyridine, the concentrations should be below ppmV level since they poison the 

catalysts. Solids should be removed completely as they foul the system and obstruct 

the operation of the  fi xed bed reactor. For H 
2
 , CO, CO 

2
 , CH 

4
 , N 

2
 , paraf fi ns such as 

ethane and propane, and ole fi ns such as ethylene and propene there are no standards. 

While hydrocarbons can be further reduced to CO and H 
2
  by reforming, their small 

concentrations do not affect the operation of the FT reactor. Often BTX (benzene, 

toluene, and xylene) are used as guidelines for gas cleaning.  

   Table 9    Typical biosyngas composition for gasi fi cation of wood (15% moisture) at 850°C in an 
atmospheric air-blown CFB gasi fi er  [  43,   44  ]    

 Main components  Vol. %, dry  Impurities  mg/m 3  

 CO  18  NH 
3
 , HCl, H 

2
 S  2,480 

 H 
2
   16  All COS, CS 

2
 , HCN, HBr  <25 

 CO 
2
   16  Dust, soot, ash  2,000 

 H 
2
 O (relative to dry gas)  13 

 N 
2
   42   Tar classes  

 CH 
4
   5.5  Class 1 (unidenti fi ed)  330 

 Ethane, ethylene, acetylene  1.85  Class 2 (heteroatoms, phenols)  510 

 Benzene, toluene, xylene (BTX)  0.53  Class 3 (1 ring excl. BTX)  370 

 Sum of tars  0.12  Class 4 (2,3 rings, naphthalene)  7,550 

 Total  100  Class 5 (> or equal 4 ring)  650 



20112 Biomass to Liquid Fuel via Fischer–Tropsch and Related Syntheses

    3.4   FT Reactor 

 FT reactor can be either a  fi xed bed reactor or a slurry bed reactor. In earlier studies 

and commercialization,  fi xed bed reactor technology was extensively used. Since 

FT process is exothermic, a careful control of heat and mass transfer is very impor-

tant for CO conversion and catalyst selectivity and stability. In the  fi xed bed reactor, 

special efforts have been made to design the reactor internals to remove the heat and 

control the reactor temperature. More recently, slurry bed reactor is preferred 

because it offers distinct advantages for the control of both mass and heat transfer 

problems that may affect the reactor performance. Slurry bed reactor also allows 

more  fl exibility in the use of the catalyst particle size. For coal and petroleum 

derived syngas, commercial FT reactors are being operated by Shell, Exxon, Sasol, 

Syntroleum among others all over the world. Shell GTL PEARL project in Qatar 

produces 70,000 bbld (barrels per day). Shell also has a smaller commercial plant in 

Bintulu, Malaysia which produces 14,700 bbld. Syntroleum operates FT process in 

Australia. Sasol-QP GTL ORYX-1 project in South Africa produces 34,000 Bbld. 

These and many other commercial technologies can be readily used for the FT pro-

cess that uses biosyngas. The size of FT process will depend on the size of the 

gasi fi er for an integrated process. For example, a BTL (biomass to liquid) plant 

producing 2,100 Bbld will require a gasi fi er producing 250 MWth  [  38  ] . 

 While existing commercial technology for GTL and CTL can be used for BTL, 

the scale of BTL plant is going to be important. Unlike, coal and natural gas, biomass 

is dif fi cult to transport and store, and the cost of feed preparation of biomass can 

become an important factor in the scale of BTL process. This issue has been brie fl y 

discussed later in the economy of scale of BTL operation. Since FT process is oblivi-

ous to how syngas is produced (as long as its composition is not signi fi cantly varied), 

gasi fi cation technology is the key to the integration of GTL, CTL, or BTL process. 

In order to take advantage of the economy of scale, signi fi cant efforts are being made 

to examine CBTL (mixture of coal and biomass to liquid) process. As discussed 

later, this process offers some distinct advantages over CTL or BTL process.  

    3.5   Products Separations and Upgrading 

 The products from the FT reactor are generally separated as gas, liquid, and solid 

(which may include catalyst for a continuous slurry phase reactor). The off-gases can 

be recycled back to the gasi fi er or to FT reactor feed before or after a reforming stage. 

The catalysts from solids are separated and the remaining solids can also be recycled 

to the gasi fi er or a reformer. Portions of hot gas and solids can be used for process heat 

as well as for the generation of electricity through a downstream combustion process. 

The main liquid product is then upgraded to produce ASTM standard biodiesel, bio-

gasoline, or biojet fuel using standard re fi ning and hydroprocessing operations. As 

mentioned earlier, the nature of the liquid produced from FT reactor will depend on 

the nature of the catalyst, operating conditions, and H 
2
 /CO ratio. The upgrading strat-

egy will, therefore, depend on the nature of the liquid and the desired end-product.   
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    4   An Integrated Process for Biomass to Biodiesel 

Oil Production via Fischer–Tropsch Synthesis 

 A schematic of typical integrated BTL process is shown in Fig.  4 . Some modi fi cations 

of this basic process are also being investigated. For example, researchers at 

University of California, Riverside are examining a process illustrated in Fig.  5 . The 

key modi fi cation is the replacement of a conventional gasi fi cation by a 

hydrogasi fi cation reactor  [  36  ]  to produce biosyngas from biomass. In general, various 

  Fig. 4    Schematic lineup of the integrated BTL plant  [  38  ]        

  Fig. 5    A modi fi ed integrated BTL process  [  36  ]        
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modi fi cations of an integrated BTL process are possible depending on the use of 

preferred technologies in basic  fi ve elements of an integrated BTL process.   

 Boerrigter et al.  [  43  ]  point out that a design of an integrated BTL process depends 

on whether or not one takes a front-end approach or a back-end approach. 

    4.1   Front-End Approach 

 In the front-end approach, the scale of the plant is dependent upon the scale of the 

gasi fi er. The principal idea in this approach is that FT liquid, heat and electricity are 

the desired products   . This is generally used for the gasi fi er of the size 1–100 MWth 

 [  45  ] . In this approach, the off-gases from FT reactor are used to generate heat and 

electricity in a combined cycle. The fundamental assumptions and other elements 

that justify this approach are:

    1.    The gasi fi er is small and air blown.  

    2.    Once pass through FT reactor operation    to avoid accumulations of inert like N 
2
  (pres-

ent at 40 vol.% in biosyngas, CO 
2
 , CH 

4
 , and other gaseous C 

1
  to C 

4
  FT products).  

    3.    No adjustment of H 
2
 /CO ratio via WGS reaction and CO 

2
  removal thus reducing 

the cost of gas conditioning.  

    4.    H 
2
  concentration is the limiting factor for the conversion of once-through FT 

synthesis. The unconverted H 
2
 , CO and other hydrocarbons are used to generate 

heat and electricity. The conversion to liquid is, therefore, low. When the purpose 

of the tri-generation plant is to improve the production of FT liquid, a shift step 

is introduced as a part of the overall system. This step allows to maximize the 

total yield of H 
2
  + CO in the FT synthesis.  

    5.    The basic gas conditioning system will include the removal of tars and BTX by 

OLGA unit, the removal of inorganic impurities by wet gas cleaning technique, and 

the removal of H 
2
 S and remaining trace impurities by ZnO and active carbon  fi lters.      

    4.2   Back-End Approach 

 The objective of this approach is to convert feedstock into FT liquid as much as 

possible. The heat and particularly electricity generations are of secondary impor-

tance. This approach requires a large production capacity. Since FT process has a 

high  fi xed cost, the economy scale is important to produce FT liquid competitively 

with other biofuels such as bioethanol, biodiesel, as well as FT liquids derived from 

fossil fuels  [  46  ] . This means gasi fi ers of the size at least greater than 1,000 MWth 

are required. Fundamental assumptions and other elements of this approach are:

    1.    FT off-gas is recycled to the biomass gasi fi er to achieve maximum syngas con-

version. Electricity is produced as a “by-product” from the relatively small recy-

cle bleed stream.  

    2.    The yield of syngas H 
2
  + CO in the FT feed gas must be as high as possible.  
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    3.    Since signi fi cant energy remains in CH 
4
 , C 

2
 H 

4
 , BTX, and tar, the process requires 

tar cracker and shift reactor or a reformer to convert all hydrocarbons into CO 

and H 
2
 . The increase in feed H 

2
  + CO and increase in their yields result in much 

higher production of FT liquids and wax and higher overall ef fi ciency of 63.5%.  

    4.    Both gasi fi er and tar cracker must be oxygen blown to reduce dilution of recycle 

stream by N 
2
  and other inert materials.  

    5.    Unlike in the front-end approach, the part of gas conditioning system, CO 
2
  

removal step is essential.      

    4.3   Economics of an Integrated BTL Process 

 Boerrigter  [  43  ]  has studied the economics of BTL plant to produce green biodiesel 

from biomass using an integrated back-end approach to the plant design. His main 

conclusions are as follows:

    1.    Fixed cost for BTL plant is generally 60% higher than the one required for GTL 

plant of the same size. This is because the requirements of larger air separation 

unit, 50% more expensive gasi fi er because of the special solids handling, and the 

requirement of Rectisol unit for bulk gas cleaning.  

    2.    BTL plants of 1,000–5,000 MWth (size of gasi fi ers) are optimal.  

    3.    For production below 20,000 Bbld,  fi xed costs increase very rapidly.  

    4.    The heart of BTL plant is a pressurized oxygen-blown slagging entrained  fl ow 

gasi fi er. This technology is identi fi ed as an optimum technology for biosyngas 

production.  

    5.    Torrefaction is the optimum biomass pretreatment technology for the entrained 

 fl ow gasi fi cation.  

    6.    Commercially available technologies can be used for the biosyngas cleaning and 

conditioning as well as for FT synthesis (both  fi xed bed and slurry bed).  

    7.    Large-scale facilities are required to take advantage of economy of scale. The 

increase in transportation cost to provide large-scale facility is less important 

than decrease in  fi xed plant costs. For a large-scale process, the diesel generated 

from BTL plant is competitive with $60/bbl oil price.       

    5   Future Directions 

 While signi fi cant progress have been made (particularly in Europe) to commercial-

ize BTL plants to generate green fuel, there are several drawbacks in the use of 

biomass alone as a feedstock for either generation of power or the production of 

synthetic oil. There is no consistent supply of biomass to operate a commercial 

sized power or fuel plant. For fuel production, the maximum advantage of the econ-

omy of scale requires 500,000 Bbl (barrels)/day of oil production. At the present 

time, the largest BTL (biomass-to-liquids) plant that may be built will most likely 
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produce 50,000 Bbl/day  [  47–  49  ] . Also, as discussed earlier, biomass is dif fi cult to 

store, feed, and transport and requires signi fi cant and costly pretreatment. One 

method that is presently being pursued is to obtain syngas by the gasi fi cation of coal 

and biomass mixture. Once the syngas (with appropriate methane content) from 

such a mixture is produced, it can be easily used either for power generation or 

producing a variety of transportation fuel by means of FT synthesis. 

 The advantages and disadvantages of the co-gasi fi cation of coal and biomass 

mixture are brie fl y presented in Table  10   [  50–  55  ] . As given in this table, 

co-gasi fi cation provides many advantages to the production of the syngas. Pure bio-

mass gasi fi cation process is limited to small scale, has high capital ( fi xed) cost, has 

lower thermal ef fi ciency, and carries shut down risk. All of these are alleviated by 

the use of coal. The mixture of coal and biomass provides a stable and reliable feed 

supply that generates less carbon dioxide. Coal can be considered as the “ fl y wheel” 

that allows a continuous plant operation when biomass feedstock is not easily avail-

able. Co-gasi fi cation reduces the cost associated with fossil fuel consumption 

although some types of biomass can add signi fi cant cost to the overall fuel production. 

These advantages provide more security and less risks for project  fi nanciers than the 

use of pure biomass and are likely to engender more positive public attitudes towards 

the use of coal for fuel generation.  

 Table  10  also presents some disadvantages of co-gasi fi cation process. As given in 

this table, feed preparation and complex feed systems can be expensive. Two sepa-

rate feed injectors, versus a single feed injector, may affect the gasi fi er performance. 

The slagging behavior of combined ash of coal and biomass in the gasi fi er may have 

a negative impact  [  17,   50–  55  ] . The gas cleaning system may have the additional 

complications due to a mixture of organic and inorganic impurities. Also, depend-

ing on the gasi fi cation technology, generation of more tar or oil in the product gas 

may be problematic  [  34,   36–  43  ] . 

 In summary, when coal and biomass are fed together as a mixture into a gasi fi er, 

the process of feeding should be uniform, consistent, and one that allows easy 

   Table 10    Advantages and disadvantages of use of coal and biomass mixture feed for gasi fi cation 
 [  50–  55  ]    

 Advantages  Disadvantages 

 Economy of scale—smaller biomass 
plants alone are inef fi cient and risky 

 Expensive feed preparation 

 Lower costs associated with fossil fuel 
consumption 

 Complex feed systems for co-gasi fi cation 

 Less CO 
2
  discharge (see Fig.  2 )  Two separate feed injectors, versus single feed 

injector, may affect the gasi fi er performance 

 More stable and reliable feed supply 
by the mixture 

 Negative impact of the slagging behavior of the 
combined ash in the gasi fi er 

 Provides more security, less risk  Additional complication to gas cleaning system 

 More positive public attitude towards 
use of fossil fuel, renewable fuel, 
and reliable multisource fuel supply 

 More tar and oil formation in raw syngas can 
be a problem depending on the gasi fi cation 
technology 
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 fl uidization in any types of gasi fi er. New short residence time gasi fi ers prefer dry 

feeding because it allows maximum  fl exibility in the allowable operating conditions 

of the gasi fi ers. The dry feeding also allows some  fl exibility in varying the nature of 

the coal–biomass mixture feedstock. Biomass also needs to be prepared such that it 

forms a homogenous mixture with coal. A successful CBTL process will truly open 

up new possibilities for fuel production that can use a wide variety of coal and bio-

mass, our two sources of energy that can clearly replace our demands on oil.      
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  Abstract   The gasi fi cation of biomass followed by a Fischer–Tropsch Synthesis 

(FTS) is a good alternative for synthesis of gasoline and/or diesel. However, this 

process may be considered as a high-cost technology, depending on crude oil and 

biomass raw material prices. The viability may be increased depending on the value 

of biomass, cost of transportation of biomass and the separation (conditioning) of 

gases produced in the gasi fi cation (elimination of CO 
2
 , CH 

4
 , N 

2
  and others). 

Nevertheless, this gas mixture “called biosyngas” may be used in the FTS without 

pre-conditioned for producing gasoline and/or diesel. The main focus of this chapter 

will be on the latest investigations in the FTS carried out in a microreactor from a 

simulated biosyngas (without conditioning), as an alternative to decrease the cost of 

this process. This chapter reports results of catalytic activity and characterization of 

Fe/SiO 
2
  and Co/SiO 

2
  catalysts and Cu, Re, Ru and Zn promoted Co/SiO 

2
  ca t alysts.      

    1   Introduction 

 Global warming has pushed the necessity to reduce the emissions of gases responsible 

for the Greenhouse effect, mainly CO 
2
 . Public transportation produces approximately 

a 22% of the total CO 
2
 , because of the use of fossil fuels. Nowadays there is great 

interest in the search of environmentally friendly fuels, in order to decrease the green-

house gas emission. Biomass appears as an attractive alternative since it is a clean, 

renewable and sustainable energy resource. Different transformation routes have been 

used to convert biomass to liquid or gaseous fuels  [  1–  5  ] . The  fi rst step of the overall 

process (biomass-to-liquid fuels, BTL) includes biomass gasi fi cation to yield a gas 

mixture mainly containing H 
2
 , CO, CO 

2
  and CH 

4
 , called biosyngas, which can then be 
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adjusted to the desired H 
2
 /CO ratio prior to being converted by the Fischer–Tropsch 

synthesis (FTS)  [  4,   5  ] . The FTS is the most important catalytic process in the synthesis 

of gasoline and/or diesel from syngas (H 
2
 /CO) mixture  [  6  ] . The  fi rst commercial FTS 

plants operated with syngas mixtures produced from coal gasi fi cation, whereas the 

modern FTS units use CO/H 
2
  mixtures mainly obtained from the methane steam 

reforming, where the molar H 
2
 /CO ratio is around of 2, which is much higher than the 

H 
2
 /CO molar ratio close to 1 derived from biomass gasi fi cation  [  7,   8  ] . The metals used 

as catalysts in the FTS traditional are mainly Fe and Co promoted by K, Re, Cu or Zn 

 [  9,   10  ] . The hydrocarbons produced according to the FT synthesis using biosyngas 

mixtures are free of S and N, and in principle can be considered neutral in the CO 
2
  

greenhouse effect. Signi fi cant efforts have been devoted to hydrocarbon synthesis 

using syngas mixtures produced according to the steam methane reforming technol-

ogy  [  6–  13  ] ; however, the literature describing the production of hydrocarbons from 

biosyngas is quite limited  [  2,   14–  19  ] . In this context, Tijmensen et al.  [  2  ]  explore the 

technical and economic feasibility using an integrated biomass gasi fi cation and 

Fischer–Tropsch synthesis (BIG-FT). The results show that an integrated plant 

(BIG-FT) can only be pro fi table if the price of a barrel of oil exceeds US $50 per bar-

rel, in agreement with Hamelinck et al.  [  5  ] . Additionally, the later author found that 

the cost of producing diesel from biomass by integrated gasi fi cation and FTS is 16 €/

GJ. This value may decrease in the future to 9 €/GJ by further development and 

research in integrated technologies for the gasi fi cation and FTS. In these studies the 

biosyngas mixture used is pre-conditioned before being introduced to the FT reactor. 

In other words, the CO 
2
 , CH 

4
 , N 

2
  and other gases are removed from the mixture of 

feed. The cost of the gas removal processes has increased signi fi cantly. An alternative 

to lower the cost of production is to use biosyngas directly, without being pre-condi-

tioned, in the FT synthesis. In this aspect, Jun et al.  [  14  ]  studied the synthesis of liquid 

hydrocarbons over Fe/Cu/Al/K (100/6/16/4) catalysts using the biosyngas as feed. 

They found that this catalyst has a high fuel yield and selectivity to ole fi ns. Recently, 

Co/SiO 
2
 , CoM/SiO 

2
  (M = Cu, Re, Ru and Cu) and Fe/SiO 

2
  catalysts were studied in 

the SFT from simulated biosyngas feed  [  15,   16,   19  ] . These catalysts display a high 

CO conversion activity and the formation of hydrocarbon with Fe/SiO 
2
  and Co/SiO 

2
  

catalysts was centred around of C 
8–15

  chain length, while the formation of hydrocarbon 

by Co/SiO 
2
  promoted was centred around of C 

8–9
  chain length. Therefore, the focus of 

this work is on the latest research in the FTS over Fe/SiO 
2
 , Co/SiO 

2
  and Co/SiO 

2
 -

promoted using a model of biosyngas as feed.  

    2   Catalyst Preparation 

    2.1   Monometallic Systems 

 Metal-based catalysts containing metal-loading of 10–25 wt% in Fe and 10–30 wt% 

in Co were prepared by wet impregnation of commercial silica support (BASF D11-

11, surface area (S 
BET

 ) = 136 m 2  g −1 ) with appropriate amounts of aqueous solution 
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of Fe(NO 
3
 ) 

2
  (Aldrich, p.a.) and Co(NO 

3
 ) 

2
  (Aldrich, p.a.), in a rotary evaporator, 

respectively. After impregnation, the samples were dried at 110°C for 12 h and then 

calcined at 450°C for 5 h. Prior to characterization and testing, the catalysts were 

activated in  fl owing hydrogen at 500°C for 12 h. The catalysts and the nomenclature 

used are listed in Table  1 .   

    2.2   Bimetallic Systems 

 Co supported catalysts were prepared using SiO 
2
  (D11-11 S 

BET
  = 136 m 2  g −1 ) as a sup-

port. The support was impregnated with an aqueous solution of cobalt nitrate to get 

a catalyst containing 20 wt% of Co (expressed as metallic cobalt); whereas, bimetal-

lic catalysts were prepared by co-impregnation of the support with aqueous solution 

of cobalt nitrate and the precursor of the second metal in appropriate amount to 

obtain 20 wt% of Co and 0.1 and 0.5 wt% of M (being M = Cu, Zn, Re or Ru). As 

precursor of the second metal, Cu(NO 
3
 ) 

2
 , Zn(NO 

3
 ) 

2
 , NH 

4
 ReO 

4
  and RuCl 

3*
 xH 

2
 O were 

used. The solids were dried overnight at 120°C and then calcined at 300°C (Co–Re 

and Co–Ru) or 500°C (Co–Cu and Co–Zn). The reduction was carried out in  fl owing 

hydrogen at 500°C, prior characterization or catalytic evaluation.   

    3   Catalyst Characterization 

    3.1   Characterization of Monometallic Systems 

 The S 
BET

  and total pore volume (obtained at 0.95 of P/Pº) of calcined Co(x)/SiO 
2
  

and Fe(x)/SiO 
2
  catalysts are shown in Table  1 . As shown, the S 

BET
  decreases slightly 

with the Co and Fe loading in both systems. This result suggests that Co and Fe 

species were highly dispersed into the pores of the silica substrate and that pore 

blockage was almost absent. 

   Table 1    Cobalt and iron content (wt%), surface area (S 
BET

 ), total pore volume and 
cobalt particle size estimated from TEM of Fe/SiO 

2
  catalysts (taken from Refs. 

 [  16  ]  and  [  19  ] )   

 Catalysts  Metals (%)  Vp (cm 3  g −1 )  S BET
  (m 2  g −1 )  TEM (nm) 

 Co (10)  10  0.26  123  37 

 Co (15)  15  0.22  119  38 

 Co (20)  20  0.20  113  41 

 Co (25)  25  0.20  100  47 

 Co (30)  30  0.20  104  52 

 Fe (10)  10  0.39  117  29 

 Fe (15)  15  0.38  86  32 

 Fe (20)  20  –  –  37 

 Fe (25)  25  0.37  78  40 
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 In Table  1 , the cobalt and iron particle average size estimated from TEM micro-

graphs of Co(x)/SiO 
2
  and Fe(x)/SiO 

2
  catalysts are summarized. In general, both 

catalyst systems present a broadening in the metal particles size distribution upon 

increasing Co and Fe loading and the average particle was found to increase gradu-

ally with metals loading from 37 to 52 nm and from 29 to 40 nm for Co and Fe, 

respectively. Also, Table  1  shows that Fe catalysts display slightly lower metal par-

ticles size comparing to Co counterpart. 

 TPR pro fi les of the oxide precursors for both catalytic systems are given in Fig.  1  

and show that the reduction process of the Co(x)/SiO 
2
  catalysts occurs in two 

distinct stages, while for the Fe(x)/SiO 
2
  catalysts occurs according to the three char-

acteristic steps of the reduction of Fe 
2
 O 

3
  species. For the Co(x)/SiO 

2
  catalysts the 

 fi rst peak centred at 350°C is ascribed to the transformation of Co 
3
 O 

4
  to CoO, 

whereas the second stage centred to 406°C represents the reduction of CoO to Co 

 [  20,   21  ] . The relative intensity and width of the second reduction peak increases 

with Co-loading in a higher extent than the  fi rst peak, suggesting a higher reduction 

degree of CoO to metallic Co with an increase of the average diameter of Co 
3
 O 

4
  

particles, in agreement with results reported previously by Martinez et al.  [  22  ] . This 

is also in agreement with those results obtained by TEM. On the other hand, in 

Fig.  1b , the  fi rst peak centred at 420°C in the Fe(x)/SiO 
2
  catalysts is related to the 

transformation of Fe 
2
 O 

3
  to Fe 

3
 O 

4
 , the second peak centred to 615°C represents the 

reduction of Fe 
3
 O 

4
  to FeO and the third peak centred around 720°C corresponds to 
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  Fig. 1    Temperature programmed reduction pro fi les of ( a ) Co(x)/SiO 
2
  and ( b ) Fe(x)/SiO 

2
  catalysts 

(taken from Refs.  [  16  ]  and  [  19  ] )       
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the transformation of FeO to metallic Fe  [  23,   24  ] . The intensities of the three peaks 

gradually increase with the Fe loading. Figure  1b  also shows that the position of the 

maximum reduction of three peaks does not change signi fi cantly as iron loading 

increases. This observation suggests that iron species are homogeneously dispersed 

on the surface of the silica carrier.  

 XPS results of reduced Fe(x)/SiO 
2
  and Co(x)/SiO 

2
  catalysts are summarized in 

Table  2 . XP spectra showed that all catalysts in the Fe 2p and Co 2p region display 

the doublet corresponding to Fe 2p 
3/2

 –Fe 2p 
1/2

  and Co 2p 
3/2

 –Co 2p 
1/2

  for iron and 

cobalt species, respectively. Table  2  summarizes the most intense peaks of each 

doublet. Thus, the peak at 707.3 eV represents a signal due to metallic iron (2p 
3/2

 ) 

 [  25  ]  and the peak at 710.5.3 eV is due to iron oxide (2p 
3/2

 )  [  26  ] . Due to no satellite 

line is observed somewhere around 719.0 eV indicative of the presence of Fe 3+  ions, 

it is inferred that the iron oxides responsible for the peak around 710.5 eV in the 

reduced catalysts comes from partially reduced iron oxides, such as Fe 
3
 O 

4
  (magne-

tite) species. The relative intensities of the two Fe 2p components (peaks at 707.3 

and 710.5 eV) are also included in Table  2  (in parentheses). It can be seen that the 

fraction of metallic iron determined on the surface region of these catalysts is much 

lower than the fraction of Fe oxides. In addition, the fraction of reduced iron to 

metallic state (peak at 707.3 eV) increases upon increasing the iron loading in the 

catalysts. This behaviour suggests that at low Fe content, the ionic Fe species 

strongly interact with the SiO 
2
  surface and therefore are dif fi cult to reduce to the 

metal state under the experimental conditions of this work. On the contrary, in the 

catalysts with higher Fe loadings a higher proportion of tridimensional iron oxide 

structures are developed and therefore they can be easily reduced to zero valent 

   Table 2    Relationship between the Co(Fe)/Si atomic surface ratio and the nomi-
nal surface density of Co and Fe for (a) Co(x)/SiO 

2
  catalysts and (b) Fe(x)/SiO 

2
  

catalysts, respectively (taken from Refs.  [  16  ]  and  [  19  ] )   

 Catalysts  Si 2p (eV)  Co (Fe) 2p 
3/2

  (eV)  Co(Fe)/Si (at/at) 

 Co(10)  103.5  778.0 (36)  0.020 

 780.6 (64) 

 Co(15)  103.4  778.0 (41)  0.033 

 780.6 (59) 

 Co(20)  103.5  778.0 (62)  0.043 

 780.6 (38) 

 Co(25)  103.4  778.0 (71)  0.063 

 780.6 (29) 

 Co(30)  103.4  778.0 (80)  0.092 

 780.6 (20) 

 Fe(10)  103.4  707.3 (12)  0.006 

 710.5 (88) 

 Fe(15)  103.4  707.3 (14)  0.009 

 710.5 (88) 

 Fe(20)  103.4  707.3 (20)  0.014 

 710.5 (80) 

 Fe(25)  103.4  707.3 (24)  0.029 

 710.5 (76) 
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oxidation state. On the other hand, the most intense Co2p 
3/2

  peak was  fi tted to two 

components: one at 778.0 eV belonging to metallic cobalt  [  27  ]  and at 780.0 eV 

originated from cobalt oxide  [  28  ] . The relative intensities of the two Co 2p peaks 

were calculated and the values obtained are also showed in Table  2 . It can be seen 

that the proportion of Co metallic phase increases gradually with Co-loading 

whereas the cobalt oxide phase follows an opposite trend. This behaviour suggests 

that at low Co content Co +2  interacts strongly with the SiO 
2
  support and is not 

completely reduced to metallic cobalt. Conversely, at higher Co-loading, cobalt is 

present in the form of larger particles which are easier to reduce.  

 In order to examine the extent of dispersion of the active phase over the silica 

surface, the Fe/Si and Co/Si atomic ratio were calculated (see Table  2 ). The variation 

of the Fe/Si and Co/Si atomic surface ratio as a function of metal-loading of the 

catalysts is shown in Fig.  2 . Clearly, the Fe phase appears as rather large crystallites 

(around 32 nm) up to 15% of Fe. This trend is similar to that found with Co(x)/SiO 
2
  

catalysts, where the activity increased almost linearly as Co-loading increases, 

reaching the maximum at about 20 wt% Co (around of 41 nm) and then levelled off. 

The observed deviation from linearity above 15% of Fe and 20% of Co suggests the 

formation of large segregated crystalline particles mainly on the external surface of 

the silica particles. The higher Fe/Si ratios were observed at higher Fe loading, 

especially for Fe(20)/SiO 
2
  and Fe(25)/SiO 

2
  catalysts. These results are likely due to 

the presence of a high density iron oxide particles and therefore keep less exposed 

the silica surface to incident photons. Similar behaviour was observed for Co(25)/

SiO 
2
  and Co(30)/SiO 

2
  catalysts.   

    3.2   Characterization of Bimetallic Systems 

 Table  3  compiles the surface area and the metal particle size of Co promoted 

catalysts. It can be seen that the surface area is almost not affected by the addition 

of a promoter as expected. The metal dispersion is very low and TEM results 

0 5 10 15 20 25 30 35
0,00

0,02

0,04

0,06

0,08

0,10

(C
o

/S
i)

s
 

Co content (%)

0 5 10 15 20 25 30
0,00

0,01

0,02

0,03

0,04

0,05

(F
e

/S
i)

s
 

Fe content (%)

a b

  Fig. 2    Binding energies (eV) and atomic surface ratios of Co(Fe)/SiO 
2
  reduced catalysts (taken 

from Refs.  [  16  ]  and  [  19  ] )       
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revealed that the promoter produces a decrease in the average metal particle size. 

However, this results is a consequence of a broadening in the metal particle size 

distribution, thus, the monometallic Co catalyst display a rather narrow distribution 

being most of the particles in the range 40 ± 5 nm, meanwhile in those promoted, a 

signi fi cant fraction of smaller particles close to 5 nm and also of larger sizes, higher 

than 100 nm appears.  

 TPR pro fi les of the studied samples are given in Fig.  3a, b.  The pro fi le of the 

samples promoted with Cu, Zn and Re with low promoter content displays a slight 

shift towards higher temperatures, whereas in that of Ru the shifts is to lower 

temperature.  

   Table 3    Surface area (S 
BET

 ) and cobalt particle size 
estimated from TEM of Co–M (0.5)/SiO 

2
  catalysts 

(taken from Ref.  [  15  ] )   

 Catalyst  S 
BET

  (m 2  g −1 )  TEM (nm) 

 Co/SiO 
2
   113  41 

 CoCu/SiO 
2
   106  34 

 CoRe/SiO 
2
   108  37 

 CoRu/SiO 
2
   104  34 

 CoZn/SiO 
2
   105  30 
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  Fig. 3    Temperature programmed reduction pro fi les of Co–M/SiO 
2
  catalysts. ( a ) Series with 

0.1 wt% of promoter. ( b ) Series with 0.5 wt% of promoter (taken from Ref.  [  15  ] )       
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 This fact may be understood considering that the simultaneous presence of Cu 

(or Zn) and Co during calcinations, may lead to a mixed oxide (spinel type struc-

tures), which is more dif fi cult to reduce than the simple oxides. The reduction of Fe 

oxides also takes place at higher temperatures than the Co oxides. Conversely, ruthe-

nium oxide is reduced at lower temperature and by hydrogen spillover catalyses the 

reduction of cobalt oxides in bimetallic samples takes place at lower temperatures. 

 XPS results of reduced Co(x)/SiO 
2
  promoted catalysts are summarized in Table  4 . 

XP spectra of Co 2p 
3/2

  core level of the reduced samples showed the presence of Co° 

and Co 2+  species and the extent of reduction is higher in the promoted samples, 

especially in those with Re and Ru due to the higher ability to dissociate hydrogen. 

Additionally, a slight enhancement in the Co/Si ratio in those samples promoted by 

Cu, Zn and Re account the higher dispersion of the bimetallic samples compared to 

the Co/SiO 
2
  catalyst. The increase in that ratio is much higher in those promoted 

with Ru, indicative of a higher dispersion degree, in line with TEM. As comparison, 

Co/Si atomic bulk ratio is 0.255 for the bimetallic catalysts. The observed changes 

may be understood on the basis of the precursors and support interaction. The cobalt 

nitrate solution has a pH of 5.6 being the pH values 5.6, 5.5 and 5.1 for Co–Re, 

Co–Zn and Co–Cu solutions, respectively. Upon the addition of the silica support 

the pH value drops to 4.2 ± 0.3 for these samples. On the other hand, in the Co–Ru 

system the pH of solution was 2.9 and decreases to 2.7 after silica addition. The 

isoelectric point of SiO 
2
  is 1–2 pH units. Therefore, differences in the interaction 

   Table 4    Binding energies of Si 2p, O 1s and Co 2p and Co/Si atomic 
surface ratios of reduced Co(20)M(x)/SiO 

2
  catalysts (M = Cu, Re, Ru, 

Zn) (taken from Ref.  [  15  ] )   

 Catalyst 

 BE, eV  BE, eV 

 (Co/Si) s   Si 2p  Co 2p 3/2  

 Co/SiO 
2
   103.4  778.1 (62)  0.043 

 780.5 (38) 

 CoCu(0.1)/SiO 
2
   103.4  778.0 (82)  0.045 

 780.4 (18) 

 CoRe(0.1)/SiO 
2
   103.4  778.0 (87)  0.043 

 780.4 (13) 

 CoRu(0.1)/SiO 
2
   103.4  778.0 (88)  0.137 

 780.4 (12) 

 CoZn(0.1)/SiO 
2
   103.5  778.0 (65)  0.053 

 780.1 (35) 

 CoCu(0.5)/SiO 
2
   103.4  777.9 (80)  0.045 

 780.5 (20) 

 CoRe(0.5)/SiO 
2
   103.4  777.9 (90)  0.050 

 780.3 (10) 

 CoRu(0.5)/SiO 
2
   103.4  778.9 (90)  0.112 

 780.3 (10) 

 CoZn(0.5)/SiO 
2
   103.5  778.1 (67)  0.055 

 780.3 (33) 

     (Co/Si) 
b
  = 0.255  
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between metal precursor and support should exist. Thus, even Co–Re, Co–Zn and 

Co–Cu systems exhibit similar features; Re is present in anionic form, whereas the 

others are cations, having different sites for anchorage on the support. The pH in 

these systems was almost the same, close to 4.2, and cobalt should be present as 

Co 2+  and CoOH +  species, whereas in the Co–Ru system, once the support was added 

the pH decreases to 2.73, Co being present at this pH essentially as Co 2+ . After cal-

cination and reduction treatments, the former species display a higher trend to form 

larger agglomerates than Co–Ru system.    

    4   Catalytic Activity 

    4.1   Activity of Monometallic Systems 

 Activity tests were carried out in a  fi xed bed stainless steel microreactor. The reaction 

conditions were: space velocity (GHSV) of 1,800 mL g −1  h −1 , pressure of 1 MPa and 

reaction temperature of 300°C. The feed was a synthetic representative mixture 

obtained from biomass gasi fi cation having H 
2
 /CO/CO 

2
 /CH 

4
 /N 

2
  in the molar propor-

tion 32/32/12/18/6, respectively  [  29  ] . Prior to the reaction, the catalysts were 

reduced in situ at 500°C during 12 h under hydrogen  fl ow. The methodology of GC 

analysis was carried out according to previously reported works  [  15,   16,   18,   19  ] . 

 The conversion of CO over Co(x)/SiO 
2
  and Fe(x)/SiO 

2
  catalysts as a function of 

metals loading at 300°C is shown in Fig.  4 . The activity in both systems, expressed 

as percent of CO conversion, increases linearly with increasing of metals loading up 

to about 20% for Co(x)/SiO 
2
  catalysts and up to about 15% for Fe(x)/SiO 

2
  catalysts, 

and then slightly decreases. Similar behaviour has been reported by other authors; 

the maximum of CO conversion depends mainly on metal precursor salt, pre-

treatment conditions and type of support  [  30  ] . Such increase in performance for 

catalysts with metal-loadings up to 15 wt% for Fe(x)/SiO 
2
  catalysts and 20% wt% 
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  Fig. 4    CO conversion over ( a ) Co(x)/SiO 
2
  and ( b ) Fe(x)/SiO 

2
  catalysts as a function of metal-

loading (taken from Refs.  [  16  ]  and  [  19  ] )       
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for Co(x)/SiO 
2
  catalysts are consistent with the observation that metal species are 

deposited relatively uniformly in both the external and internal surfaces of silica pores 

in the catalysts as it was revealed by the Fe(Co)/Si ratios derived from XPS analysis. 

However, a different picture emerges for higher metal-loadings. Above 15 wt% 

Fe-loading for Fe(x)/SiO 
2
  catalysts and 20 wt% for Co(x)/SiO 

2
  catalysts, some seg-

regation of metal species towards the external surface of SiO 
2
  particles occurs; this 

phenomenon being more marked for the catalysts with the highest metal-loading in 

both catalytic systems. This result clearly shows that the activity drop is due to the 

loss of dispersion and the formation of the large metallic Co (or Fe) clusters.  

 The morphology of the Fe phase in these catalysts plays a major role on their 

performance. This is illustrated by comparing the highest CO conversion of the 

Fe(15)/SiO 
2
  catalyst, whose metal fraction in the reduced state is the lowest (14% 

metal by XPS), with the lowest CO conversion achieved on the Fe(15)/SiO 
2
  catalyst 

for which the fraction of metal area increased up to 24%. Therefore, the absence of 

direct correlation between the fraction of Fe metal and CO conversion indicates that 

other factors than metal dispersion must be considered to explain the catalytic perfor-

mance. To explain this trend, it is suggested that the highest CO conversion achieved 

on the 15 wt% Fe catalyst is the result of two consecutive reactions ( 1 ) and ( 2 ):

     
+ → − − +2 2 n 2Production of HCs : CO H [ CH ] H O

 
  (1)  

     
+ → +2 2 2WGS reaction : H O CO CO H

 
  (2)   

 Thus, it is likely that the highly dispersed iron species within the pores of the 

substrate catalyse both the synthesis of hydrocarbons and WGS reactions with the 

subsequent increase in CO conversion. However, CO 
2
  selectivity data summarized 

in Table  6  indicates that CO 
2
  proportion decreases markedly upon increasing 

Fe-loading.  

    4.2   Activity of Bimetallic Systems 

 Table  5  compiles the conversion level and selectivity under steady state at 300°C 

and 10 atm for the studied catalysts. It can be seen that for low promoter content 

(0.1 wt%), the conversion of CO increases from approximately 26% for the Co/SiO 
2
  

to values close to 32% for the promoted samples, except that promoted by Cu 

which exhibit a very low conversion level, close to 12%. In the series with 0.5 wt% 

of promoter the drop in the activity in the CoCu catalysts is even more drastic, 

reaching a conversion level of 8.3% and the CoZn catalyst also displays a decrease 

in the conversion compared with the monometallic Co/SiO 
2
  catalyst. Even though 

the cobalt particle size is smaller in the promoted samples, specially in which the 

promoter content is higher, and the reduction degree is higher, therefore, it should 

be expected for an enhancement in the catalytic activity, in those samples pro-

moted with Zn and Cu, the opposite behaviour was observed. This may be 
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interpreted as considering that in these samples the formation of spinel type oxides 

as a consequence of calcinations should be expected, thus reducing the extent of 

active sites. The presence of these mixed oxides species has already been reported 

for other systems. Other possibility for this behaviour is the blocking of the Co 

active sites by the copper itself. However, due to the small amount of promoter they 

were not detected by XPS.    

    5   Selectivity 

    5.1   Selectivity of Monometallic Systems 

 Table  6  shows the selectivity to CH 
4
 , CO 

2
  and C 

5+
  hydrocarbons for the Co(x)/SiO 

2
  

and Fe(x)/SiO 
2
  catalysts as a function of metal-loading. In both catalytic systems a 

high selectivity to CH 
4
  was observed, similar to that observed for silica supported 

Co-promoted catalysts  [  16  ] . With regard to Co(x)/SiO 
2
  catalysts, the Co(20) cata-

lyst displays the lowest CH 
4
  formation, whereas the other catalysts show a CH 

4
  

formation close to 96%. The formation of CO 
2
  is constant and close to 0.5% in all 

the Co(x)/SiO 
2
  catalysts.  

 On the other hand, in Fe(x)/SiO 
2
  catalysts series the Fe(10)/SiO 

2
  catalyst dis-

plays the highest rate of formation of CO 
2
 , which decreases with the increases of Fe 

content. In addition, the Fe(x)/SiO 
2
  catalysts show higher rate of formation of CO 

2
  

compared to Co(x)/SiO 
2
  catalysts. This behaviour is expected because it is well 

known that Fe catalysts perform the WGS reaction  [  12  ] . The present and other CO 
2
  

forming reactions cannot be discarded. For instance, a fraction of the CO 
2
  formed 

might well arise from recombination of the oxygen fragment coming from CO dis-

sociation with other CO molecules as proposed by Krishnamoorthy et al.  [  11  ] . In 

this model, CO is adsorbed and dissociated on the catalyst surfaces origin; carbon 

   Table 5    Activity and selectivity results under steady state conditions in the Fischer–Tropsch 
reaction over Co–M/SiO 

2
  catalysts at 300°C and 10 bar (taken from Ref.  [  15  ] )   

 Catalyst  Promoter (%)  Conversion CO (%) 

 Selectivity (C mol%) 

 CH 4   CO 2   C 5+  

 Co/SiO 
2
   0  25.8  93.5  0.4  6.1 

 CoCu/SiO 
2
   0.1  12.3  84.3  12.8  2.9 

 CoRe/SiO 
2
   0.1  29.7  80.3  3.3  16.4 

 CoRu/SiO 
2
   0.1  32.3  84.8  6.6  8.6 

 CoZn/SiO 
2
   0.1  28.9  86.2  9.3  4.5 

 CoCu/SiO 
2
   0.5  8.3  77.5  22.3  0.2 

 CoRe/SiO 
2
   0.5  32.2  82.1  8.3  9.6 

 CoRu/SiO 
2
   0.5  29.6  85.9  6.5  7.6 

 CoZn/SiO 
2
   0.5  22.6  85.4  7.1  7.5 
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and oxygen species adsorbed (C 
a
  and O 

a
 ), whereas hydrogen does not play any role, 

as shown in the following reactions ( 3 ) and ( 4 ).

     
→ +a aCO C O

 
  (3)  

     
+ →a 2O CO CO

 
  (4)   

 On the other hand, the Co(x)/SiO 
2
  catalysts display a low CO 

2
  formation being 

close to 0.5% in all the catalysts. Coke is also formed on the surface of Co(x)/SiO 
2
  

catalysts and this can be explained by the disproportion reaction of carbon monox-

ide on the surface of Co crystallites according to the Boudouard reaction  [  31,   32  ] . 

Additionally, the CO 
2
  formation might also be explained by ( 3 ) and ( 4 ) similar to 

that of Fe/SiO 
2
  catalysts. 

 Table  6  also shows the highest formation rate of C 
5+

  hydrocarbons on Fe(15)/

SiO 
2
  catalyst. In general, Fe(x)/SiO 

2
  catalysts record values of selectivity of C 

5+
  

much larger than Co(x)/SiO 
2
  catalysts (around of 5%)  [  16  ] . This result suggests that 

Fe(x)/SiO 
2
  catalysts are more selective than Co(x)/SiO 

2
  ones for the production of 

liquid hydrocarbon from biosyngas. However, in the classic FT reactions where 

the H 
2
 /CO ratio equals 2, Co(x)/SiO 

2
  catalysts are more active than Fe(x)/SiO 

2
  

 counterparts  [  6  ] . 

 This different behaviour may result from the feed mixture employed. The feed 

mixture (biosyngas) employed here is H 
2
  de fi cient (H 

2
 /CO ratio equal 1) and Fe(x)/

SiO 
2
  catalysts may increase the formations of H 

2
  “in situ” via WGS reaction and 

therefore may improve the selectivity to C 
5+

 . 

 Figure  5  shows the distribution of condensable products over Fe(x)/SiO 
2
  and 

Co(x)/SiO 
2
  catalysts as a function of metal-loading. Figure  5b  shows that an increase 

in Fe-loading produces a shift in the distribution of condensable products. Thus, the 

C 
9
 –C 

10
  production of hydrocarbon chain increases with a decrease of Fe-loading. 

Similarly, the production of C 
11–12

  hydrocarbons increases with Fe-loading. This 

behaviour cannot be due to changes in the acidity of the catalysts upon increasing 

the reduction of Fe 
2
 O 

3
  species with the raise of Fe content. Wan et al.  [  33  ]  reported 

   Table 6    Selectivity under steady state conditions in the 
Fischer–Tropsch reaction over Co(x)/SiO 

2
  catalysts at 

300°C and 1 Mpa (taken from Refs.  [  16  ]  and  [  19  ] )   

 Catalyst 

 Selectivity (C mol %) 

 CH 
4   CO 2   C 5+  

 Co (10)  96.5   0.5   3.0 

 Co (15)  96.4   0.4   3.2 

 Co (20)  93.5   0.4   6.1 

 Co (25)  95.4   0.5   4.1 

 Co (30)  96.4   0.4   3.1 

 Fe (10)  25.7  62.4  11.8 

 Fe (15)  20.5  31.6  47.8 

 Fe (20)  37.5  21.6  40.9 

 Fe (25)  75.0  19.0   5.9 
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that surface basicity suppresses the chemisorption of CO and facilitates the 

chemisorption of H 
2
 , so it favours the production of low molecular weight products 

and enhances the hydrogenation capability. Therefore, the variation in the yield to 

hydrocarbon chain also may be related to metal particle size. The increases of Fe 

particle size could favour the formation of hydrocarbons centred in C 
11–14

  chain 

length. In general, this variation in the hydrocarbon selectivity on larger Fe particles 

can be attributed to the rate of secondary reactions such as ole fi n readsorption, as 

has been proposed earlier  [  34  ] . Bezemer et al.  [  35  ]  and Girardon et al.  [  36  ]  found 

that metal particles size has a strong impact on the cobalt selectivity, i.e. a decrease 

in cobalt particle size to 6–8 nm results in a higher selectivity to methane and higher 

yield to ole fi nic product. C 
5+

  selectivity was also smaller with cobalt particles 

smaller than 6–8 nm. However, Khodakov  [  37  ]  has shown that the catalytic proper-

ties of small cobalt particles in FT synthesis could be different from the larger ones. 

Therefore, the variation in the yield to hydrocarbon chain may be related to metal 

particle size. The increase of cobalt particle size favours the formation of hydrocar-

bons centred in C 
8
 –C 

9
  chain length and decreases production of heavier hydrocar-

bons. This variation in the hydrocarbon selectivity on larger Co particles can be 

attributed to the rate of secondary reactions such as ole fi n readsorption, as has been 

proposed earlier  [  33  ] .   

    5.2   Selectivity of Bimetallic Systems 

 Table  5  also shows the selectivity to CH 
4
 , CO 

2
  and C 

5+
  over bimetallic catalysts. 

High selectivity to CH 
4
  was observed for all catalysts, being even higher for the 

unpromoted Co catalyst. The condensable products, expressed as hydrocarbons 

with C length higher than C 
5
 , are mainly obtained in those catalysts promoted by Ru 

and Re, with selectivity levels close to 10% or even higher in the CoRe (0.1) sample, 

as is shown in the Fig.  6 .  
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 The presence of the promoter produces a shift in the product distribution as can 

be seen in Fig.  6a , b. Thus, Co/SiO 
2
  catalyst showed a distribution with a higher 

proportion of C 
8
 –C 

11
 , whereas in those promoted Co catalysts the distribution is 

wider, increasing the proportion of larger hydrocarbons. This effect occurs in a 

higher extent as the promoter content increases. 

 This fact is attributed to a decrease in the metal particle size in agreement to that 

observed with Co(x)/SiO 
2
  catalysts. Moreover, the promoter, mainly Re and Ru, 

lead to a higher reduction degree of cobalt oxides and by hydrogen spillover con-

tributes to keep in a reduced state the cobalt species, inhibiting the deactivation of 

the catalyst and it is also known that the presence of cobalt oxides (detected by 

XPS) promotes the formation of short chain hydrocarbons. It should be mentioned 

that the Co–Cu catalyst with 0.5 wt% of Cu did not produce liquid hydrocarbons, 

which may be attributed to the formation of highly dispersed CuCo 
2
 O 

4
  spinels to the 

blocking of the Co active sites by the copper itself. On the other hand, Table  5  also 

gives the selectivity to CO 
2
  for the studied samples in which CoCu catalysts display 

the highest values (12.8–23.1%), being close to 6% for the other promoters. The 

formation of CO 
2
  may be explained for the equation proposed by Krishnamoorthy 

et al.  [  11  ] .   

    6   Conclusions 

 The results reported in this chapter show that Fe/SiO 
2
  and Co/SiO 

2
  catalysts and Co/

SiO 
2
  catalysts promoted by Cu, Re, Ru and Zn metal are active in the Fischer–

Tropsch synthesis from a simulated biosyngas feed. The maximum conversion of 

CO is reached for metal-loading of 15 wt% for Fe/SiO 
2
  catalysts and 20 wt% for 

Co/SiO 
2
  catalysts, and then decreases at higher metal-loadings. The drop in activity 

is associated with the loss of active sites by formation of large metallic metal 

aggregates, mainly on the external surface of silica particles. In the Fe(x)/SiO 
2
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catalyst, the distribution of condensable products shifts to longer-chain hydrocar-

bons with the increase of iron content. This behaviour may be due to changes in the 

distribution of average particle size of Fe. Thus, Fe(x)/SiO 
2
  catalysts with a large 

average iron particle size, favours the formation of longer chain hydrocarbons. On 

the contrary, the selectivity to C 
8
 –C 

9
  hydrocarbons increases, whereas the C 

14+
  

hydrocarbon follows an opposite trend upon increasing Co-loading in the Co(x)/

SiO 
2
  catalyst. This different behaviour of selectivity may be due to changes in the 

reaction mechanism associated with the structure of the metallic phase. With regard 

to promoted Co/SiO 
2
  catalysts, the distribution of liquid hydrocarbons depends on 

the Co particles size and the reduction degree of cobalt species. Smaller metal 

particles and highly reduced cobalt contributes to the formation of hydrocarbons 

with higher chain lengths. The Co–Re and Co–Ru catalysts are those with higher 

activity and selectivity to higher hydrocarbons.      
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  Abstract   Fischer–Tropsch (FT) synthesis is an effective method to produce liquid 

fuels from biomass. This chapter reports the study on precipitated Fe catalysts for 

conversion of CO 
2
 -containing syngas to liquid fuels. The in fl uences of promoter Zn, 

K, and Cu on CO 
2
  activation were analyzed by CO 

2
  temperature-programmed- 

desorption (CO 
2
 -TPD). Cu has no strong effect to activate CO 

2
 . K increases mainly 

CO 
2
  adsorption and is inferior to Zn in producing CO. The catalysts with high Zn/K 

ratio or low K content possess desorbed CO peak around 930 K in CO 
2
 -TPD and 

decreased CO 
2
  selectivity resulted from CO 

2
  addition in FT synthesis. The Fe catalyst 

with high Zn/K ratio shows high C 
2
 + hydrocarbon selectivity for CO 

2
  hydrogenation, 

too. It indicates that the CO 
2
  contained in syngas is able to be activated by suitable 

promoter(s) for hydrocarbon synthesis at low temperature. The correlation between 

promoter composition and catalyst reactivity found for SiO 
2
 -free Fe catalysts is 

effective for SiO 
2
 -added Fe catalysts.      

    1   Introduction 

 The combustion-engine-based transportation system demands liquid fuels worldwide. 

Crude oil is currently the main source for liquid fuels; however, its reserve is limited. 

At the same time, the consumption of fuels generates signi fi cant pollutants that are 

damaging the environment. New technologies which can supply environmental-

friendly fuels are required to overcome the above problems. 
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    1.1   Importance of Fischer–Tropsch Synthesis 

 Carbon-based energies are the main form used by human. Biomass was  fi rstly 

used since the initial period of human appeared on earth. Wood (biomass) was the 

primary source for cooking, warmth, light, trains, and steamboats until 1885  [  1  ] . 

During 1885–1950, coal became the most important fuel  [  1–  3  ] . From 1955, the 

world entered oil age. 

 The supersession of one carbon-based source by another is mainly due to its 

energy content and feasibility to be transferred. For example, one-half ton of coal 

produces as much energy as two tons of wood and at half the cost  [  1  ] . Crude oil has 

high energy content, typically around 42 MJ/kg which is about one time higher than 

coal  [  4  ] . Furthermore, it is easy to be transferred via pipeline because it appears in 

liquid. Thus, crude oil is the perfect one among the known carbon-based energies. 

 However, the reserve of crude oil is limited. It is estimated that crude oil would 

be consumed in about 39 years according to the data of 1998  [  3  ] . In the relatively 

near future, human will have to use natural gas and coal as energy source. Finally, 

the society will probably depend on biomass again because biomass is a regeneratable 

source. But it is not a simple reverse copy of energy history, biomass should be used 

ef fi ciently, conveniently, and without impairment to environment  [  5,   6  ] . Besides the 

limited reserve, the detected crude oil distributes in narrow area. This puts risk on 

the energy security. The  fi rst oil embargo in 1973 triggered an energy crisis and 

indicated the importance of energy diversity. Since then, much effort is done to  fi nd 

alternative fuels. As a result, a lot of attention is paid to Fischer–Tropsch (FT) 

synthesis not only because it can produce plentiful liquid fuels from natural gas, 

coal, or biomass which are similar to those from petroleum, but also FT products are 

environmental-friendly  [  2,   7–  10  ] . 

 FT synthesis was  fi rst developed and practiced in Germany during 1930s and 

1940s using cobalt catalysts. Subsequently, the process was commercialized on a 

large scale by Sasol (South African Coal, Oil and Gas Corporation) with promoted 

iron catalysts in South Africa  [  8,   11  ] . The two countries are rich of coal, so the FT 

synthesis was based on coal. From the end of the twentieth century, certain factors 

promoted the use of natural gas as raw materials for FT synthesis. One of them is to 

limit the emission of CO 
2
  by  fl aring of methane in the production of crude oil  [  8,   12,   13  ] . 

Nowadays, much effort is put on biomass to produce liquid fuels. 

 In general, FT process consists of two sequential operations  [  7  ] . One is syngas 

(mixture of CO and H 
2
 ) production from coal or natural gas and another is hydro-

carbon synthesis from the syngas. During syngas preparation, the contained S, N is 

cleaned and the produced CO 
2
  is removed in order to obtain pure mixture of CO and 

H 
2
 . The de-S and N treatment makes the FT product free of sulfur and nitrogen. The 

synthesized hydrocarbons have low aromatic content. The discharge of SO 
X
  and 

NO 
X
  is decreased in case of using FT products as fuels. It is also veri fi ed that low 

sulfur and aromatic contents leading to low yield of suspended particulate matter 

which is a pollutant to air  [  10  ] .  
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    1.2   Shortcoming of Current FT Technology 

 However, the current technology of FT synthesis should be improved further in 

view of environmental-friendly and economic pro fi t. 

 One of the technical issues in the current FT process is the carbon ef fi ciency. For 

example, only less than 80% carbon atoms can be converted from methane into hydro-

carbons and the ratio is much lower for coal and biomass  [  2,   11,   14  ] . Other carbon 

atoms are discharged into atmosphere as CO 
2
  in the syngas production  [  15  ] . This 

operating model increases CO 
2
  emission which is responsible for green-house effect. 

 To use CO 
2
 -containing syngas directly for FT synthesis is helpful to lessen CO 

2
  

emission. By omitting de-CO 
2
  operation from FT process, some corresponding 

energy consumption is saved which would contribute to less CO 
2
  produced. It 

requires to develop catalysts active for CO 
2
 -containing syngas. 

 By adopting the new FT synthesis with CO 
2
 -containing syngas, a cycle with balanced 

carbon can be set up: (1) Hydrocarbons are synthesized from CO 
2
 -containing syngas 

which is produced from biomass. (2) After the hydrocarbons are used up as fuels, 

the produced CO 
2
  is returned into biomass via photosynthesis. A schematic concept 

is shown in Fig.  1 . Such cycling can contribute to a sustainable society.   

    1.3   Comparison of FT Catalysts 

 The metals Fe, Ni, Co, and Ru have the required FT activity for commercial appli-

cation. Under practical operating conditions Ni produces too much CH 
4
 , while the 

available supply of Ru is insuf fi cient for large scale application. This leaves only Fe 

and Co as viable catalysts  [  11  ] . 

 Fe and Co are commercial catalysts for FT synthesis with CO 
2
 -free syngas. 

Riedel et al.  [  16  ]  compared the performance of Fe and Co catalysts in the mixtures 

of CO, CO 
2
 , and H 

2
 . With increasing CO 

2
  and decreasing CO content in the feedgas, 

  Fig. 1    Scheme of producing liquid fuels from biomass via gasi fi cation       
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the product composition shifts from a mixture of mainly higher hydrocarbons to 

almost exclusively methane for Co catalyst, while Fe-based catalyst synthesizes the 

same hydrocarbon products from CO 
2
 /H 

2
  as from CO/H 

2
  syngas. Zhang et al.  [  17  ]  

also found that the CO 
2
  hydrogenation products contained about 70% or more 

methane for supported cobalt. 

 These distinctions are partly attributed to that Fe catalyst is active for WGS 

reaction, but Co catalyst has no such activity. On Fe catalyst, CO 
2
  can be hydrogenated 

into FT products by two steps as shown in ( 1 ) and ( 2 ): CO is converted from CO 
2
  

by reverse WGS reaction, then produced CO is further hydrogenated to hydrocar-

bons  [  9,   11,   18  ] . In contrast, Co catalyst cannot convert CO 
2
  into CO.

     
+ → +

2 2 2
CO H CO H O

 
  (1)  

     
+ → +

2 2 2
CO 2H (CH ) H O

 
  (2)   

 Another factor is the different prerequisites to achieve the kinetic regime of FT 

synthesis for Fe and Co catalysts. With Fe catalyst, the FT kinetic regime is gener-

ated through the formation of stable FT sites via carbiding, and their selectivity is 

invariant against changes of reactant concentrations  [  19  ] . On the contrary, the FT 

regime can exist only at a suf fi ciently high CO partial pressure for Co catalyst  [  20  ] . 

Therefore, Co is not  fi t to hydrogenate CO 
2
  in nature, while Fe is promiseful to FT 

synthesis from CO 
2
 -containing syngas.  

    1.4   FT Synthesis with CO 
2
 -Containing Syngas 

 In Part 1.2, it is suggested that to use CO 
2
 -containing syngas directly for FT 

synthesis can solve the shortcoming of current FT technology. The studies of CO 
2
  

hydrogenation and CO 
2
  + CO hydrogenation on Fe catalysts are reviewed in the 

following. 

 In view of engineering, to use CO 
2
 -containing syngas is easy to control temperature 

of synthesis reactor because of the lower exothermicity of the overall reaction of 

CO 
2
  as compared to CO  [  16  ] . Furthermore, a perceived disadvantage of using 

Fe-based catalysts for FT is that a large proportion of the CO in the syngas is con-

verted to CO 
2
  rather than the desired hydrocarbons  [  21  ] . The addition of CO 

2
  to 

syngas can inhibit CO 
2
  formation from CO and may increase the ratio of CO to 

hydrocarbons rather than CO 
2
 . 

    1.4.1   CO 
2
  Hydrogenation 

 It is well known that the hydrogenation of CO 
2
  proceeds via the CO intermediate 

 [  9,   11,   18,   22–  26  ] . That is, during the hydrogenation of CO 
2
  over Fe catalysts, some 

CO 
2
  is  fi rstly converted to CO through reverse WGS reaction and the formed CO is 

converted consecutively through FT reaction to hydrocarbons. In a previous study 
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of CO 
2
  hydrogenation  [  27  ] , CO formation was found to be the essential step of 

producing C 
2
 + hydrocarbons with high conversion and selectivity. Pijolat et al. 

suggested that CO can be obtained in two different ways: by partial dissociation of 

CO 
2
  and by the reverse WGS reaction  [  28  ] . 

 H 
2
  is adsorbed only on Fe  [  29,   30  ] , but CO 

2
  adsorbed on both Fe and K  [  29–  31  ] . 

Higher K content is bene fi cial for CO 
2
  conversion to FT product  [  16  ] . 

 Iron carbides are responsible for the formation of ole fi ns and long-chain hydro-

carbons in CO 
2
  hydrogenation  [  32  ] . However, Ando et al.  [  18  ]  found that the major 

surface phases of the Fe-Cu catalysts were FeO and/or FeCO 
3
  after CO 

2
  hydrogena-

tion. Suo et al.  [  33  ]  studied CO 
2
  hydrogenation on TiO 

2
 -, ZrO 

2
 -, and Al 

2
 O 

3
 -supported 

iron catalysts. The catalyst with the optimum ratio of iron cations vs. zero valent iron 

gave good catalytic activity and selectivity in the synthesis of C 
2
 + hydrocarbons 

from CO 
2
  and H 

2
 . 

 The different views about the active phase in Fe catalysts for CO 
2
  hydrogenation 

indicate that much study is needed to make it clear.  

    1.4.2   Hydrogenation of CO 
2
  + CO 

 Jun et al.  [  9  ]  reported the in fl uence of H 
2
  content in feedgas on the conversion of CO 

and CO 
2
  to hydrocarbons. The reaction with H 

2
 -de fi cient feed (CO/CO 

2
  = 0.33, H 

2
 /

(2CO + 3CO 
2
 ) = 0.44) showed that only CO was converted to hydrocarbons, while in 

H 
2
 -enriched feed (CO/CO 

2
  = 0.33, H 

2
 /(2CO + 3CO 

2
 ) = 1), CO 

2
  was converted to 

hydrocarbons as well as CO. The high concentration of H 
2
  was thought to promote 

the conversion of CO 
2
  to CO by reverse WGS reaction, followed by FT reaction in 

which CO was further hydrogenated to hydrocarbons. 

 Krishnamoorthy et al.  [  34  ]  analyzed the  13 C content in CO, CO 
2
 , hydrocarbons 

and oxygenates after  13 CO 
2
  was added to H 

2
 / 12 CO reactants (508 K, 0.8 MPa, H 

2
 /

CO = 2). No  13 C is detected in CO, suggesting that dilution of the CO reactant by 

 13 CO molecules formed from  13 CO 
2
  via reverse WGS reaction is negligible at the 

reaction conditions. The hydrocarbon products have negligible  13 C content, indicat-

ing that CO 
2
  is much less reactive than CO towards chain initiation and growth. 

Similarly, the addition of  14 CO 
2
  (1.4 mol%) to H 

2
 / 12 CO (1:1) did not lead to detect-

able  14 C contents in CO and hydrocarbons on Fe catalysts (513 K, 0.1 MPa, 

H 
2/
 CO = 1)  [  35  ] . However, Xu et al.  [  36  ]  detected almost identical radioactivity per 

mole in hydrocarbons to that of the added  14 CO 
2
  on a Fe-Si-K catalyst (543 K, 

1.2 MPa, H 
2
 /CO/CO 

2
  = 60/10/30), suggesting that each hydrocarbon molecule con-

tained one  14 C from  14 CO 
2
 . The reaction temperature may decide the differences 

among the above studies. 

 Besides the studies on the possibility of CO 
2
  participating in FT synthesis  [  9,   34–

  37  ] , it is reported that CO 
2
  added to syngas can affect selectivity of FT products 

such as C 
5
 + selectivity  [  34  ] , ole fi n/paraf fi n ratio  [  16,   34  ] . Krishnamoorthy et al. 

found these phenomena resulted from conversion of CO 
2
  to CO via reverse WGS 

reaction with CO 
2
  addition to syngas  [  34  ] , but the effects of CO 

2
  addition on the 

selectivity are much smaller at 508 K than at 543 K. Calculation  [  38  ]  indicates that 
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a CO 
2
 /CO ratio of 16/1 is required to avoid any CO 

2
  formation in the WGS reaction 

even under 543 K. The required ratio of CO 
2
 /CO is 4.4 under the experimental 

conditions of 508 K and 2.14 MPa (H 
2
 /CO = 2)  [  34  ] . These values also mean that 

CO 
2
  is not reactive to in fl uence WGS reaction, too. 

 In the case of CO 
2
  cofed with CO, it can be converted to hydrocarbons at high 

temperature rather than low temperature. The factor is probably the thermodynamics 

of WGS reaction  [  39  ] . The extent of WGS reaction is thermodynamically favored 

at low temperatures. Correspondingly, reverse WGS reaction is evident at high 

temperature, and it promotes the CO 
2
  conversion to hydrocarbons. 

 At low temperature, to use the CO 
2
  contained in syngas relies mainly on the catalyst 

to activate CO 
2
 . Therefore, our study was done at low temperature in order to 

develop Fe catalyst active for FT synthesis with CO 
2
 -containing syngas.    

    2   In fl uences of Promoters on the Activation 

of CO 
2
  for Hydrocarbon Synthesis 

 The importance and bene fi t to develop precipitated Fe catalyst have been discussed 

in Part 1 which can use CO 
2
 -containing syngas directly for hydrocarbon synthesis. 

 We have studied precipitated Fe catalyst since 2002 and reported some results 

 [  40–  45  ] . It was found that promoter combination of Zn, K, and Cu can improve 

catalytic stability under CO 
2
 -containing syngas  [  42  ] . 

 In this part, the role of promoter Zn, K, and Cu on CO 
2
  activation is investigated 

by CO 
2
  temperature-programmed-desorption (TPD). A correlation is found between 

the characteristic of CO 
2
 -TPD and CO 

2
  selectivity based on converted CO in FT 

synthesis. It indicates the possibility to convert CO 
2
  into hydrocarbons at low 

temperature. The possible is tested with CO 
2
  hydrogenation. 

    2.1   Experimental 

 The methods to prepare precipitated Fe catalyst and to test catalyst activity were 

given in previous works  [  40,   42  ] . The studied catalysts are expressed as Z l K m C n /

Fe.  L ,  m , and  n  are the nominal mass percent of promoter Zn, K, and Cu relative to 

Fe 
2
 O 

3
 , respectively. 

 The program for CO 
2
 -TPD was to reduce 0.1 g catalyst in 95% CO/Ar at 573 K 

for 4 h and then purge it with He for 1 h at the same temperature. After the catalyst 

was cooled to 303 K in He atmosphere, it was exposed to 0.1 MPa CO 
2
  for 1 h. The 

CO 
2
 -TPD was done with He as carrying gas and the catalyst was heated in 

10 K min −1  to 1,073 K. Some of the exit gas was inducted into a differentially 

pumped atmospheric sampling system connected to a quadrupole mass spectrom-

eter (LEDA-MASS Ltd.). The measurable partial pressure range is 10 −5  ~ 10 −11  Torr 

with Faraday detector.  
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    2.2   Results and Discussion 

    2.2.1   CO 
2
 -TPD of Mono-Promoted Fe Catalysts 

 The species with mass-to-charge ratio ( m/e ) of 44 and 28 in the exited gas desorbed 

from catalyst were monitored during CO 
2
 -TPD. Figure  2  is the result of unpromoted 

Fe catalyst. For the species of  m/e  = 44, there is a peak around 709 K. Due to the 

adopted experimental conditions that the catalyst was reduced by CO and contacted 

with CO 
2
  except for inert gas He and Ar, the species of  m/e  = 44 are assigned to CO 

2
 . 

CO 
2
  can be cracked into fragment of  m/e  = 28 in the ionization region of mass 

spectrometer. According to the handbook of used mass spectrometer (LEDA-MASS 

Ltd.), the approximate intensity (Height) of the produced fragment is 8% relative to 

the peak of CO 
2
 . The corrected curve of  m/e  = 28 is given in Fig.  2  after the distribu-

tion from CO 
2
  is deducted from the measured result of  m/e  = 28. The treatment 

produces only a very slight decrease of intensity. Importantly, the correction does 

not in fl uence the position of peak. So, the detected signal of  m/e  = 28 is mainly from 

desorbed CO molecular. The CO results appeared in following  fi gures are the 

corrected ones.  

 The detected CO may result from irreversibly adsorbed CO during CO reduction 

 [  46  ] , the recombination of isolated carbon and oxygen in catalyst, and those evalu-

ated from adsorbed CO 
2
 . About the origin of dissociated carbon and oxygen, Bian 

et al.  [  47  ]  assumed them from dissociatively adsorbed CO based on high-pressure 

syngas adsorption on H 
2
  or CO reduced Fe catalyst by diffuse re fl ectance FT-IR, 

whereas Li et al.  [  46  ]  thought that the reaction of FeC 
X
  with residual Fe oxides 

could produce CO 
X
  (CO + CO 

2
 ) at higher temperatures. The reaction may happen by 

the help of lattice oxygen migration. Jiang et al.  [  48  ]  studied syngas adsorption on 
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  Fig. 2    TPD spectra of m/e = 44 and 28 species from CO-pretreated Fe catalyst after CO 
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  adsorption 

for 1 h at 303 K       
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Fe and FeMn catalysts reduced by syngas. The results indicate the possibility of 

oxygen migrating from the lattice to the surface during heating in the absence of 

reducing gas. These works  [  46–  48  ]  also support that the carbon of FeC 
X
  is active in 

TPD experiment. Adsorbed CO 
2
  may react with it and be converted into CO. Pijolat 

et al.  [  28  ]  and Xu et al.  [  49  ]  monitored CO 
2
 -TPD of supported Fe catalysts. There 

was CO desorbed between 573 and 773 K, while CO 
2
  appeared below 593 K for Fe/

Al 
2
 O 

3
   [  28  ] . On the contrary, CO and O 

2
  were detected with CO 

2
  simultaneously 

after CO 
2
  adsorption on K-Fe-Mn/Si-2 catalysts  [  49  ] . The difference of thermo-

desorption spectra in these two studies may be related to the catalyst composition. 

Because the catalysts  [  28,   49  ]  were reduced in H 
2
 , there was no carbon in the 

catalysts except that from the adsorbed CO 
2
 . Therefore, CO is formed exclusively 

from the CO 
2
  adsorbed on Fe catalyst. 

 Figure  3  shows the effect of promoter Zn, K, and Cu on desorbed CO 
2
 . The result 

of C4/Fe is similar to that of unpromoted Fe catalyst in Fig.  2 . Cu has no strong 

effect on CO 
2
  adsorption. However, Zn promotes the adsorption of CO 

2
  on catalyst 

in view of the desorbed CO 
2
  which is more than that from the unpromoted Fe 

catalyst. This is consistent with the work of Nam et al.  [  50  ] . They found that the 

amount of chemisorbed CO 
2
  on Fe-Zn catalyst was high. There is more CO 

2
  desorbed 

from K2/Fe than Z4/Fe. It may be due to the basicity of potassium which is attrac-

tive to CO 
2
   [  16,   30,   49  ] .  

 The detected CO with increased temperature is given in Fig.  4 . Promoters K and 

Zn make the CO desorption complicated. Besides the twinborn peak with the 

desorbed CO 
2
  as the cases from unpromoted Fe and C4/Fe, there are other two 

peaks appeared at higher temperature for K2/Fe and Z4/Fe, respectively. On K2/Fe, 

around 775 K is a broad weak peak and a strong one happens at 1,050 K. The latter 
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  adsorption 
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may be attributed to the reaction of FeC 
X
  with residual Fe oxides  [  46  ] . Z4/Fe has a 

clear medium peak and its third peak occurs at about 958 K which is lower than the 

corresponding one of K2/Fe.  

 It has been found that the reduction of Fe 
2
 O 

3
  with CO occurs in two steps: facile 

reduction of Fe 
2
 O 

3
  to Fe 

3
 O 

4
 , followed by slow reduction of Fe 

3
 O 

4
  to iron carbide 

 [  46,   51  ] . After CO activation, Fe exists as Fe carbides and Fe 
3
 O 

4
   [  52,   53  ] . We inves-

tigated the reduction process of mono-promoted Fe catalysts with CO  [  54  ] . There 

are sharp peaks corresponding to CO consumption during C4/Fe reduction, while 

these peaks become extended with decreased intensity for catalyst K2/Fe and Z4/

Fe. Therefore, the structure of reduced K2/Fe and Z4/Fe is more complicated than 

that of C4/Fe. The unhomogeneous structure of K2/Fe and Z4/Fe may be responsible 

for the CO desorbed at higher temperatures as shown in Fig.  4 . CO adsorption on Fe 

catalysts had been studied by  in situ  diffuse re fl ectance FT-IR. The infrared spectra 

are changed evidently with Fe catalyst promoted by Mn or K  [  48,   55  ] . Detailed 

analysis on adsorbed bands discloses that Mn and K can in fl uence the size of Fe 0  

clusters formed in reduction.  

    2.2.2   Effect of Promoter Combination on CO 
2
 -TPD 

 CO 
2
 -TPD was used to study Fe catalysts promoted by different contents of Zn, K, 

and Cu. Figure  5  is the results of desorbed CO 
2
  from these catalysts. There is much 

CO 
2
  desorbed from the catalysts with 2 mass% K. However, the amount of CO 

2
  

decreases evidently for the catalysts promoted by 1 mass% K. Potassium is a main 

factor to determine the adsorption of CO 
2
  on Fe catalyst  [  16,   30,   49  ] . For the 

catalysts with same content of K, Zn, and Cu show their in fl uence. The amount of 

desorbed CO 
2
  decreases  fi rstly when Zn and Cu contents increase from 2 to 4 
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mass%, and then increase with the further raise of Zn and Cu content to 6 mass%. 

There is a slight increase for the 1 mass% K-promoted Fe catalysts after Zn and Cu 

contents are changed from 2 to 4 mass%.  

 Figure  6  illustrates the desorbed CO during CO 
2
 -TPD. The peak around 763 K is 

related with the loading content of K which is similar to desorbed CO 
2
  from these 

catalysts. A sharp peak exists at this range for 2 mass% K-promoted catalysts, 

whereas it decreases greatly with the Fe catalysts promoted by 1 mass% K. On the 

contrary, 1 mass% K-added catalysts show the maximum of CO desorption around 

930 K. In this temperature range, only Z6K2C6/Fe which belongs to the series of 2 

mass% K-promoted catalysts has a clear desorption peak. The effect of K on des-

orption is displayed by the difference around 1,040 K, too. Much CO is desorbed 

from 2 mass% K-promoted catalysts, but catalysts Z4K1C4/Fe and Z2K1C2/Fe 

with low content of K do not emit CO in this temperature range.  

 Therefore, it can be concluded that K is the main component to control the adsorp-

tion and evolution of CO 
2
  based on the results revealed by TPD. Although Zn and Cu 

are inferior components relative to K, their action become larger in the case of higher 

ratio of Zn/K. Z6K2C6/Fe has a desorption peak at ~930 K contrasting with the  fl at 

pattern of Z4K2C4/Fe and decline of Z2K2C2/Fe in this range. Considering the 

results of mono-promoted Fe catalysts in Fig.  4 , the CO peak around 930 K in Fig.  6  

is related to the in fl uence of Zn other than Cu on Fe catalyst structure.  

    2.2.3   CO 
2
  Selectivity of FT Reaction 

 The performances of Zn, K, and Cu-promoted Fe catalysts were studied under 

CO 
2
 -free and CO 

2
 -containing syngas, respectively. The CO 

2
  selectivity based on 

converted CO is given in Fig.  7 . The catalysts can be divided into two categories. 
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For catalysts Z2K2C2/Fe and Z4K2C4/Fe, the CO 
2
  added into reactants does not 

in fl uence the CO 
2
  selectivity, i.e., CO 

2
  is inert to react on these two catalysts. But 

the CO 
2
  selectivity decreases with the addition of CO 

2
  to reactants on catalysts 

Z2K1C2/Fe, Z4K1C4/Fe, and Z6K2C6/Fe (Not shown) which have lower K content 

or higher Zn/K ratio in them. The characteristic of CO 
2
  selectivity among these cata-

lysts has a corresponding re fl ection in their CO 
2
 -TPD. The catalyst showing CO des-

orption peak around 930 K (Fig.  6 ) is sensitive to the composition of reactants and 

added CO 
2
  brings forth decreased CO 

2
  selectivity during FT synthesis reaction.  

 It has been found that CO 
2
  is inert at low temperature  [  34,   37  ] . The result of 

Z2K2C2/Fe and Z4K2C4/Fe is consistent with this conclusion, but the result 

of Z6K2C6/Fe, Z4K1C4/Fe, and Z2K1C2/Fe suggests that higher Zn/K ratio or lower 

K content leads to the decrease of CO 
2
  selectivity. There are two possibilities for 

this phenomenon. The added CO 
2
  may inhibit CO 

2
  formation from WGS reaction or 

be converted into hydrocarbons itself. Both of the routes can result in decreased 

apparent CO 
2
  selectivity based on converted CO. Correspondingly, more CO is 

converted into hydrocarbons and the hydrocarbon selectivity can be increased. 

Although it cannot be discerned which route is in effect here, the results from 

Z6K2C6/Fe, Z4K1C4/Fe, and Z2K1C2/Fe show the possibility to use CO 
2
  contained 

in syngas for hydrocarbon synthesis at low temperature.  

    2.2.4   Activity and Selectivity of CO 
2
  Hydrogenation 

 The results of CO 
2
  selectivity shown in Fig.  7  only indicate that the Fe catalysts with 

high Zn/K ratio or low K content possess the possibility to use CO 
2
  contained in 

syngas for hydrocarbon synthesis at low temperature because the exact conversion 

from CO 
2
  to hydrocarbons cannot be decided in our experiments. Therefore, 

Z4K1C4/Fe and Z4K2C4/Fe were assessed under the reactants of CO 
2
  and H 

2
  in 

order to investigate the in fl uence of Zn/K ratio on CO 
2
  hydrogenation  [  42  ] . 

 Z4K1C4/Fe produces more C 
2
 + hydrocarbons than Z4K2C4/Fe, it indicates that 

the catalyst with higher Zn/K ratio is more active to hydrogenate CO 
2
  indirectly  [  9, 

  11,   18  ]  or directly. 

 Furthermore, Z4K1C4/Fe shows similar activity and selectivity to those studied 

under 523 K  [  56  ] , 538 K  [  30  ] , or 623 K  [  33  ] . Based on the experimental results, we 

pointed out that it is possible to use CO 
2
  contained in syngas for hydrocarbon 

synthesis at low temperature by the help of suitable promoter(s)  [  42  ] .   

    2.3   Conclusions 

 CO 
2
 -TPD indicates that adsorbed CO 

2
  on promoted Fe catalysts can partly be converted 

into CO. Promoter K or Zn is able to increase the adsorption of CO 
2
  because more 

CO 
2
  and CO are desorbed from K2/Fe and Z4/Fe than that from unpromoted Fe 

catalyst. K mainly increases CO 
2
  adsorption and is inferior to Zn in producing CO. 
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Cu has no strong effect on CO 
2
 -TPD. For the Fe catalysts copromoted by Zn, K, and 

Cu, the desorbed amount of CO 
2
  closely relies on the content of K although the 

content of Zn and Cu has effect on the amount of desorbed CO 
2
 . The desorbed CO 

2
  

from the tri-promoted catalysts with 2 mass% K is higher than the mono-promoted 

Fe catalyst by Zn or K, whereas the corresponding peak diminishes with the K 

content decreased to 1 mass%. 

 The combined promoters changes the CO desorption pattern evidently. The cata-

lysts with high Zn/K ratio or low K content possess desorbed CO peak around 

930 K. This peak re fl ects the possibility whether CO 
2
  added into syngas can in fl uence 

CO 
2
  selectivity in FT synthesis. For the catalysts showing desorbed CO around 

930 K, their CO 
2
  selectivity based on converted CO is decreased due to the added 

CO 
2
  in syngas. 

 The Fe catalyst with high Zn/K ratio shows high C 
2
 + hydrocarbon selectivity for 

CO 
2
  hydrogenation. It indicates that the CO 

2
  contained in syngas is able to be 

activated by suitable promoter(s) for hydrocarbon synthesis at low temperature.   

    3   Studies on Fe Catalysts with SiO 
2
  as Binder 

for CO 
2
  Hydrogenation 

 SiO 
2
  is one generally used structure promoter for precipitated Fe catalyst. It can not 

only increase the speci fi c surface area of Fe catalyst, but also bind iron species to 

prevent its loss from catalyst particle during reaction. Several methods are used to 

introduce SiO 
2
  into precipitated Fe catalysts with potassium silicate, silica sol, and 

so on as silica source. Sasol impregnated washed precipitate with potassium water-

glass solution  [  15  ] . Dlamini et al. added silica sol at different stages during catalyst 

preparation (before precipitation, after precipitation, after drying at 397 K, and after 

calcination at 723 K)  [  57  ] . This method was also used in the study of Yang et al. 

 [  58  ] . Some researchers introduced SiO 
2
  with hydrolyzed tetraethyl orthosilicate and 

added it to the iron(III) nitrate solution to give the desired level of silicon  [  59  ] . 

 In this work, potassium silicate was selected as silica source and it was intro-

duced before precipitation. The in fl uences of Fe-Si interaction on precipitated Fe 

catalyst structure and activity had been partially reported  [  45  ] . Here, the in fl uence 

of SiO 
2
  on precipitated Fe catalyst is reported in view of CO 

2
  hydrogenation. 

    3.1   Experimental 

 Catalysts were prepared in two methods. Method I was to precipitate a mixed solution 

of Fe(NO 
3
 ) 

3
  and potassium silicate with (NH 

4
 ) 

2
 CO 

3
  solution. Method II was to 

precipitate Fe(NO 
3
 ) 

3
  solution with the mixed solution of (NH 

4
 ) 

2
 CO 

3
  and potassium 

silicate. Then, the precipitate was washed with distilled water and centrifuged for 
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ten times. Promoters of Zn, K and Cu were usually impregnated onto the precipitate 

with Zn(NO 
3
 ) 

2
 , KNO 

3
 , and Cu(NO 

3
 ) 

2
  solution. After the precipitate was dried and 

calcined, it was shaped into desired particle size for activity test. The obtained cata-

lysts are expressed as Z l K m C n /FS r -I or Z l K m C n /FS r -II according to the method to 

introduce SiO 
2
 . In the above abbreviation of catalysts, Z, K, C, F, and S represent 

Zn, K, Cu, Fe, and SiO 
2
 , respectively.  L ,  m ,  n, and r  are the nominal mass percent of 

corresponding materials relative to Fe 
2
 O 

3
 . 

 The activity of catalysts was tested in a stainless steel  fi xed bed reactor. A 1.0 g 

catalyst (80–150  m m) was mixed with 4.0 g quartz particles and  fi lled into the 

reactor. After the catalysts were reduced in CO of 50 mL min −1  at 573 K for 6 h, it 

was cooled to room temperature. Then, the feedgas was changed into reactants of 

1.6 MPa. The catalyst was heated to 503 K in about 3 h for activity evaluation. The 

detail parameters for activity testing are given with the experimental results.  

    3.2   Results and Discussion 

    3.2.1   In fl uence of SiO 
2
  on Catalytic Activity 

 Table  1  compared reactive performance of catalysts Z4K1C4/FS5-II and Z4K2C4/

FS5-II under CO + H 
2
  and CO 

2
  + H 

2
 , respectively. In the case of CO hydrogenation, 

CO conversion and CO 
2
  selectivity are increased, but CH 

4
  selectivity is decreased 

with more K added into catalyst. These have been observed by other works  [  8,   34, 

  42,   60–  62  ] . For CO 
2
  hydrogenation, catalysts Z4K1C4/FS5-II and Z4K2C4/FS5-II 

have similar CO 
2
  conversion and CO selectivity, but the latter possesses lower CH 

4
  

selectivity than the former. Therefore, catalyst Z4K2C4/FS-II has higher selectivity 

to C 
2
 + hydrocarbons than Z4K1C4/FS-II. The relation between C 

2
 + hydrocarbons 

and K content is different to the result found in our previous work  [  42  ] . Furthermore, 

the two catalysts containing SiO 
2
  have higher CO selectivity and CH 

4
  selectivity 

than the catalysts without SiO 
2
 . These changes are due to the addition of SiO 

2
  which 

decreases the amount of effective potassium  [  58,   63  ] . Promoter K is bene fi cial for 

carbon chain growth  [  11,   64  ] ; however, this function is weakened by SiO 
2
 . It is 

required to adjust the contents of promoter Zn, K and Cu with the introduction of 

SiO 
2
  to precipitated Fe catalyst.   

   Table 1    In fl uence of promoter K on reactive performance of catalysts under CO + H 
2
  and CO 

2
  + H 

2
    

 Catalyst 

 CO + H 
2
   CO 

2
  + H 

2
  

 CO 

conversion 

(%) 

 CO 
2
  

selectivity 

(%) 

 CH 
4
  

selectivity 

(%) 

 CO 
2
  

conversion 

(%) 

 CO 

selectivity 

(%) 

 CH 
4
  

selectivity 

(%) 

 Z4K1C4/FS5-II  32.1  20.3  5.0  8.5  38.3  34.6 

 Z4K2C4/FS5-II  52.0  27.3  3.0  9.1  39.0  29.6 

   T  = 503 K,  P  = 1.6 MPa, 6 L h −1  g-cat −1 , H 
2
 /CO = 2.0 or H 

2
 /CO 

2
  = 2.0  
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    3.2.2   Reactive Performance of Fe Catalysts Under CO + H 
2
  

 We investigated the in fl uences of introducing method of SiO 
2
  and its quantity on the 

reactive performance of Fe catalysts. Table  2  lists results of some catalysts. The con-

tents of promoter Zn, K and Cu in catalyst were arranged by uniform design. CO 

conversion of these catalysts is distributed in a wide range. It re fl ects marked in fl uence 

of promoter composition on catalyst performance. CH 
4
  selectivity is only in fl uenced 

by promoter K content, and it decreases with increased K content. CO 
2
  selectivity is 

not completely relied on CO conversion. For example, Z8K3C6/FS10-I and Z6K2C2/

FS15-I have similar CO conversion, but their CO 
2
  selectivity is different.  

 The molar ratio of H 
2
 /CO in reactor outlet is given in Table  2  for the studied cata-

lysts. All of them are higher than the H 
2
 /CO ratio in reactor inlet. Such increase of 

H 
2
  content is resulted from WGS activity of Fe catalyst. It brings out H 

2
 -rich tail gas 

after FT synthesis reaction. 

 In order to improve the converting ef fi ciency of syngas in FT synthesis and pro-

duce pro fi table chemicals, some kinds of FT synthesis process have been projected 

 [  65  ] . It needs catalysts having corresponding performance to construct a desired 

process. The catalysts we studied are able to meet the requirement due to their per-

formance distributed in wide range.  

    3.2.3   Reactive Performance of Fe Catalysts Under CO 
2
  + H 

2
  

 We also measured reactive performance of precipitated Fe catalysts for CO 
2
  

hydrogenation and the results are shown in Table  3 .  

   Table 2    Reactive performance of Fe catalysts under CO + H 
2
    

 Catalyst  CO conversion (%)  CO 
2
  selectivity (%)  CH 

4
  selectivity (%)  H 

2
 /CO (outlet) 

 Z6K4C8/FS10-I  92.7  37.7  2.3  10.1 

 Z4K2C8/FS10-I  83.7  33.4  2.5  4.2 

 Z8K3C6/FS10-I  66.4  29.4  2.4  2.4 

 Z6K2C2/FS15-I  65.3  21.0  2.9  1.9 

 Z4K4C2/FS10-II  90.2  37.7  1.7  7.6 

   T  = 508 K,  P  = 1.6 MPa, 3 L h −1  g-cat −1 , H 
2
 /CO = 1.5  

   Table 3    Reactive performance of Fe catalysts under CO 
2
  + H 

2
    

 Catalyst 

 CO 
2
  

conversion 

(%) 

 CO 

selectivity 

(%) 

 CH 
4
  

selectivity 

(%) 

 Liquid hydrocarbon 

distribution (C mol%) 

 C 
6
 –C 

10
   C 

11
 –C 

15
   C 

16
 + 

 Z6K4C8/FS10-I  7.9  55.1  14.3  95.7  3.1  1.2 

 Z8K3C6/FS10-I  6.2  53.1  31.9  97.5  2.5  0 

 Z6K2C2/FS15-I  9.1  30.1  29.3  89.9  8.1  2.0 

 Z6K4C8/FS15-II  9.1  31.3  25.4  83.1  10.9  6.0 

 Z6K4C8/FS15-II a   14.6  21.8  44.1  99.5  0.3  0.2 

   T  = 503 K,  P  = 1.6 MPa, 6 L h −1  g-cat −1 , H 
2
 /CO 

2
  = 2.0 

  a H 
2
 /CO 

2
  = 5.0  
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 Comparing the results in Table  3  to Table  2 , it can be found that the reactive 

performances of studied catalysts depend on reactant composition. For example, 

catalyst Z6K4C8/FS10-I is more active than Z6K2C2/FS15-I for CO hydrogena-

tion, while the former is weaker than the latter to convert reactant in the case of CO 
2
  

hydrogenation. 

 We had found that low K content is helpful to increase hydrocarbon yield and Fe 

catalyst with high Zn/K ratio shows high C 
2
 + hydrocarbon selectivity for CO 

2
  

hydrogenation at lower reaction temperature  [  42  ] . The results of catalyst Z6K2C6/

FS15-I in Table  3  still support the above conclusions after SiO 
2
  was introduced into 

precipitated Fe catalyst. Although the content of promoter K in it is the lowest 

among studied catalysts, more CO 
2
  is hydrogenated into hydrocarbons rather than 

terminated as CO. It supports that the CO 
2
  is able to be activated by suitable 

promoter(s) for hydrocarbon synthesis at lower temperature  [  42  ] , too. The effect of 

H 
2
 /CO 

2
  ratio on reactive performance of catalyst Z6K4C8/FS15-II is evident according 

to the results in Table  3 . After the H 
2
 /CO 

2
  ratio is increased to 5, more hydrocarbon 

is synthesized from CO 
2
 , and most liquid products are in C 

6
 –C 

10
  range.   

    3.3   Conclusions 

 SiO 
2
  is used commonly as structure promoter for precipitated Fe catalyst in order to 

enhance its mechanical strength besides to increase its speci fi c surface area. The 

in fl uences of introducing method and the content of SiO 
2
  on the reactive perfor-

mance of Fe catalyst were studied under CO + H 
2
  and CO 

2
  + H 

2
 , respectively. 

 Although the amount of effective potassium is decreased by the introduced SiO 
2
 , 

the correlation between promoter composition and catalyst reactivity found for 

SiO 
2
 -free Fe catalysts is still in effect for SiO 

2
 -added Fe catalysts. It is bene fi cial to 

improve precipitated Fe catalysts for FT synthesis with CO 
2
 -containing syngas.   

    4   Perspectives 

 In order to develop precipitated Fe catalyst active to convert CO 
2
 -containing syngas, 

we decompose the work into three steps. The  fi rst step is to develop Fe catalyst active 

to convert CO + H 
2
 . The second one is to exploit Fe catalyst propitious for CO 

2
  hydro-

genation or to activate CO 
2
  into CO. The third step is to set up guidance on how to 

couple the above two kinds of catalysts according to contents of CO 
2
  and CO in 

reactants in order to convert effectively CO 
2
 -containing syngas into liquid fuels. 

 By now, the  fi rst step is nearly completed, and several Fe catalysts are found with 

high CO conversion during FT synthesis reaction. Much work is being done for the 

second aim. We have observed the relation between the pattern of CO 
2
 -TPD and 

CO 
2
  hydrogenation activity for Fe catalysts promoted with Zn, K, and Cu. It helps 

us to  fi nd Fe catalysts active to hydrogenate CO 
2
  at low temperature. However, new 
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characteristic tool or method is needed to accelerate making up ideal Fe catalyst 

after SiO 
2
  is introduced into catalyst as support or binder. Based on the catalysts 

selected in the  fi rst two steps, it will be promise to complete the third step and 

realize acquiring liquid fuels ef fi ciently from CO 
2
 -containing syngas.      
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  Abstract   This chapter details the recent advances made on bioconversion of 

lignocellulosic biomass to butanol, a superior biofuel that can be used in internal 

combustion engines or transportation industry. It should be noted that butanol 

producing cultures cannot tolerate or produce more than 20–30 g/L of acetone-

butanol-ethanol (ABE) in batch reactors of which butanol is of the order of 

13–18 g/L. This is due to toxicity of butanol to the culture. In order to overcome this 

challenge, two approaches have been applied: (1) developing more butanol tolerant 

strains using genetic engineering techniques and (2) employing process engineering 

approaches to simultaneously recover butanol from the fermentation broth thus not 

allowing butanol concentrations in the reactor to accumulate beyond culture’s tolerance. 

By the application of the  fi rst approach, a number of butanol producing strains have 

been developed; however, none of these accumulated greater than 1,200 mg/L 

(1.2 g/L) butanol, while using the second approach total ABE up to 461 g/L has 

been produced. Attempts to improve the newly developed strains are continuing. 

    Chapter 15   

 Cellulosic Butanol Production 
from Agricultural Biomass and Residues: 
Recent Advances in Technology *       

       N.   Qureshi      ,    S.   Liu   , and    T.  C.   Ezeji      

    N.   Qureshi   (*)  
   United States Department of Agriculture (USDA), Agricultural Research Service (ARS) , 
 National Center for Agricultural Utilization Research (NCAUR), Bioenergy Research Unit, 
Renewable Products Technology ,   1815 N University Street ,  Peoria ,  IL   61604 ,  USA    
e-mail:  Nasib.Qureshi@ars.usda.gov      

 S.   Liu  
     United States Department of Agriculture (USDA), Agricultural Research Service (ARS) , 
 National Center for Agricultural Utilization Research (NCAUR), Renewable Products 
Technology ,   1815 N University Street ,  Peoria ,  IL   61604 ,  USA     

   T.  C.   Ezeji  
     Department of Animal Sciences and Ohio State Agricultural Research 
and Development Center (OARDC) ,  The Ohio State University ,
  305 Gerlaugh Hall, 1680 Madison Avenue ,  Wooster ,  OH   44691 ,  USA    

 * Mention of trade names or commercial products in this article is solely for the purpose of providing 
scienti fi c information and does not imply recommendation or endorsement by the United States 
Department of Agriculture. USDA is an equal opportunity provider and employer. 



248 N. Qureshi et al.

Lignocellulosic substrates have been used to produce butanol due to their abundant 

availability and economical prices usually in the range of $24–60/ton as opposed to 

corn prices which have been in the range of $153–218/ton during recent months. 

It should be noted that lignocellulosic substrates require separate hydrolysis prior to 

fermentation. In a more recent approach, hydrolysis and fermentation (and simulta-

neous recovery) have been integrated or combined to reduce the cost of butanol 

production from cellulosic substrates. Using such an approach, up to 192 g/L ABE 

was produced from 430 g/L cellulosic biomass/sugars. Additionally, this chapter 

provides details of process integration and simultaneous product recovery technologies 

for butanol production.  

       1   Introduction 

 Throughout the world, countries are promoting biofuel development with mandates 

and directives. The US, by using corn as the primary feedstock, produced 10.6 billion 

gallons of ethanol in 2009, and more than 12 billion gallons was produced in 2010 

(Renewable fuels association 2010). Concomitantly there was a marked increase in 

the cost of corn, an important livestock feed component. The extent to which these 

two trends are associated is unknown and is subject to considerable debate. In any 

case, there is considerable interest in the production of biofuels using alternative 

substrates, such as lignocellulosic biomass. Butanol (also known as  n -butanol), a 

superior biofuel than ethanol, can be produced by fermentation from lignocellulosic 

biomass and contains more energy on per gallon (or per lb) basis. In this fermentation, 

all three components (acetone, butanol, ethanol; ABE) are produced simultaneously 

with butanol being the major product. 

 Butanol, currently manufactured with petroleum feedstocks, is an important 

chemical with many applications in the production of solvents, plasticizers, butylamines, 

amino resins, butyl acetates, etc.  [  14  ] . In 2008, global consumption of butanol was 

estimated as 350 million gallons, according to the chemical giant BASF. Butanol 

has several advantages over ethanol as a fuel extender or fuel substitute. It has an 

energy content that is similar to gasoline, which means fewer gallons are required 

than ethanol to achieve the same energy output  [  42  ] . It has a lower vapor pressure 

than ethanol, which makes it safer to transport and use in combustion engines  [  14  ] . 

A car can also use butanol as a fuel with little or no modi fi cation to the engine  [  3  ] . 

In addition, the existing gasoline station and transport infrastructures can continue 

to be used for butanol transport without modi fi cation because butanol is less hygro-

scopic and less corrosive to the pipelines than ethanol. Currently, butanol is not used 

as a biofuel due to several challenges. These challenges include substrate cost, 

butanol toxicity/inhibition to the fermenting microorganisms, and the low butanol 

titer in the fermentation broth which results in high energy requirements for the 

recovery of butanol from this dilute stream. To solve the problem of butanol toxicity 

to the culture, a signi fi cant amount of research has been performed on the use of 

alternative fermentation and product recovery technologies for biobutanol production. 
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Technologies involving the use of immobilized and cell recycle continuous bioreactors, 

adsorption, gas stripping, separation using ionic liquids, liquid-liquid extraction, 

pervaporation, aqueous two phase separation, supercritical extraction, and perstraction 

have allowed the use of concentrated sugar solutions (up to 500 g/L) for butanol 

fermentation and the production of a highly concentrated butanol product stream 

 [  16,   20  ] . Typically, ABE fermentation by  Clostridium beijerinckii  proceeds in 

two phases. The  fi rst phase is called the acidogenic phase (acetic and butyric 

acid are produced) and is growth associated and the second is a solventogenic phase 

characterized by the uptake of acids and ABE production and which is relatively 

nongrowth associated  [  16,   20  ] . 

 Scienti fi c research including that published by the authors and others, demonstrates 

the ability of solventogenic  Clostridium  species to use pentose and hexose sugars, 

the major sugar components of lignocellulosic biomass, for growth and ABE pro-

duction  [  15  ] . Lignocellulosic biomass represents the most abundant renewable 

energy resource on the planet. The “Billion Ton Study” published by the US 

Department of Energy (DOE) in 2005 indicated that there could be 1.3 billion dry 

tons of biomass available per year, enough to produce biofuels to meet more than 

one-third of the current demand for transportation fuels. Recent breakthroughs in 

the development of hybrid and electric cars could further reduce petroleum needs 

and increase this estimate to two-thirds. Collectively, while there is compelling 

evidence that solventogenic  Clostridium  species are the best natural butanol 

producing microorganisms with the capacity to use pentose and hexose sugars for 

butanol production, these microorganisms, including other fermenting microorganisms, 

use lignocellulosic biomass hydrolyzates poorly due to the presence of inhibitory 

compounds  [  15,   16,   18,   20  ] . 

 Because of the recalcitrance of biomass, pretreatment is commonly used for the 

hydrolysis of the hemicellulose fraction and the disruption of the lignin sheath of bio-

mass so that enzymatic hydrolysis of the cellulose fraction to glucose can be achieved 

with greater yield. Unfortunately, during pretreatment and hydrolysis, a complex mix-

ture of microbial inhibitors is generated. Even biomass hydrolyzates produced from 

the most benign pretreatment and hydrolysis processes can contain some microbial 

inhibitors because some of the inhibitors are components of hemicellulose and lignin 

structures of biomass  [  19  ] . Consequently, removal of inhibitory compounds from 

hydrolyzates is typically necessary to facilitate ef fi cient microbial growth and biofuel 

production. Considering the need of keeping low process costs, the removal of inhibi-

tors from hydrolyzates prior to fermentation is not economically viable given the costs 

associated with additional processing steps and potential loss of fermentable sugars. 

 Development of inhibitor tolerant and hyperbutanol producing microbial strains 

that ef fi ciently metabolize mixed sugars, and compatible advanced fermentation 

and recovery technologies will accelerate the development of a sustainable lignocel-

lulosic biomass-to-biofuels industry. Many laboratories, including those of the 

authors, are currently involved in research directed toward strain development for 

ef fi cient conversion of biomass to butanol and advanced fermentation and recovery 

techniques for butanol production. This chapter details the recent developments that 

have been made in this direction.  
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    2   Butanol Producing Cultures 

    2.1   Traditional Strains 

 The naturally occurring butanol producing microbes are Gram-positive endospore-

forming obligate anaerobes. They belong exclusively to the genus  Clostridium  

which includes  C. acetobutylicum ,  C. aurantibutyricum, C. beijerinckii ,  C. cadav-

eris, C. pasteurianum, C. saccharoperbutylacetonicum, C. saccharobutylicum  

(P262) , C. sporogenes,  and  C. tetanomorphum   [  30  ] . Among these producing strains, 

the highest butanol production trait was found in  C. acetobutylicum  and  C. beijer-

inckii  species. Extensive studies related to understanding the molecular mecha-

nisms, developing butanol tolerant  Clostridial  strains were performed with 

 C. acetobutylicum  ATCC 824 , C .  beijerinckii  NCIMB 8052,  C. beijerinckii  P260, 

and  C. beijerinckii  BA101  [  6,   8,   26,   34,   68,   70,   73  ] . 

 The physiological state of the cells is directly associated with ABE fermentation. 

Butyric and acetic acids are produced by  C. acetobutylicum  strains during the rapid 

anaerobic growth phase (acidogenesis phase), resulting in a decrease of the medium 

pH. Then the butyric and acetic acids are partially re-assimilated and converted into 

ABE (solventogenic phase) when the culture progresses into the stationary phase, con-

sequently, the pH of the culture is stabilized or increased slightly  [  31  ] . 

 The biochemical and molecular events that trigger the switch from acidogenesis 

to solventogenesis have begun to unfold with time. The decreases of acidogenic 

enzymes and increases of solventogenic enzymes were reported earlier  [  22,   29,   31  ] . 

The intracellular concentrations of coenzyme A (CoA) and derivatives were found 

playing regulatory roles  [  10,   46  ] . A recent study demonstrated increases of butyryl-

phosphate (BuP) during the switch of solvent production and suggested a role of 

BuP in regulating the transition from acidogenesis to solventogenesis  [  75  ] . 

 The completion of genome sequencing of both  C. acetobutylicum  ATCC 824 

 [  44  ]  and  C. beijerinckii  NCIMB 8052  [  67  ]  have facilitated microarray analyses to 

elucidate the molecular mechanism of the shift from acidogenesis to solventogene-

sis  [  2,   67  ] . A response regulator gene  spo0A  positively controls sporulation and 

promotes the expression of the solvent formation genes ( aad, ctfA, ctfB,  and  adc ) 

during stationary phase, thus enhancing solvent formation. Inactivation of  spo0A  in 

 C. acetobutylicum  led to the asporogenic strain SK01 with much reduced butanol 

production  [  25  ] . The overexpression of the  spo0A  in  C. acetobutylicum  ATCC 824 

(pMSPOA) resulted in accelerated endospore formation but again decreased butanol 

production. The  spo0A  plays a regulatory role on sporulation vs. solvent gene expres-

sion. The overexpression apparently tips the balance in favor of accelerated sporula-

tion at the expense of overall solvent production  [  25  ] . The expression of sporulation 

genes  spo0A  and  sigF  operon in  C. beijerinckii  NCIMB 8052 was induced during the 

acidogenic phase and increased signi fi cantly during the onset of solvent formation 

 [  67  ] . Interestingly, these genes were induced but the level of induction is two to eight-

fold lower in the hyperbutanol-producing  C. beijerinckii  BA101 strain  [  67  ] . Based on 

the above-mentioned  fi ndings, the  fi ne tuning of  spo0A  and  sigF  at transcriptional 
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and translational levels via pathway engineering will help to delay sporulation and to 

improve solvent production in  Clostridia . However, it is challenging to perform 

genetic manipulations using the solvent producing  Clostridium  species. Major barri-

ers include: (a) the strict anaerobic growth requirement, (b) the slow growth, and (c) 

the small number of genetic tools available to modify the  Clostridium  strains. 

Therefore, metabolic engineering of other fast-growing, nonspore-forming microbes 

should be explored for cost-effective butanol production.  

    2.2   Genetically Engineered Strains 

 The current fermentative production of butanol is not cost effective because of (1) a 

spore-forming life cycle, (2) butanol toxicity, (3) slow growth and instability of the 

producing strains and (4) production of other unwanted byproducts including butyrate, 

acetate, acetone, and ethanol  [  31  ] . In addition, no commercial microbes are available to 

ferment various lignocellulosic hydrolyzate mixtures into butanol. Thus, new microbes 

are needed for fermentative conversion of these hydrolyzates to butanol biofuel. 

 In the recent years, the fermentative production of butanol has been demonstrated 

in engineered strains of  Escherichia coli   [  4,   30,   43  ]  and  Saccharomyces cerevisiae  

 [  71  ] . The entire butanol production pathway from  Clostridium  has been recon-

structed and introduced into these model hosts. More recently, the pathway recon-

struction strategy was applied to more robust and butanol tolerant species including 

 Pseudomonas putida ,  Bacillus subtilis   [  43  ] ,  Lactobacillus brevis   [  7  ] ,  Lactobacillus 

buchneri   [  35  ] , and  Corynebacterium glutamicum   [  69  ] . Although the polycistronic 

expression of the butanol production pathway genes are achieved in these robust 

host cells, the butanol titers of these recombinant organisms are relatively low 

(Table  1 ) and has yet to exceed 19.50 g/L, a production level that can be achieved 

by  Clostridium  species  [  57  ] .  

 Three of the highest butanol producing strains are the engineered  E. coli  strains 

JCL187, EB4.F, and BUT2, which can produce 552, 580, and 1,200 mg/L of butanol, 

respectively (Table  1 ). Although the  E. coli  BUT2 was reported as producing more 

butanol, the cells were  fi rst grown aerobically and later resuspended for anaerobic 

fermentation. Furthermore, these strains suffer from butanol toxicity (very sensitive 

to butanol) and can be killed by the accumulation of no more than 15 g/L butanol 

 [  32  ] . So far, no breakthrough improvement of butanol production strains from ligno-

cellulosic biomass hydrolyzates has been reported and yet, more research is needed 

for strain development.  

    2.3   Potential of Gram-Positive Bacteria for Butanol Production 

 Gram-positive bacteria possess several desirable traits, including the ability to fer-

ment multiple sugars simultaneously, to grow at lower pH values, and for some 

strains, to grow at a temperature range from 30 to 50°C  [  9  ] . The Gram-positive 

Lactic acid bacteria (LAB) are considered attractive biocatalysts for biomass to 
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   Table 1    Genetically    modi fi ed butanol producing strains   

 Culture 

 Max. 
tolerance 
(g/L) 

 Max. 
production 
(mg/L)  Substrate 

 Fermentation conditions 
and reference 

  Saccharomyces 

cerevisiae  ESY7 

 Unknown  2.5  Glucose  Semianaerobic; 
Steen et al.  [  71  ]  

  Escherichia coli  JCL 187  15  552  TB glucose or 
glycerol 

 Aerobically; 
Atsumi et al.  [  4  ]  

  E. coli  JCL16, 
Kivd + ADH2 
ilva + leuABCD 

 Unknown  44–237  Glucose and 
 l -threonine 

 Nonfermentative 
pathway; Atsumi 
et al.  [  5  ]  

  E. coli  BUT1  Unknown  320  Glucose  Resuspended cells for 
anaerobic fermenta-
tion; Inui et al.  [  30  ]  

  E. coli  BUT2  Unknown  1,200  Glucose 

  E. coli  BL21 EB4.G  10  580  Glucose  Aerobically; Nielsen 
et al.  [  43  ]  

  Pseudomonas putida  
PS1.0 

  7.5  120  Glycerol  Aerobic, TB 
medium + 5 g/L 
glycerol; Nielsen 
et al.  [  43  ]  

 PS2.0   7.5  112  Glycerol 

  Bacillus subtilis  BK1.0  12.5    24  Glucose or 
glycerol 

 Anaerobic, TB 
medium + 5 g/L 
glucose or glycerol; 
Nielsen et al.  [  43  ]  

  Corynebacterium 

glutamicum  pKS167 
 20  140  Glucose  Aerobic; Smith et al.  [  69  ]  

  Lactobacillus brevis  
pHYc-bcs 

 20–30  300  Glucose  Semiaerobically; 
Berezina et al.  [  7  ]  

  Lactobacillus brevis  
pHYc-thl-bcs 

 20–30  250  Glucose  Semiaerobically; 
Berezina et al.  [  7  ]  

  Lactobacillus buchneri  
pTRKH2692Thl 

 25–30  66  Glucose  Anaerobic; Liu et al.  [  35  ]  

  Lactococcus lactis  
pTRKH2692Thl 

 25–30  28  Glucose  Anaerobic; Liu et al.  [  35  ]  

biofuels for several reasons. LAB have GRAS (Generally Recognized As Safe) 

status, lack cytochromes, and possess aero-tolerant or anaerobic and obligatory fer-

mentative pathways. They ferment a variety of carbohydrates (both hexoses and 

pentoses) naturally for growth and fermentation  [  9  ] . LAB have relative small 

genomes  [  39  ]  that range from 1.7 to 3.3 Mb. Genetic engineering tools are available 

in several model strains, and in fact, recombinant strains have been developed for 

production of B-vitamins, mannitol and sorbitol, lactic acid, bacteriocins, exopoly-

saccharides and oligosaccharides, and other chemicals  [  28  ] . In addition, LAB were 

isolated as source of spoilage in ABE production processes  [  76  ] , and most LAB 

species are butanol tolerant ( [  32  ]  and our unpublished data). Certain species, such 

as  L. brevis  and  L. buchneri,  are known to grow in the presence of inhibitors derived 

from plant materials such as wine polyphenolics or hop acids present in beer  [  36, 

  66  ] , thus LAB and other nonspore-forming Gram-positive species should be further 

explored for biomass to butanol production by metabolic pathway reconstructions.   
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    3   Production of Butanol from Agricultural Residues 

 Production of butanol is adversely affected by the high costs of traditional substrates 

such as glucose, corn, sugarcane molasses, and whey permeate. To reduce the cost 

of production, this biofuel could be produced from economically available renewable 

feedstocks such as corn stover, wheat, barley, and rice straws, corn  fi ber, switchgrass, 

alfalfa, reed canary grass, sugarcane bagasse, miscanthus, waste paper, distillers dry 

grains and solubles (DDGS), and soy molasses. Currently, costs of corn stover, 

grasses, and straws are in the range of $24–60/ton as opposed to corn which has 

ranged from $153–218/ton during recent months. It should be noted that while 

prices of these residue feedstocks are low, they are associated with additional process 

steps such as pretreatment, and hydrolysis prior to fermentation. Additionally, 

fermentation inhibitors are generated during the pretreatment process which either 

halt or slow down reaction rates or fermentation. This section describes production 

of butanol from wheat straw, barley straw, corn stover, switchgrass, corn  fi ber, and 

DDGS and challenges that are faced when handling these feedstocks for the production 

of this biofuel. 

    3.1   ABE Production from Wheat and Barley Straws, 

Corn Stover, Switchgrass, and Dried Distillers’ 

Grains and Solubles 

 Wheat straw was found to be a novel substrate for the production of ABE in batch 

fermentation with total ABE production of 25 g/L. In this system, an ABE produc-

tivity of 0.60 g/L h was observed which is over 200% that obtained in a control 

glucose fermentation run ( [  57  ] ; Table  2 ). It was speculated that dilute sulfuric acid 

pretreated and enzymatically hydrolyzed wheat straw (wheat straw hydrolyzate, 

WSH) contained fermentation stimulating components that enhanced both ABE 

production levels and productivity. A detailed discussion of fermentation stimulat-

ing components present in WSH has been given in Sect.  3.3 .  

 Barley straw is another substrate that is economically available and appears to be 

similar to wheat straw. Initially, it was thought that the rate of fermentation of barley 

straw hydrolyzate (BSH) would be similar to that of WSH. However, it was observed 

that BSH is toxic to  C. beijerinckii  P260. In order to overcome this toxicity prob-

lem, a number of treatments were applied including diluting the hydrolyzate with 

water, mixing with WSH, and overliming. Although all three techniques were suc-

cessful, overliming resulted in the highest production of ABE (26.64 g/L) suggest-

ing that fermentation inhibitors were removed by overliming  [  61  ] . The control 

fermentation containing equivalent amount of glucose resulted in the production of 

21.06 g/L ABE. 

 Corn stover, which is available in large quantities in the Midwestern region of the 

United States, can be converted to butanol after pretreatment with dilute sulfuric 
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acid and hydrolysis with enzymes. The reader is informed that untreated corn stover 

hydrolyzate (CSH) did not support cell growth and fermentation, suggesting that it 

was toxic to the culture. In order to relieve toxic effect, treatments similar to those 

used for BSH were applied followed by fermentation using  C. beijerinckii  P260. 

The lime treated hydrolyzate resulted in the production of 26.27 g/L ABE (Table  2 ) 

compared to 21.06 g/L using glucose as control  [  62  ] . Parekh et al.  [  45  ]  also pro-

duced ABE from CSH employing  C. acetobutylicum  (renamed as  C. saccharobu-

tylicum  P262). These investigators pretreated corn stover employing SO 
2
  followed 

by hydrolysis using enzymes. In their studies total ABE concentration of 25.70 g/L 

was achieved with a yield of 0.34 and a productivity of 1.07 g/L h. It is noteworthy 

to mention that their hydrolyzate was not toxic to the culture and required no addi-

tional treatment such as overliming prior to fermentation. It is likely that SO 
2
  pre-

treatment does not generate inhibitors that inhibit culture’s viability and fermentative 

capacity. It is also possible that  Clostridium sacchrobutylicum  P262 is a more toler-

ant strain than  C. beijerinckii  P260. The reader is informed that productivity obtained 

in their system cannot be compared with that achieved in our CSH fermentations as 

these authors employed cell recycle fermentations that result in signi fi cantly 

improved productivity due to increased cell concentration in the reactor. Other 

authors that reported butanol production from CSH and corncob hydrolyzate (CCH) 

include Marchal et al.  [  41  ] . In these investigations corncobs were pretreated with 

steam expansion followed by enzymatic hydrolysis and fermentation in large reac-

tor (48,000 L) which resulted in an ABE concentration of 20.50 g/L (Table  2 ). 

 Attempts have been made to produce butanol from switchgrass hydrolyzate 

(SGH). The switchgrass was pretreated and hydrolyzed in a similar manner as barley 

straw and corn stover and the hydrolyzate was subjected to butanol fermentation. 

   Table 2    Production of butanol from various agricultural residues   

 Biomass 
 ABE before lime 
treatment (g/L) 

 ABE after lime treatment 

 Reference  ABE (g/L)  Yield (−) 
 Productivity 

(g/L h) 

 Control  21.06   a    a    a   Qureshi et al.  [  61  ]  

 WSH  25.00   a    a    a   Qureshi et al.  [  57  ]  

 BSH  7.09  26.64  0.43  0.39  Qureshi et al.  [  61  ]  

 CSH   b   26.27  0.44  0.31  Qureshi et al.  [  62  ]  

 CSH  25.70 c    a    a    a   Parekh et al.  [  45  ]  

 CCH  20.50 d    d    d    d   Marchal et al.  [  41  ]  

 SGH  1.48   e    f    f   Qureshi et al.  [  62  ]  

 DDGS   b   12.8  0.31  0.18  Ezeji and Blaschek  [  15  ]  

   a  No treatment required as fermentation was good without treatment 
  b  Resulted in no growth and no fermentation 
  c  Cell recycle experiment (calculated values: yield 0.34, and productivity 1.07 g/L h). Culture used 
 Clostridium acetobutylicum  P262 
  d  Detoxi fi cation not reported (perhaps it did not require) 
  e  Poor cell growth and fermentation 
  f  Not calculated due to poor growth and fermentation  
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The untreated SGH did not result in the production of more than 1.48 g/L ABE  [  62  ] . 

When the SGH was diluted twofold with water, the culture produced 14.61 g/L 

ABE. In order to improve it further the SGH was mixed with WSH and fermented 

using  C. beijerinckii  P260. In this fermentation the culture produced 8.91 g/L ABE, 

while lime treated SGH resulted in poor cell growth (0.20 g/L) and no fermentation. 

It is likely that SGH still contained cell growth and fermentation inhibitors. 

 Studies were also performed to produce ABE from corn  fi ber hydrolyzate (CFH; 

 [  49  ] ). It was found that untreated CFH was also toxic to the culture and it resulted 

in the production of 1.7 g/L ABE, while XAD-4 resin (trade name) treated CFH 

resulted in the production of 9.3 g/L ABE. This suggested that fermentation inhibi-

tors were removed by the resin. Further investigations were performed on the pro-

duction of ABE from corn  fi ber arabinoxylan and 9.60 g/L ABE was produced from 

this substrate in a batch system  [  51  ] . 

 In an attempt to produce butanol from DDGS, Ezeji and Blaschek  [  15  ]  pretreated 

this lignocellulosic substrate with dilute sulfuric acid, hot water, and ammonia  fi ber 

expansion (AFEX) followed by enzymatic hydrolysis. Upon hydrolysis 52.6, 48.8, 

and 41.4 g/L total sugars were obtained, respectively, from 150 g/L DDGS total 

solids. Fermentation of these hydrolyzates was then performed using a number of 

solventogenic cultures including  C. beijerinckii  P260. These cultures were not able 

to grow in the hydrolyzate due to the presence of toxic chemicals generated during 

dilute sulfuric acid pretreatment process, indicating that removal of toxic chemicals 

was essential prior to fermentation. Toxic chemicals were removed by overliming 

the hydrolyzate and the detoxi fi ed hydrolyzate supported cell growth and fermenta-

tion thus producing 12.8 g/L total ABE using  C. beijerinckii  P260. This system 

resulted in a productivity of 0.18 g/L h and an ABE yield of 0.31  [  15  ] .  

    3.2   Cellulosic Hydrolyzate Fermentation Inhibitors 

 As indicated above, conversion of cellulosic biomass to butanol requires pretreatment 

employing dilute sulfuric acid or dilute sodium hydroxide, or alkaline peroxide. 

During the pretreatment and neutralization process, inhibitors such as salts (sodium 

acetate, sodium chloride, and sodium sulfate), and chemicals including furfural, 

hydroxymethyl furfural (HMF), syringealdehyde, and acids (acetic, glucuronic, 

ferulic, and  r -coumaric) are produced. Some of these chemicals are toxic to the 

culture. In a recent study it was observed that sodium sulfate  [  18  ] , sodium chloride 

 [  59  ] , glucuronic, ferulic, and  r -coumaric acids, phenol, and syringealdehyde  [  18  ]  

were toxic to a butanol producing culture. Ferulic acid, at a concentration as low 

as 0.3 g/L, was a strong inhibitor to both cell growth and fermentation. On the 

contrary, syringealdehyde (0.3–1.0 g/L) was not so toxic to the cell growth; how-

ever, it resulted in complete arrest of ABE production  [  18  ] . As expected, phenol was 

found to be inhibitory to both cell growth and ABE production. 

 In order to produce ABE from agricultural residues successfully, inhibitors present 

in the hydrolyzates must be removed prior to fermentation. In recent studies, Qureshi 
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et al.  [  61,   62  ]  attempted to produce butanol from untreated and treated BSH and 

CSH. ABE was successfully produced from the treated hydrolyzates, however, 

strong inhibition of cell growth was still observed. In case of BSH and CSH, 0.80 

and 0.77 g/L cell mass was obtained as compared to 2.66 g/L in the control experiment 

in which glucose was used. It is likely that chemical inhibitors were removed from 

the hydrolyzates by overliming leaving behind salts that were generated during 

neutralization. In order to reduce or eliminate cell growth inhibition, it is recom-

mended that salts also should be removed from the medium by electrodialysis  [  59  ]  

followed by fermentation. Possibly, removal of salts could improve both cell growth 

and productivity.  

    3.3   Hydrolyzate Fermentation Stimulators 

 In an interesting investigation, it was observed that some of the cellulosic hydrolyzate 

chemicals that are generated during the pretreatment or the neutralization process 

stimulate both cell growth and ABE production. These chemicals include sodium 

acetate, furfural, and HMF. In the presence of 8.9 g/L sodium acetate cell growth 

was slightly improved. In the control experiment 17.8 g/L ABE was produced while 

in the presence of 8.9 g/L acetate 20.3 g/L ABE was produced, showing an increase 

of 14%. An improvement in fermentation performance on supplementation of acetate 

has previously been documented  [  11,   24  ] . Inclusion of furfural and HMF (0.3–2.0 g/L) 

in the fermentation medium improved both cell concentration and ABE production 

 [  18  ] . It is suggested that acetate, furfural, and HMF are bene fi cial to this fermentation 

within a certain concentration range.   

    4   Product Separation Techniques 

 Butanol fermentation results in low butanol concentration in the fermentation broth 

due to toxicity of this product to the culture. A maximum concentration of butanol or 

ABE that can be produced in a batch process is limited to 20–30 g/L. This low con-

centration of ABE possesses the following problems: (1) low butanol/ABE produc-

tivity usually of the order of 0.30–0.50 g/L h; (2) use of dilute sugar solution as feed 

usually in the range of 50–60 g/L; and (3) energy inef fi cient recovery of the  fi nal 

product. Recovery of such a low amount of product (20–30 g/L) in combination with 

butanol’s high boiling point (118°C; higher than water) requires a very high amount 

of energy for distillation thus making the process of butanol production uneconomic. 

Use of dilute sugar solution as feed for this fermentation requires more energy to 

prepare and sterilize it (feed) thus resulting in elevated capital and process costs. 

 In order to make butanol production economic from renewable biomass/residues, 

one or both of the following approaches should be considered: (1) developing a cul-

ture that can produce and tolerate high concentration of this product by application of 
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microbial genetics and/or (2) simultaneous removal of the toxic product from the 

fermentation broth using energy ef fi cient alternative product recovery technique, an 

engineering approach. During the last 3 decades, progress in the  fi rst direction has 

been limited and no culture as yet has been developed that can tolerate or produce 

butanol ( n -butanol) concentration in excess of 20 g/L, while approach number two 

has made signi fi cant strides in this direction. Simultaneous recovery of butanol from 

the fermentation broth has been bene fi cial for this process and following advance-

ments have been made: (1) productivity in free cell fermentations has been improved 

by a factor of 2–3 (0.98 g/L h,  [  17  ] ; and 15.8–16.2 g/L h in immobilized cell reactors, 

 [  33,   63  ] ); (2) concentrated sugar solution up to 500 g/L have been used; and fermen-

tations have been prolonged thus eliminating down time. Table  3  shows ABE pro-

ductivity, type of reactor employed, reactor life, and concentration of sugar solution 

that has been used. Some of the techniques that have been employed for simultane-

ous product removal include adsorption  [  50,   74  ] , N 
2
  gas stripping  [  13,   52  ] , CO 

2
  & H 

2
  

(fermentation gases) gas stripping  [  38,   55  ] , pervaporation  [  23,   37,   56,   72  ] , liquid-

liquid extraction  [  53,   55,   64,   65  ] , perstraction  [  54,   55  ] , and reverse osmosis  [  21  ] . 

Details of these product separation techniques are published elsewhere  [  12,   37,   48  ] .   

    5   Process Integration 

 The purpose of process integration is to combine more than one unit operations into 

a single unit to reduce both capital and operational cost. In butanol fermentation, 

early reports on process integration were published in the late 1980s and the early 

   Table 3    Selected bioreactor systems employed for the production of butanol   

 Reactor type 
 Reactor 
life (h) 

 Productivity 
(g/L h) 

 ABE 
produced 
(g/L) 

 Sugar used 
(g/L) 

 Feed conc. 
(g/L)  Reference 

 Batch reactor  68  0.29  17.6  45.4  59.9  Ezeji et al.  [  17  ]  

 Fed-batch 
reactor a  

 201  0.98  232.8  500.1  500  Ezeji et al.  [  17  ]  

 Continuous 
reactor a  

 504  0.92  461.3  1125.0  250–500  Ezeji et al. 
 [  16,   20  ]  

 Immobilized 
cell reactor 

 597  15.8  7.9  20.4  61.8–62.5  Qureshi 
et al.  [  63  ]  

 Immobilized 
cell reactor a  

 –  16.2  8.1  55.3  55.3  Lienhardt 
et al.  [  33  ]  

 Immobilized 
cell reactor b  

 613  4.6  5.1  –  50–67  Huang 
et al.  [  27  ]  

 Cell recycle 
reactor b  

 193  4.5  16.0  45.5  45.5  Pierrot 
et al.  [  47  ]  

 Cell recycle 
reactor b  

 –  5.4  8.4  –  60.0  Afschar 
et al.  [  1  ]  

   a  Integrated system with simultaneous product removal 
  b  Some of the parameters are calculated values;—not reported  
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1990s  [  13,   52  ]  where butanol fermentation was integrated with product separation. 

In the case of butanol production by fermentation, following process integrations 

can occur depending upon the feedstock used:

    1.    Fermentation and recovery of butanol.  

    2.    Hydrolysis of feedstock and fermentation to butanol.  

    3.    Hydrolysis of feedstock, fermentation, and separation of butanol.     

 In the case of fermentation and recovery, feedstock does not require hydrolysis 

such as glucose or if it requires hydrolysis, the later can be performed by the butanol 

producing culture while fermentation occurs. An example of this is the production 

of butanol from whey permeate (a byproduct of cheese making industry) and simul-

taneous recovery by gas stripping. Whey permeate contains lactose (a disaccharide 

of glucose and galactose) which can be hydrolyzed by the culture into monomeric 

sugar units. Then both of these sugars can be converted to butanol. Butanol that is 

produced by the culture can be recovered simultaneously by one of the product 

recovery techniques mentioned in Sect.  4 . 

 The second group is where a feedstock requires hydrolysis using exogenous 

enzymes. In this case, the butanol producing culture is not capable of hydrolyzing 

the substrate and hence either enzymes are added to the reactor or hydrolytic enzyme 

producing culture is propagated with the butanol producing culture. The conditions 

under which enzymes perform hydrolysis need to be close to the cultivation condi-

tions of butanol producing culture. In this system, hydrolysis and fermentation are 

all combined. This group is called SSF (Simultaneous Sacchari fi cation and 

Fermentation). The third group is where hydrolysis, fermentation, and recovery are 

combined. In this case, enzymes or a hydrolytic enzyme producing culture hydroly-

ses the feedstock such as cellulosic biomass, the butanol producing culture performs 

fermentation, and application of product (butanol) recovery technique recovers the 

product simultaneously from the reactor. The third process can be abbreviated as 

SSFR (simultaneous sacchari fi cation, fermentation, and recovery). 

    5.1   Separate Hydrolysis, Fermentation, and Recovery 

 Although the cost of agricultural residues is much lower than the cost of other 

conventional substrates such as corn, the process of butanol production from residues 

requires additional process steps. One such step is the hydrolysis of residues to 

simple sugars prior to their conversion to butanol. Unless these residues are converted 

to simple sugars, they cannot be used by butanol producing cultures. The hydrolysis 

 fi rst requires pretreatment using dilute sulfuric acid or dilute alkali at 121°C or 

higher. This is done to make cellulosic  fi bers accessible to enzymes. For our studies 

dilute sulfuric acid was used in order to make the process simple  [  57  ] . Following 

pretreatment, the biomass was hydrolyzed with enzymes which were then fermented 

to butanol. Butanol or ABE was then recovered using the gas stripping technique 

 [  57  ] . It is suggested that any of the product recovery techniques described by 
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Maddox  [  37  ]  or Qureshi  [  48  ]  can be used for ABE removal. The overall process of 

production of butanol from cellulosic biomass by this process requires three sepa-

rate steps (hydrolysis, fermentation, and recovery) and is called “Separate Hydrolysis, 

Fermentation, and Recovery (SHFR).” Figure  1a  shows a schematic diagram of 

butanol production by this process.   

    5.2   Simultaneous Hydrolysis, Fermentation, and Recovery 

 The process described under this category aims at reducing the number of process 

steps (SSFR) as opposed to SHFR. In the SSFR process, after pretreatment of the 

cellulosic biomass, enzymes are added to the reactor and at the same time the reactor 

is inoculated with a butanol producing culture. Since optimum pH for hydrolytic 

enzymes and culture that produce butanol is the similar (5.0), these two unit opera-

tions can be performed simultaneously in the same reactor. It should be noted that 

enzymes perform more ef fi ciently at 45°C while the optimum temperature for 

butanol producing culture is only 35°C. In spite of the different optimum temperatures 

for the enzymes and the culture, this process performs well. In order to make this 

Hydrolysis

(Step I)

+

Fermentation

(Step II)

Recovery

(Step III)

Feed Product

An integrated/combined process of hydrolysis (Step I), fermentation

(Step II), and product recovery (Step III)

+Feed Product

a

b

  Fig. 1    A schematic diagram of production of butanol/ABE from lignocellulosic biomass employ-
ing  Clostridium beijerinckii  P260. ( a ) SHFR (separate hydrolysis fermentation and recovery pro-
cess); ( b ) SSFR (simultaneous sacchari fi cation, fermentation, and recovery process; also known as 
an integrated process)       
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process more ef fi cient, it is recommended that new hydrolytic enzymes be developed 

with 35°C as their optimum temperature. Since butanol is toxic to the microbial 

cells, the product should be removed simultaneously. Continuous removal of butanol 

from the fermentation broth would also prolong the reaction thus improving 

ef fi ciency of the process further. A schematic diagram of the SSFR process is shown 

in Fig.  1b . The overall process bene fi ts from this system as all three unit operations 

are performed in a single reactor. This system has been applied to butanol produc-

tion from wheat straw  [  49,   58  ] . 

 In a study, Marchal et al.  [  40  ]  produced ABE in an integrated system where 

hydrolysis and fermentation were combined. These authors did not apply simulta-

neous product removal technique to remove ABE from the system/fermentation 

broth. In this system wheat straw was pretreated with alkali followed by washing 

the straw several times with tap water. Cellulase enzyme was prepared from 

 Trichoderma reesei  Cl-847 and added to the fermentation medium which was inoc-

ulated by  C. acetobutylicum  IFP 921. These investigations were performed in a 6 L 

bioreactor with 2 L medium containing 194 g (dry weight) of pretreated wheat 

straw, 12 g of dried corn steep liquor and 360 mL of undiluted enzyme preparation. 

Approximately 17.3 g/L ABE was produced from the wheat straw. 

    5.2.1   Batch Fermentation and Recovery 

 The studies on butanol production employing a SSFR process were performed using 

wheat straw as a substrate  [  60  ] . In this process wheat straw was pretreated with 

dilute sulfuric acid at 121°C for 1 h followed by cooling the mixture to 45°C and 

adjusting pH to 5.0 with concentrated NaOH solution. During these studies a num-

ber of experiments were performed with the following conclusions: (1) presence of 

sediments in the reactor does not inhibit fermentation; (2) agitation by gas stripping 

was necessary to improve mass transfer which helped wheat straw to hydrolyze to 

near completion and remove butanol simultaneously; and (3) hydrolysis of wheat 

straw to sugars using enzymes was slower than sugar utilization by the culture to 

produce butanol and often the culture was found de fi cient in sugar. This may have 

been due to different optimum temperatures for enzymes (45°C) and butanol fer-

mentation (35°C). Although, SSFR in a batch reactor was successful, it had some 

problems that are listed below: (1) aseptic transfer of pretreated wheat straw to the 

bioreactor was dif fi cult, introducing the possibility of contamination; (2) liquid 

sampling from the reactor was problematic due to the presence of signi fi cant amount 

of solids in the reactor; and (3) axial agitation of biomass and cell broth affects the 

culture negatively and hence agitation by gas stripping was considered as an option. 

While use of gas stripping was helpful, rate of butanol removal from the broth was 

low thus requiring a large amount of gas recycle. In a batch reactor where SSFR was 

applied a productivity of 0.31 g/L h was observed (when wheat straw was used) as 

compared to 0.30 g/L h when glucose was used as a substrate. In this integrated 

batch process 21.42 g/L total ABE was produced from 86 g/L wheat straw. This 

system resulted in an ABE yield of 0.37 (g ABE/g sugar released) based on 95% 

hydrolysis of wheat straw (Table  4  ) .   
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   Table 4    Production of butanol/ABE from wheat straw in simultaneous sacchari fi cation, fermenta-
tion, and recovery (SSFR) process   

 Process 

 Cellulosic 
sugars 
used (g/L) 

 Total ABE 
produced 
(g/L) 

 Productivity 
(g/L h)  Yield (−) 

 Reactor 
operation (h)  Reference 

 Batch SSFR  52.2  21.4  0.31  0.41  71  Qureshi 
et al.  [  60  ]  

 Fed-batch 
SSFR 

 430.0  192.0  0.36  0.44  533  Qureshi 
et al.  [  58  ]  

 Batch (no prod. 
recovery) 

 50.0  17.3  0.46 a   0.35  38  Marchal 
et al.  [  40  ]  

   a Calculated value  

    5.2.2   Fed-Batch Fermentation and Recovery 

 Production of butanol in a fed-batch reactor is another system where hydrolysis, 

fermentation, and recovery can be combined (SSFR). Using such a system, butanol 

was produced from wheat straw  [  58  ] . The reactor was loaded with 86 g/L pretreated 

wheat straw, enzymes, and the butanol producing culture. The system was operated 

for 533 h at a pH 5.0 and temperature 35°C. During the initial period of 120 h, wheat 

straw was hydrolyzed completely by the added hydrolytic enzymes. In order to 

ascertain that the culture was not de fi cient in sugar, a mixture containing glucose, 

xylose, arabinose, galactose, and mannose was fed to the reactor to mimic their 

proportion in wheat straw. In a 1 L reaction mixture a total (including sugar present 

in WS) of 430 g sugar was used thus producing 192 g total ABE with a yield of 0.44 

(Table  4 ). In this reactor, a productivity of 0.36 g/L h was achieved which is 20% 

higher than achieved (0.30 g/L h) in a control reactor. One of the major problems 

associated with this fermentation was that the culture had dif fi culty utilizing xylose 

in the later part of fermentation. In this system, gas stripping was used to agitate the 

treated biomass and recover ABE.    

    6   Economic Evaluation of Agricultural Residues to Butanol 

 In a recent economic study on production of butanol from WSH, it was identi fi ed 

that utility costs are one of the most signi fi cant factors that impact price of butanol. 

This was largely due to distillative recovery of butanol from fermentation broth. 

Wheat straw was treated using dilute sulfuric acid at 121°C and hydrolyzed using 

enzymes prior to fermentation to butanol. Fermentation was performed in batch 

reactors employing  C. beijerinckii  P260 followed by recovery by traditional distil-

lation. It was estimated that distillative recovery of butanol would result in the 

production price of $1.37/kg ($4.26/gal) for a grass rooted/or green  fi eld plant while 

for an annexed plant this price would reduce to $1.07/kg ($3.33/gal). Recovery 

of butanol using a pervaporation membrane would further reduce this price to 
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$0.82/kg ($2.55/gal). This price is based on 2010 equipment purchase cost. In an 

interesting report, commercial production of acetone-butanol was achieved in 

Russia (then Soviet Union) from hemp waste, corncobs, and sun fl ower shells  [  76  ] . 

In addition to acetone-butanol, equal emphasis was placed on recovery of gases, 

vitamin B12, and methane production by digesting the ef fl uent waste thus bene fi ting 

from all these coproducts which added to the pro fi tability of the AB plant.      
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  Abstract   The production of ethanol and other biofuels through the biochemical 

conversion of lignocellulosic biomass represents a promising path towards sustainably 

achieving the immense global demand for liquid transportation fuels. While numerous 

cellulosic ethanol production process con fi gurations exist, the one known as 

Consolidated Bioprocessing (CBP) stands alone in combining all biologically medi-

ated events into the action of a single organism (i.e., production and secretion of 

saccharolytic enzymes, hydrolysis of cellulose and hemicellulose, and fermentation of 

six-carbon and  fi ve-carbon sugars into biofuels such as ethanol). We discuss here the 

major issues with developing CBP technologies including the promises and challenges, 

the two prominently pursued routes to achieve this technology and several of the most 

promising candidate organisms. CBP represents a low-risk, high-reward proposition 

and its pursuit by researchers is most certainly warranted as we look to the future.      

    1   Introduction 

 The biological conversion of lignocellulosic biomass (biomass) to fuels such as etha-

nol or butanol is broadly viewed as a very achievable means to producing large 

quantities of liquid transportation fuel from renewable resources in the shadow of a 
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waning supply of fossil fuels and an ever-changing energy marketplace. The bio-

chemical conversion of cellulosic biomass to ethanol, for example, represents a 

major untapped potential fuel source, with minimal environmental impacts  [  1  ] . The 

challenge has always been to make the ethanol production process  fi nancially com-

petitive in the current fuel market  [  2,   3  ] . While the commercial conversion of starches 

and monomeric sugars to fuel is a relatively straightforward process, the utilization 

of biomass as a starting feedstock is rather complex owing in large part to the recal-

citrance of biomass, and to the heterogeneity of the substrate. Biomass recalcitrance 

is a general term which refers to the resistance of plant cell walls to enzymatic decon-

struction  [  2  ] , while heterogeneity refers to the complex mixture of lignin, cellulose 

and hemicellulose consisting of numerous sugar polymers, and the various chemical 

side-chain modi fi cations that exist in different amounts and whose ratios vary among 

biomass feedstocks. The particularly dif fi cult nature of using lignocellulosic bio-

mass as the feedstock for the biological production of ethanol has led to the develop-

ment of numerous process con fi gurations that can be used to break down biomass in 

distinct, yet nontrivial steps. These steps include chemical pretreatment, enzymatic 

deconstruction and depolymerization of cellulose and hemicellulose, fermentation 

of hexose sugars, and fermentation of the pentose sugars  [  4,   5  ] . The detailed discus-

sion of biomass chemical pretreatment is beyond the scope of our focus, but we 

mention it here because it is an absolutely essential component of current process 

con fi gurations and still represents a signi fi cant research effort within the  fi eld of 

biofuels production. While numerous process con fi gurations exist that separate the 

different steps mentioned above, perhaps no other con fi guration has garnered as 

much attention or caught the imagination of researchers as much as the one known 

as “Consolidated Bioprocessing,” also referred to as “CBP”  [  4,   6–  12  ]  (Fig.  1 ).  

 The concept of CBP refers to combining the four biologically mediated processing 

steps into the action of a single microorganism, or a consortium of microorganisms. 

As most CBP research has focused on single organisms, we limit our discussion to 

these candidates in this review. Essentially, an organism must produce and secrete 

multiple glycoside hydrolase enzymes to depolymerize the cellulose and hemicel-

lulose within the pretreated biomass, uptake the newly released monomeric sugars, 

and metabolize both the  fi ve-carbon sugars and the six-carbon sugars to produce 

ethanol. While the concept is simple to describe, the intricacies of generating a 

viable CBP organism are extremely complex. In this review, we brie fl y discuss the 

promises and challenges of achieving commercially relevant CBP, the general strat-

egies employed, and further discuss the advantages and disadvantages of candidate 

CBP organisms.  

    2   Rationale and Potential for Consolidated Bioprocessing 

 CBP puts the onus on a single microorganism to independently convert pretreated 

biomass directly to a biofuel such as ethanol. Not surprisingly, the ultimate driving 

factor behind the concept of developing consolidated processing technologies has 
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always been cost reduction. The primary cost reduction comes from the fact that 

when the fermentation organism can produce and secrete the cellulolytic enzymes 

which are necessary to deconstruct biomass, it alleviates the need for a dedicated 

and separate enzyme production step. This would signi fi cantly reduce capital costs 

related to equipment used for enzyme production (if produced in-house), and would 

further decrease processing costs equal to the value of dedicated cellulase produc-

tion (and delivery if produced externally). With this case laid out, the true value of 

pursuing a CBP technology is dependent upon the cost of generating enzymes sepa-

rately. As the development of cellulase enzyme technologies progress and produc-

tion costs continue to decrease so do the merits of pursuing CBP. However, while 

commercial enzyme costs have seemingly decreased over the last decade or so, they 

still represent a signi fi cant cost input into the conversion of biomass to ethanol. 

Accordingly, while perhaps not as attractive of a pursuit as it was a decade ago, the 

generation of a true CBP organism could still impart a substantial cost reduction to 

biofuels production. Emphasizing that point, it has recently been reported that the 

costs of pretreatment and the generation of cellulase enzymes remain the predomi-

nant  fi nancial barriers to realizing the full potential of cellulosic ethanol production 

 [  13,   14  ] . Furthermore, the development of more ef fi cient microbial strain engineering 

techniques has made the task of creating a CBP organism less daunting than ever 

before, adding to the attraction of pursuing a CBP approach. 

 No one has yet identi fi ed a naturally existing microorganism that can produce 

and secrete suf fi cient cellulolytic activities, while simultaneously fermenting the 

  Fig. 1    Consolidated bioprocessing. The four biologically mediated steps to achieving consoli-

dated bioprocessing are: (1) production and secretion of saccharolytic enzymes, (2) hydrolysis of 

cellulose and hemicellulose (biomass), (3) fermentation of  fi ve-carbon sugars into ethanol, (4) 

fermentation of six-carbon sugars into ethanol       
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liberated sugars to a high titer of ethanol in the presence of toxic components found 

in lignocellulosic-derived hydrolysates. This is especially true given the trend of 

using higher percent solids loading, as a means of reducing water consumption dur-

ing the process. As such, genetic engineering has played a key role in attempts to 

synthetically create such a commercially relevant organism. Two major strategies 

geared towards creating a CBP organism have generally been followed to date: The 

engineering of either a native cellulophile or a native ethanologen. These two 

strategies have also been previously referred to as the “native cellulolytic” and 

“recombinant cellulolytic” approaches, respectively  [  5  ] .  

    3   Native Cellulophile Approach 

 At its foundation, this approach uses a microorganism that is very adept at utilizing 

cellulose as a growth substrate, and attempts to instill the ability in the organism to 

produce high yields and titers of ethanol in the presence of a biomass hydrolysate 

environment. This approach bene fi ts from having the extremely complex process of 

deconstructing plant cell walls already programmed within the organism’s metabo-

lism. In this particular case, suites of cellulase enzymes do not need to be heterolo-

gously expressed thereby allowing metabolic engineering and strain adaptation 

approaches to focus solely on increasing ethanol production and on product and 

hydrolysate tolerance mechanisms, while reducing organic acid production. 

However, this is no trivial matter as most candidate cellulolytic organisms have only 

very minimal capabilities of producing ethanol anywhere near the yields and titers 

that would be required for a viable cellulosic ethanol production process. Further 

complicating the native cellulophile approach is that, generally speaking, the molec-

ular biology tools for engineering candidate cellulolytic organisms have not been as 

well established relative to other commonly used model organisms. This makes the 

process of creating a robust fermentation organism from a cellulolytic candidate 

challenging to say the least. With that said, some progress has been made along this 

front and several cellulolytic candidate organisms have made it to the forefront as 

potential CBP host organisms including  Clostridium thermocellum ,  Clostridium 

phytofermentans ,  Clostridium cellulolyticum ,  Thermoanaerbacterium saccharolyti-

cum , and recently,  Trichoderma reesei . We discuss the potential of several of these 

candidate microorganisms in further detail below. 

    3.1    Clostridium thermocellum  

  C .  thermocellum  is a thermophilic anaerobe with a naturally powerful cellulosome-

based cellulolytic system that was  fi rst isolated in pure culture in 1954  [  15  ] . Its prom-

inence as a candidate CBP organism stems from its innate ability to deconstruct and 

ferment cellulose directly to ethanol, through a very ef fi cient cellulose metabolism 
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at very high temperatures. Despite these positive attributes, native isolates can only 

generate very low levels of ethanol ranging from 0.08 to 0.29 g ethanol per g glucose 

equivalents  [  16–  19  ]  and cannot tolerate levels of the fermentation product exceed-

ing 1.5%  [  20–  23  ] . The phenotype of increased tolerance to ethanol has been 

successfully identi fi ed in some strains reportedly being able to tolerate ethanol 

concentrations approaching 7–8% in certain cases  [  23  ] . However, this was not in 

the presence of hydrolysate which has additional potent inhibitors present that can 

synergistically decrease tolerance to ethanol  [  24  ] . An additional detriment of 

 C .  thermocellum  is that it lacks the native ability to ferment pentose sugars  [  7  ]  which 

would leave the hemicellulose component of biomass unconverted in the process. 

 As with all current candidate CBP organisms, the creation of improved  C .  ther-

mocellum  strains requires the ability of the organism to be genetically manipulated, 

a capability that at one point remained quite elusive. Recently, however, researchers 

have developed methods to perform a variety of genetic manipulations  [  25–  27  ] , and 

very recently a group of researchers has developed the ability to perform targeted 

gene knockouts in  C .  thermocellum   [  26  ] , which will be an essential tool for per-

forming targeted metabolic engineering in this organism that was once seen as 

genetically rigid. While additional techniques will need to be established and fur-

ther developed, this breakthrough makes this highly cellulolytic organism acquies-

cent towards genetic manipulations and more importantly shows that  C .  thermocellum  

will become a strong candidate organism for CBP. However, major hurdles still 

need to be overcome with the engineering of this organism including the incorpora-

tion of a pentose sugar fermentation pathway, and instilling the ability to produce 

and tolerate higher levels of ethanol while resisting the toxic environment of a cel-

lulosic hydrolysate. It also seems quite likely that given this organism’s ability to 

deconstruct native biomass, a less severe pretreatment con fi guration might be an 

option, thus reducing the toxicity of the hydrolysate. Nonetheless,  C .  thermocellum  

remains a prime candidate organism in the  fi eld of CBP owing predominately to its 

strong ability to deconstruct biomass.  

    3.2    Thermanaerobacterium saccharolyticum  

 While  T .  saccharolyticum  cannot be considered as a strict CBP candidate since it is 

noncellulolytic, it does have important properties that give it some warranted atten-

tion potentially as a member of a CBP consortium. It is an anaerobic thermophilic 

bacterium but unlike  C .  thermocellum ,  T .  saccharolyticum  can ferment xylan and all 

other biomass-derived sugars making the engineering of this organism somewhat 

less complicated in that regard. Furthermore, high frequency gene transfer has been 

achieved in this organism  [  28,   29  ]  increasing the capacity for strain engineering. 

Importantly, the catabolic pathways have been mapped out with key metabolic 

enzymes identi fi ed  [  30  ]  providing the necessary knowledge base to address the 

relevant metabolic pathways. In fact, highly effective metabolic engineering has 

been performed on  T .  saccharolyticum  allowing it to produce ethanol with a maximum 
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titer of 37 g/L, which while greatly lower than many ethanologens, is the highest 

reported for a thermophilic anaerobe  [  31  ] . While the use of this organism alone is 

unlikely to achieve the endpoints required for a robust CBP host, we feel that given 

its great promise as a biocatalyst for the conversion of hemicellulose, it is an organism 

worthy of future research endeavors.  

    3.3    Trichoderma reesei  

 Naturally occurring fungi such as  T .  reesei  and  Aspergillus  species have the capability 

of secreting massive quantities of cellulases including endo- b  glucanases, exo- b  

glucanases, and  b  glucosidases. The action of these three enzymes can work syner-

gistically to solubilize lignocellulosic feedstocks yielding glucose that can be 

converted via fermentation to ethanol. Some arguments have recently been 

presented for developing  T .  reesei  as a CBP host  [  78  ] . While research in this direc-

tion is still preliminary, we mention it here because it represents out-of-the-box 

thinking that will be required to drive CBP research forward. While  T .  reesei  and 

other fungal species have been shown to harbor the metabolic pathways that are 

necessary to produce ethanol from sugars, the levels of ethanol produced by these 

microorganisms are nevertheless rather low compared to the more robust fermenta-

tion organisms such as  Zymomonas mobilis  and  Saccharomyces cerevisiae   [  78  ] . 

Moreover,  T .  reesei  is an obligate aerobe making ethanol production process more 

complicated through either strain engineering or process recon fi guration. 

Furthermore, its  fi lamentous nature will make mixing within the fermentation tank 

challenging yet more essential than with a unicellular organism. Despite these for-

midable challenges, the raw cellulolytic power of  T .  reesei  and the innate, if not 

overwhelming, ability to produce ethanol make it an intriguing CBP candidate. 

However, much more research will need to be done to determine the feasibility of 

using this organism as a CBP host.   

    4   Native Ethanologen Approach 

 The basic premise of the native ethanologen CBP approach is to start with a robust 

ethanologen, and engineer in it the ability to produce and secrete a suite of cellulolytic 

enzymes. This approach generally takes advantage of already having an excellent 

ethanol production system with ethanol tolerance mechanisms in place, and either 

natural or engineered abilities to utilize the major biomass-derived sugars including 

xylose and arabinose. With the metabolic foundation intact, the strain development 

effort can focus solely on producing large amounts of cellulases and directing them 

to the extracellular space. However, these related processes represent distinct chal-

lenges in and of themselves, and can indeed be quite complex. While most attempts 

at pursuing this route have expressed one to several separate cellulases, a native 
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cellulose-degrading organism will generally produce dozens of distinct enzymes in 

order to achieve this task. For example,  T .  reesei  a cellulolytic fungi with the pre-

miere cellulose-degrading enzyme, CBHI  [  32  ] , expresses 10 cellulose-degrading 

and 16 hemicellulose-degrading enzymes  [  12  ] . Optimizing the functional expres-

sion of many enzymes can be complicated as it includes transcription, translation, 

peptide folding, and ensuring protein stability. Further complicating the case is that 

many enzymes, particularly of fungal origin, need post-translational modi fi cations 

including glycosylation to achieve maximal activity or stability  [  33–  35  ] . In addi-

tion, the enzymes must be targeted either directly or indirectly to be secreted extra-

cellularly. Of course, the advantage that recombinant CBP organisms have over 

cellulolytic organisms in nature is that they are fed a partially deconstructed sub-

strate due to thermochemical pretreatment, making the task of cellulose and hemi-

cellulose depolymerization less daunting, and requiring fewer enzymes. At an 

absolute minimum, an endoglucanase, an exoglucanase (cellobiohydrolase) and a 

 b -glucosidase will be required to fully depolymerize cellulose  [  36  ] , and very likely 

additional accessory enzymes will be required, making the expression of suf fi cient 

enzymes a challenging task. 

 There are numerous ethanologens that have been considered as candidates for 

conversion to a CBP organism including  Escherichia coli   [  7,   37,   38  ] ,  Klebsiella 

oxytoca   [  7,   39–  41  ] ,  Z .  mobilis   [  42–  47  ] , and several yeasts including  S .  cerevisiae  

 [  6,   9,   48–  50  ] . Given their strong representation in the cellulosic biofuels research 

landscape, we will discuss  S .  cerevisiae  and  Z .  mobilis  in more detail below. 

    4.1    Saccharomyces cerevisiae  

 There are several species of yeast that have been explored as a base platform for 

developing a CBP organism including  Pichia stipitis   [  51  ] ,  Candida shehatae   [  52  ] , 

 Pachysolen tannophilis   [  53  ] , and  S .  cerevisiae   [  9  ] . Each of these species has some 

very positive attributes. In fact, the former three microorganisms are naturally capa-

ble of fermenting both glucose and xylose to ethanol  [  54  ] , and each produce some 

level of hemicellulolytic and/or cellulolytic enzymes. However, overall the ethanol 

production is generally low in these organisms making them less than ideal  [  55–  57  ] . 

The fact, however, remains that  S .  cerevisiae  is still the preeminent yeast candidate 

for CBP development, as excellently reviewed by van Zyl et al.  [  9  ] . The primary 

attributes of  S .  cerevisiae  include its robust ability to produce ethanol, its extreme 

genetic malleability, its industrial affability, and the fact that it has been successfully 

engineered to ferment pentose sugars  [  58–  61  ] . In general, the primary detriments to 

yeast include their tendency as a group to hyperglycosylate heterologously expressed 

enzymes that can negatively affect enzyme activity  [  62,   63  ] , and the fact that secre-

tion of heterologous proteins is subject to several bottlenecks that limit yield  [  64  ] . 

Additionally, when compared to organisms like  Z .  mobilis , yeast exhibits a relatively 

high formation of cellular mass thus lowering the potential ethanol yield  [  65  ] . 

However, the major hurdle to overcome with  S .  cerevisiae  as is the case with all 
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ethanologen CBP candidates is achieving high level expression and secretion of 

saccharolytic enzymes. 

 There have been some major accomplishments in this respect including the abil-

ity to produce suf fi cient  b -glucosidases to support rapid growth on cellobiose as the 

sole carbon source  [  66,   67  ] . This  fi nding is important in that it suggests that cello-

biose conversion will not be the limiting step in cellulose conversion and establishes 

research on heterologous endoglucanase and cellobiohydrolase expression as a 

higher priority. 

 The endoglucanases expressed in  S .  cerevisiae  have been taken from diverse 

sources including  T .  reesei ,  Aspergillus niger ,  Cellulomonas  fi mi ,  Thermoascus 

aurantiacus ,  Cryptococcus  fl avus ,  C .  thermocellum ,  Bacillus subtilis , and 

 Acidothermus cellulolyticus  among others  [  9  ] . Taken as a whole, these enzyme 

expression studies have been relatively successful; however, the overall level of 

extracellular endoglucanases remains low. The reported expression of high levels of 

these proteins must be carefully evaluated. For example, the expression of high 

levels of a signi fi cantly less active enzyme only puts a great metabolic burden on 

the cell. Importantly, van Zyl et al.  [  9  ]  calculate based on the enzyme expression 

levels of  T .  reesei  that a secreted endoglucanase needs to only comprise 0.3% of the 

total cellular protein in yeast to achieve suf fi cient extracellular endoglucanase lev-

els. This should be within the acceptable limits of protein expression and secretion 

in  S .  cerevisiae . It seems that the major hurdle continues to be achieving high enough 

expression and secretion of  b -exoglucanase activity. 

 Achieving suf fi cient extracellular production of cellobiohydrolase (CBH) activ-

ity seems to be the lynchpin to achieving a successful native ethanologen based 

approach to CBP, and this is true in the case of  S .  cerevisiae  as well. The powerful 

cellobiohydrolase (CBHI) from  T .  reesei  is the major cellulolytic enzyme produced, 

comprising an astounding 60% of total mass  [  68  ] . While numerous studies have 

attempted to express CBHI and other CBHs in  S .  cerevisiae  none have been any-

where close to this amount, with the highest reported amount of secreted enzyme 

being 1.5%  [  9,   48,   69  ] . Importantly, however, researchers have demonstrated the 

direct hydrolysis and fermentation of amorphous cellulose using recombinant yeast 

providing an important step in the development of this organism  [  6  ] . It has been 

estimated that yeast-expressed CBH activity needs to be improved approximately 

20–120 fold  [  69  ] , but with improved strain development techniques, and a better 

understanding of recombinant protein expression and secretion in yeast, there is 

reason for guarded optimism along this front.  

    4.2    Zymomonas mobilis  

 One organism that lacks some of the potential problems encountered in  S .  cerevisiae  

and  C .  thermocellum , and is a strong candidate for CBP, is the gram-negative bac-

terium  Z .  mobilis .  Z .  mobilis  was  fi rst identi fi ed as an organism causing cider sick-

ness  [  70  ] , and has since been studied for its outstanding ability to produce ethanol 
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to a high titer and yield  [  4,   42,   71–  77  ] . Furthermore,  Z .  mobilis  has a reduced cel-

lular mass formation during fermentation, partially attributable to its sole use of the 

Entner-Doudoroff pathway  [  78  ]  thus allowing  Z .  mobilis  to approach the theoretical 

maximum ethanol yields during fermentation. As such,  Z .  mobilis  has been used 

successfully in simultaneous sacchari fi cation and fermentation and simultaneous 

sacchari fi cation and cofermentation processes  [  79–  81  ] . Additionally, while it can 

only natively ferment hexose sugars, it has been engineered to ferment the hemicel-

lulosic pentose (C5) sugars, xylose  [  82  ] , and arabinose  [  83  ] . 

 A prerequisite to establishing  Z .  mobilis  as a CBP organism is to achieve high 

levels of heterologous cellulase enzyme expression. While this is certainly no trivial 

task, de fi nitive progress has been made along this front  [  44–  46,   84–  87  ] . Recently, 

our own research efforts focused on the expression and secretion of various cellu-

lases in  Z .  mobilis  demonstrating the ability of this microorganism to constitutively 

express high levels of cellulases (up to 5% of the total cellular protein). However, 

secretion of these enzymes was the major limiting factor to obtaining high levels of 

extracellular cellulases  [  47  ] . While we were able to detect approximately 25% of 

the total cellulolytic activity in the extracellular space, the fact remains that in the 

case of CBP, any enzyme that remains intracellular is not able to participate in bio-

mass hydrolysis. While the secretion levels we achieved were signi fi cant and an 

important step towards the development of  Z .  mobilis  into a CBP organism, there is 

certainly room for additional improvements. We anticipate that for  Z .  mobilis  to be 

successfully developed into a CBP organism, methods to increase recombinant pro-

tein secretion will need to be greatly improved. We and others  [  42  ]  have attempted 

to utilize  Z .  mobilis  secretion signals belonging to either of the two major branches 

of the type II secretion apparatus (SecB-dependent  [  88  ]  and the Twin Arginine 

Translocation pathway  [  89  ] ), but feel that in order to secrete the large amounts of 

extracellular cellulases that will be required, the use of alternative strategies is going 

to be essential. This could be through enhancement of the type II pathways by coex-

pressing secretion machinery components, or through the use of alternative secre-

tion systems including the type I secretion system that directly secretes from the 

cytoplasm to the extracellular space, bypassing a periplasmic intermediate step 

 [  90  ] . While signi fi cant hurdles still need to be overcome, including the expression 

of suf fi cient cellobiohydrolase activity, we feel that  Z .  mobilis  remains one of the 

more promising ethanologens to be developed into a CBP organism.   

    5   Conclusions 

 While it is not entirely clear at this point as to which, if any, candidate microorgan-

ism will emerge as the preeminent CBP organism, ongoing research is still driving 

the  fi eld as a whole in a very positive direction. De fi nitive progress has been made 

towards developing CBP organisms over the last several years using both the native 

cellulophile, and native ethanologen-based approaches, and the potential of each 

strategy is higher than ever. Given the promising results along both fronts, and the 
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absence of any de fi nitively prohibitive roadblocks, both directions are worthy of 

sustained future research efforts. Ultimately, the success of either strategies will 

likely hinge upon the sustained commitment to high-quality biofuels research and 

the use of genetic engineering techniques. 

 It is truly an exciting time in the  fi eld of biofuels with the pursuit of next genera-

tion technologies such as CBP in full swing. The inclusion of numerous candidate 

microorganisms being pursued in a number of different laboratories around the 

world can only help to strengthen the long-term prospects of this developing 

technology. It has been profoundly enlightening to partake in and witness the strate-

gies employed by researchers to develop and ultimately deploy this technology. 

Modifying an organism in these drastic manners can be quite humbling when one 

understands the gap between normal biological activities and those required to 

achieve an economically and commercially feasible consolidated biofuels produc-

tion process. However, over the last few decades substantial progress has been made 

along this pursuit. More importantly, while the ultimate goal of CBP research is to 

use a single microorganism or possibly a consortium to fully deconstruct and con-

vert the released sugars to ethanol or alternative biofuels, this is not necessarily an 

all-or-none endeavor. For example, an ethanologen that could produce suf fi cient 

enzymes to saccharify half of the pretreated biomass with a CBP fermentation 

would require only half the amount of additional cellulase cocktails, thus halving 

the cost of enzyme loading. While this fall-back viewpoint can provide additional 

con fi dence going forward, we strongly feel that the achievement of true CBP is 

within reach and well worth the effort being put forth by researchers worldwide.      
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  Abstract   Most of the plant biomass is cell wall and therefore represents a renewable 

carbon source that could be exploited by humans for bioenergy and bioproducts. 

A thorough understanding of the type of cell wall being harvested and the molecules 

available will be crucial in developing the most ef fi cient conversion processes. 

Herein, we review the structure, function, and biosynthesis of lignocellulosic biomass, 

paying particular attention to the most important bioresources present in the plant 

cell wall: cellulose, hemicellulose, and lignin. We also provide an update on key 

improvements being made to lignocellulosic biomass with respect to utilization as 

a second-generation biofuel and as a resource for bioproducts.      

    1   Terminology to Describe Cell Walls 

 Before we examine the details of cellulose, hemicellulose, and lignin biosynthesis 

we review some additional classi fi cation terms that describe the type of cell wall. 

Every plant cell forms a primary cell wall (PCW) early in the cell lifecycle that is 

continuously produced throughout the period of cell growth. The shape and morpho-

genesis of plant cells are de fi ned by the capacity of the PCW to constrain cellular 

turgor pressure in a directed and controlled manner thereby permitting anisotropic 

expansion during cell growth. All PCWs contain cellulose and a hydrated matrix 

consisting of hemicelluloses and pectins, with some structural proteins. Two distinctive 

types of PCWs, either Type I or Type II, have traditionally been described within the 

angiosperms based on polysaccharide composition  [  24  ] . However, accumulating 

evidence from other plant species, for example,  Equisetum , suggests that PCWs are 
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best described as falling within a continuum rather than into speci fi c classes. For the 

sake of general discussion on PCWs, the traditional classi fi cation can be maintained, 

although keeping in mind that some plant species may be found at either extremes 

of a particular range. 

 In general, Type I PCWs are present in dicots and liliaceous monocots while 

Type II PCWs can be found in the cereals and other grasses. The main de fi ning 

feature used in describing the differences between the two wall types is the particular 

class of hemicelluloses (HCs) found within these walls. HCs, as discussed below, 

are heterogeneous in nature with multiple classes represented in different cell types, 

which is contrary to cellulose, a homogenous polymer present in roughly the same 

con fi guration in all cell walls. Type I walls contain mostly the xyloglucan form of 

HCs embedded in a pectinaceous gel cross-linked to structural proteins  [  24  ] . Type 

II walls contain much less pectin and fewer proteins and their HCs are primarily 

glucuronoarabinoxylans (GAXs) and mixed-linkage (1,3), (1,4)- b - d -glucans 

embedded in an acidic polysaccharide network of highly substituted GAXs  [  24  ] . In 

addition to PCWs, all plants deposit a thick secondary cell wall (SCW) around certain 

cell types after cell growth has ceased. The SCW primarily contains cellulose, HCs, 

and the polyphenolic compound lignin which provides added strength, protection, 

and hydrophobicity to plant tissues. The SCW is also the primary component of 

wood cells found in trees. In typical angiosperm trees such as  Populus  spp., the 

SCW consists of three layers (S1, S2, and S3), which are collectively composed of 

approximately 45% cellulose, 25% HCs, and 20–25% lignin  [  2  ] . In terms of cell 

type, over 50% of poplar wood is composed of xylem  fi bers which in turn contain 

most of their mass in the S2 layer of the SCW, thus making this the main area of 

focus in attempts to modify wood properties  [  113  ] . While most herbaceous plants 

lack woody tissue, the SCW is generally much thicker and more energy dense than 

the PCW in these species. Therefore, an important overall consideration for crops 

being used as feedstocks for bioenergy, such as grasses and fast growing woody 

crops, is that a majority of their cell wall polysaccharides and lignin will be bound 

up in the more recalcitrant SCW tissues.  

    2   Synthesis and Regulation of Key Cell Wall Biopolymers 

    2.1   Cellulose 

 As has been noted many times, the distinction given to cellulose as the most abundant 

carbohydrate found in plants also makes it the most abundant biopolymer in nature 

and an obvious target for bioconversion. In plant cells, cellulose exists in the form 

of paracrystalline micro fi brils that are made up of multiple, unbranched, parallel 

glucan chains, which in turn are composed of (1,4) linked  b - d -glucosyl residues 

that are alternatively rotated 180° along the polymer axis  [  80  ] . Plants synthesize 

cellulose at the plasma membrane by a symmetrical rosette of six globular protein 

complexes, collectively called the cellulose synthase complex (CSC) and totaling 
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25–30 nm in diameter  [  19  ] . Each lobe of the CSC rosette contains several structurally 

similar cellulose synthase (CESA) subunits  [  135  ] . CESAs are classi fi ed within 

family 2 of glycosyltransferases, which not only catalyze the addition of many glucose 

residues to a growing glucan chain (processive), but also invert each glucose resi-

due to create  b -linkages, thus making cellobiose the repeating unit  [  153  ] . CESAs 

polymerize  b -1,4-glucan chains from the activated sugar donor UDP-glucose, which 

is supplied by either UDP-glucose pyrophosphorylase or sucrose synthase. Several 

reports have suggested that sucrose synthase provides most of the UDP-glucose to 

CESAs due to the existence of a membrane bound form of this enzyme that is often 

highly expressed in tissues actively producing cellulose  [  64  ]  or by its effect on biomass 

production when over-expressed  [  36,   39  ] . However, it should be noted that there 

has not yet been any evidence to show direct physical association of sucrose synthase 

with the CSC and thus both sources of UDP-glucose are likely used. With regards 

to polymerization, although there is strong evidence to support the addition of glucosyl 

units to the nonreducing end of glucan chains, the molecular mechanism by which 

CESA create a  b -1,4-glucan chain has not yet been elucidated  [  94,   96  ]  (Fig.  1 ). 

Bioinformatic analyses have provided putative substrate binding and catalytic resi-

dues, however it is not clear whether glucan chains are synthesized by the addition 

of one or two glucosyl units  [  153  ] . The predicted CESA topology suggests the 

existence of eight transmembrane helices that anchor the protein in the plasma 

membrane. This even number of helices means that the N-terminal and C-terminal 

ends of the protein should reside on the same side of the plasma membrane. Current 

models have placed both termini on the cytoplasmic side of the membrane, which 

also allows for a cytoplasmic location for the putative substrate binding and 

catalytic sites. One of the hypothetical three-dimensional CESA structures suggests 

that the eight transmembrane helices form a pore in the plasma membrane through 

which the growing glucan chain passes to reach the cell wall  [  46  ] . Although there is 

still no reported crystal structure of a plant CESA, a clearer picture of how the glucan 

chain is transported to the cell wall is now emerging. The recent structure determi-

nation of subunit D in the CSC of  Gluconacetobacter xylinus  (AxCeSD) in complex 

with a short glucan (cellopentaose), suggested that glucan chains are indeed extruded 

through the PM via a distinct pore  [  85  ] . This study in a bacterial system bolsters the 

idea that the protein transmembrane helices de fi ne the membrane pore, and in the 

case of plant CESAs this would include the eight transmembrane helices, which 

would therefore facilitate glucan chain extrusion.  

 Current models of the CSC propose that each of the six protein complexes may 

synthesize six glucan chains, each glucan chain presumably synthesized by a single 

CESA protein, thus a total of 36 glucan chains are produced by a single rosette 

which then co-crystallize to form one micro fi bril  [  52,   54,   158  ]  (Fig.  1 ). The length 

of individual glucan chains varies depending on the cell type and plant species 

examined, but in general can be from 1,000 to 8,000 (PCW) to as much as 16,000 

(SCW) glucose molecules in length  [  185  ] . The formation of the crystalline structure 

of cellulose is highly dependent upon the hydrogen bonding of three hydroxyl 

groups that are present on each glucosyl residue  [  122,   123  ] . Most naturally occurring 

cellulose is referred to as cellulose I and maintains two coexisting phases, cellulose 
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I a  (triclinic unit cell) and cellulose I b  (monoclinic unit cell). Terrestrial plants contain 

a higher proportion of cellulose I b  that primarily composes the more crystalline 

inner chains of the micro fi bril core, while both forms of cellulose compose the 

chains in the surrounding paracrystalline sheath  [  143,   174  ] . The cellulose micro fi bril 

also contains intermittent regions of less ordered glucan chains that structurally 

create amorphous zones along the micro fi bril  [  127  ] . The mechanism by which 

amorphous zones form is unclear other than possibly by the random exclusion of 

portions of glucan chains during the assembly (crystallization) process. With regards 

to the mechanism by which glucan chains assemble, the sequence of amino acids 

that de fi nes the pore in the bacterial subunit D appears crucial for creating the proper 

environment for glucan chain passage  [  85  ] . It has been speculated that an analogous 

pore structure, if present in plant CESA, may be responsible for correctly orienting 

the glucan chain to ensure proper hydrogen bonding to adjacent chains once it 

emerges from the CESA and into the cell wall environment  [  76  ] . If this idea is correct, 

mutations within the transmembrane helices of plant CESAs could affect the thread-

ing of the glucan chain through the membrane pore and could ultimately in fl uence 

micro fi bril crystallization. Functionally, these amorphous zones along the micro fi bril 

are hypothesized to serve as attachment points for HCs that cross-link one micro fi bril 

to another and help strengthen the cell wall  [  82  ] . Importantly, both the degree of 

polymerization (glucan chain length) and degree of crystallization (inter- and intra-

chain hydrogen bonding) are two intrinsic properties of cellulose that have some 

effect on its enzymatic hydrolysis  [  110  ] . In the model plant  Arabidopsis thaliana , 

ten genes ( CESA1–10 ) have been identi fi ed that code for the CESA proteins  [  153  ] . 

Biochemical and genetic evidence suggests that three  CESA  genes,  CESA4 , - 7 , and 

- 8  directly interact and are necessary for cellulose deposition during SCW forma-

tion  [  181,   186  ] . Similar evidence suggests that essential members of the PCW CSC 

include CESA1, -3, and a small family of CESA6-related proteins providing the 

third component that vary temporally and spatially  [  138  ] . Spatiotemporal regulation 

of  CESA  genes has recently been uncovered, with  CESA9  implicated in forming the 

SCW in epidermal testa cells of the  Arabidopsis  seed coat  [  172  ] . A similar set of 

 CESA  genes have been identi fi ed in the genomes of many higher plants including 

10 genes in rice  [  178  ] , 12 genes in maize  [  3,   84  ] , 18 genes in poplar  [  53,   88  ] , and 8 

genes in barley  [  21  ]  (see Table  1  for a complete list of mutations in  Arabidopsis 

CESA  genes).  

 Recently, CSI1 (cellulose synthase-interactive protein 1) was identi fi ed in 

 Arabidopsis  as the  fi rst protein, other than the CESA proteins, to interact with the 

CSC in higher plants  [  71  ] . However, a number of other proteins have been implicated 

in the overall process of cellulose synthesis by genetic approaches  [  59,   119,   159, 

  180,   195  ] . These include  korrigan  ( kor ) a membrane bound  b -1,4-endoglucanase 

 [  121,   157,   217  ] ,  cobra  ( cob ) a glycosyl-phosphatidyl-inositol-anchored protein of 

unknown function  [  155,   161  ] ,  kobito/elongation defective 1  ( kob/eld1 ) a novel 

plant-speci fi c membrane protein of unknown function  [  17,   102,   129  ] , and  ectopic 

lignin in pith  ( elp1 ), a basic chitinase-like protein  [  203,   205  ]    . In addition, research 

has shown that a reduction in expression of certain members of the receptor-like 

serine/threonine protein kinases (RLKs), speci fi cally members of the wall-associated 

kinases (WAKs), leads to a loss of cell expansion and a dwarf phenotype  [  97,   190  ] . 
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An RLK in a separate family from the WAK proteins, but believed to act as a cell 

wall sensor, is THESEUS1, which has been show to attenuate, but not completely 

rescue, the shortened hypocotyl phenotype of the CESA6 null mutant  procuste   [  78  ] . 

Additional regulation of CESA occurs through various members of the NAC-

domain-containing and MYB transcription factors that have been shown to initiate 

the transition from PCW to SCW biogenesis by playing key roles in the SCW thick-

ening of xylem  fi bers, vessels, and anther endothecium  [  95,   115,   116,   198,   210  ]  (see 

Table  2  for a complete list of genes associated with cellulose biosynthesis in 

 Arabidopsis ). Finally, it has long been observed that the cortical microtubule array 

has a role in the guidance of CESA complex movement in the plasma membrane 

during cellulose deposition  [  47,   79  ] . Recent evidence using live-cell imaging has 

supported this fact  [  131  ]  as well as suggesting a feedback mechanism between 

microtubules and CESA that goes both ways  [  45,   131,   146  ] .   

    2.2   Hemicellulose 

 Plant cell walls also contain a heterogeneous group of polysaccharides termed the 

hemicelluloses (HCs) that make up 20–40% of total wall carbohydrates. Depending 

on the plant species, HCs may contain the pentose sugars  b - d -xylose and  a - l -arabinose; 

the hexoses  b - d -mannose,  b - d -glucose and  b - d -galactose and/or the uronic acids 

 a - d -glucuronic,  a - d -4- O -methylgalacturonic and  a - d -galacturonic acids. 

The assumed role of HCs in the cell wall is to interact with other polymers to ensure 

the proper physical properties of the wall. This interaction is most important with 

regards to the coating and tethering of cellulose micro fi brils, which aids greatly in 

strengthening the cell wall. Of all the HCs identi fi ed, the synthesis of mannans is 

best understood and characterized  [  107  ] . However, the only mannans present in the 

vegetative tissue of plants at any signi fi cant amount are the galactoglucomannans 

(GGMs) found in the SCW of the softwood gymnosperms species such as conifer, 

with most mannans found as storage carbohydrates in the seeds of many plants  [  66  ] . 

The structure and synthesis of xyloglucans are perhaps the next most characterized 

HC, while present in the PCWs of most plants (as much as 25% in dicots), their 

minor presence in the SCW makes them less valuable as a source for bioenergy or 

biochemicals. It is the xylans that are the most abundant HCs, representing the 

major HC component of SCWs in the hardwoods and grasses (20–30% of total 

biomass)  [  160  ]  (Fig.  1 ). Although the xylans are a diverse group of polysaccharides, 

one common feature is a backbone of (1,4) linked  b -xylose residues     [  160  ] . The two 

subgroups of xylans most prominent within the cell walls of bioenergy feedstocks 

include the GAXs and the glucuronoxylans (GXs)  [  56  ] . The GAXs make up most 

of the HCs in the ligni fi ed tissues of grasses and cereals with disubstituted arabino-

furanosyl residues on the xylopyranan backbone. The GXs represent the main HC 

component of the SCW in hardwoods and are linear polymers with substitution in 

position 2 by  a - d -glucuronic acid (GA) and/or its  O -4-methyl-derivative (MeGA). 

Therefore, because xylans are the major HC component of the SCW, their biosyn-

thesis is detailed further. 
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 In general, plants synthesize HCs quite differently to that of cellulose, forming 

these polymers in the Golgi apparatus and then secreting them via Golgi vesicles 

across the plasma membrane and into the cell wall. The HC biosynthetic pathway is 

currently only partially resolved thereby the feasibility of altering their content in 

the cell walls is still limited. It still seems wide open how secretion is in fl uenced by 

the cytoskeleton and localized membrane lipid environments. With respect to xylans 

biosynthesis, the pathway leading to UDP-xylose synthesis has been the object of 

numerous studies  [  10,   162  ] . UDP-xylose is formed from the decarboxylation of its 

immediate precursor, UDP-glucuronic acid  [  72  ] , however there are two known 

pathways that lead to UDP-glucuronic acid synthesis. The pathway generally 

considered the most important is the conversion of UDP-glucose into UDP-glucuronic 

acid by UDP-glucose dehydrogenase, which accounts for approximately 50% of the 

UDP-glucuronic acid pool  [  139  ] . The second pathway, known as  myo -inositol 

oxygenation, involves the conversion of  myo -inositol into glucuronic acid, which is 

subsequently converted, through an intermediate step, into UDP-glucuronic acid. 

The intermediate step is catalyzed by a glucuronokinase which has been recently 

characterized and the  myo -inositol pathway fully elucidated  [  139  ] . 

 The structure of GXs suggests that various glycosyltransferases (GTs) are 

required for the genesis of the GX-backbone and backbone substitution. As many as 

25 GTs were shown to be expressed during SCW synthesis in poplar and the 

FRAGILE FIBER8 ( FRA8 ) implicated in normal xylem  fi ber development  [  207  ] . 

In addition, IRREGULAR XYLEM8 ( IRX8 ) and IRREGULAR XYLEM9 ( IRX9 ) 

are  Arabidopsis  homologs to three GTs from poplar expressed during SCW synthesis. 

A recent study showed that  IRX8  and  IRX9  are primarily expressed during  fi ber cell 

wall thickening and that they are targeted to the Golgi where GX biosynthesis 

occurs  [  137  ] . Single and double mutant analysis showed that the  irx8-irx9  double 

had a reduction of GX content in the in fl orescence stems,  IRX9  is essential for the 

normal elongation of GX chains and that  FRA8  and  IRX8  are needed for the forma-

tion of the characteristic glycosyl sequence 1 ( b - d -Xyl-(1-3)- a - l -Rha-(1-2)- a - d -

GalA-(1-4)- d -Xyl-repeated four times) at the reducing end of GX as well as for a 

normal amount of GX chains  [  137  ] . The glycosyl sequence 1 was shown to be a 

primer for GX synthesis and the backbone is extended by adding xylose to the 

nonreducing end of the growing polysaccharide chain  [  137  ] . A mutation in the gene 

 PARVUS  leads to an almost complete disappearance of the glycosyl sequence 1 and 

it has been suggested that  PARVUS  is involved in the  fi rst transfer of the reducing 

xylose residue of the tetrameric sequence 1 to an unknown acceptor at the ER  [  101  ] . 

In another recent study, a close homolog of the  FRA8  gene, the  F8H  gene, was 

shown to have complete functional redundancy with  FRA8 , with no phenotypical 

alteration of the SCW thickening in the  F8H  knockout, while the  fra8 / f8h  double 

mutant showed severe growth retardation and failure to bolt  [  100  ] . Two closely 

related genes,  IRX10  and  IRX10-L , were recently characterized as being important 

for cell wall thickening and shown to have functional relevance in GX backbone 

elongation  [  197  ] . The single mutants showed no signi fi cant differences from the 

wild-type, however the double mutant was severely affected in size and cell wall 

thickening. The close relationship between these proteins suggested a partial 
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redundancy that was shown by complementation studies. However, depending on 

which was the mutant acting as pollen donor or pollen receptor, in the generation of 

the double mutant, rescue was not bidirectionally equivalent.  IRX10  was more 

ef fi cient at rescuing thereby indicating greater functional importance than  IRX10-L  

and demonstrating a lack of complete redundancy  [  197  ] . Further investigation of 

gene duplication in the GA pathway brought to evidence  IRX9-L  and  IRX14-L , 

which acted as partially redundant to their similar counterpart  IRX9  and  IRX14  

 [  196  ] . The only single mutant that showed stunted growth was  irx9 , whereas none 

of the  irx9-L1 ,  irx9-L2  or  irx14  or  irx14 - L  has a recognizable phenotype. On the 

contrary, gene-paired-double mutants showed a severe stunted phenotype and very 

little, if any, SCW formation  [  196  ] . Functional complementation studies showed 

that each pair of genes acted interchangeably and that they were all involved in 

xylan backbone elongation. However, when  irx9  was complemented by  IRX10  or 

 IRX14  and vice versa for each possible combination, rescue was not possible and 

the wild-type phenotype was not restored thereby clearly indicating that  IRX9 , 

 IRX10,  and  IRX14  are not interchangeable  [  196  ] . Despite the recent isolation of 

several mutants with reduced backbone, the mechanisms of GX synthesis and sub-

stitution are still unclear. Recently two Golgi-localized putative glycosyltrans-

ferases, GlucUronic acid substitution of Xylan (GUX)-1 and GUX2 that are required 

for the addition of both GA and MeGA branches to GX in  Arabidopsis  stem cell 

walls were identi fi ed  [  117  ] . The  gux1/gux2  double mutants showed loss of xylan 

glucuronyltransferase activity and lacked almost all-detectable xylan substitution, 

but showed no change in xylan backbone quantity, indicating backbone synthesis 

and substitution can be uncoupled. More importantly, although the weakened stems 

did not show collapsed xylem vessels thus allowing the plants to grow to normal 

size, the xylans from these plants were more readily extracted, were composed of a 

single monosaccharide, and required fewer enzymes for complete hydrolysis  [  117  ] . 

These results demonstrate the potential for manipulating and simplifying the struc-

ture of xylan to improve the properties of lignocellulose for bioenergy use. 

 The dissection of the arabinoxylan pathway was enhanced by a study showing 

the presence of arabinoxylan arabinosyltransferase activity in the microsomal and 

Golgi membranes isolated from wheat seedlings. The enzyme was further charac-

terized but it was not possible to unequivocally correlate the transfer of arabinose to 

the arabinoxylan backbone  [  141  ] . Zeng et al.  [  201  ]  showed the presence of glucuro-

nyltransferase activity in wheat Golgi-enriched microsomes that is further increased 

by the presence of UDP-xylose in the reaction medium and results in the genesis of 

GAX chains thereby suggesting involvement in GAX biosynthesis. GAXs have 

been implicated in the formation of cross-linkages between ferulate residues in the 

cell wall of grasses that contributes to the intrinsic dif fi culty in the enzymatic 

accessibility of cellulose and HCs. The genes involved in feruloylation are still 

unknown, however Mitchell et al.  [  114  ]  used a novel bioinformatic approach to 

propose a putative candidate gene family in rice which encompasses 12 members 

responsible for feruloylation of arabinoxylans  [  114  ] . Members of this family were 

down-regulated by a general multigene RNAi approach. Two constructs were 

designed, one to target subgroup I and II and the other to target III and IV, which led 
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to a general down-regulation of the transcript levels of diverse members of the gene 

family. A signi fi cant reduction of cell wall-ester-linked ferulic acid was observed 

for some of the most effectively down-regulated genes pointing these out as strong 

candidates involved in feruloylation  [  140  ] .  

    2.3   Lignin 

 Lignin is a complex aromatic heteropolymer deposited within the SCWs of all vas-

cular plants, and accounts for approximately 30% of the terrestrial organic carbon 

 fi xed annually in the biosphere, placing it second to cellulose as the most abundant 

biopolymer on earth  [  12  ] . Ligni fi cation aids the plant by providing added strength 

to xylem  fi bers that give support for upright growth, by waterproo fi ng tracheary 

elements that make up the vascular system and by helping increase the resistance of 

plants to pathogen attack  [  12  ]  (Fig.  1 ). Lignin content can vary with environmental 

factors, but in general comprises around 13–19% of the biomass in switchgrass 

( Panicum virgatum )  [  108,   173  ] , 22–25% in  Miscanthus  ( Miscanthus  ×  giganteus ) 

 [  18,   169  ] , and around 20% in big bluestem ( Andropogon gerardii ) and eastern 

gamagrass ( Tripsacum dactyloides )  [  173  ] , all of which are C4 grass species that 

have potential as bioenergy feedstocks. In addition, lignin accounts for approxi-

mately 25–30% of the dry weight of potential hardwood bioenergy tree crops like 

poplar and can be even higher in softwood species  [  134  ] . The prominence of lignin 

in a majority of plant tissues has been recognized by reference to the nonstarch or 

nonsugar components of the plant body as simply “lignocellulosic” biomass. 

Traditional research attention was given to lignin with respect to chemical pulping 

and forage digestibility, but recently interest has intensi fi ed concerning conversion 

processes to biofuels and biochemicals. Much of the focus has centered on the fact 

that the cellulose micro fi brils of the SCWs are embedded in a meshwork of HCs and 

lignin that create a barrier for cellulase enzymes and decrease sacchari fi cation 

ef fi ciency. However, from a thermochemical conversion prospective, the associa-

tion of lignin with cellulose is not a major issue and more important is the fact that 

lignin contains structural units that are more chemically reduced and energy dense 

than any of the cell wall carbohydrates and thus could serve as a source of hydrocar-

bon fuels and high-value chemicals, if means can be found to free those structural 

units from the polymer. 

 The ultimate source of lignin in the plant is the amino acid phenylalanine (Phe) 

which is derived from the shikimate biosynthesis pathway in the plastid  [  154  ] . 

Current evidence suggests that through the general phenylpropanoid and monolignol-

speci fi c pathways located on or near the cytosolic side of the ER membrane, Phe is 

deaminated to form cinnamic acid, followed by a series of ring hydroxylations, 

 O -methylations and side-chain modi fi cations culminating in the production of the 

 p -hydroxycinnamyl alcohol monomers (monolignols) coniferyl and sinapyl alcohol, 

and to a lesser extent  p -coumaryl alcohol  [  105  ] . Upon incorporation into the lignin 

polymer, these monomers are referred to as guaiacyl (G), syringyl (S), or  p -hydroxy-

phenyl (H) units, respectively  [  149  ] . In general, angiosperm dicot lignins are 
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composed of G- and S-units, while gymnosperms, with a few notable exceptions, are 

composed almost entirely of G-units with minor amounts of H-units  [  188  ] . Most, if not 

all, of the enzymes required for monolignol biosynthesis are known and include: 

phenylalanine ammonia lyase (PAL), the three ER membrane bound cytochrome 

P450 monooxygenases cinnamate 4 hydoxylase (C4H), coumarate 3-hydroxylase 

(C3 ¢ H) and ferulate 5-hydroxylase (F5H), the two methyltransferases caffeoyl-CoA 

3- O -methyltransferase (CCoAOMT) and caffeic acid/5-hydroxyferulic acid 

 O -methyltransferase (COMT), the two oxidoreductases cinnamoyl-CoA reductase 

(CCR) and cinnamyl alcohol reductase (CAD) as well as two enzymes 4-coumarate-

CoA ligase (4CL) and shikimate hydroxycinnamoyl transferase (HCT) that are 

involved in the generation of pathway intermediates  [  37,   38,   70,   93,   109,   144,   194  ] . 

 Although it is uncertain how the newly synthesized monolignols are translocated 

to the apoplast (cell wall), once there most evidence suggests that the single electron 

oxidation of the monolignol phenol by wall-bound peroxidases and/or laccases followed 

by combinatorial radical coupling commences formal lignin polymerization  [  12  ] . 

Presumably, the coupling of two monolignols with one another initiates polymer-

ization. Most likely due to the lack of steric hindrance, coupling between monoli-

gnols is favored at the central  b  carbon of their side chain, resulting in the most 

common  b – b  dimer, however  b - O -4 and  b -5 linked dimers can and do occur  [  188  ] . 

In order for polymerization to continue, the lignin dimer must be dehydrogenated 

once more to a phenolic radical before it can couple with the next monomer radical. 

Bond formation is again favored at the central  b  carbon of the monolignol side 

chain and depending on the bond con fi guration and the subunit composition of the 

dimer, the end-wise coupling process can produce either more  b - O -4, when a mono-

mer adds to S- and G-units (most common), or  b -5 bonds that occur only when 

adding to G-units  [  13  ] . If only the three previously mentioned bonds contributed to 

lignin polymerization, then the lignin polymer would form a relatively straight lin-

ear chain. However, two oligolignol radicals with G-unit ends can also react to form 

4- O -5 or 5-5 couplings that generate a branch-like quality to the polymer structure. 

In fact, lignin containing a high proportion of G-units is more highly cross-linked 

than lignin rich in S-units, which may contribute to the more rigid and hydrophobic 

character of G-unit lignin  [  13  ] . Therefore, the relative proportion of a given lignin 

monomer dictates the relative abundance of the inter-unit linkage present in the 

lignin polymer. Interestingly, the  b - O -4 linkage is not only the most common linkage 

found in plants  [  62  ] , but it is also the easiest of all the linkages to chemically cleave 

and increasing this linkage could potentially enhance the ef fi ciency of conversion 

processes  [  75  ] . It should also be noted that an alternative hypothesis with regards to 

lignin polymerization suggests that lignin monomers are coupled with absolute 

structural control by proteins in the cell wall bearing arrays of dirigent sites, how-

ever there has been no genetic data yet produced to support this claim  [  188  ] . 

Additional evidence supporting the predominant radical coupling model of 

ligni fi cation has shown that all phenolic compounds, monolignols or otherwise, that 

enter into the region of the cell wall where oxidation and radical coupling occur 

have the potential to be radicalized and incorporated into the lignin polymer, sug-

gesting a very  fl exible process not likely mediated by ligand-speci fi c enzymes  [  188  ] . 
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This phenomenon may also allow for a strategy of designing lignins for industrial 

applications, speci fi cally by regulating the in fl ux and species of monolignol or other 

phenolic compound into the cell wall  [  68  ] . And  fi nally, regarding the global control 

of ligni fi cation, several transcription factors belonging to the MYB and NAC gene 

families, similar to those responsible for SCW biogenesis, have been shown to play 

a key role in regulating the expression of many of the genes in the monolignol 

biosynthesis pathway  [  204,   211  ] .   

    3   Modi fi cation of Cell Wall Structure and Synthesis 

to Overcome Biomass Recalcitrance 

 A further understanding of the synthesis and regulation of the three major cell wall 

molecules (cellulose, hemicellulose, and lignin) will further clarify targets for 

genetic modi fi cation. However, the current understanding of plant cell wall biosyn-

thesis is already allowing for intriguing results through approaches that use genetic 

modi fi cation combined with the latest conversion technologies. To begin, a great 

deal of research to date has focused on methods to improve the biochemical conver-

sion ef fi ciency of plant biomass with speci fi c focus on how cellulose can be 

degraded by microbial enzymes into glucose for subsequent production of biofuels. 

The most mature conversion technology uses carbohydrate chemistry and fermentation 

technology for alcohol production. Other methods of processing the carbohydrates 

currently in development include fermentation by genetically altered microbes to 

various hydrocarbon products or the production of a targeted range of hydrocarbons 

for fuels and chemicals through the use of solid-phase catalysts under carefully 

controlled conditions  [  152  ] . Regardless of how the sugars are processed, the 

ef fi ciency of the cellulose sacchari fi cation process is critical to making many of 

these types of bio-based production processes economically viable. Although there 

is still debate in the literature about the relative importance of all the factors that 

contribute to the recalcitrant nature of cellulose, the most studied aspects include 

the effect of coating by lignin and hemicelluloses, the degree of micro fi bril crystallinity 

and polymerization, and the accessible surface area of the micro fi brils  [  118  ] . 

In spite of this debate, there is a general consensus that in order for cellulases to 

ef fi ciently hydrolyze cellulosic substrates, the enzymes must  fi rst be able to access the 

individual glucan chains of the tightly packed and coated micro fi bril  [  110  ] . Traditionally, 

pretreatment of the lignocellulosic biomass has been employed to loosen the inter-

actions of the micro fi bril with the other cell wall components, thus increasing access 

for the enzymes  [  118  ] . However, research centered on making genetic modi fi cations 

in planta to produce cellulose that is more accessible to these enzymes and perhaps 

reduce or eliminate many pretreatment techniques has also developed. 

 A long-standing paradigm in forage quality and production states that as lignin 

content decrease, forage digestion rates for ruminant livestock increase, which in 

turn improves the ratio of food intake to weight gain  [  175  ] . This paradigm translates 

perfectly to the hydrolysis step of the biochemical conversion process with the net 
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result allowing for a decreased enzyme load while obtaining an increased break-

down rate of the biomass. The reason for this phenomenon not only concerns the 

increased access of the hydrolytic enzymes to the cellulose micro fi brils due to the 

decreased lignin coat, but there is also a reduction in the nonproductive binding 

(adsorption) and inactivation of cellulases by the lignin component, thus resulting in 

less enzymes required to degrade the biomass  [  6  ] . Therefore, for the purpose of 

accessing the sugars within the wall, while much of the research in this area has 

traditionally focused on using pretreatment technology to eliminate lignin postharvest, 

reducing or modifying the lignin content in biomass is beginning to show great 

promise  [  37,   38,   145  ] . The genetic modi fi cation of the enzymes involved in lignin 

biosynthesis has gained a lot of momentum in recent years through the use of model 

plants to dissect the biosynthetic pathway  [  28,   120,   147,   148,   194  ] . Successful 

examples include the down-regulation of certain lignin biosynthetic pathways that 

has led to more digestible forage and better pulping ef fi ciency for paper processing 

 [  126,   151  ] . Of particular interest for conversion technology was a study performed 

on transgenic alfalfa lines in which six lignin biosynthesis genes were indepen-

dently down-regulated by antisense technology resulting in the identi fi cation of two 

transgenic lines ( HCT ,  C3  ¢  H ) that showed a signi fi cantly greater sacchari fi cation 

ef fi ciency of their untreated biomass compared to that of the pretreated biomass 

controls  [  27  ] . This study lends further and more speci fi c evidence to the suggestion 

that genetic reduction of lignin content can effectively overcome cell wall recalcitrance 

to sacchari fi cation using enzymatic hydrolysis and that these techniques could 

potentially preclude the need for acid pretreatment  [  27  ] . In addition, it has been 

recognized that many lignin mutants have a reduced growth phenotype, as was the 

case in this study, although remarkably, the 40% reduction in overall biomass of the 

 HCT  mutant was offset by a 166% increase in sugar production, thus re fl ecting 

a signi fi cant theoretical improvement in fermentable sugar production on a per 

plant basis  [  27  ] . 

 A caveat with regards to lignin regulation states that partial elimination of lignin 

from tree crops like poplar has the potential to dramatically reduce their water use 

ef fi ciency and hydraulic conductivity as well as increase xylem cavitation  [  38  ] . 

Therefore, developing a plant with less recalcitrant cell walls by signi fi cantly reducing 

lignin content may require either additional bioengineering or a completely alterna-

tive approach that attempts to modify or shift lignin to a more benign composition 

with respect to conversion processes, yet still allow normal plant development. 

Research into lignin “redesign” has shown that supplementation of coniferyl feru-

late, a simple methoxylated analog of the natural conjugate coniferyl  p -coumarate, 

into maize cell walls during the ligni fi cation process increased lignin extractability 

by up to twofold in aqueous NaOH pretreatment and increased cell wall hydrolysis 

and sugar release in pretreated and untreated cells  [  68  ] . In another study, the expres-

sion of a transgene encoding a high tyrosine-content peptide in the lignifying tissues 

of hybrid poplar resulted in a higher polysaccharide release after treatment of the 

biomass with hydrolytic enzymes  [  106  ] . Analysis is currently underway to determine 

if the tyrosine-rich peptides actually cross-linked with phenolic hydroxyl groups in 

the lignin to modify the lignocellulosic structure of the transgenic biomass. In a 
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related but different approach, this time targeting the UDP-xylose pathway, a mono-

speci fi c UDP-glucose dehydrogenase, a dual-speci fi c ADH-like UDP-glucose 

dehydrogenase and several UDP-glucuronate decarboxylases were cloned and 

expressed in xylogenic tobacco cells  [  10  ] . It was hypothesized that a lowering of 

xylan production in these cell lines, by the down-regulation of the UDP-glucuronate 

decarboxylase, might lead to alterations in lignin biosynthesis, a change in cellulose 

extractability and perhaps offers insights into how lignin is coupled to hemicelluloses 

in dicots  [  9  ] . Interestingly, despite the lower xylan content of the antisense lines, the 

lignin content and composition remained relatively unchanged, however the 

deligni fi cation properties were actually lower (lignin was harder to remove) and 

less cellulose was extracted than in control lines. Thus, it appears that the level of 

xylan relative to lignin may be an important factor in deligni fi cation properties and 

cellulose extractability, in this case reduced xylan may lead to a closer association 

between cellulose and lignin  [  9  ] . 

 Regarding the potential for reducing cell wall recalcitrance through a reduction 

in cellulose crystallinity, one of the earliest discoveries was that of naturally occurring 

proteins that have the unique property of disrupting cellulose crystallinity. Upon 

analysis of various microbial carbohydrate-active enzymes, it was realized that 

many possess a contiguous sequence of amino acids termed a carbohydrate-binding 

module (CBM) that produces a discrete fold imparting carbohydrate-binding activity 

 [  165  ] . Further research showed that microbial enzymes possessing CBMs, such as 

cellulases and chitinases, are brought into close and prolonged contact with their 

recalcitrant substrates and have increased rates of substrate hydrolysis  [  165  ] . 

Interestingly, some CBMs expressed alone without the catalytic portion of the 

enzyme have displayed an ability to disrupt the corresponding substrate. This phe-

nomenon was initially shown to disrupt the structure of cellulose micro fi brils in vitro 

 [  51  ]  and then later during heterologous expression in plant systems where the CBM 

was targeted to the cell wall  [  165  ] . Many of these heterologous expression studies 

with CBMs have noted that the reduction in cellulose crystallinity caused by the 

disruption effect of the CBM often coincides with an increase in cellulose biosyn-

thesis and thus an overall increase in plant biomass. It has been postulated that this 

occurs through a physicomechanical mechanism by which the CBM molecule slides 

between the glucan chains as they are extruded from the CSC before they begin 

hydrogen bonding to adjacent chains, thus separating them in a wedge-like action 

which essentially uncouples the polymerization step from the crystallization step of 

cellulose biosynthesis  [  103  ] . 

 In addition to CBMs from microbial sources, a group of pH-dependent wall-

loosening plant proteins with close homology to CBMs, known as expansins, have 

been shown to be activated during the acid growth response of plant cells and to 

stimulate PCW enlargement by disrupting the noncovalent binding between wall 

polysaccharides  [  40  ] . Capitalizing on the ability of expansins to weaken networks 

of cellulose micro fi brils  [  112  ] , a recent study has shown that when added to a cellu-

lase mixture, the protein swollenin (an expansin-like protein from  Trichoderma 

reesei   [  156  ] ) can enhance the degradation of crystalline cellulose into glucose 

providing an improvement for bioconversion technology  [  29  ] . Other plant proteins 
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of interest include the endo- b -1,4-glucanases (EGases), especially the relatively 

new subclass of the  a -EGases that contain a functional and modular CBM conferring 

binding to crystalline cellulose  [  187  ] . The presence of a CBM in this plant EGase 

suggests that it may have a role in cellulose degradation which could include func-

tions as diverse as cell wall disassembly during fruit softening and organ abscission, 

hydrolysis of polysaccharide chains at the cellulose micro fi bril periphery, or even 

cell wall assembly by regulating cellulose crystallinity during biosynthesis  [  187  ] . 

In addition, the binding of xyloglucans to cellulose micro fi brils also suggests that 

these molecules may be involved in the  in muro  modi fi cation of cellulose. Xyloglucan 

 endo -transglycosylases (XETs) are a group of enzymes able to carry out rearrangement 

of xyloglucans by cleavage and re-ligation that may occur in conjunction with other 

enzymes such as EGases. By using XETs speci fi cally as the receptor anchor for 

chemical groups, chemical functionality and other modi fi cations have been made to 

cellulose  [  212–  214  ] . Taken together, the genetic manipulation of endogenous plant 

enzymes for the controlled growth and degradation of lignocellulosic biomass is an 

important avenue of research towards improving biomass processing of biofuel and 

biochemical feedstocks. 

 Another method that may hold promise for increasing the access of enzymes to 

cellulose and thus decreasing the need for pretreatment is that of increasing the 

more soluble amorphous zones within the cellulose micro fi bril  [  82  ] . In search of 

mutations that may cause an increase in enzymatic conversion ef fi ciency, a recent 

study screened a majority of the available PCW mutants in  Arabidopsis  and found 

that a number of previously generated mutant plants yielded signi fi cantly more 

fermentable sugar than wild-type plants  [  76  ] . This study also measured the biomass 

crystallinity of these plants and discovered that two of the best enzymatic conver-

sion mutants,  isoxaben resistance1-2  and  2-1  ( ixr1-2 ,  ixr2-1 ), had lower relative 

crystallinity index (RCI) values than wild-type plants. This evidence suggests that 

there may be fundamental changes in the orientation, size, or density of the cellulose 

crystallites composing the cellulose in these mutants, although further analysis of 

the cellulose is still needed to con fi rm this possibility  [  74,   76  ] . Regarding the nature 

of the  ixr1-2  and  ixr2-1  mutants, previous research has shown that these single point 

mutations reside in or near a transmembrane spanning domain in the C-terminus of 

CESA3 and CESA6, respectively  [  50,   158  ] . Speculating on the reasons for the 

increased sacchari fi cation ef fi ciency and reduced RCI, perhaps these mutations 

alter the structure of the CESA protein, changing its orientation either within the 

plasma membrane or with respect to neighboring CESAs in the CSC. An unstable or 

improperly positioned CESA, even to a slight degree, could alter the path of the 

glucan chain during polymerization and effect its subsequent incorporation into 

the crystallizing micro fi bril either through poor proximity with the other glucan 

chains or through unstable hydrogen bonding angles. The overall effect could be an 

increase in the amorphous zones along the  fi bril length that might explain the 

increased sacchari fi cation and reduced RCI. An additional hypothesis for this data 

is that the altered cellulose array results in a proportional shift in the volume fraction 

of cellulose, hemicellulose and lignin in the cell wall that could result in an increased 

availability of cellulose to hydrolytic conversion. Whatever the case may be, it is 
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also interesting to note that the conversion process for these plants required less 

enzyme loading and less overall reaction time to that of wild-type, suggesting two 

areas of cost reduction for biofuel production  [  76  ] . 

 In addition to the need for pretreatment of biomass to facilitate enzymatic break-

down of the recalcitrant cell walls, another costly step in the biochemical conversion 

process is the production of the hydrolytic enzymes (cellulases, xylanases, etc.) 

generally via microbial bioreactors. In fact, the combined costs of pretreatment and 

enzyme production can greatly reduce the ideal ef fi ciency of biofuel production 

from lignocellulosic biomass, making the entire process two to threefold more 

expensive than production from maize grain starch  [  170  ] . To address the enzyme 

production question, it has been noted that plants are already used for the production 

of many industrial and pharmaceutical products, including enzymes and other 

proteins. Therefore, why not produce plant cell wall hydrolytic enzymes in the very 

bioenergy feedstock crops that they will be used to degrade? Research in this area 

has already shown that a biologically active heterologous thermostable endo-1,4- b -

endoglucanase (E1) enzyme from  Acidothermus cellulolyticus  can be expressed in 

 Arabidopsis   [  216  ] , potato ( Solanum tuberosum  L.)  [  42  ] , and tobacco ( Nicotiana  

sp.)  [  215  ]  plants. Initially, when combined with pretreatment processes such as 

ammonia  fi ber/freeze explosion (AFEX), approximately two-thirds of the activity 

of the heterologous E1 was lost  [  184  ] . However, further research has demonstrated 

that expressing the E1 enzyme in corn  [  11  ]  and rice  [  128  ]  followed by enzyme 

extraction from the dry transgenic biomass in a total soluble protein (TSP) preparation 

and then re-introduction to the biomass after AFEX pretreatment, led to successful 

conversion of some of the corn stover and rice straw into glucose  [  128,   150  ] . 

Continued research is focused on improving the heterologous expression process 

primarily by increasing the variety of hydrolytic enzymes that can be expressed as 

well as by increasing the levels of in planta enzyme production and the biological 

activity of these enzymes postextraction  [  170  ] . It is well known that in order to get 

near complete levels of cellulose and hemicellulose degradation from pretreated 

biomass, a number of cellulase (endoglucanase, exoglucanase, and  b -glucosidase) 

and hemicellulase (endo-xylanases and exo-xylanases) enzymes must work syner-

gistically to promote the solubilization and hydrolysis of these carbohydrates into 

their principle monosaccharide constituents  [  202  ] . Hence, attempts are currently 

being made to express all the required enzyme components for cell wall carbohy-

drate degradation, thus reducing the need for external supplementation. In addition 

to enzyme variety, the amount of enzyme produced is also critical. The  A. cellulolyticus  

E1 enzyme has been produced in rice at amounts around 5% and in maize at 2% of 

plant TSP, however it has been estimated that levels need to be around 10% TSP to 

avoid the need for additional enzymes  [  170  ] . Strategies being used to increase the 

level of enzyme production include genetically engineering the chloroplast genome 

instead of the nuclear genome, better subcellular targeting of the enzymes after 

expression such as localization to the ER, apoplast or chloroplast, and the better 

matching of enzyme pH requirements with that of the subcellular compartment 

targeted for localization  [  170  ] .  
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    4   Modi fi cation of Cell Wall Structure and Synthesis 

to Increase Biomass Quantity and Energy Density 

 It is entirely possible that energy density may be the measure of the ideal energy 

plant rather than a less recalcitrant cell wall, in which case larger or more energy 

dense biomass crops will be preferred and traditional combustion or thermochemical-/

catalytic-based conversions that can lead directly to liquid fuels will be used  [  152  ] . 

In fact, technology is already being developed to allow for industrial-scale conversion 

of biomass directly to liquid hydrocarbons via pyrolysis or gasi fi cation  [  124  ] . 

Determining all the factors that will comprise energy density in plants is still taking 

shape, however it is certain that engineering plant cells to grow larger and accumu-

late greater amounts of energy dense macromolecules will be an important goal. In 

addition, although there is still a great deal to learn at a fundamental level about the 

sensing and signaling mechanisms that alter carbon assimilation, carbon storage, 

and growth rate within the plant  [  168  ] , research in this area has already uncovered 

useful modi fi cations which increase plant biomass. These studies vary in approach, 

from the modi fi cation of plant growth regulators such as brassinosteriods in 

 Arabidopsis   [  32  ]  or gibberellins in poplar  [  58  ]  to the gaining of a better understanding 

of the synchronization of the circadian clock and external light–dark cycles that can 

also result in improved plant growth  [  55  ] . Other studies have shown an increase in 

growth by the overexpression of heterologous enzymes in the cellulose biosynthesis 

pathway. Examples include yeast-derived invertases  [  22  ]  and the  Arabidopsis  

family A sucrose phosphate synthase  [  133  ] , both expressed in transgenic tobacco. 

More speci fi cally, the substrate ratios of cellulose biosynthesis have also been 

targeted, such as the overexpression of sucrose synthase (SuSy) and UDP-glucose 

pyrophosphorylase, targeted for their role as the only known suppliers of UDP-

glucose to the CESA enzymes  [  36  ] . A good example has shown that the expression 

of cotton ( Gossypium hirsutum ) SuSy in hybrid poplar ( Populus alba  ×  grandiden-

tata ) affects carbon partitioning leading to an increase in cellulose production in the 

SCW without increasing plant growth, thus representing a good strategy to increase 

energy density in the plant  [  39  ] . Other studies such as the deregulation of ADP-

glucose pyrophosphorylase, a key starch biosynthesis enzyme in rice  [  167  ]  and the 

overexpression of purple acid phosphatase in tobacco  [  90  ]  both show promising 

results for increasing plant biomass and cellulose synthesis, respectively. However, 

the authors of these last two studies have only speculated at the possible mechanism 

of action that produces the increases, thus reminding researchers of the dif fi culties 

inherent in elucidating the details of plant growth and regulation. For example, with 

regard to purple acid phosphatase, it was suggested that the enhanced activity of the 

CESAs was due to their activation by phosphorylation  [  90  ] . Indeed, several putative 

cytoplasmic phosphorylation sites have been identi fi ed in the CESAs of  Arabidopsis  

using a phosphoproteomics approach  [  125  ] . Additional support for this hypothesis 

has shown that CESA7 is phosphorylated in vivo on two serine residues within the 

hyper-variable region of the protein, between the two putative catalytic domains 

and that this leads to its degradation via a proteosome-dependent pathway  [  179  ] . 
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However, while there is increasing evidence to suggest phosphorylation/

dephosphorylation as a mechanism for the regulation of the relative levels and 

activity of individual CESA proteins in a CSC, other mechanisms for CESA turnover, 

such as cysteine proteases  [  86  ]  have also shown support. What these and other stud-

ies suggest is that there are many complex factors involved in the regulation of plant 

growth and cellulose biosynthesis and that perhaps a thorough understanding of 

what encompasses “normal” regulation is most important, followed by the contin-

ued identi fi cation of mutants with altered growth phenotypes and cellulose quality. 

 Recent discoveries that have added great insight into the molecular mechanisms 

involved in the biogenesis of the SCW include identi fi cation of several NAC domain 

transcription factors that all belong to one particular phylogenetic subgroup and are 

key transcriptional activators of SCW formation  [  164  ] . The NAC transcription fac-

tors identi fi ed to date include VND1-VND7 ( v ascular-related  N AC- d omain) that 

regulate differentiation of tracheary elements  [  95  ]  and NST1 and NST3 (also known 

as SND1) ( N AC  S CW  t hickening promoting factor) that promote secondary thick-

ening in xylem  fi ber cells  [  115,   204,   210  ] . As this transcriptional network for regu-

lation of the SCW has been further resolved, it has been shown that these NACs 

regulate a cascade of downstream transcription factors that in turn activate SCW 

biosynthetic genes  [  48  ] . Three members of the MYB transcription factor family, 

MYB26, MYB83, and MYB46, can also regulate secondary wall biosynthesis by 

either regulating the expression of NST1 and NST2 and thus control cell wall thickening 

in the anther endothecium or by serving as the direct target of NST3 and control cell 

wall thickening in  fi bers  [  111,   198,   208,   209  ] . Another potentially important study 

regarding these transcriptional switches showed that under appropriate growth 

conditions, hypocotyls of  Arabidopsis  had similar structure to the secondary xylem 

(wood) found in trees  [  26  ] . In the  nst1-1 nst3-1  double knockdown mutants of 

 Arabidopsis , there was nearly complete suppression of SCW formation within secondary 

xylem  fi bers of the hypocotyls  [  115  ] . Interestingly, there are putative homologs of 

 NST1  and  NST3  in the poplar genome, therefore a common mechanism for the 

control of wood formation may exist in herbaceous and woody plants, and  NST s 

along with other NACs could play an important role in SCW biosynthesis during 

wood formation. The further characterization of NAC genes could provide impor-

tant tools for the genetic manipulation of  fi ber cells and thus modi fi cation of wood 

quality and production that could positively impact feedstocks for biofuels. 

 In response to gravity, many angiosperm trees signi fi cantly alter the normal 

development of the SCW on the upper surface of their branches and leaning trunks 

by forming tension wood (TW). The formation of TW results in wood cells with a 

SCW devoid of an S3 and most of an S2 layer and replaced by a gelatinous layer 

(G-layer) consisting of highly crystalline cellulose with a high degree of tensile 

strength due to the parallel orientation of the micro fi brils  [  2  ] . The TW bene fi ts the 

tree by exerting a tensile force that can pull a tree trunk vertical or hold a large 

branch horizontal thus keeping the leaves in an optimal position for gathering 

sunlight  [  16  ] . The potential interest in TW for bioconversion technology resides in 

the fact that the G-layer, present in both the xylem and the phloem  fi bers, is 98% 

crystalline cellulose and virtually devoid of lignin and hemicelluloses, thus 
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representing the purest form of cellulose occurring in woody tissues and increasing 

the overall cellulose content of the wood by about 10–20%  [  2,   87  ] . The process of 

TW formation can be experimentally induced and has therefore been a valuable 

model system to understanding the process of cellulose biosynthesis in trees. It has 

already been shown that orthologs to the CESA genes involved in SCW synthesis in 

 Arabidopsis  are upregulated during TW formation in aspen trees, including speci fi c 

NAC genes  [  7  ] . In addition, a global analysis of the differential expression in tran-

scripts and  fl uctuations in metabolites during TW formation in poplar identi fi ed 

many molecular players involved in the change in carbon  fl ow into various cell wall 

components and mechanisms important for the formation of the G-layer  [  2  ] . A study 

of this type has provided a roadmap of sorts for the further functional analysis of 

genes involved in G-layer biosynthesis in TW and identi fi cation of areas for future 

genetic manipulation. An understanding of the molecular mechanism of highly 

crystalline cellulose production during TW generation in trees could provide a 

mechanism for the production of ectopic TW in trees and other plant species, resulting 

in an increase in overall cellulose content  [  67,   87  ] . 

 As was mentioned previously, the expression and localization of CBMs to the 

plant cell wall can reduce cellulose crystallinity through the process of uncoupling 

cellulose polymerization with crystallization  [  165  ] . Interestingly, many of these 

same studies also report an increase in cellulose production with concomitant 

increases in plant biomass, presumably by the same uncoupling phenomenon  [  165  ] . 

Growth acceleration has also been shown for expansin-expressing transgenics of 

 Arabidopsis   [  31  ] , poplar  [  69  ] , and rice  [  33  ] . In the same respect, the overexpression 

of EGases has been shown to cause enhanced plant growth, most likely due to their 

proposed role in PCW loosening. For example, poplar trees developed longer inter-

nodes and enhanced growth by the overexpression of the  Arabidopsis  EGase  cel1  

 [  163  ] . Likewise, lignin down-regulation not only increases biomass digestibility, 

but it can also result in an increase in cellulose content  [  89,   104  ] . This phenomenon 

is most likely caused by a compensatory response by the plant to maintain the struc-

tural integrity of the cell wall and sustain directional growth. The combination of 

these two factors could be very bene fi cial for numerous different conversion pro-

cesses to biofuels and platform chemicals, as the plant would have an increased 

concentration of more digestible cellulose. Research in this area has shown that 

transgenic poplar plants transformed with antisense constructs of the lignin biosyn-

thesis gene  Pt4CL  result in trees with a 45% decrease in lignin and a 15% increase 

in cellulose content  [  89,   99  ] . As referred to earlier, directing the plant’s energy and 

carbon storage into cellulose rather than lignin may result in compromising SCW 

strength, water conductivity and an increase in the susceptibility to pathogens  [  194  ] . 

Interestingly, classic plant-breeding programs to lower ligni fi cation, primarily for 

improvement in forage quality, have been pursued extensively for many plant spe-

cies over a number of years, including various Bermuda grasses ( Cynodon 

 dactylon )  [  1  ] , and the  brown midrib  class of cell wall mutants in maize ( bm ) and 

sorghum ( bmr )  [  25  ] . Recently, a study showed that these maize and sorghum mutants 

not only show a clear reduction in lignin composition but also have improved fer-

mentable sugar yields after enzymatic sacchari fi cation  [  189  ] . Equally important is 
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the fact that although initially most of the  brown midrib  mutants had compromised 

growth characteristics similar to those seen with some of the transgenic lignin 

mutants, these traits have been largely eliminated by conventional breeding meth-

ods  [  136  ] . Therefore, the genetic resources available from these and other plants 

 [  63, 171, 199  ]  may provide a model to de fi ne cell wall and gene abnormalities that 

can be copied to accelerate the breeding program in bioenergy feedstocks. 

 The fact that lignin is the second most abundant biopolymer on earth after cellu-

lose also makes it a potential target for direct conversion into biofuels. However, 

due to the nature of lignin biosynthesis, nonenzymatic conversion technologies will 

be needed to produce fuels and chemicals and currently there is a lack of selective 

and cost-ef fi cient process available for lignin conversion. This fact has lead to the 

current use of the lignin residue produced from biore fi ning as a fuel that is burned 

to generate power, most often to run the biore fi nery itself  [  44  ] . Yet there are many 

strategies, old and new, in development that could lead to the ef fi cient extraction 

and depolymerization of lignin into its monomeric substituent groups, which in turn 

can be upgraded into hydrocarbons (reviewed in Zakzeski et al.  [  200  ] ). Of these 

numerous methods, one of the newer more attractive strategies includes the use of 

thermolytic ionic liquids, which are essentially nonvolatile molten salts with a melt-

ing point less than 100°C  [  83  ] , that recent studies have indicated are suitable as 

solvents for the dissolution of lignocellulosic materials  [  61,   91,   142  ] . The use of 

ionic liquids to dissolve lignocellulosic biomass may also pair quite well with the 

subsequent fermentation of the liberated carbohydrates into biofuels as the process 

can occur at near-ambient temperatures and pressures with the use of a very limited 

set of ionic liquid substructures. An alternative strategy to disassemble lignin also 

under development is Baeyer-Villiger oxidation, which involves the cleavage of 

carbon–carbon bonds adjacent to a carbonyl that can convert the aromatic rings 

in lignin to carboxylic acids and their lactones, thus taking advantage of the pleth-

ora of reactive sites present in lignin polymers  [  130  ] . The oxygenates that result 

from this oxidative deconstruction can then be deoxygenated via process like hydro-

deoxygenation, to give hydrocarbons. Unfortunately, the high number of functional 

groups also means that a large number of reactions can take place at different sites in 

the polymer, producing small molecules, degraded polymer residues, and cross-

linked polymers. In addition, the oxidation process can catalyze the hydrolysis of 

carbohydrates, especially the hemicellulose constituents, which can reduce yields 

for carbohydrate fermentation  [  177  ] . Therefore, research is focusing on improving 

oxidation methods that avoid cleaving the hemicelluloses as well as strategies to 

genetically alter lignin biosynthesis in plants to increase the more easily cleaved 

 b - O -4 linkages. A third developing technology that shows strong potential is the 

thermal decomposition of lignocellulosic biomass via fast pyrolysis. This process 

results in the depolymerization and fragmentation of cellulose, hemicellulose, and 

lignin producing a dark brown, free- fl owing liquid known as bio-oil  [  41  ] . Upon water 

addition to the bio-oil, fractionation of the liquid occurs, with the light oxygenates 

derived from the carbohydrates forming the water-soluble upper layer, and the 

lignin-derived oligomeric (aromatic) compounds settling in the lower water-insoluble 

layer  [  41  ] . The purity of the lignin-derived fraction can be further improved through 

the use of additional solvent fractionation methods  [  35  ] . Applications for the two 
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fractions include the production of calcium salts as environmentally friendly road 

deicers via the neutralization of carboxylic acids present in the water-soluble frac-

tion and the replacement of phenol in phenol-formaldehyde resins using the water 

insoluble fraction. Although the lignin-derived aromatics are less reactive than phe-

nol, 30–50% of the phenol can be replaced, producing high quality resins  [  41  ] .      
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  Abstract   To date, most ethanolic fuel is generated from “ fi rst generation” crop 

feedstocks by conversion of soluble sugars and starch to bioethanol. However, 

these crops exploit land resources required for production of food. On the other 

hand, utilization of “second generation” lignocellulosic biofuels derived from the 

inedible parts of plants remains problematic as high energy inputs and harsh condi-

tions are required to break down the composite cell walls into fermentable sugars. 

This chapter reviews and discusses genetic engineering approaches for the generation 

of plants modi fi ed to increase cellulose synthesis, enhance plant growth rates, cell 

wall porosity and solubility, as well as improve cell wall sugar yields following 

enzymatic hydrolysis. Strategies focusing on increased accessibility of cellulose-

degrading enzymes to their substrates have been developed. These approaches 

reduce cell wall crystallinity or alter the hemicellulose–lignin complexes. A novel 

approach to cell wall modi fi cation involving the introduction of noncrystalline, 

soluble polysaccharides into cell walls is also presented. The use of such approaches 

may promote and accelerate the future use of lignocellulosic feedstocks for the 

bioethanol industry.  
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  Abbreviations  

  CBD    Cellulose binding domain   

  CBM    Cellulose binding module   

  CDH    Cellobiose dehydrogenase   

  CesA    Cellulose synthase   

  FAE    Ferulic acid esterase   

  GX    Glucuronoxylan   

  HG    Homogalacturonan   

  PME    Pectin methylesterase   

  PMEi    Pectin methylesterase inhibitor   

  QTL    Quantitative trait locus   

  RGI    Rhamanogalacturonan I   

  SPS    Sucrose phosphate synthase   

  SuSy    Sucrose synthase   

  UGPase    UDP-glucose pyrophosphorylase         

    1   Introduction: The Increasing Importance 

of Lignocellulosic Biomass 

 Meeting the growing demands for energy supply while simultaneously promoting 

sustainable development is one of the greatest challenges facing humanity today. 

Many strategies and technologies have been proposed to offer alternative energy 

sources, but no ultimate solution has been developed thus far. 

 Paradoxically, prior to the development of the almost total dependency on fossil 

fuels, conversion of biomass to energy provided a means of heating, illumination, 

and cooking for centuries. The plant is a cheap, highly ef fi cient energy generator as 

it converts light energy to simple sugars through photosynthesis and CO 
2
   fi xation. 

Combustible and highly energetic polymers are then formed from these sugars, and 

generate a composite lignocellulosic secondary cell wall constituted of cellulose, 

hemicellulose, and lignin  [  102  ] . 

 To date, most ethanol fuels have been generated from corn grain or sugarcane, 

often referred to as “ fi rst generation” biofuels. However, bioconversion of such 

feedstocks to biofuels exploits land sources necessary for food production, diverts 

essential crops from the human food chain and increases the cost of human and 

animal feed  [  36  ] . “Second generation” or biomass-derived biofuels are extracted 

from inedible plant tissues or from inedible plants and support sustainable develop-

ment by processing the residual structural biomass after the food portions have been 

removed. Cellulosic ethanol can thus be formed from a variety of sources, including 

woody materials, agricultural residue and specially cultivated grasses. Ultimately, 

lignocellulosic-derived ethanol has the potential to provide for the vast majority of 
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global transportation fuel needs, while only slightly impacting food supplies, in a 

more cost-effective manner and with less net carbon dioxide emission than that 

from fossil fuel combustion  [  36,   108  ] . 

 The plant cell wall is a composite material that provides structural integrity to 

plants as well as protection from pathogen invasion. The polyphenolic lignin 

portion, whose proportion and character can vary signi fi cantly among feedstock 

sources  [  30  ] , sterically hinders access of enzymes and chemicals that degrade hemi-

cellulose and cellulose. In addition to the degree of ligni fi cation, the cellulose crys-

tallinity and its degree of polymerization  [  78  ]  contribute to the recalcitrance of 

lignocellulosic feedstock to saccharifying chemicals or enzymes. These composite 

factors contribute to the result that decomposition of plant cell wall polysaccharides 

into fermentable sugars is more complicated than breaking down puri fi ed starch or 

sucrose to fermentable sugars. Conversion of lignocellulosic biomass to bioethanol 

requires cell wall breakdown in a pretreatment stage to degrade lignin and release 

polysaccharides before the conversion of such lignocellulosic biomass to bioetha-

nol. The pretreatment requires toxic solvents and high energy inputs (e.g. high tem-

peratures and pressure). These steps are then followed by sacchari fi cation of 

cellulose and hemicellulose to simple sugars via hydrolysis, and the free sugars are 

then fermented to ethanol. Thus, the leading technological barrier to effective 

employment of lignocellulosic biomass as a source of fermentable sugars lies in the 

economic breakdown of the polysaccharide wall  [  37  ] . 

 Commercial realization of biofuel production requires an integrated solution 

combining appropriate biofuel crops, biomass modi fi cation techniques, and sophis-

ticated process engineering. The application of recent advances in plant genetic 

engineering, carbohydrate chemistry, and increased knowledge of plant cell wall 

ultrastructure will together allow reengineering crop cell walls, which in turn facili-

tates lowering of biomass sacchari fi cation and conversion costs, while signi fi cantly 

increasing biofuel production yields. This review discusses the most recent plant 

cell wall modi fi cation and plant engineering technologies designed to improve 

sugar yields upon enzymatic hydrolysis and to reduce energy demands and cost of 

the bioethanol production.  

    2   The Structural Diversity of Plant Cell Walls 

 Plant cell walls are composed of several distinct chemical polymers arranged as a 

composite network. Their structural rigidity minimizes water loss and protects 

against various biotic and abiotic stresses. The plasticity of the plant cell wall allows 

cell elongation, plant growth and enables reorganization that accommodates 

environmental changes  [  18,   107,   120  ] . The construction and breakdown of the cell 

wall is complex, involving a large number of glycosyl synthases, hydrolytic and 

disruptive enzymes that act at different developmental stages in various cellular 

organelles. A thorough understanding of the synthesis and breakdown of the cell 
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wall will enable the development of techniques for effective manipulation of cell 

wall polymers for the production of biofuel. Recent reviews cover synthesis, 

composition, and remodeling of plant cell walls  [  18,   53,   105  ] ; the fundamentals are 

outlined below. 

 The cell wall is generally divided into primary wall and secondary wall. Following 

cell division, the middle lamella and primary wall are formed. The primary wall 

determines the cell’s shape and size and it basically consists of cellulose, hemicel-

luloses, pectin, structural proteins, and phenolic compounds. The amount and ratio 

between these components are highly depended on the primary wall type. While 

cellulose, or (1-4)- b -linked glucose, is the most abundant polysaccharide on earth, 

control of its biosynthesis is not completely understood. Cellulose synthesis occurs 

in the plasma membrane by hexagonal-shaped complexes termed rosettes, each 

containing 36 cellulose synthase modules (CesA)  [  3,   32  ] . A highly compact lattice 

of micro fi brils is assembled and linked via hydrogen bonds that form crystalline 

cellulose. These micro fi brils serve as a scaffold for the deposition of other wall 

components, such as hemicellulose and pectin  [  84,   119  ] . In contrast to cellulose, 

hemicellulose and pectin synthesis occurs in the Golgi bodies  [  94  ] . Hemicellulosic 

polysaccharides are complex and heterogeneous molecules which crosslink neigh-

boring cellulose micro fi brils. Cell walls of dicots or type I primary walls consist of 

equal amounts of xyloglucans and cellulose that are embedded in a rich pectin 

matrix and are further crosslinked with structural proteins. On the other hand, type 

II walls or cell walls of poaceae (grasses) and gymnosperms contain arabinoxylan 

instead of xyloglucan. Moreover, this kind of wall does not contain large amounts 

of pectin but contains phenolics that are crosslinked with arabinoxylan, thus 

strengthening the wall  [  18,   70,   90,   126  ] . 

 Secondary wall deposition occurs in most plant cells and accounts for most of 

the cell wall mass. Secondary cell walls are composed of cellulose, hemicelluloses 

(mostly xylans), and lignin and include several layers that vary between species in 

the composition and ratio of components and in the arrangement of the cellulose 

micro fi brils. The key differences between the secondary cell walls of distinct plant 

families lie in the quantity and nature of their hemicelluloses and Lignins. Lignins are 

the product of an oxidative combinatorial coupling of 4-hydroxyphenylpropanoids, 

principally involving the hydroxycinnamyl alcohols, coniferyl alcohol, sinapyl 

alcohol, and small amounts of  p -coumaryl alcohol. These monolignols differ in 

their degree of aromatic methoxylation. Following coupling, the resulting units in 

the lignin polymer are the guaiacyl (G), syringyl (S), and  p -hydroxyphenyl (H) 

units, respectively  [  100,   123,   124  ] . S lignin is unique to  fl owering plants while H 

and G lignins are fundamental to all vascular plants  [  131  ] . 

 The hemicelluloses of poaceae and gymnosperms mainly comprises large 

amounts of glucuronoarabinoxylan (GAX) and galactoglucomannan in their sec-

ondary walls while woody angiosperms mostly contain glucuronoxylan (GX). GAX 

contains many arabinose residues which can be further esteri fi ed with ferulic acid. 

The hemicelluloses in the secondary wall are crosslinked with lignin and cellulose. 

The interactions of hemicelluloses with other components in the secondary cell wall 

is stronger than in the primary cell wall due to the presence of fewer side chains in 
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secondary wall hemicellulose  [  126  ] . In summary, cellulose crystallinity, degree of 

polymerization, hemicellulose species, and lignin content all in fl uence cell wall 

resistance to enzymatic degradation and these constraints differ between different 

plant varieties.  

    3   Second-Generation Crops: Selection and Utilization 

 Extensive research has been performed to better understand the natural variability 

and chemical composition of potential biofuel feedstocks. Feedstocks for produc-

tion of second-generation bioethanol include organic materials derived from herba-

ceous and woody energy crops, agricultural crop wastes and residues, wood wastes 

and residues, aquatic plants, and other waste materials, including some municipal 

wastes. The following section discusses the major lignocellulosic feedstock candi-

dates for the bioethanol industry. To date, no feedstock has been branded as the 

“winner” source; each feedstock bears advantages alongside drawbacks. The authors 

are of the opinion that only integrated use of different feedstocks based on their 

geographic distribution can provide a sustainable solution. Figure  1  displays a 

lignocellulosic biomass to ethanol supply chain, from a dedicated feedstock grown 

in the  fi eld towards extracted polysaccharides that serve as the substrate for bio-

ethanol production.  

    3.1   Straws and Stovers 

 Large portions of crop biomass is wasted during harvest, mostly in the form of straw 

that carries the grain  [  50  ] . This straw—from corn, barley, oat, rice, wheat, sorghum, 

and sugarcane are currently the major feedstocks used for second-generation bio-

fuel production and yield nearly 1.5 billion tons of lignocellulosic biomass which 

can potentially provide up to 442 billion liters of bioethanol per year  [  67  ] . Seventeen 

years of research conducted by Gelfand et al.  [  45  ]  potentially rede fi ned the “food 

versus fuel” debate by concluding that growing grain for food and use of the residue 

stalks for biofuel is more energetically ef fi cient than the use of grain for bioethanol. 

The cellulose, hemicelluloses, lignin, and ash content of some common straw feed-

stocks are presented in Table  1 .  

 Relatively high percentages of lignin limit digestibility of residual biomass, 

while ash contains large amount of silica microparticles released at burning. 

Reduction of silica content in straw can enhance enzymatic digestibility, but may 

simultaneously reduce plant resistance to pathogens  [  50  ] . Thus, feedstock should be 

engineered to contain less silica while programming in alternative modes of disease 

resistance, such as genetic engineering or increased pesticide use. 

 Arabinoxylan is the major noncellulosic polysaccharide in cereals. It is composed 

of a xylose backbone with arabinose residues and contributes to the structural rigidity 
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  Fig. 1    From lignocellulosic feedstock to cell wall polysaccharides: dedicated forest ( a ), woody 

raw material prior to processing ( b ), cellular ultrastructure ( c ), and schematic organization of the 

polysaccharides inside the cell walls: cellulose—green and bright yellow strands; hemicelluloses—

brown strands ( d ). Major lignocellulosic polysaccharides are represented  below the   panel  pictures. 

“Fer” denotes esteri fi cation with ferulic acid       
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of grass cell walls. Arabinoxylans can covalently bind ferulic acids and other phe-

nolics  [  63  ] , which in turn crosslink neighboring arabinoxylans and form ester 

bridges with lignin, hindering enzymatic degradation of polysaccharides.  

    3.2   Perennials and Forages: Switchgrass,  Miscanthus , 

and Other Potential Crops 

 Forages and specially cultivated grasses are considered some of the prominent 

potential second-generation bioenergy crops and are the subject of intense research 

and discussion. The chief perennial feedstocks include switchgrass ( Panicum virga-

tum   L .),  Miscanthus giganteus  ( Miscanthus sinensis  ×  Miscanthus sacchari fl orus ), 

and alfalfa ( Medicago sativa  L.). Perennials require fewer agricultural resources 

and easily adapt to a range of environmental conditions when compared to  fi rst-

generation grain crops  [  104  ] . The greatest advantages of switchgrass lies in its suit-

ability to marginal and erosive lands and its responsiveness to nitrogen fertilization 

which can dramatically increase crop yields  [  83  ] . The cell wall composition of some 

of the perennial crops is presented in Table  2 .  

  Miscanthus  has the highest cellulose level when compared to other perennials 

and may result in higher ethanol yields, as ethanol production has been described to 

linearly increase with cellulose and hemicelluloses composition  [  62  ] . Furthermore, 

it has higher yields when compared to switchgrass  [  10,   57  ] . As with straws and 

stovers, perennials present the challenges of dealing with high lignin and ash con-

tent which lead to increased crop recalcitrance for sacchari fi cation. Conversion of 

switchgrass to fuel ethanol has been reported as less ef fi cient than corn stover, wheat 

straw, and even wood residues  [  134  ] . Thus, the utilization of specially cultivated 

perennials may be advantageous only in marginal lands.  

   Table 1    Agricultural residues biomass chemical composition (% mass)  [  35  ]    

 Cellulose (%)  Hemicellulose (%)  Total lignin (%)  Ash (%) 

 Corn stover  36  23  19  12 

 Sugarcane bagasse  39  23  24   5 

 Wheat straw  33  23  17  10 

   Table 2    Perennials biomass chemical composition (% mass)  [  35  ]    

 Cellulose (%)  Hemicellulose (%)  Total lignin (%)  Ash (%) 

 Switchgrass  33  26  18   5 

  Miscanthus   42  27  13   3 

 Alfalfa  28  23  16   8 

 Tall fescue  25  19  13  11 
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    3.3   Woody Biomass Feedstocks 

 Apart from its signi fi cant economical value, wood can serve as a strategic option 

for improved energy security, particularly in countries with expansive forest areas. 

In some countries, bioethanol is already produced from wood in addition to fossil 

fuel. Several biore fi neries utilize wood residue and waste to produce their own 

energy  [  25  ] . 

 Sources of woody materials include residue left in natural forest, where 80–90% 

of such residues can be channeled to energy generation  [  39  ] . Specially cultivated 

short rotation energy forest plantations include several fast growing eucalyptus and 

poplar species. The world’s total forest area has been estimated at four billion 

hectares in 2010, corresponding to 31% of the land area  [  40  ] . However, the avail-

ability of wood, and thus its potential as a biofuel, is unevenly distributed through-

out the world. The Russian Federation, Brazil, Canada, the USA, and China are the 

 fi ve most forest-rich countries and account for more than half of the total forest area 

worldwide  [  40  ] . In the USA alone, forest lands can supply approximately 368 

million dry tons of biomass annually. Forest-based biomass feedstock can be nearly 

doubled compared to the current supply by maximizing unexploited removals and 

residues  [  93  ] . A study correlating the chemical composition and ethanol production 

of  fi ve feedstock candidates demonstrated a higher ethanol production potential in 

aspen wood when compared to switchgrass, hybrid poplar and corn stover  [  62  ] . The 

authors concluded that ethanol production potential is highly correlated with cellu-

lose and hemicelluloses composition. 

 The cell wall composition of common wood feedstocks is summarized in Table  3 . 

The differences between the cell wall composition of hardwoods and softwoods lie 

mainly in the proportion and type of lignin and hemicelluloses. Softwoods possess 

a higher proportion of lignin, composed of only two monolignol building blocks as 

compared to the three found in hardwoods, rendering softwoods one of the most 

dif fi cult feedstocks to hydrolyze  [  76  ] . Galactoglucomannans and arabinoglucuron-

oxylan are the major hemicellulosics of softwood. In contrast, hardwoods contain 

mostly glucuronoxylan and glucomannans. As in other feedstocks, wood recalci-

trance to sacchari fi cation is highly in fl uenced by the degree of lignin content. In 

addition, hemicellulosic branching and modi fi cation signi fi cantly in fl uence wood 

resistance to cell wall degradation. Acetylation of glucuronoxylan in hardwoods or 

   Table 3    Wood biomass chemical composition (% mass)  [  35,   95  ]    

 Cellulose (%)  Hemicellulose (%)  Total lignin (%)  Ash (%) 

 Hardwoods 

 Aspen  [  62  ]   53  27  19  1 

 Hybrid poplar (DN-34)  [  35  ]   42  19  25  1 

  Eucalyptus urophylla   [  95  ]   53  19  24  0.4 

 Softwoods 

 Norway spruce  [  95  ]   43  21  29  1 

 Douglas  fi r  [  95  ]   44  21  32  0.4 
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galactoglucomannans in softwood limits hemicellulose solubility. Uronic acids and 

arabinose linked to hemicelluloses can form bonds between neighboring hemicel-

luloses and ester bridges between hemicelluloses and lignin  [  97  ] . The completion of 

the sequencing of the eucalyptus and poplar genomes, including quantitative trait 

locus (QTL) mapping and the identi fi cation of speci fi c genes will assist in breeding 

and generation of specialized eucalyptus and poplar hybrid clones with traits ideal 

for biofuel production  [  47,   106  ] . Nevertheless, many issues must be addressed 

before woody feedstocks can be used for large-scale liquid biofuel generation. The 

next section discusses cell wall modi fi cation by means of biotechnological tools in 

efforts to meet the need for higher sugar yields and biomass per unit of land and 

increased polysaccharide accessibility without jeopardizing essential crop traits.    

    4   Polysaccharide Modi fi cations to Improve 

Lignocellulose Processability 

    4.1   Primary Wall Modi fi cation: Yield, Growth, and Porosity 

 The primary cell wall allows the plant to expand and elongate while maintaining 

mechanical strength and support. Elongation rates and cell size and shape are largely 

governed by primary wall plasticity and cell–cell adhesions. Thus, the primary wall 

has a direct impact on plant yield. Hence, growth zones are rich in modifying 

enzymes such as cellulases, xylanases, xyloglucanases and pectin modifying enzymes 

that allow cell expansion  [  81  ] . 

    4.1.1   Cell Wall Modulation and Increased Plant Biomass 

via Overexpression of Glycoside Hydrolases 

 Plants synthesize an extensive family of glycoside hydrolases termed endogluca-

nases. Some are secreted to the extracellular matrix during growth and some form 

part of the cellulose synthase complex. Endoglucanases are naturally involved in the 

process of plant cell wall development and degradability. These enzymes are capa-

ble of hydrolyzing noncrystalline cellulose and xyloglucans, enabling xyloglucan–

cellulose matrix remodeling and cell wall plasticity during growth and development 

via wall loosening  [  18,   113  ] . The  Arabidopsis  endo-(1-4)- b -glucanase protein 

(Cel1) accumulates in young, expanding tissues, playing a key role in cell elonga-

tion of rapidly growing tissues  [  109–  112  ] . Heterologous overexpression of  cel1  in 

poplar trees or of poplar endoglocanase ( PaPopCel1 ) in  Arabidopsis  resulted in 

longer internodes, increased cell elongation, and subsequent biomass accumulation 

 [  89,   111  ] . Mechanical analysis, studying leaf blade extension at constant load and 

breakage at changing load was conducted. An elongation vs. load curve demonstrated 

higher elongation rates in transgenic  Arabidopsis  leaf blades when compared to 
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wild type  [  89  ] . As highly crosslinked materials are more resistant to elongation 

under speci fi c load, it is speculated that the cell wall of these transgenic plants con-

tained less crosslinked material  [  89  ] . It is proposed that noncrystalline glucan chains 

intercalated with hemicelluloses are unraveled by endoglucanases, lowering the 

amount of tethered xyloglucans, ultimately increasing cell wall plasticity and allow-

ing for continued cell wall deposition  [  56  ] . Similar results were obtained upon 

expression of  Aspergillus niger  xyloglucanase in poplar trees. Both stem length and 

cellulose content increased, but at the same time, the growth zone had reduced 

Young’s elastic modulus  [  88  ] . Furthermore, when plants were placed horizontally, 

the basal regions of stems of these transgenic poplars failed to bend upward due to 

lower tensile strength in newly formed wood  [  6  ] . 

 Overexpression of poplar endoglucanase  PaPopCel1  in the leguminous tropical 

tree  Paraserianthes falcataria , resulted in increased biomass. Disturbance of the 

biological clock by altering the closing movements of the leaves was also detected 

 [  55  ] . Thus in summary, overexpression of endoglucanases can accelerate growth, 

but may also result in undesirable effects. Maximal bene fi ts may be achieved by 

using speci fi c promoters for targeting the gene product to speci fi c organs or for 

restricting expression to speci fi c developmental stages.  

    4.1.2   CBM Expression to Enhance Cell Wall Biosynthesis 

 Cellulose binding modules (CBMs) are noncatalytic modules that induce surface 

disruption of cellulose  fi bers  [  34  ]  as they adsorb to accessible sites on cellulose 

substrates to form a complex held together by speci fi c, noncovalent, thermodynami-

cally preferred bonds  [  2,   75  ] . CBMs include bacterial and fungal cellulose binding 

domains (CBDs), expansins, and swolenins. All CBMs share highly similar struc-

ture and function  [  116  ] . Expansins are plant cell wall proteins involved in the exten-

sion and loosening of the plant cell wall, promoting plant growth and expansion 

 [  29  ] . Swollenins, originating from the cellulose-degrading fungus  Trichoderma 

reesei , are CBMs that share sequence homology with expansin-like proteins and 

effectively disrupt cellulosic materials  [  21  ] . 

 Plant growth and biomass can be increased by bacterial CBMs transgenically 

expressed in the cell wall  [  116  ] , where the postulated mechanism is based on sepa-

ration of cellulose-biosynthesis polymerization and crystallization steps  [  71  ] . This 

separation may result in more  fl exible cellulose micro fi brils that consequently 

increase cellulose synthesis rates in the presence of CBMs. The  fi rst observations 

of enhanced elongation followed in vitro addition of low concentrations of exoge-

nous bacterial CBM to peach pollen tubes and  Arabidopsis  seedlings  [  71,   117  ] . 

The cellulose generated in the presence of the CBM resembled the loose ribbon-

like appearance of newly formed  fi brils, as opposed to the well-arranged ribbons of 

control  fi bers formed in the absence of excess CBM  [  117  ] . Accelerated cell and 

plant growth has also been observed in transgenic tobacco, poplar, and potato 

plants expressing a cell wall-targeted  Clostridium cellulovorans  CBM  [  71,   103, 

  114,   115  ] . 
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 The xyloglucan–cellulose matrix of the primary wall must be loosened for cell 

expansion to occur  [  28  ] . Part of the expansion or fragmentation of cellulose 

micro fi brils is due to expansin activity  [  30  ] , often upregulated in growing tissues 

 [  23,   66,   127  ] . Expansins cause wall loosening in vitro  [  80  ]  and are correlated with 

growth promotion in vivo  [  41  ] . Targeted expansin expression in transgenic 

 Arabidopsis   [  22  ] , rice  [  24  ] , and poplar plants  [  49  ]  resulted in enhanced growth 

rates. Most of the transgenic plants described above had fairly low expression levels 

of the nonnative bacterial CBMs or expansins. In contrast, high level expression of 

different CBMs resulted in retarded stem elongation and reduced mechanical prop-

erties in term of extensibility vs. constant load as well as collapsed stems  [  86,   101  ] . 

These results corroborate the  fi rst reported attempt to apply exogenous bacterial 

CBM to germinated  Arabidopsis  seedlings. At low concentrations, CBM enhanced 

root elongation, whereas higher concentrations inhibited the process in a dose-

dependent manner  [  117  ] . 

 The role of CBM expression in increased plant growth rates bears profound 

potential in yield enhancement challenges and can be utilized through genetic engi-

neering with almost all biofuel feedstocks. Ectopic CBMs and/or glycoside hydro-

lase expression can change the carbon partitioning between source and sink tissues 

by creation of stronger sinks in cellulose synthesizing cells, leading to enhanced 

growth, biomass, and yield.  

    4.1.3   Pectic Polysaccharide Modi fi cation to Modulate Porosity 

and Solubility 

 Pectins are heterogeneous mixtures of polysaccharides that account for 10–20% of 

the primary walls of plants and play a major role in cell wall adhesion, porosity, 

structural integrity, and environmental response, especially in dicots. 

Homogalacturonan (HG), a polymer of  D -galacturonic acid, and rhamnogalactur-

onan I (RGI), a branched heteropolymer containing a backbone of  L -rhamnose and 

 D -galacturonic acid with side chains of galactan, arabinan, and arabinogalactan, are 

the two most abundant pectic polysaccharides  [  17  ] . Cell wall porosity  [  8  ] , plasticity 

 [  38  ] , and cell–cell adhesion  [  132  ]  are reported to be largely controlled by the 

composition and intermolecular bonds of the pectin matrix. 

 HG is synthesized and secreted in a highly methyl-esteri fi ed form and is 

de-esteri fi ed in the cell wall by pectin methylesterases (PMEs). PME-driven 

modi fi cation of pectin can increase cell wall rigidity by affecting the number of 

calcium bridges between pectin molecules  [  82  ] . PMEs are generally categorized as 

“linear (blockwise) de-methylesterifying” enzymes that promote calcium bridges or 

as “random (non-blockwise) de-methylesterifying” enzymes that induce pectinase 

activity  [  82  ] . Suppression of the “blockwise” PME gene in poplar stimulated  fi ber 

elongation and vessel elements  [  92  ] . In contrast, overexpression of the same PME 

gene in potato plants resulted in enhanced growth compared to control  [  96  ] . 

 Methylesteri fi cation levels can also be modi fi ed by the use of PME inhibitors 

(PMEi). PMEi are proteins produced by plants that are capable of forming complexes 
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with plant PME and inhibit its activity in this manner  [  33  ] . Reduction of de-methyl-

esteri fi ed HG levels in  Arabidopsis  plants expressing PMEi increased plant growth 

rate and ef fi ciency of enzymatic sacchari fi cation, thus potentially minimizing the 

need for pretreatment for polysaccharide release  [  74  ] . 

 The galactan, arabinan, and arabinogalactan side chains on RGI are proposed 

to regulate cell wall porosity by  fi lling wall gaps  [  125  ] . Therefore, we suggest 

that reduction or modi fi cation of RGI side chains may result in a more porous 

cell wall structure, a process that could be achieved by targeted expression of 

the galactanases, arabinases, and  a - L -arabinofuranosidase. Similarly, we postu-

late that de-acetylation of pectins may also lead to increased cell wall porosity 

and solubility as O-acetylation of pectin has often been associated with inhibi-

tion of enzymatic breakdown of polysaccharides and decreased polysaccharide 

solubility  [  91  ] .  

    4.1.4   Manipulation of Sucrose Metabolism to Increase Cellulose Synthesis 

 Manipulation of the source-sink relationship provides us with an additional 

approach for growth enhancement, where increased sink potency can result in 

enhanced growth rates. Sucrose synthase (SuSy), sucrose phosphate synthase 

(SPS), invertase, UDP-glucose pyrophosphorylase (UGPase), and CesA com-

plexes can each act as rate-limiting factors for carbon allocation towards cellulose 

synthesis  [  52  ] . 

 UDP-glucose is the direct substrate for cellulose synthesis. SuSy catalyses the 

cleavage of sucrose to yield fructose and UDP-glucose which is then channeled to 

the CesA complex  [  32  ] . Increasing levels of UDP-glucose should increase cellulose 

synthesis rates and consequently stimulate photo-assimilation and biomass accumu-

lation. The manipulation of enzymes that are involved in UDP-glucose metabolism 

for increased cellulose synthesis is described in the following examples. Invertase 

catalyses the cleavage of sucrose to glucose and fructose and enhances the UDP-

glucose levels by elevating glucose levels inside the cell  [  52  ] . Furthermore, SPS 

recycles fructose to generate sucrose phosphate and acts in conjunction with sucrose 

phosphate phosphatase to provide a constant substrate for SuSy  [  52  ] . The resultant 

decreased cytoplasmic fructose concentrations also promote SuSy activity, by pre-

venting product inhibition of SuSy  [  44  ] . Heterologous expression of invertase in 

tobacco plants resulted in a signi fi cant increase in biomass and more speci fi cally of 

cellulose content  [  15  ] . Moreover, SPS overexpression led to enhanced plant growth, 

biomass accumulation, and  fi ber elongation in tobacco plants  [  87  ] . UGPase also 

increases UDP-glucose concentration. Transgenic tobacco plants simultaneously 

overexpressing  UGPase ,  SuSy , and  SPS  demonstrated up to a 50% increase in 

growth rate compared to controls.  [  26  ] .   
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    4.2   Secondary Wall Modi fi cation for Improved 

Processability and Enzyme Accessibility 

    4.2.1   Genetic Manipulation of Cellulose Characteristics 

 One of the central aims of cell wall scientists today is to  fi nd a formula for manipu-

lating cellulose polymer structure without impairing plant growth. It has been pro-

posed that altering the degree of crystallization and polymerization in the cell wall 

can result in cellulose polymers more responsive to hydrolysis  [  60  ] . The highly 

organized crystalline domains of the cell walls are interrupted with less crystalline, 

“amorphous” regions. There is an inverse correlation between the degree of cellu-

lose crystallinity and the initial rate of cellulose hydrolysis  [  64  ] . At least three 

CesA genes are required for assembly and function of a single cellulose synthase 

complex  [  119  ] . Genes, such as  CesA  and korrigan ( kor ), the membrane-localized 

 b -1,4-glucanase, are directly involved in cellulose synthesis and modi fi cation  [  65,   85  ] . 

The  Arabidopsis  mutant  ixr1-2 , which bears a mutation within the conserved 

C-terminal transmembrane region of CesA3, has lower cellulose crystallinity. The 

cell walls of the transgenic plants had higher conversion rates to fermentable sugars 

than wild type, with only a slight decrease in growth rate  [  54  ] . It is suggested that the 

generation of the same amino acid change in CesA subunits (CesA4, 7 and 8) that 

modify the secondary cell wall may further increase the ef fi ciency of biomass 

conversion in biofuel feedstocks  [  54  ] . 

 Korrigan is part of the cellulose synthase complex and is a key membrane-bound 

endoglucanase required for cellulose biosynthesis  [  119  ] . Korrigan is believed to 

cleave stacking glucan chains of micro fi brils at the beginning of their synthesis. In 

this way, it promotes accurate synthesis  [  122  ] . Overexpression of  Arabidopsis  kor-

rigan ( AtKOR ) in hybrid poplar resulted in reduced crystallinity without any 

signi fi cant effect on cell wall composition and plant growth  [  77  ] . 

 Cellulose crystalline structure can be further modi fi ed post-synthesis in the cell 

wall. For example, the extracellular fungal enzyme, cellobiose dehydrogenase 

(CDH)  [  136  ] , enhances cellulose degradation in the presence of cellulase mixtures 

directly  [  7  ]  by preventing recondensation of glycosidic bonds of cellulose chains 

nicked by endoglucanases  [  5  ] , or indirectly by generating hydroxyl radicals in a 

Fenton type reaction  [  58  ] . CDH binding to cellulose is highly speci fi c  [  59  ]  and can 

lead to oxidation of highly crystalline as well as amorphous cellulose  [  16  ] . We 

hypothesized that the expression of CDH in plants cell walls can result in the dis-

ruption of the microcrystalline lattice through the modi fi cation of cellobiose to 

cellobiono-(1,5)-lactone via reduction of hydrogen bonds responsible for the highly 

crystalline structure of cellulose  [  1  ] . It is still unclear if and how plant  fi tness and 

growth are affected by reductions in cellulose crystallinity.  
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    4.2.2   Modi fi cation of Hemicellulosic Polysaccharides 

 Increased cellulose accessibility and hydrolysis has been achieved by chemical 

removal of hemicelluloses  [  135  ] . Therefore, hemicelluloses can be viewed as con-

tributors to the recalcitrance of lignocellulosic material to degradative processes. 

Hemicelluloses are crosslinked to lignin by three types of covalent linkages. The 

 fi rst type involves  p -coumaric or ferulic acid, ether linked to lignin, and ester linked 

to hemicellulose sugars  [  43  ] . The second type relies on spontaneous ether linkage 

formation between OH-groups of saccharides and lignin alcohols  [  129  ] . The third 

type involves ester links between uronic acid residues of glucuronoxylans and 

hydroxyl groups of lignin alcohols  [  130  ] . Such crosslinks hinder cell wall degrada-

tion by solvents, enzymes and microbes and reduce plant digestibility. Hence, 

improved cell wall solubility and degradation can theoretically develop through 

cleavage of the links between lignin and hemicelluloses. 

 The  fi rst type of crosslinking is abundant among the hemicelluloses of grasses and 

related monocot cell walls and form lignin–carbohydrate complexes. The matrix 

properties of these complexes are further in fl uenced by the character and number of 

hemicellulose side chains and by the nature of the crosslinking agents, such as arabi-

nose or ferulic acid  [  126  ] . To date, only ferulic acid esterase (FAE) has been geneti-

cally introduced into plants cell walls in an attempt to enhance the accessibility of 

hydrolyzing enzymes to hemicellulose  fi bers by removing ferulic acid side chains 

and crosslinking bonds  [  12 – 14 ,  133  ] . Expression of a fungal FAE gene in transgenic 

ryegrass and tall fescue rendered the cell walls more accessible to endoxylanases 

with higher levels of fermentable sugars released upon cell wall hydrolysis  [  12–  14  ] . 

 Glucuronoxylans are the primary hemicellulosic component of hardwoods and 

account for ~20% of the woody cell wall  [  4  ] . Approximately 60–70% of the xylose 

residues in hardwood xylan are acetylated at the C2 and/or C3 positions  [  73  ] . 

O-acetylation of xyloglucan has often been considered an additional barrier to enzy-

matic hydrolysis of polysaccharides and decreased polysaccharide solubility  [  91  ] . 

Thus, the reduction in the degree of acetylation of cell wall polysaccharides may 

allow for enhanced rates of sacchari fi cation. The deacetylation of GX in vitro 

increases its water solubility  [  51  ] . In addition, acetylxylan esterases (AXEs) liber-

ates acetic acid from partially acetylated 4- O -methyl glucuronoxylan  [  79  ]  and may 

increase hemicellulose solubility and increase xylan degradation rates.    

    5   Alteration of Cell Wall Lignin Content and Composition 

 Lignin provides plants with mechanical support, resistance to a variety of pathogens 

and facilitates water transport. It is one of the greatest contributors to plant cell wall 

recalcitrance to enzymatic hydrolysis and is a major obstacle in pulp, paper, and 

bioethanol production processes. Various deligni fi cation and pretreatment tech-

niques have been designed to remove lignin, solubilize several polysaccharides and 

increase cell wall surface area. The current methods require high energy inputs and 
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harsh conditions and are thus very costly and produce toxic by-products  [  118  ] . 

Lignin modi fi cation is generally considered as the most direct approach for cost 

reduction of pretreatment processes, but the potential knock-on effect on plant 

 fi tness must be carefully considered. 

    5.1   Modi fi cations of the Lignin Biosynthetic Pathway 

 Extensive research efforts are currently being directed toward facilitating lignin 

removal from lignocellulose-rich materials. Central genes encoding lignin biosyn-

thesis have been downregulated in attempts to reduce lignin content or to modify its 

composition and quality by adjusting guaiacyl:syringyl ratios. Lignin modi fi cation 

and gene silencing have been extensively studied and have been thoroughly reviewed 

by Baucher et al.  [  9  ]  and Vanholme et al.  [  124  ] . 

 Lignin biosynthesis is encoded by multigene families and involves many parallel 

signaling pathways for monolignol generation. Thus, due to such redundancy, 

downregulation of a single gene may or may not affect lignin structure and enhance 

digestibility without affecting growth  [  50  ] . Generally, there is an inverse correlation 

between enzymatic hydrolysis ef fi cacy and lignin content, as has been demonstrated 

in transgenic alfalfa plants with downregulation of six genes along the lignin bio-

synthetic pathway  [  19,   20  ] . These plants yielded nearly twice as much cell wall 

sugar upon enzymatic hydrolysis following acidic pretreatment. 

 The principal differences between perennial alfalfas and woody trees include the 

absence of lodging in alfalfa, while lignin is an essential requirement for normal 

tree growth. Studies have demonstrated dwar fi ng and xylem collapse phenotypes 

upon gene silencing along the lignin biosythesis pathway in several woody species 

 [  27,   69,   128  ] . Downregulation of 4-coumarate: coenzyme A ligase ( Pt4CL1 ) in poplar 

trees led to a 45% reduction in lignin content when grown under greenhouse 

conditions while normal cellulose content and cellular morphology were maintained 

in comparison to wild type  [  61  ] . When  fi eld tested, hybrid poplar trees, ( Populous 

tremula  ×  alba ) with an identical gene downregulated, demonstrated reduced water 

conductivity and modulus of elasticity and increased wood tension  [  68  ] . These 

results are a reminder of the trade-off resulting from the removal of lignin and of the 

need to test transgenic trees under natural growth conditions. 

 Aside from lignin reduction, modi fi cations of guaiacyl and syringyl ratios are 

thought to be involved in regulating cell wall digestibility where S-unit-enriched 

lignin polymers contain fewer crosslinked areas than guaiacyl unit-rich lignin  [  11  ] , 

thereby facilitating cell wall degradation and sugar yield upon sacchari fi cation. 

Upregulation of ferulate 5-hydroxylase (F5H) produces S-rich lignins. F5H expres-

sion driven by a lignifying-speci fi c cinnamate-4-hydroxylase (C4H) promoter 

yields lignin derived primarily from sinapyl alcohols  [  121  ] . The resulting lignin is 

relatively homogenous with a lower degree of polymerization. Cell walls of such S 

lignin-rich transgenic plants are more amenable to sacchari fi cation under acidic or 

basic pretreatment conditions than wild type plants  [  42  ] . 
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 Cautious application of similar engineering strategies toward the lignin metabolic 

pathways may hold promise for designing feedstock with lower recalcitrance and 

improved bioethanol production yields. However, lignin is also considered as a 

valuable by-product. Designing processes for enhanced lignin recovery from the 

pretreated liquors and increasing lignin content in feedstock are additional and con-

trasting new challenges in the overall economic balance of sustainable biofuel 

production.  

    5.2   The “Bio-Switch”: Novel Lignin Modi fi cation 

by Exploiting Weak Spots 

 Novel strategies for silent lignin modi fi cation with minimal impacts on plant 

development have been initiated. For example, applications of temporally con-

trolled chemical or biological switches can induce lignin loosening at predeter-

mined times. Ralph et al.  [  99  ]  have developed a chemical insertion of alternative 

nonnative monolignols to lignin using the combinatorial oxidative coupling mech-

anism of lignin biosynthesis. These designed lignins feature weak cleavable bonds 

termed “zips.” The authors reported incorporation of ferulate-polysaccharides 

esters in grasses during the ligni fi cation process. The resultant grass cell walls 

were more easily hydrolyzed by enzymes following alkaline treatments than the 

wild type  [  99  ] . 

 Ferulate-monolignol ester conjugates, such as coniferyl ferulate or sinapyl feru-

late have not been identi fi ed in lignins, but are produced during lignan biosynthesis 

 [  46  ] . Plants successfully incorporated these new monolignols into lignin following 

the addition of the monolignols to the growing medium and these unique monoli-

gnols introduced easily cleavable ester “zips.” Monolignol incorporation into corn 

cell walls increased sacchari fi cation ef fi ciency over that of wild type and reduced 

the need for the pretreatment stage. Transgenic plants with ferulated monolignol-

rich lignins  [  46,   98  ]  may be produced in the future. 

 A novel method which increased cellulose accessibility without affecting lignin 

content or plant structural integrity was recently demonstrated by free radical cou-

pling of tyrosine-rich peptides into lignin. The phenol–hydroxyl groups of the 

tyrosine-rich peptides serve as reactive sites for coupling with the lignin  [  72  ] . The 

resultant lignin has hot spots that are highly susceptible to protease cleavage, 

allowing enhanced enzymatic hydrolysis and ethanol yields. Liang et al.  [  72  ]  

transformed poplar trees ( Populus deltoides  ×  nigra ) with a tyrosine-rich gene 

under the poplar phenylalanine ammonia-lyase (PAL2) secondary cell wall pro-

moter. The transgenic plants had no changes in total lignin content or overall plant 

morphology when compared to wild type, but were more susceptible than wild 

type to protease digestion, and resulted in higher sugar release from the lignocel-

lulose complexes  [  72  ] .   
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    6   The “Trojan Horse”: Introduction of Soluble 

Polysaccharides into Plant Cell Walls 

 We proposed an additional novel cell wall remodeling approach by introducing algal 

and viral soluble polysaccharides to behave as “Trojan Horses” within the cell wall 

 [  1  ] . This new approach inserts novel polysaccharides into the plant cell wall, which 

may behave normally during plant growth, but allow enhanced solubility during 

processing. The “Trojan Horse” concept aims to reduce pretreatment input require-

ments by the intercalating soluble polymers into the cell wall, enabling channel 

formation, and permitting rapid solvent and enzyme penetration and cell wall disas-

sembly during and after the pretreatment stage. Such polysaccharides can be formed 

via exogenous expression of one or more enzymes capable of exploiting natural 

plant building blocks for their synthesis. The polysaccharides can be designed to be 

secreted or produced during cell wall development and to intercalate between cel-

lulose  fi bers or serve as soluble “hemicellulose-like” polymers, creating soluble 

“pockets.” Polymers of the algae cell wall or bacterial exopolysaccharides can pro-

vide a rich source of soluble polysaccharides, such as alginate, carrageenan, acetan, 

hyaluronan, chitosan, and levan. Most of the metabolic and genetic pathways for the 

synthesis of these polysaccharides are complicated and only a few have been fully 

elucidated. 

 A very similar biological process occurs naturally in algae-virus host–pathogen 

interactions. The paramecium bursaria Chlorella virus (PBCV-1) encodes multiple 

enzymes involved in extracellular hyaluronan synthesis  [  31  ] . PBCV-1-infected chlo-

rella algae produce hyaluronan within their cell walls. As a result, the cell walls of the 

virus-infected algae are more porous when compared to that of the uninfected algae 

 [  48  ] . We have introduced genes for hyaluronan synthase together with appropriate 

targeting sequences into tobacco plants. Preliminary results have demonstrated 

enhanced cellulose hydrolysis upon acidic pretreatment in transgenic tobacco when 

compared to wild type plants (Abramson et al., unpublished results). We postulate 

that expression of hyaluronan synthase in plants can result in a reduction or 

modi fi cation of pectin levels due to competition for UDP-glucuronic acid, a substrate 

for pectin synthesis. This may result in a change in the mechanical properties and 

ultrastructure of the cell wall. Thus, ideally, hyaluronan synthase expression should 

be placed under control of a speci fi c developmental promoter. Finally, as in the case 

of other cell wall modifying genes, the consequences of expression of each gene must 

be calculated to minimize side effects detrimental to plant growth,  fi tness, and physi-

cal character.  
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    7   Concluding Remarks 

 The secure supply of bio-energy will depend on the integration of various crop plat-

forms as well as multiple technologies. These technologies will need to act upstream 

for plant modi fi cation and selection and downstream for processing to ensure the 

economic viability and environmental sustainability of future energy supplies. 

 Biotechnological tools can be utilized to develop and improve speci fi c feed-

stocks as dedicated crops for biofuel production. Appropriate modi fi cation of plant 

cell walls by genetic engineering approaches could produce new plant varieties with 

signi fi cantly enhanced properties for the ef fi cient exploitation of biomass for bio-

fuel production. We believe that advanced technology solutions will require the 

manipulation of combinations of genes and metabolic pathways, acting on different 

feedstocks, each suited to speci fi c geographic environments. 

 Furthermore, these developments which are essential for the biofuels industry 

will also be bene fi cial for the pulp and paper industry by minimizing the use of 

energy and chemicals during the paper making process and by increasing pulping 

ef fi ciency. 

 Interdisciplinary research combining agronomy, plant molecular biology, genet-

ics, microbiology, mechanical and chemical engineering will be essential to advance 

the breakthroughs required for the development of economical, applicable solu-

tions. All of these new approaches will need to be carefully evaluated for their effect 

on overall plant  fi tness and development and environmental sustainability.      
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  Abstract   Biofuels hold signi fi cant promise as an environmentally friendly means 

to displace a signi fi cant amount of fossil fuel from the global liquid transportation 

fuel mix. Compared with current corn and sugarcane-based feedstocks, which are 

agriculturally intensive, lignocellulosic feedstocks are abundant, can be produced 

cheaply, and have a much smaller carbon footprint per unit energy output. However, 

conversion of cellulosic materials into simple sugars (an intermediate step in biofuel 

production) is a signi fi cant challenge, owing to the rigidity and high resistance of 

cellulose to degradation. Recent efforts to improve enzymatic breakdown of cellu-

lose have taken advantage of expanding genome sequence databases, advances in 

structural biology of cellulose degradation enzymes (cellulases), biochemical stud-

ies of enzymatic breakdown of cellulose, and protein engineering studies. In this 

chapter, the structural features of cellulose and cellulose-degrading enzymes will be 

reviewed, along with methods used to determine cellulase activity. We will focus on 

models for synergistic effects among enzymes, strategies used by bacteria and fungi 

to increase reactivity through synergistic enhancement, and approaches by which 

synergistic enhancement can be engineered into arti fi cial enzymes to be used for 

large-scale cellulose-based biofuels production.      

    1   Introduction 

 Global energy consumption and its impact on the environment represent the biggest 

challenge we face in the twenty- fi rst century. Fossil fuel is becoming increasingly 

more dif fi cult to  fi nd and extract, driving the cost of energy and negatively in fl uencing 

international policy. Even if production can keep up with the increasing demands of 
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developing (and developed) nations, the environmental impact of both extraction 

and emission will worsen. Combustion of the reduced-carbon energy sources in fos-

sil fuels produces greenhouse gasses (GHGs) and other pollutants. Both atmospheric 

CO 
2
  concentrations and global temperatures are increasing at a steady and alarming 

rate. Assuming the former is driving the latter, one widely accepted view states that 

to keep CO 
2
  levels below 750 ppm by 2050 (at three times the level of our pre-GHG-

emitting economy, still considered by some to be quite dangerous), carbon-neutral 

renewables need to provide  twice our   current global   energy consumption  in a best-

case scenario  [  33  ] . 

 There are many alternative energy sources with the potential to displace signi fi cant 

amounts of CO 
2
  production from the global energy stream. Most of these involve 

energy from the sun, either directly or indirectly. Direct conversion using photovol-

taic devices would produce electricity directly from sunlight. With the exception of 

manufacturing costs, the photovoltaic cycle is truly carbon-neutral. Photosynthesis 

in plants and algae provides a means to produce chemicals from sunlight, and in 

particular, reduced carbon that can be used for liquid transportation fuel. Production 

of reduced transportation fuel is carbon-negative, since CO 
2
  is removed from the 

atmosphere as a precursor. This CO 
2
  is then rereleased to the atmosphere when the 

fuel is burned, and when taken together with photosynthesis, can be run in a carbon-

neutral way (indeed, prior to the industrial revolution, direct biomass combustion in 

the form of wood burning was the major mode of energy extraction for humans). 

 There are already signi fi cant amounts of transportation fuel produced by con-

verting the reduced carbon in plants to ethanol. Currently, automobile fuel in the US 

includes 10% ethanol made from the starch and sugar in corn (maize) grain; in 

Brazil, signi fi cantly larger amounts of ethanol (derived from sucrose in sugarcane 

press juice) are used in automobile fuel, with many cars running on 100% ethanol. 

 The process by which ethanol is produced from corn grain and sugarcane can be 

separated conceptually into two steps. In the  fi rst step, termed sacchari fi cation, the 

simple six-carbon hexose units, glucose and fructose, are produced from starch by 

enzymatic or acid hydrolysis In the case of sucrose, the fermentative microorgan-

isms themselves are generally able to carry out hydrolysis to glucose and fructose 

by means of their intrinsic enzymes, such as the invertase secreted by the yeast 

 Saccharomyces cerevisae . These six-carbon sugars then serve as a feedstock for 

fermentation by microorganisms, much in the same way that beer or wine is pro-

duced. The problem with this approach is the high agricultural intensity and rela-

tively low yield of sugar per unit biomass, as only a small part of the total plant 

material is utilized. This is especially true for corn produced in the US: high amounts 

of fertilizer and water are required, and most of the plant (the stalk, leaves, and root 

system) is not used in the process (the starch is concentrated in the corn kernels). 

Although estimates vary  [  41,   56  ] , the net energy yield from corn-based ethanol is 

modest: about as much energy (currently from fossil fuel) is required to produce 

corn-based ethanol as is recovered from ethanol combustion, resulting in no net 

reduction in greenhouse gas emissions  [  9,   31  ] . 

 If more of the reduced carbon produced by plants could be converted to fuel, 

thereby permitting less agriculturally intensive plants to be used as feedstock, we 
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could increase the net energy yield of bio-based ethanol (or other reduced-carbon 

fuels run off a sacchari fi cation stream). Most of the reduced carbon in plants is 

stored not as starch or simple oligosaccharides, but as lignocellulose. The primary 

role of lignocellulose is to provide structural rigidity to the plant cell walls. The 

major component of lignocellulose is cellulose, which generally comprises around 

40–60% of the total dry mass, with hemicellulose and lignin also present in substan-

tial amounts. Although all three components can be utilized for biofuel production 

by various routes, cellulose has the best potential as a feedstock for fermentative 

production of ethanol and other transportation fuels. 

 Cellulose is the most abundant biological polymer on earth, with 1.5 × 10 12  tons 

synthesized per year  [  37  ] . A variety of rapidly growing plants have been identi fi ed 

that have favorable properties for producing lignocellulosic biomass agriculturally. 

For example, switchgrass is a perennial plant (it is planted once, and grows back 

every year), requires comparatively little water or nitrogen fertilizer, can be har-

vested and stored using conventional haying equipment, and attains a height of 

10 ft in a single growing season. It has been estimated that if the lignocellulosic 

biomass from switchgrass could be recovered, the net energy yield for liquid fuel 

would be around 500%  [  64  ] . Moreover, there is a signi fi cant amount of waste cel-

lulosic material (agricultural waste such as corn stover, the parts of the corn plant 

that are not corn kernels, and sugarcane bagasse, the stem and leaf material left 

after pressing; manure; waste from the timber and paper industries; municipal 

waste) that could be “recycled” into liquid fuel. A recent study by the USDA/Forest 

Service estimates that one billion tons of waste biomass is available in the US 

alone, which if converted to liquid fuel, could displace two billion barrels of crude 

oil per year, roughly one quarter of our total consumption (see   http://www.eere.

energy.gov/biomass/publications.html    ). Cellulose consists of simple chains of glu-

cose, linked together by 1,4-glycosidic linkages (Fig.  1a ), and thus, is very similar 

in covalent structure to starch.  

 Cellulose differs from starch in one simple but very important way: the 

con fi guration of the anomeric (C1) carbon in cellulose is  b -, whereas in starch, it is 

 a -. Whereas starch has a loose, open helical con fi guration, making it easily solubi-

lized and readily accessible for enzymatic or physico-chemical breakdown, the 

structure of cellulose is very straight and regular, allowing adjacent cellulose chains 

to pack close together in parallel linear arrays into crystalline, insoluble  fi bers. 

Cellulose  fi bers are stabilized both by interchain hydrogen bonds and by close van 

der Waals contacts (Fig.  1b ). These interactions make cellulose  fi bers very inacces-

sible both to enzymatic and physical degradation: cellulose remains crystalline at a 

temperature 300°C under 25 atm. of pressure  [  11  ] . 

 Yet cellulosic biomass is not indestructible. On a global scale, the amount of 

lignocellulosic biomass is in a steady state, which means that its synthesis rate is 

matched by its rate of breakdown. In nature, this breakdown is facilitated almost 

entirely by microbes. Although plants do not use cellulose as a means to store carbon 

for future metabolic activity, bacteria and fungi do. These microbes have extensive 

arrays of genes encoding enzymes that speci fi cally hydrolyze the 1,4- b -glycosidic 

linkages of cellulose, along with the linkages in hemicellulose and the covalent 

http://www.eere.energy.gov/biomass/publications.html
http://www.eere.energy.gov/biomass/publications.html
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bonds of lignin  [  32  ] . These enzymes have been the subject of intense study, as they 

provide a potential means to saccharify lignocellulosic biomass on a large scale, 

much as  a -amylases are used industrially in the sacchari fi cation of corn starch in 

ethanol production. 

 At present, the enzymes that degrade lignocellulose are the major roadblock to 

using cellulosic biomass as a cheap feedstock for biofuel production. One problem 

is that, compared with corn starch and cane sugar, lignocellulose is chemically 

diverse and highly heterogeneous, requiring a large variety of enzymes to be 

included in the sacchari fi cation process, as well as energy-intensive mechanical and 

chemical pretreatments to reduce its recalcitrance to enzymatic digestion. As 

described below, even without lignin and hemicellulose, pure cellulose can be highly 

  Fig. 1    The structure of cellulose. ( a ) Covalent structure of a cellulose chain (a polymer of 1,4 ¢ - b - d  

glucose) with  n  glucosyl residues. The repeating structural unit can be thought of as [ n  − 2]/2 units 

of the disaccharide cellobiose (shown in  brackets ) with a terminal nonreducing sugar ( left ) and a 

terminal reducing sugar ( right ). ( b ) A model for the noncovalent structure of cellulose. Structural 

features of the I a   [  53  ]  form are represented. Strands are alternately colored  black  and  red ; 

intrastrand hydrogen bonds are represented using hashed bonds of the same color. Interstrand 

hydrogen bonds are represented using  blue  hashed bonds.       
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heterogeneous in its noncovalent architecture, and thus, in its reactivity. Nonetheless, 

substantial quantities of a variety of enzymes can now be produced (and are 

commercially available) to bring about nearly full conversion of the cellulose and 

hemicellulose portions of lignocellulose to sugars. The limiting factor is the cost of 

these enzymes. The cost problem is not likely to be solved by modifying current 

methods to make current enzymes more cheaply. Rather, progress is likely to be 

made by creating new enzymes that have higher activity against rigid cellulosic 

structures and that withstand the long incubation times and relatively harsh condi-

tions needed for sacchari fi cation. 1  

 This chapter explores on the enzymes used to degrade cellulosic biomass, as well 

as efforts to modify these enzymes to increase activity, and thus, decrease cost of 

biofuel production. We focus exclusively on cellulose and cellulose-degrading 

enzymes (“cellulases”). First we will describe the basic features of the enzymes that 

degrade cellulose, their sequence and structural features, and their higher order 

structure. Then we will give an overview of the types of cellulose used in laboratory 

assays, and the types of assays used to measure activity. We will then turn to studies 

that have sought to increase activity of cellulase, both at the level of individual cata-

lytic domains, and by identifying and optimizing higher order “synergism” between 

catalytic domains, both in  trans  and in  cis . Due to space limitations, only a repre-

sentative set of results is discussed here. The reader is urged to see reviews by 

Zhang & Lynd  [  84  ] , and a recent text devoted to biomass deconstruction  [  32  ] , for 

additional information.  

    2   Catalytic Domains of Cellulases 

 Because of the importance of enzymes in industrial degradation and modi fi cation of 

cellulosic materials, a large number of cellulases have been identi fi ed and character-

ized. As with many areas of biochemical research, early studies involved isolation, 

puri fi cation, and characterization of activities of cellulose-degrading enzymes from 

natural sources (bacteria, fungi), with gene sequencing following these isolation 

procedures in a one-to-one pace. Results from these early studies set the stage to 

characterize a large number of cellulases, with different structures, sequences, and 

activities. 

 With the emergence of large-scale genome sequencing, and substantial application 

(supported by the US Department of Energy) to the genomes of biomass-degrading 

microbes, the number of putative cellulase sequences has grown much more quickly 

than biochemical characterization studies. Thus, there is a rich database of sequences 

   1   Enzyme inactivation can result from a variety of irreversible processes, such as nonspeci fi c 

adsorption to substrate, aggregation related to unfolding, and covalent chemical modi fi cation. 

These irreversible processes are favored by the relatively harsh conditions (high temperature and/

or acidic or alkaline pH) used for pretreatments that increase digestibility.  
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that may have potentially useful activities. Thanks to the early (and ongoing) studies 

that connect biochemical activity to sequence and structure, many of these putative 

cellulase sequences can be grouped, based on primary sequence, into “families” and 

“clans” with similar folds and evolutionary origin. However, as will be discussed, 

this grouping is not suf fi cient to predict activity and substrate speci fi city. Here, dif-

ferent levels of classi fi cation will be discussed, along with their relative merits and/

or shortcomings. Although we cannot yet predict function in full detail from pri-

mary sequence, structure, and/or taxonomy, the wealth of data and analysis in all 

three of these areas provides a good starting point. 

    2.1   Classi fi cation by Enzyme Classi fi cation (EC) Number 

 Before describing classi fi cation schemes, it is worth describing the different enzy-

matic activities of cellulases, as it is these properties one seeks to clearly de fi ne and 

delineate in a classi fi cation scheme. Indeed, one way to classify cellulases, provided 

function is known, is directly through the EC number, a classi fi cation scheme estab-

lished and maintained by the International Union for Biochemistry and Molecular 

Biology (IUBMB;   http://www.chem.qmul.ac.uk/iubmb/    ). EC classi fi cations sepa-

rate enzymes important for cellulose degradation into three groups. The two EC 

groups that hydrolyze the glycosidic bonds of cellulose are EC 3.2.1.4 and EC 

3.2.1.91. From left to right, the 3 designates the hydrolase enzymes, the 2 further 

speci fi es glycosylase enzymes, and the 1 speci fi es glycosidase enzymes, that is, 

hydrolyzing O-glycosyl compounds. The 4 speci fi es endocellulolytic activity, that 

is, hydrolysis of  internal  (1→4)- b - d -glucosidic linkages in cellulose (Fig.  2a ; EC 

3.2.1.4 also includes hydrolases that act on lichenin and cereal  b - d -glucans). The 91 

speci fi es exocellulolytic activity, that is, hydrolysis of glycosidic bonds at the end of 

the cellulose chain (Fig.  2b ), producing short chain cellooligosacharrides such as 

cellobiose (two glucose units connected by 1→4- b  linkage).  

 The third group of enzymes important for cellulose hydrolysis are those of the 

group EC 3.2.1.21. These enzymes, termed  b -glucosidases (and sometimes 

emulsins), hydrolyze the glycosidic bond of cellobiose, releasing  b - d -glucose units 

(Fig.  2c ). Thus, these enzymes are necessary to complete the transformation of cel-

lulose to glucose. These enzymes also promote cellulose breakdown by increasing 

the activity of the exocellulases, which often show product inhibition by 

cellobiose. 

 Although the EC system provides a key distinction between the activities of cel-

lulolytic enzymes, there are a few shortcomings of this classi fi cation. First, the 

boundaries between endocellulolytic (EC 3.2.1.4) and exocellulolytic (EC 3.2.1.91) 

activity are sometimes blurry, as some enzymes show both types of activity  [  71  ] . 

Second, the EC groupings include protein families with entirely different structures 

and, presumably, differing evolutionary origins  [  29  ] . Third, as is described in the 

following section, there are additional mechanistic differences among cellulases 

that are not resolved using just two categories.  

http://www.chem.qmul.ac.uk/iubmb/
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    2.2   Further Subdivision by Enzymatic Properties 

 The classi fi cation above resolves whether catalytic domains of cellulases hydrolyze 

glycosidic bonds at the end of cellulose chains (exocellulases) or in the middle 

(endocellulases). An important additional distinction among endocellulases is 

whether they are processive (binding to a cellulase chain and then hydrolyzing at 

multiple sites, perhaps in sequence on the chain) or nonprocessive (binding, hydro-

lyzing a single bond, and releasing). Comparison of multiple crystal structures of 

cellulases has revealed some of the basis of processivity, along with the basis for 

endo- vs. exocellulolytic activity (see  [  84  ]  for a review). It should be emphasized 

that the type of processivity discussed above relates to individual catalytic domains, 

since the attachment of CBDs in  cis  is likely to signi fi cantly enhance processivity 

by tethering the enzyme to the substrate, as is the presence of multiple catalytic 

domains in a single polypeptide chain. 

 An important subdivision of the exocellulases is whether they attack the reduc-

ing end or nonreducing end of the cellulose chain  [  2  ] . In many cases, exocellulases 

produce the disaccharide cellobiose and are appropriately designated “cellobiohy-

drolases,” although many exocellulases also produce longer oligosaccharides such 

as cellotriose and cellotetraose. 

 A  fi nal mechanistic subdivision that can be made is whether a cellulase cleaves 

the  b -glucosidic bond with retention of chirality at the C1 position (producing the 

 b -anomer) or with inversion (producing the  a -anomer). For both mechanisms, cel-

lulases use a pair of acidic (asp/glu) residues in a general acid/general base scheme. 

Other common features include water attack at the C1 position on the nonreducing 

side of the glycosidic bond to be cleaved and displacement of the O4-sugar. In the 

inverting mechanism, the water attacks C1 directly, with one of the acidic residues 

acting as a general base to abstract a proton from the attacking water, and the other 

acting as a general acid to protonate the O4 leaving group. In the retaining mecha-

nism, the general base forms a covalent adduct (an ester linkage between the side-

chain carboxyl and C1), displacing the O4, with protonation from the general acid. 

In a second step, water is activated by the general acid (now in its deprotonated 

conjugate base form), which attacks the C1 and displaces the C1-asp/glu linkage.  

    2.3   Classi fi cation Based on Sequence Features 

 For cellulases with well-characterized enzymatic properties, a classi fi cation scheme 

could be created that captures the reactivities described above. However, there are a 

large number of cellulase sequences that have been identi fi ed from DNA sequencing 

that have not been characterized biochemically. To include these new sequences in 

a classi fi cation scheme, and to represent the evolutionary relationships that connect 

them, a system has been developed  [  26  ]  and re fi ned  [  27,   28  ]  that groups like 

sequences together. This information is available in a searchable database (CAZy, 

for carbohydrate-active enzyme database;   http://www.cazy.org/    ) that includes 

http://www.cazy.org/
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structural, functional, and phylogenetic information  [  7  ] . At the time of this writing, 

CAZy currently subdivides the glycohydrolase sequences (EC 3.2.1.x) into 122 

distinct sequence families, designated GH1-GH122 (and 956 additional nonclassi fi ed 

sequences). 

 The GH families that are tagged with relevant EC numbers for cellulose degrada-

tion (EC 3.2.1.4, EC 3.2.1.21, and EC 3.2.1.91) are shown in Table  1 . Although 

there are 21 families that contain one or more members from one of these three EC 

groups, the bulk of the cellulases are in GH families 5, 6, 7, 8, 9, 12, and 44, 45. GH 

families 5, 8, 9, 12, 44, and 45 are largely composed of endocellulases (at the exclu-

sion of exocellulases), whereas GH families 6 and 7 include both endocellulases 

and exocellulases (Table  1 ); exocellulases in GH-6 act on the nonreducing end, 

whereas exocellulases in GH-7 act on the reducing end. There do not appear to be 

GH families composed exclusively of exocellulases. Nearly all  b -glucosidases are 

in GH families 1 and 3.   

    2.4   Structural Classi fi cation and “Clan” Designations 

 On the whole, the sequenced-based groupings do a good job clustering enzymes 

with like structures and activities (Table  1 ). However, the presence of multiple activ-

ities within single GH families suggests that divergent evolution to new activities is 

not uncommon. 2  At the same time, structural comparisons show that a number of 

different GH families have the same fold ( [  58  ] ; see Table  1 , Fig.  3 ).  

 This is particularly true for ( b / a ) 
8
 -barrels (which can be decorated with addi-

tional domains, Fig.  3 ), ( a / a ) 
6
 -barrels, and  b -jelly rolls. It seems likely that the 

ubiquity of these folds re fl ect common, albeit more distant, evolutionary origins 

than are captured in the sequence families. To include structural similarity, a broader 

“clan” classi fi cation has been devised to group GH-families with the same fold 

( [  29  ] , also see  [  58  ] ). Cellulases in different GH families with similar structures can 

be grouped into clans A, B, C, K, and M (Table  1 ). In addition, some GH families 

that have substantial numbers of characterized cellulases lack structural similarity 

to other GH families, and thus do not belong to a speci fi c clan.  

    2.5   Optimization of the Activity and Stability 

of Catalytic Domains 

 One approach to increasing cellulase activity is to improve the activity of individual 

cellulase domains through site-directed mutagenesis. Several different parameters 

   2   This is particularly notable given that most GH families in Table  1  include numerous enzymes 

with noncellulolytic activities.  



348 E. Cunha et al.

   Table 1    Cellulase families, enzymatic, and structural properties   

 GH 

family  # seq a   # char b  

 EC category c  

 R/I/U d   Fold  Clan  Formerly 

 3.2.1.4 

(endo) 

 3.2.1.91 

(exo) e  

 3.2.1.21 

( b -glc) 

 1  2,599  215  0  0  122  R  ( b / a ) 
8
   A 

 3  2,763  165  0  0  97  R  ( b / a ) 
8
 -

 a / b -Fn3 

 5  2,193  373  245  2  0  R  ( b / a ) 
8
   A  A 

 6  267  53  18  38 (NR)  0  I  ( b / a ) 
8
   B 

 7  579  69  25  43 f  (R)  0  R   b -jelly  B  C 

 8 g   405  50  25  0  0  I  ( a / a ) 
6
   M  D 

 9  664  131  121  3  0  I  ( a / a ) 
6
   E 

 10 h   1,019  205  5  0  0  R  ( b / a ) 
8
   A  F 

 12  277  62  52  0  0  R   b -jelly  C  H 

 16 i   1,614  156  1  0  0  R   b -jelly  B 

 18 j   3,513  372  2  0  0  R  ( b / a ) 
8
   K 

 19 k   1,010  165  1  0  0  I   a  l  

 26 m   323  40  3  0  0  R  ( b / a ) 
8
   A  I 

 30  273  21  0  0  1  R  ( b / a ) 
8
   A 

 44  45  10  7  0  0  R  ( b / a ) 
8
   J 

 45  158  42  42  0  0  I   b -barrel  K 

 48  129  16  5(P)  3 (R + NR)  0  I  ( a / a ) 
6
   M  L 

 51 n   472  44  4  0  0  R  ( b / a ) 
8
  +  b  o   A 

 61 p   152  3  2  0  0  U   b -sandwich 

 74 q   75  14  2  0  0  I  ( b  
7
  propeller) 

2
  

 116  139  3  0  0  1  R  U 

   
a  The numbers in each EC column re fl ect the number of characterized enzymes in a given GH fam-

ily with that particular activity 

  b  The number of sequences in CAZy as of January 13, 2011 

  c  The number of characterized enzymes in CAZy as of January 13, 2011 

  d  Families with exocellulases are further characterized as acting at the reducing end (R), nonreduc-

ing end (NR), or both (R+NR) 

  e  Retaining (R), inverting (I), or unknown (U) enzymatic mechanism 

  f  Most GH-7 cellobiohydrolases are given generic EC 3.2.1 (glycosidase) numbers rather than EC 

3.2.1.91 

  g  Many characterized GH-8 enzymes are chitosanases (EC 3.2.1.132) 

  h  Nearly all characterized GH-10 enzymes are endo-1,4- b -xylanases (EC 3.2.1.8) 

  i  Nearly all characterized GH-16 enzymes are licheninases (EC 3.2.1.73) and  b -agarases (EC 

3.2.1.81) 

  j  Nearly all characterized GH-18 enzymes are chitinases (EC 3.2.1.14) 

  k  Nearly all characterized GH-19 enzymes are chitinases (EC 3.2.1.14) 

  l  The structures of GH-19 chitinases are single-domain  a -helical, although no GH-19 cellulases 

have been solved 

  m  Nearly all characterized GH-26 enzymes are  b -mannanases (EC 3.2.1.78) 

  n  Nearly all characterized GH-51 enzymes are  a - l -arabinofuranosidases (EC 3.2.1.55) 

 The three solved structures in the GH-51 family (all arabinofuranosidases) include an additional 

12-strand  b -jelly roll domain 

  p  There is only weak evidence for  b -endoglucanase activity in the GH-61 family, the structure of 

which more closely resembles a CBM 

  q  Nearly all characterized GH-74 enzymes are xyloglucanases (EC 3.2.1.151)  
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  Fig. 3    Cellulase catalytic domain structures. Proteins are depicted as  ribbon diagrams ; colors are 

 blue  to  red  from N- to C-terminus. Substrates, substrate analogues, and products are rendered as 

CPK structures. ( a ) A  b -glucosidase from the GH-3 family (2x42.pdb; Bgl3B from  Thermotoga 

neapolitana ), a ( b  a ) 
8
 -barrel ( rainbow ) and accessory  a / b  and FnIII domains ( purple  and  gray , 

respectively)  [  57  ] . ( b ) An endoglucanase from the GH-5 family (1edg.pdb; CelCCA from 

 Clostridium cellulolyticum ), a ( b  a ) 
8
  barrel. ( c ) An exocellulase from the GH-7 family (173w.pdb; 

Cel7D from  Phanerochaete chrysosporium ), a  b -jellyroll  [  73  ] . ( d ) An endocellulase from the 

GH-12 family (3o7o.pdb; CelA from  Thermotoga maritima ), a  b -jellyroll  [  17  ] . ( e ) An endocellu-

lase of the GH-45 family (4eng.pdb; EGV from  Humicola insolens ), a  b -barrel  [  10  ] . ( f ) An endo-

cellulase from the GH-9 family (1k72.pdb; Cel9G from  C. cellulolyticum ), an ( a / a ) 
6
 -barrel  [  44  ] . 

Images were generated using MacPyMOL  [  12  ]        

can be optimized, including kinetic parameters (analogous to  K  
m
  and  k  

cat
 ), speci fi city, 

processivity, susceptibility to product inhibition (and even substrate inhibition 

through nonproductive binding), thermostability, solvent/cosolvent compatibility, 

expression level, cellular localization, and relatedly, enzyme half-life. In the right 
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context, changes in any one of these parameters could lead to increased activity, and 

thus, decreased enzyme cost. 

 Strategies for mutagenesis include introduction of single-site substitution, guided 

either by structure or homology, random mutagenesis, loop deletion/insertion, and 

creation of chimeric catalytic domains by recombination of fragments from differ-

ent genes. Changes in activity have been identi fi ed from simple biochemical isola-

tion and characterization of single-site variants (reviewed in  [  65,   75  ] ); alternatively, 

selection and directed evolution strategies have also been used to more rapidly 

explore sequence space (reviewed by Zhang et al.  [  81  ] ). 

 One set of studies that illustrates the guided or rational (as opposed to random) 

mutagenesis approach involves a set of GH-12 homologues  [  63  ] . Mutations were 

identi fi ed from structure, sequence comparison, and homology modeling. In one 

approach, single-residue substitutions were identi fi ed as candidates to increase ther-

mostability, based on the known stabilities of different homologues. A second 

approach involved making a multiple sequence alignment and changing the sequence 

towards the consensus. These approaches led to signi fi cant enhancement of thermo-

stability of the less stable enzymes, in one case, increasing the  T  
m
  by around 7°C 

with a single alanine to valine substitution  [  63  ] . Although this approach is less likely 

to increase the stability of the most thermostable homologues, given the variation in 

activity among these enzymes, this approach provides a route to enhancing particu-

lar enzyme activities. 

 In a broader approach, modular structural elements from three CBII exocellu-

lases (from the GH-6 family) were randomly recombined and were screened for 

expression and activity. This approach generated a large number of active, sequence-

divergent recombinant enzymes. By correlating resistance to thermal inactivation 

with module identity, a second generation of highly thermotolerant enzymes were 

produced  [  23  ] . More recently, the same approach has been applied to CBH1 exocel-

lulases from the GH-7 family  [  24  ] .   

    3   Properties of Cellulosic Substrates 

 There are a large number of cellulosic substrates that are used in the laboratory to 

assay cellulase reactivity (Table  2 ). Cellulose is synthesized by plants, and some 

algae, bacteria, and fungi. In plants, cellulose micro fi brils may be covered by 

hemicellulose polymers and lignin matrices  [  69  ] . Cellulose chains from plant  fi bers 

typically have a degree of polymerization (DP) of 300–10,000 glucosyl subunits 

 [  37  ] . Although direct assay of deconstruction of native lignocellulosic materials 

such as corn stover and sugarcane bagasse would be ideal for large-scale biofuel 

production, cellulase activity is more easily studied using simpler substrates that are 

enriched in the cellulosic fraction. Moreover, it is often preferable to perform 

cellulase assays with substrates that have been modi fi ed (either noncovalently or 

covalently) to enhance accessibility, uniformity, or solubility. The substrates listed 

in Table  2  are commercially available or can be prepared from commercial material 

by simple pretreatment steps.  
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   Table 2    Cellulosic substrates used in laboratory assays of cellulase activity   

 DP a   CR b   Assay c  

 Soluble substrates 

 Carboxymethyl cellulose, CMC (–CH 
2
 COOH)  400–3,200  0  End 

 Dyed CMC (e.g., Remazol Brilliant Blue-CMC)  400–3,200  0  End 

 Hydroxyethylcellulose, HEC (CH 
2
 CH 

2
 OH) 

 n 
   300–4,800  0  End 

 Dyed HEC (e.g., Ostazin brilliant red H3-HEC)  300–4,800  0  End 

 Cellodextrins  2–6  0  End, Exo, 

 b -Gluc 

 Isotope-labeled cellodextrins  2–6  0  End, Exo, 

 b -Gluc 

 4-Methylumbelliferyl oligosaccharides  2–6  0  End, Exo, 

 b -Gluc 

  p -Nitrophenyl oligosaccharides  2–6  0  End, Exo, 

 b -Gluc 

 Insoluble substrates 

  Crystalline  

 Whatman No. 1  fi lter paper  750–2,800 d   53–90 e   End, Exo 

 Avicel PH  <350  57–92 e   End, Exo 

 Bacterial cellulose  2,000–8,000 f   88 f   End, Exo 

 Bacterial microcrystalline cellulose, BMCC  <10 to >1,000 g   73–95 e   End, Exo 

 Dyed Avicel (e.g., Remazol Brilliant Blue-Avicel)  <350  57–92 e   End, Exo 

  Amorphous  

 Phosphoric acid swollen cellulose, PASC  <350  0 d –27 e   End, Exo 

 Regenerated amorphous cellulase, RAC  <350  0 h   End, Exo 

   End  endocellulase;  Exo  exocellulase;   b -Gluc   b -glucosidase activity 

  a  DP, degree of polymerization 

  b  CR, crystallinity (percentage) 

  c  Assay, type of activity most easily measured with a given substrate 

  d  Data from Zhang et al.  [  81  ]  

  e  Data from Park et al.  [  55  ]  

  f  Data from Valjamae et al.  [  74  ]  

  g  Data from Stalbrand et al.  [  67  ]  

  h  Data from Zhang et al.  [  82  ]   

    3.1   Soluble Substrates 

 Although cellulose is insoluble in water because of its strong interchain interactions 

(Fig.  1b ), single chains of cellulose can be solubilized by chemical modi fi cation of 

the hydroxyl groups, typically through reaction with alkyl chlorides to produce 

ether linkages. Carboxymethylcellulose (CMC), one of the most commonly used 

water-soluble substrates, results from reaction with chloroacetic acid. CMC has an 

overall negative charge at neutral pH, with charge density depending on the degree 

of substitution (DS). CMC preparations (as sodium salts) with a DS ranging from 

0.7 to 1.2 substitutions per glucose unit are commercially available. 

 Because CMC is soluble, it is very easy to work with. However, in terms of 

informing on degradation of complex cellulosic substrates, it is probably least relevant. 
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Degradation of complex substrates requires interaction with the cellulose surface, 

and gaining access to individual chains that have strong surface interactions. CMC 

lacks these interfacial interactions. Moreover, since carboxymethylation is likely to 

impede substrate binding, only the subset of glycosidic bonds that lack modi fi cation 

are likely to be reactive. 3  Enebro et al. used liquid chromatography and mass spec-

trometry to determine the products of digestion of CMC by four different endocel-

lulases. This study revealed differences among the four enzymes in tolerance to the 

number of substitutions in the binding region, the location of the substitution within 

the subunit, and the location of the substituted subunit relative to the cleavage site 

 [  13  ] . Assays with CMC show more reactivity with endocellulases than with exocel-

lulases. This is likely a result of the decreased enzyme reactivity toward modi fi ed 

sites: endocellulases should be able to react with all internal sites with low 

modi fi cation, whereas exocellulases can only proceed from the end to the nearest 

site of high modi fi cation. One advantage of CMC as a stubstrate is that its strongly 

length-dependent viscosity provides a means to determine whether a cellulase has 

endolytic or exolytic properties. 4  

 Another modi fi ed form of cellulose, hydroxyethylcellulose (HEC), has ether 

linkages between the hydroxyl groups and CH 
2
 CH 

2
 OH moieties. HEC is also solu-

ble, although unlike CMC, it is uncharged; thus, a higher DS is needed to achieve 

water solubility than for CMC  [  42  ] . 

 Water solubility is also achieved for very short unmodi fi ed cellulose oligosac-

charides. These short chains, which are collectively referred to as “cellodextrins,” 

range from two (cellobiose) to six (cellohexaose) glucosyl units. Cellodextrins are 

substrates for endoglucanases, exoglucanases, and  b -glucosidases. Because of their 

small size, cellodextrins can be modi fi ed with greater chemical precision than long 

cellulose polymers. Substituted variants such as  p -nitrophenyl oligosaccharides 

 [  77  ]  and 4-methylumbelliferyl oligosaccharides  [  43  ]  are used for spectroscopic 

assays of cellulase activity (see below). Isotopically labeled cellodextrins can be 

used to assay cellulase activity by mass spectrometry  [  2  ] .  

    3.2   Insoluble Substrates 

 In general, cellulase activities measured using insoluble substrates are more likely to 

be relevant to large-scale biomass deconstruction than chemically modi fi ed, soluble 

chains. A variety of different insoluble substrates are used to measure cellulase activ-

ities. These substrates differ in their biological sources and pretreatment methods, 

   3   Since modi fi cation is likely to be somewhat random, the odds of getting a block of  i  unmodi fi ed 

sugars in a row is nonzero, but it is likely to be quite small. Assuming each of the three hydroxyls 

per anhydroglucose are equally reactive and that their reaction does not in fl uence reactivity of 

proximal hydroxyl groups, the probability is (1 − 0.7/3) 3 i   = 0.67 3 i  . For  i  = 3, this is 0.09, and drops 

by a factor of 0.45 for every additional unmodi fi ed anhydroglucose.  
   4   Endocellulase activity should strongly decrease the viscosity of CMC solutions by greatly 

decreasing chain length, whereas exocellulase activity should have little effect on viscosity.  
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and as a result, they have different structural and physical properties (Table  2 ). As a 

result, different substrates are more appropriate for different types of enzymes. 

 By pretreatment with acid (typically phosphoric acid), insoluble cellulose 

preparations can be obtained that have decreased crystallinity, and thus are typically 

more susceptible to enzymatic digestion than crystalline substrates  [  22  ] . Although 

published protocols differ in subtle but important ways, high concentrations of 

phosphoric acid can produce PASC (for phosphoric acid swollen cellulose,  [  78  ] ). 

By prehydrating Avicel prior to acid treatment, Zhang et al. prepared an amorphous 

cellulose of even higher reactivity, which they term regenerated amorphous cellu-

lose (RAC,  [  82  ] ). 

 Cellulose substrates with high crystallinity include bacterial cellulose (BC), 

which has high DP values of 2,000–8,000, and a high 60–90% crystallinity index 

 [  37  ] . Microcrystalline cellulose, or “Avicel” PH, which is prepared by acid hydro-

lysis of wood pulp, has a lower DP value (150–300)  [  37  ] , although it retains a high 

level of crystallinity. Because it has a high ratio of free ends to accessible  b -gluco-

sidic bonds due to its lower DP, Avicel is especially suited for the measurement of 

exoglucanase activity from a crystalline substrate  [  82  ] . Finally, Whatman No. 1 

 fi lter paper, manufactured from cotton linters, is highly heterogeneous and is often 

used for measuring total cellulase activity.   

    4   Cellulose Degradation Assays 

 Over the years, a large number of assays have been developed that report on cellu-

lase activity   . Most assays are quantitative, although many of these do not evaluate 

activity in real-time, but require postprocessing of digests at  fi xed time points, limit-

ing the extent to which these assays allow kinetic data to be interpreted using mech-

anistic models (for example, models including Michaelis–Menten terms, processivity, 

prebinding, and diffusion). This type of treatment is further limited by the heteroge-

neity of various cellulosic substrates, and to time-dependent enzyme inactivation 

that is sometimes observed (especially with insoluble substrates). Other qualitative 

assays have been developed to screen for activity in live cells. Such screens have the 

potential to allow large numbers of engineered cellulases to be assayed quickly, 

without having to purify each protein. In this section, we brie fl y touch on different 

assays for activity, highlighting strengths, weaknesses, and when relevant, relative 

sensitivities to exocellulolytic vs. endocellulolytic activity. For a comprehensive 

description of different cellulase assays, see a review by Zhang, Himmel, and 

Mielenz  [  81  ] . 

    4.1   Spectroscopic Assays 

 One of the most common approaches to measuring cellulase activity involves 

monitoring spectroscopic changes resulting from product formation or substrate 
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depletion. Some of these assays involve covalent attachment of a probe that changes 

its absorbance (or  fl uorescence) when released from cellulose. Other assays involve 

the addition of colorimetric reagents that react with product to produce an absorbance 

change. The easiest of these assays takes advantage of the reactivity of the reducing 

end of cellulose. The reducing end is in equilibrium with an aldehyde, which can 

reduce a chromogenic substrate. Each time a glycosidic bond is hydrolyzed, a new 

reducing end is produced, regardless of enzyme type (endo- vs. exocellulase vs. 

 b -glucosidase). 

 Two methods to detect reducing end formation are the dinitrosalicylic acid (DNS) 

and the Nelson-Somogyi assays. In the DNS assay, oxidation of the reducing-end 

aldehyde to a carboxylic acid is coupled to the reduction of DNS to 3-amino-5-

nitrosalicylic acid  [  45  ]   [  19  ] . Because this redox reaction requires elevated tempera-

tures (typically 100°C) and high pH, the color must be developed as an end-point to 

the reaction, limiting the degree to which time-course of the reaction can be sam-

pled. Another drawback in the DNS assays is a rather low sensitivity, due in part to 

the high absorbance of unreacted DNS. Sensitivity can also be adversely affected by 

buffer conditions and the presence of metals, and in some cases, the degree of cel-

lulose polymerization  [  59  ] . 

 In the Nelson-Somogyi assay, reducing sugar oxidation is coupled to a Cu 2+  reduc-

tion to Cu 1+ . In a subsequent step, Cu 1+  is oxidized back to Cu 2+  by an arsenomolyb-

date complex that becomes colored upon reduction  [  66  ] . Unlike the DNS method, the 

Nelson-Somogyi method depends neither on the substrate concentration nor on the 

degree of polymerization. However the Nelson-Somogyi assay is also sensitive to 

composition and to the nature of the substrate. The Nelson-Somogyi assay has higher 

sensitivity than the DNS assay, but is more cumbersome  [  6  ] . Both the DNS and 

Nelson-Somogyi assays can be performed on a variety of cellulosic substrates, includ-

ing soluble substrates and insoluble amorphous and crystalline material. A number of 

additional colorimetric assays have been used to monitor cellulase activity  [  81  ] . 

 Direct labeling methods to monitor cellulase activity include labeling of long-

chain insoluble cellulose polymers with dyes such as azure  [  38  ]  and  fl uorescein; 

hydrolysis is monitored by determining the amount of dye released into the soluble 

phase. By casting dyed cellulose  fi lms on the bottom of microtiter plates, this 

approach can be used to screen activity in a high-throughput format  [  25  ] . Short, 

water-soluble cellodextrins can also be labeled with spectroscopic probes (e.g., 

 p -nitrophenyl  [  78  ] ; 4-methylumbelliferyl  [  43  ] ). These short-chain derivatives are 

useful for measuring  b -glucosidase activity.  b -glucosidase activity can also be 

assayed by monitoring the formation of free glucose, using coupled enzyme detec-

tion  [  83  ] ; colorimetric assay kits are commercially available.  

    4.2   Viscometric Assays 

 Soluble cellulose chains (CMC and HEC) are long polymers, and thus in solution 

they act as strong viscogens. Upon endocellulase cleavage of these polymers into 
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shorter fragments, the viscosities of CMC and HEC solutions decrease as digestion 

progresses  [  14,   21  ] . Viscosity changes can easily be measured by using a vertical 

capillary tube (such as an Ostwald viscometer) to measure the time it takes for the 

solution level to fall a  fi xed distance into a reservoir. By repeating the measurement 

at different times, a time-resolved progress curve can be determined. Alternatively, 

viscosity can be measured with a rotating disc rheometer, which can be interfaced 

to a computer to give real-time measurements. Because exocellulases shorten cel-

lulose chains by only two glucoside units per enzyme cycle, and because they are 

likely to be blocked after only a few steps by chemical modi fi cation, exocellulases 

produce very little change in viscosity. Thus, by comparing activity viscometrically 

and colorimetrically, exo- and endocellulolytic activity can be resolved  [  68  ] .  

    4.3   Chromatographic Assays 

 Direct detection of low-molecular weight cellulose degradation products can be 

carried out by HPLC (high pressure liquid chromatography). Oligosaccharides of 

different length can be resolved and quanti fi ed by size exclusion chromatography 

 [  18  ] . Monosaccharides of different covalent structure (xylan, mannan, arabinose, 

etc.) can be resolved by ligand exchange chromatography, wherein the hydroxyl 

groups from the sugars interact speci fi cally with resin-immobilized cations (Pb 2+ , 

Ca 2+ ). Speci fi city is imparted by differences in the orientation of hydroxyl groups 

from sugar to sugar  [  36  ] . Although carbohydrates tend to have low extinction 

coef fi cients, they can readily be detected with an in-line refractometer, which pro-

vides high signal to noise. Spectrophotometric detection of labeled sugars has also 

been used, and depending on the site of labeling, can provide information relating 

to the speci fi city and mechanism of degradation. Thin layer chromatography (TLC) 

also allows cellulose degradation products (particularly, short oligosaccharides) to 

be resolved. Sugars can be detected by reacting reducing sugars with a colorimetric 

reagent directly on the TLC plate  [  20,   85  ] .  

    4.4   Other Physical Assays 

 In addition to the assays above (colorimetry, viscometry, and chromatography), 

there are several other physical methods that have been used to quantify breakdown. 

While most of these methods have seen limited use, they have the advantage that 

they can directly monitor breakdown in real time. One particularly interesting 

approach is time-resolved isothermal batch calorimetry  [  51,   54  ] . Slurried cellulosic 

substrates are prepared, and enzymatic degradation is monitored by heat release as 

a function of time. In addition to following hydrolysis in real time, this method is 

well-suited for complex substrates (e.g., corn stover). Another real-time method for 

monitoring cellulose degradation is direct determination of mass-decrease from 

immobilized cellulose using a quartz crystal microbalance  [  35  ] .  
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    4.5   Plate Assays and Live-Cell Assays 

 In protein engineering applications, it is often desirable to use a screen that is 

qualitative, so that a small number of active enzymes (or enzyme combinations) can 

be resolved from a large background of inactive enzymes. Several methods can be 

used to screen colonies for cellulose degradation activity (reviewed in  [  60  ] ). One of 

the most common plate screening methods uses celluloses with tightly bound dyes 

and  fl uorophores. Congo red dye interacts tightly with  b -1,4- d -glucans including 

chemically modi fi ed carboxymethyl cellulose (CMC). Because CMC is large and 

does not diffuse in agar, CMC-bound dye will remain uniformly immobilized in the 

absence of cellulase activity. Cellulose hydrolysis releases the dye; subsequent 

diffusion results in a dye-free halo around colonies expressing active cellulase. The 

halo radius gives a semiquantitative indication of activity. In a similar approach, 

unlabelled soluble cellulose (e.g., CMC) can be included in the agar, and after incu-

bation to allow for colony growth and cellulase activity, the remaining CMC is 

precipitated on the plate using ethanol, acetone, or cetylammonium bromide 

(CTAB). Precipitated CMC renders the plate opaque; colonies expressing active 

cellulase can be identi fi ed as having a clear halo  [  60  ] . 

 Alternatively, cellulase activity can be selected for using agar plates in which the 

only source of carbon is cellulose. This approach requires both high purity cellulose 

(organic contaminants may provide an alternative carbon source) and a uniformly 

high DP (contaminating cellodextrins would also short-circuit the selection). This 

approach has also been used in liquid culture to select for yeast strains producing 

active cellulases on their surface. An advantage of this method is that sacchari fi cation 

products can be directly fermented by the yeast to produce ethanol, a process 

referred to as “consolidated bioprocessing”  [  18,   40,   72  ] .   

    5   Synergy and Processivity as a Means 

for Ef fi cient Cellulose Breakdown 

 Although many individual catalytic domains show measurable activity against 

cellulose, their activities are rather low. On their own, they would be poor catalysts 

for large-scale biofuel production. In nature, there are two ways that reactivity is 

enhanced. First, multiple different types of cellulases (endocellulases, exocellu-

lases,  b -glucosidases, as well as hemicellulases and lignases) are coordinately 

expressed, producing a synergistic enhancement of activity (Fig.  4 ;  [  76  ] ).  

 Second, catalytic domains are attached (either covalently or noncovalently) to 

cellulose-binding modules (CBMs; see  [  5  ]  for a review), which localizes enzyme 

activity to the cellulosic substrates, allowing for multiple rounds of hydrolysis 

(Fig.  5 ). In aerobic bacteria and fungi, this is achieved in  cis  by direct fusion of 

CBM-coding and catalytic domain-coding sequences in cellulase genes (Fig.  5b ). 
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  Fig. 4       Mechanistic models for synergy in  trans  between endocellulases ( purple circles ) and exo-

cellulases ( yellow cylinders ).  Straight lines  represent crystalline domains of cellulase;  wavy lines  

represent amorphous regions, where endocellulase accessibility and activity should be enhanced. 

Degradation of these amorphous regions by endocellulases produces new reducing and nonreduc-

ing ends that can be degraded by exocellulases ( a ), enhancing their reactivity. When exocellulase 

activity exposes internal amorphous regions ( b ), these regions can serve as additional sites for 

endocellulase degradation. Although not shown here,  b -glucosidases can further enhance reactiv-

ity by relieving product inhibition of exocellulases, which in turn may further enhance endocellu-

lase activity through the mechanism shown in ( b ). Likewise, lignases and hemicellulases can 

enhance the activity of cellulases by providing access to cellulose sites that would otherwise have 

been inaccessible (not shown)       

In addition to enhancing activity by tethering to substrate surfaces, these accessory 

domains can directly enhance activity by providing structural integrity to the cata-

lytic domain.  

 In anaerobic bacteria, particularly in the Clostridium genus, a strategy is used 

that incorporates both modes of enhancement. Although most catalytic domains in 

these bacteria are not covalently fused to CBMs, they are chained together nonco-

valently to molecular scaffolds at the cell surface, structures referred to as “cellu-

losomes” (Fig.  5c ;  [  3,   39  ] ). This is achieved by fusion of cellulases to domains 

called “dockerins.” Dockerins bind tightly to domains called “cohesions,” which 

are repeated in multiple copies in proteins called “scaffoldins.” By attachment of 

multiple scaffoldins to the cell surface, a highly dendritic structure of different 

catalytic domains can be produced. Because scaffoldins often contain terminal 

CBMs, the cellulosome directly attaches the bacterium to the cellulosic substrate, 

ensuring a high local concentration of complementary catalytic domains at its 

surface. 
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    5.1   Quantitative De fi nition of Synergy 

    The idea behind synergy is quite simple—a mix of enzymes is more active than the 

enzymes are on their own. In general, a synergy factor can be represented as the 

ratio of the activity of the mixture to that of the separate enzymes:

     
mix

enzymes

SF
ii

a

a
=

∑  
  (1)  

where   a   
mix

  is a representation of activity of the mix, and the denominator gives the 

sum from separate enzyme reactions. But the details of how this ratio is constructed 

(speci fi cally, the form of   a  ) can be somewhat tricky, especially when comparing 

synergy in  trans  with that in  cis . 

 Enzyme activity is typically represented as the amount of product formed in a 

given interval of time, when a given amount (on a number scale, i.e., moles, pico-

moles, etc.) of enzyme is present. This type of “speci fi c” activity (which will be 

referred to as     
i

V   , re fl ecting velocity) permits comparison of different enzymes 

without worrying about their concentrations. But when there are multiple enzymes 

together, what are the appropriate velocities? This is important for forming both the 

numerator and the denominator of ( 1 ). For the numerator, what enzyme concentra-

tion should be used? For the denominator, how should the activities be weighted? If 

there is very little of one enzyme, it should make a small contribution to product 

formation, even if it has a high speci fi c activity. For the denominator of ( 1 ), the 

expected (nonsynergistic) total activity (moles of product produced per unit time) is 

the mole-weighted sum of the activity of each enzyme:

     
= × =∑ ∑total

enzymes enzymes

i i i

i i

V n V V
 
  (2)  

where  n  
 i 
  is the number of moles of enzyme  i  present. In other words, the expected 

nonsynergistic value is the sum of the total activities of each separate enzyme (not 

adjusted for the amount of enzyme present). While this sum is useful for compari-

son to the actual activity of a mixture, it does not convey the same catalytic power 

as a speci fi c activity. A quantity analogous to speci fi c activity can be recovered by 

dividing the total velocity by the total number of moles of the  i  enzymes present:

     
total

enzymes enzy

 

 

mestotal

i

i enzymes

i

i enzymes

i

i i

i i

n
V V

n

V

V
n

= = × =

∑

∑
∑ ∑ χ

 
  

(3)
   

 The right-most sum gives a total expected (nonsynergistic) activity of a mixture 

of enzymes in  trans  as the mole-fraction-weighted sum of speci fi c activities. To 

calculate the numerator of ( 1 ), the total activity of the mix ( V  
mix

 , the amount product 

per unit time) should be divided by the total enzyme concentration (the sum of the 

moles of all enzymes). In this way, the synergy factor in  trans  becomes

     

mix total

trans

 

/
SF

i i

i enzymes

V n

V
=

∑ χ  
  (4)   
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 A similar expression can be used when multiple catalytic domains are combined 

in  cis , either through noncovalent attachment to a scaffold (Fig.  5c ) or through cova-

lent attachment in a single polypeptide chain. However, the total number of moles 

of enzyme ( n  
total

  in ( 5 )) should count each catalytic domain separately, even though 

they are on the same molecules. For example, in 1 pmol of a chimeric enzyme with 

two catalytic domains, there are two  n  
total

  = 2 pmol total of catalytic domains. If the 

denominator is calculated as in ( 3 ), using mole-fraction-weighted speci fi c activities 

of separate enzymes (in this case, the two mole fractions are 0.5), the resulting syn-

ergy factor

     

cis total

cis

 

/
SF

i i

i enzymes

V

V n
=

∑ χ  
  (5)  

is in fl uenced both by complementary activities that may result among the enzymes 

and by the effect of covalent attachment. The effects of covalent linkage can be 

isolated by comparing the speci fi c activity in  cis  to that in  trans  (i.e., SF 
cis

 /SF 
trans

 )  

    5.2   Examples of Synergy in  Trans  

 As described above, noncovalent structural variation results in heterogeneity in 

cellulose reactivity, as does variation in reactivity at internal vs. terminal glycosidic 

bonds. The corresponding differences in reactivity towards different enzymes 

provide the potential for synergistic enhancements in reactivity among complementary 

enzymes (Figs.  4  and  5 ). The presence of hemicellulases further increases the potential 

for synergy. 

    Early studies on mixtures of cellulase components of fungi (typically catalytic 

domains fused with CBMs) demonstrated that some enzyme combinations lead to 

higher activities than the isolated components, although these synergistic effects 

often showed complex concentration dependences  [  4,   61,   79,   80  ] . These concentra-

tion dependences were often interpreted as a mixture of speci fi c and nonspeci fi c 

binding to insoluble cellulosic substrate, and also of physical formation of multien-

zyme complexes  [  79  ] . Although pairwise synergy in  trans  was established in these 

early studies, generalities and underlying principles were not. 

 A number of subsequent studies have con fi rmed synergy in  trans  between non-

cellulosomal cellulases and have suggested some general features. One very com-

prehensive study that demonstrated synergy in  trans  is from David Wilson’s group 

at Cornell  [  34  ] . Puri fi ed noncellulosomal enzymes from the fungus  Hypocrea 

jecorina  (the teleomorph to anamorphic  Trichoderma reesei ) and the bacterium 

 Thermobi fi da fusca  (formerly named  Thermomonospora fusca ) were assayed sepa-

rately and mixed in various combinations on a variety of cellulosic substrates. 

Although for several pairs (particularly endocellulases) the activities did not exceed 

that expected from a combination of isolated enzymes, other combinations (mostly 
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pairs and triples) showed substantial enhancement of activity (i.e., synergy). 

Synergistic mixtures include combinations of exocellulases and combinations of 

endocellulases and exocellulases, some of which produced a  fi ve- to sevenfold 

enhancement. 

 One way to evaluate the relationship between synergy and the endocellulase–

exocellulase composition is to represent the mole fraction of exocellulases in a par-

ticular enzyme cocktail, i.e.,

     
exo

[ ] [ ]

[ ]
i

i j
e

ex

xo end

o
=

+

∑
∑ ∑

χ

 
  

(6)
   

 Plotting synergistic enhancement vs.   c   
exo

  for the data from Wilson’s study ( [  34  ] ; 

see Fig.  6 ) re fl ects the reactivity patterns described above.  

 Although there is considerable variation in synergy at a given value of   c   
exo

 , a 

general trend can be seen in which activity is maximal around   c   
exo

  = 0.64, i.e., a 2:1 

ratio of exocellulase to endocellulase. 

 A more recent optimization study of  trans  synergy among the cellulases of a 

related fungus,  Trichoderma veridi  (an anamorph of  Hypocrea rufa ), against steam-

exploded corn stover revealed a similar level of synergy  [  86  ] . By using multiple 

regression techniques in which activities are represented with a combination of lin-

ear-, quadratic-, and cross-terms, an optimal   c   
exo

  value of 0.64 was determined. 

Since these two studies used different enzymes, the exact agreement in   c   
exo

  between 

the two studies is likely to be partly coincidental. Nonetheless, it is clear from both 

studies that synergy is optimized with a mixture of exocellulases and endocellu-

lases, and suggestive that synergy can be maximized by biasing toward exocellu-

lases. This bias has also been seen in earlier studies  [  52,   70  ] . However, one study 

has shown maximal synergy in enzyme mixes biased toward endocellulases  [  4  ] .  

  Fig. 6    Synergy in  trans  

among a mixture of 

endocellulases and 

exocellulases against  fi lter 

paper. Enzymes are from 

 Hypocrea jecorina  and 

 Thermobi fi da fusca   [  34  ] . 

Synergy and the mole 

fraction of exocellulases 

(  c   
exo

 ) are as de fi ned in the 

text (( 4 ) and ( 6 ), respectively)       
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    5.3   Examples of Synergism in  Cis  

 In addition to the synergistic enhancements seen by combining separate glycohy-

drolases in solution, synergistic enhancements have been seen when catalytic 

domains are tethered in a single complex. This enhancement can result from an 

increased local concentration of each of the enzymes in the complex. Effective con-

centration enhancements are well-known in physical organic and polymer chemis-

try and are likely to contribute substantially to cellulosome activity (Fig.  5 ). As 

described below, protein engineering efforts have attempted to recapitulate the mul-

tivalent architecture of the cellulosome. 

  Arti fi cial cellulosomes . In the last decade, there have been several efforts to build 

miniaturized cellulosomes by protein engineering  [  1,   46–  48,   62  ] . In these studies, 

the modular recognition domains of natural cellulosomes (cohesins, dockerins, and 

cellulose-binding modules) are used to make small, well-de fi ned combiations of 

cellulases. This approach has the potential to leverage the large (and growing) num-

ber of cellulase (and hemicellulase) gene sequences available. One dif fi culty in pre-

paring precisely de fi ned minicellulosomes is that within a given species, the 

cohesin–dockerin interactions that bind glycohydrolase domains to scaffoldins are 

nonspeci fi c. Thus, even with only two different cellulases, combination with a pair 

of tethered cohesin domains will produce a mix of products (Fig.  7 ). As more cel-

lulases are included in the assembly, heterogeneity becomes even greater.  

 An elegant solution to this heterogeneity problem combines cohesins of different 

species of clostridia. By fusing two cohesins from different species ( Clostridium 

  Fig. 7    Approaches to build designer cellulosomes using cellulosomal components. With 

nonspeci fi c cohesin–dockerin interaction, a random distribution of homomeric and heteromeric 

species is expected. Even with two different enzymes, a distribution of products is expected ( a ), 

which increases in complexity with increasing valency ( b ). The distribution of products in ( a ) and 

( b ) is given by the binomial distribution ( numbers ,  left ). If different cohesin–dockerin interactions 

with nonoverlapping speci fi cities are used ( c ), cellulosomes can be designed with de fi ned compo-

sition and architecture       
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thermocellum  and  Clostridium cellulolyticum , which have orthogonal speci fi city for 

their species-cognate dockerins), Fierobe, Bayer, and coworkers have built minia-

ture scaffoldins in which each cohesin interacts exclusively with a speci fi c dock-

erin-containing cellulase  [  15  ] . The dockerin domains of different endocellulases 

from  C. cellulolyticum , Cel5A and Cel48F, were replaced with homologous dock-

erin domains from  C. thermocellum , and in combination with the wild-type  C. cel-

lulolyticum  enzymes, mixtures could be speci fi cally attached to hybrid scaffoldins 

containing a single CBM. These chimeras showed a synergistic enhancement of 

two- to threefold against Avicel, depending on which enzymes were combined  [  15  ] . 

By comparing to a hybrid scaffoldin lacking a CBM, the effects of enzyme proxim-

ity vs. substrate localization could be evaluated. Although deleting the CBM 

decreased activity somewhat, a modest (~1.5 fold) synergistic effect remained, sug-

gesting proximity can enhance reactivity, even between endocellulase pairs. 

 A subsequent study with a larger repertoire of  C. cellulolyticum  endocellulases 

con fi rmed these results and showed that, in some cases, synergistic enhancement 

was as high as sevenfold  [  16  ] . As with the smaller set, enhancements resulted both 

from CBM interactions with substrate and from proximity of catalytic domains, 

although the relative contribution of these two factors depended on the identity of 

the catalytic domains. This study also showed that synergy is greatest on recalcitrant 

substrates with a high degree of crystallinity  [  16  ] . In some cases, synergy appears to 

be dependent on the domain structure of the engineered scaffoldin. For example, it 

appears that although having a single CBM increases cellulosome activity against 

insoluble substrates, having multiple CBMs appears to impede activity somewhat, 

perhaps by limiting the extent to which the enzyme complex can diffuse along the 

substrate  [  48  ] . 

 One important strategy for increasing the reactivity of these minicellulosomes 

has been to use multivalent cohesin scaffolds to assemble catalytic domains from 

noncellulosomal sources. The activities of catalytic domains from noncellulosomal 

bacteria (and from  T. fusca , in particular) tend to be greater than their cellulosomal 

counterparts. By fusing dockerin segments from cellulosomal bacteria to  T. fusca  

catalytic domains, Wilson and coworkers built minicellulosomes that have 

signi fi cantly elevated reactivity  [  8  ] . 

  Other templates . Several other noncellulosomal templates have been used to mimic 

the tethering effect of the cellulosome. Two studies in particular have used proteins 

with rotational symmetry to attach multiple cellulases to a single assembly. In one 

study, a homododecameric ring structure formed by the SP1 protein from the aspen 

tree was used to array cellulases via the cohesin–dockerin interaction  [  30  ] . By fus-

ing the SP1 polypeptide to cohesin from  C. thermocellum , and combining these ring 

structures with a second fusion of a cognate dockerin to the Cel5A endocellulase 

catalytic domain, high molecular weight complexes could be made that were active 

against CMC and showed a modest amount of synergy (1.5–2×, depending on linker 

length), compared to the dockerin-Cel5A fusion alone  [  30  ] . 

 In a follow-up study, the same authors attached a dockerin-Cel6B exocellu-

lase to the SP1-cohesin rings  [  50  ] . Although attachment of 12 Cel6B-dockerin 

fusions to the ring  decreased  activity, implying antisynergy in  cis , the addition of 
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substoichiometric concentrations of a CBM-linked endocellulase ( T. fusca  

Cel5A) in  trans  signi fi cantly increased activity against both PASC and  fi lter 

paper. Though the mechanism(s) underlying this synergistic effect is unclear, the 

study is signi fi cant in that it demonstrates an in  cis  synergy (exocellulases attach-

ing to the SP1 ring) that requires a  trans  component (addition of exocellulase-

CBM). Though the authors conclude that the optimal exocellulase/endocellulase 

ratio is around 20:1, which is very different from the ~2:1 optimum described 

above, it may be that the critical parameter for this optimum is the number of 

freely diffusible particles with exocellulase activity. Assuming 12 exocellulases 

bound to each SP1 particle, the ratio of diffusible exocellulase complexes to 

endocellulase polypeptides is about 2:1 at this optimum. 

 In a second templating approach, cellulase domains were attached, via dockerin–

cohesin interaction, to an 18 subunit archaeal type-II chaperonin, the rosettasome 

 [  49  ] . By circularly permuting the gene encoding the  b -subunit of the rosettasome 

and fusing the new C-terminus to a cohesin module from  C. thermocellum , the 

authors were able to assemble double-rings with nine subunits each, as assessed by 

electron microscopy. By adding mixtures of up to four different dockerin-containing 

cellulases from  C. thermocellum , they were able to purify complexes that appear to 

be fully saturated with cellulases. These complexes, which the authors term “roset-

tazymes,” show synergistic activity against Avicel in  cis . This  cis  synergy is greater 

for mixtures of enzymes, especially those containing both exo- and endocellulolytic 

activity  [  49  ] . The authors point out that the high multivalency of the rosettazyme 

fusion permits very complex combinations of enzymes to be assembled, including 

complexes with 18 different enzymes. However, it should be kept in mind that with-

out a high level of speci fi city to address each different enzyme to a unique site on 

the template, such complexes would be a very tiny fraction of the astronomical 

number of combinations of different enzymes that can be bound.       
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  Abstract   This chapter reports two inventions: designer proton-channel algae (US 

Patent No. 7,932,437 B2) and designer switchable photosystem-II algae (US Patent 

No. 7,642,405 B2), for more ef fi cient and robust photobiological production of 

hydrogen (H 
2
 ) from water. Use of these inventions could eliminate the following six 

technical problems that severely limit the yield of algal H 
2
  production: (1) restric-

tion of photosynthetic H 
2
  production by accumulation of a proton gradient, (2) com-

petitive inhibition of photosynthetic H 
2
  production by CO 

2
 , (3) requirement of 

bicarbonate binding at photosystem-II (PSII) for ef fi cient photosynthetic activity, 

(4) competitive drainage of electrons by O 
2
  in algal H 

2
  production, (5) oxygen 

sensitivity of algal hydrogenase, and (6) the H 
2
 –O 

2
  gas separation and safety issue. 

By eliminating these six technical problems that currently challenge those in the 

 fi eld, the designer algae approach could enhance photobiological production of 

hydrogen with a yield likely over ten times better than that of the wild-type.      

    1   Introduction 

 Photoautotrophic H 
2
 -producing microorganisms, including microalgae such as 

 Chlamydomonas reinhardtii , have the potential to be a clean energy resource. In the 

algal system, H 
2
  can be produced through hydrogenase-catalyzed reduction of pro-

tons by the electrons generated from photosynthetic oxidation of water using 

sunlight energy, as illustrated in Fig.  1 . The net result is photoevolution of H 
2
  and 
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O 
2
  from H 

2
 O. Recently, there were a few interesting algal H 

2
  production research 

efforts as mentioned in some of the recent review articles  [  1,   2  ] . For example, sulfur-

deprivation with  C. reinhardtii  was explored in trying to improve algal H 
2
  produc-

tion  [  3,   4  ] . More recently, certain phylogenetic and molecular analyses were 

performed in H 
2
 -producing green algae  [  5,   6  ] . However, so far, there was essentially 

no truly tangible fundamental improvement on the rate and the yield of algal photo-

biological H 
2
  production. Algal H 

2
  production remains impractical with very lim-

ited yield; and the solar-to-hydrogen energy conversion currently is still less than 

0.1%  [  7  ] , which clearly is not commercially viable.  

 According to a recent analysis, the most urgent and challenging technical barri-

ers are the four  trans -thylakoidal proton gradient-associated physiological problems 

 [  8  ]  that seriously limit the rate and the yield of algal photobiological H 
2
  production: 

(1) accumulation of a proton gradient across the algal thylakoid membrane, (2) 

competition from carbon dioxide  fi xation, (3) requirement for bicarbonate binding 

at photosystem-II (PSII) for ef fi cient photosynthetic activity, and (4) competitive 

drainage of electrons by molecular oxygen. 

 This chapter reports two inventions: designer proton-channel algae (US Patent 

No. 7,932,437 B2) and designer switchable photosystem-II algae (U.S. Patent 

Number: US 7,642,405 B2), which may enable ef fi cient and robust photobiological 

production of hydrogen with an enhanced yield likely more than ten times better 

than that of the wild-type. The  fi rst invention (designer proton-channel algae  [  9  ] ) 

uses a highly innovative “one stone killing four birds” approach to simultaneously 

eliminate all the four  trans -thylakoidal proton gradient-associated physiological 

problems by genetic insertion of a polypeptide proton channel into algal thylakoid 

membrane using synthetic biology; whereas, the second invention  [  10  ]  is on creat-

ing designer switchable photosystem-II algae for robust photobiological production 

of hydrogen from water splitting, which can eliminate all the following three molec-

ular oxygen (O 
2
 )-associated technical problems:    (4) competitive drainage of elec-

trons by molecular oxygen, (5) oxygen sensitivity of algal hydrogenase, and (6) the 

H 
2
 –O 

2
  gas separation and safety issue. 

 The following describe the four  trans -thylakoidal proton gradient-associated 

physiological problems that may be solved by the use of the designer proton-chan-

nel algae invention for enhanced photoautotrophic hydrogen production:

    1.     Accumulation of a proton gradient across the algal thylakoid membrane . For 

each hydrogen molecule (H 
2
 ) produced by photosynthesis, six protons are trans-

located across the algal thylakoid membrane (Fig.  1 ). Since the membrane has a 

limited permeability to protons, photosynthetic electron transport will result in 

accumulation of protons inside the lumen of the thylakoids, with no mechanism 

for dissipation. The resulting static back-proton gradient seriously impedes the 

electron transport, thus limiting the rate of H 
2
  production. This phenomenon can 

be explained by the difference between the Calvin-cycle CO 
2
 - fi xation process 

and the ferredoxin (Fd)/hydrogenase H 
2
  production pathway. In photosynthetic 

CO 
2
   fi xation, this proton gradient across the thylakoid membrane is used by the 
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coupling factor    CF 
0
 CF 

1
  complex to drive the formation of ATP that is required by 

the Calvin cycle. However, the Fd/hydrogenase H 
2
  production pathway does not 

consume ATP. Consequently, under the conditions of H 
2
  photoevolution where 

the consumption of ATP by the Calvin cycle stops due to the absence of CO 
2
 , the 

CF 
0
 CF 

1
 -mediated conduction of protons from the lumen to the stroma will 

quickly become limiting because of the accumulation of ATP and the shutdown 

of ATP synthase activity. As a result, photosynthetic H 
2
  production quickly 

results in an increased proton gradient across the thylakoid membrane that has no 

mechanism for dissipation. The static back-proton gradient seriously impedes 

the electron transport, thus limiting the rate of H 
2
  production, since electron 

transport from water through photosystem-II (PSII), plastoquinone (PQ), the 

cytochrome b/f (Cyt b/f) complex, plastocyanin (PC), and photosystem I (PSI) to 

the Fd/hydrogenase pathway is coupled with proton translocation across the 

thylakoid membrane, as illustrated in Fig.  1 .  

    2.     Competition from carbon dioxide  fi xation . Carbon dioxide (CO 
2
 )  fi xation by the 

Calvin cycle can compete with the Fd/hydrogenase H 
2
  production pathway for 

photosynthetic electrons. This has been demonstrated in experimental studies 

 [  11  ] . Steady state H 
2
  photoevolution was inhibited to nearly zero by injecting 

58 ppm of CO 
2
 . Therefore, increasing the photosynthetic H 

2
  production would 

require a nearly CO 
2
 -free environment. However, lowering the CO 

2
  concentra-

tion would countermand the following factor.  

    3.     Requirement for bicarbonate binding at PSII for ef fi cient photosynthetic activity . 

Experimental studies  [  12  ]  have demonstrated that adding bicarbonate (HCO  
3
  −  ) to 

depleted samples can result in a six to sevenfold stimulation of PSII electron-

transport activity. Because CO 
2
  and HCO  

3
  −   are interchangeable in aqueous 

medium, removal of CO 
2
  can lead to depletion of HCO  

3
  −  , and thereby reduce 

PSII electron-transport activity. This presents a dilemma when one tries to lower 

the CO 
2
  concentration in order to increase H 

2
  production.  

    4.     Competitive drainage of electrons by molecular oxygen . In a previous study  [  13  ]  

performed by the author, a new molecular oxygen (O 
2
 ) sensitivity in algal H 

2
  

production was discovered that is distinct from the O 
2
  sensitivity of hydrogenase 

per se and more signi fi cant. This is likely due to the background O 
2,
  which appar-

ently serves as a terminal electron acceptor through RuBisco’s oxygenase activ-

ity at the Calvin cycle, in competition with the H 
2
 -production pathway. Our 

experimental studies demonstrated that photosynthetic H 
2
  production can be 

inhibited by an O 
2
  concentration as low as about 500–1,000 ppm, while the algal 

hydrogenase is still active at an O 
2
  concentration as high as 5,000 ppm. This 

indicates that the drainage of electrons by O 
2
  in competition with the Fd/hydro-

genase H 
2
  production pathway is a serious problem that must be solved in order 

for H 
2
  production to work ef fi ciently.      
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    2   Designer Proton-Channel Algae Concept 

 The Designer Proton-Channel Algae concept is disclosed in  [  8  ]  to solve the four 

 trans -thylakoidal proton gradient-associated problems identi fi ed above. Brie fl y, the 

envisioned proton-channel designer alga, which contains an inducible promoter 

(e.g., hydrogenase promoter)-controlled designer proton-channel gene, conceivably 

can perform autotrophic photosynthesis (Fig.  2a ) just like a wild-type organism 

using ambient-air CO 
2
  as the carbon source and grow normally under aerobic condi-

tions, such as in an open pond. When the algal culture is grown and ready for H 
2
  

production, the designer proton-channel transgene will then be expressed simulta-

neously with the induction of the hydrogenase enzyme under anaerobic conditions 

because of the use of a hydrogenase promoter. The expression of the proton-channel 

gene will conceivably produce polypeptide proton channels in the algal thylakoid 

membrane (Fig.  2b ). The following explains how the designer proton channel can 

solve the four problems to dramatically enhance photobiological H 
2
  production.  

 The basic idea is to insert an inducible, synthetically designed gene including a 

polypeptide proton-channel encoding sequence into the nuclear DNA of algae such 

as  C. reinhardtii.  When the designer gene is expressed, it will, conceivably, produce 

polypeptide proton channels in the algal thylakoid membrane that will allow pro-

tons to be conducted. This would,  fi rst of all, dissipate the proton gradient. Therefore, 

problem 1 (Proton accumulation in algal thylakoids) would be eliminated. Second, 

the designer proton channels would allow protons to pass through the membrane 

without making the ATP required by Calvin-cycle activity, causing the Calvin-cycle 

to shut down exactly as needed for photoautotrophic H 
2
  production. This would 

eliminate the competition for photosynthetic electrons with the H 
2
  production path-

way caused by the Calvin-cycle CO 
2
   fi xation (problem 2). Since photosynthetic H 

2
  

production in the proton-channel-expressed designer alga would not require a CO 
2
 -

free environment, the requirement for bicarbonate (HCO  
3
  −  ) binding at PSII for 

ef fi cient photosynthetic activity (problem 3) would no longer be an issue. The 

requirement could be satis fi ed in the designer alga by leaving some CO 
2
  in the 

medium to form the needed HCO  
3
  −  . Finally, because the drainage of electrons by O 

2
  

(problem 4) at the point of RuBisco, which also competes with the H 
2
 -production 

pathway for photosynthetically generated electrons, is also  trans -thylakoidal proton 

gradient-dependent, this problem would also be avoided by the dissipation of the 

proton gradient with the expression of the designer proton channel. That is, when 

the Calvin-cycle activity including RuBisco (and its oxygenase activity) is inacti-

vated by lack of ATP formation owning to the action of the designer proton channel, 

O 
2
  would also no longer be able to act as a terminal electron acceptor there. 

Therefore, all four  trans -thylakoidal proton gradient-associated physiological prob-

lems could be solved through the use of the conceived Designer Proton-Channel 

Algae approach. Theoretically, the maximum solar-to-hydrogen energy conversion 

ef fi ciency allowed by this approach is estimated to be about 10%.  
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    3   Preliminary Proof-of-Principle Scienti fi c Experimental 

Demonstration 

 The Designer Proton-Channel Algae concept is supported by a number of inde-

pendent studies  [  14–  16  ]  and by the author’s own preliminary proof-of-principle 

study, making use of chemical proton uncouplers (such as carbonyl cyanide- p -

tri fl uoro-methoxyphenylhydrazone (FCCP)) to simulate the proton-shuttling 

effect of a proton channel across the algal thylakoid membrane. They all indi-

cated that the photobiological hydrogen production in  Chlamydomonas  is lim-

ited by the  trans -thylakoidal proton gradient. For example, Fig.  3a  presents a 

proof-of-principle assay result with  C. reinhardtii  under helium atmosphere. The 

data show that the addition of 5  m M FCCP at the steady state of photosynthetic 

hydrogen production led to a signi fi cant increase in the photoevolution of both 

H 
2
  and O 

2
 .  

 According to the designer proton-channel algae concept, use of the proton-

shuttling effect across the algal thylakoid membrane would show more dramatic 

enhancement of photosynthetic hydrogen production when there is a background 

level of molecular oxygen such as 1,000 ppm O 
2
  in a photobioreactor where the 

competitive drainage of electrons by molecular oxygen (problem 4) can take 

place. This predicted feature was also demonstrated in a proof-of-principal exper-

iment using  C. reinhardtii  liquid culture under a helium atmosphere containing 

1,000 ppm O 
2
  with addition of FCCP as well. As demonstrated by the experimen-

tal results in Fig.  3b , addition of 5  m M FCCP produced a dramatic reversal of O 
2
  

inhibition on H 
2
  photoevolution under a helium atmosphere containing 1,000 ppm 

O 
2
 . The rate of H 

2
  production rose to about 16  m mol H 

2
 /mg Chl h. This FCCP-

stimulated H 
2
  production is clearly photodependent. As soon as the actinic light 

was turned off, the H 
2
  production stopped. However, most of these chemical pro-

ton uncouplers―such as FCCP, carbonyl cyanide  m -chlorophenylhydrazone 

(CCCP), and anilinothiophene―have undesirable side effects, including the 

acceleration of the deactivation of the water-splitting system Y (ADRY) effect 

 [  17  ] , which can damage the photosynthetic activity in algal cells. As shown in 

Fig.  3b , the FCCP-enhanced photoevolution of H 
2
  can last for more than 4 h with 

some decay. This decay is due to the ADRY effect, in which FCCP gradually 

inhibits PSII activity by deactivation of the photosynthetic water-splitting com-

plex in the S2 and S3 states. Furthermore, those chemical uncouplers (such as 

FCCP) are hazardous materials that are environmentally unacceptable for large-

scale applications. Therefore, it is essential to use a designer polypeptide proton 

channel that does not have the ADRY effect to dramatically enhance H 
2
  production 

by eliminating the proton gradient-associated problems.  
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    4   Application of Synthetic Biology Toward Creating 

the Envisioned Designer Algae 

 The envisioned transgenic designer algae comprise switchable transgenes wherein 

each transgene encodes for a proton-conductive channel in the algal photosynthetic 

thylakoid membrane for enhanced photobiological H 
2
  production. The programma-

ble genetic insertion of proton channels into algal thylakoid membrane is achieved 

by transformation of a host alga with a DNA construct that contains a designer 

  Fig. 3    ( a ) Photoevolution of H 
2
  and O 

2
  in  C. reinhardtii  under helium atmosphere in response to the 

addition of 5  m M FCCP. ( b ) Proof-of-principle experimental data that demonstrate signi fi cant stimula-

tion of photosynthetic H 
2
  production in wild-type alga  C. reinhardtii  137c following addition of the 

proton uncoupler FCCP in a background atmosphere of 1,000-ppm O 
2
  (reproduced from  [  13  ] )       
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polypeptide proton-channel gene linked with an externally inducible promoter such 

as a redox-condition-sensitive hydrogenase promoter serving as a genetic switch. 

 Examples of proton-conductive polypeptide or protein structures that can be 

used and/or modi fi ed for this application are the structures of melittin, gramicidin 

 [  18  ] , CF 
0
  protein (the proton channel of chloroplast coupling factor CF 

0
 CF 

1
 ), F 

0
  

protein (the proton-channel structure of mitochondrial coupling factor F 
0
 F 

1
 ), and 

their analogs including arti fi cially designed polypeptide proton channels. That is, 

the molecular structure (and thus the DNA sequence) of a polypeptide proton chan-

nel can be designed according to these natural proton-channel structures and their 

analogs at a nanometer scale. Melittin is preferred for use in this application since 

in vitro assay has already demonstrated that melittin can work as a proton channel 

in thylakoid membrane  [  19  ] . 

 As shown in    Fig.  4a , the designer proton-channel transgene is a nucleic acid 

construct from 5 ¢  to 3 ¢  comprising typically: (a) a polymerase chain reaction 

forward (PCR FD) primer; (b) an externally inducible promoter; (c) a transit target-

ing sequence; (d) a designer proton-channel encoding sequence; (e) a transcription 

and translation terminator; and (f) a PCR reverse (RE) primer.  

 Another aspect is the innovative application of an externally inducible promoter 

such as a hydrogenase promoter. To function as intended, the designer proton-chan-

nel protein is inducibly expressed under hydrogen-producing conditions such as 

under anaerobic conditions. An algal hydrogenase promoter, such as the promoter 

of the hydrogenase gene ( Hyd1 ) of  C. reinhardtii , can be used as an effective genetic 

switch to control the expression of the proton channel gene to the exact time and 

conditions where it is needed for H 
2
  production. That is, the proton channels are 

synthesized only at the time when the hydrogenase is induced and ready for H 
2
  

production under anaerobic conditions. Therefore, the hydrogenase promoter is 

employed as an inducible promoter for the DNA construct (Fig.  4a ) to serve as a 

genetic switch to control the expression of the designer polypeptide proton-channel 

gene. The reason that the designer alga can perform autotrophic photosynthesis 

using CO 
2
  as the carbon source under aerobic condition is because the designer 

proton-channel gene is not expressed under aerobic conditions owning to the use of 

a hydrogenase promoter as a genetic switch, which can be turned on only under the 

anaerobic conditions when needed for photobiological H 
2
  production. 

 In addition to the hydrogenase promoter, other promoters can also be used to 

construct the desired genetic switch for designer proton-channel gene. 

 Chlamydomonas  cells contain several nuclear genes that are coordinately induced 

under anaerobic conditions. These include the hydrogenase structural gene itself 

( Hyd1 ), the  Cyc6  gene encoding the apoprotein of    Cytochrome c 
6
 , and the  Cpx1  

gene encoding coprogen oxidase  [  20  ] . The regulatory regions for the latter two have 

been well characterized, and a region of ~100 bp proves suf fi cient to confer regula-

tion by anaerobiosis in synthetic gene constructs. The promoter strengths of these 

three genes vary considerably; each may thus be selected to control the level of the 

designer proton-channel expression for enhanced photobiological production of H 
2
 . 

There are a number of other regulated promoters that can also be used and/or 

modi fi ed to serve as the genetic switches. For example, the nitrate reductase ( Nia1 ) 
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  Fig. 4    ( a ) The general design of the DNA construct for a designer proton-channel gene. ( b ) A 

photograph for the  fi rst set of designer proton channel genes that were synthesized in collaboration 

with Geneart               

promoter which is induced by growth in nitrate medium and repressed in nitrate-

de fi cient but ammonium-containing medium is used to control the expression of the 

designer genes according to the concentration levels of nitrate in a culture medium 

as well. Therefore, inducible promoters that can be used and/or modi fi ed in various 

embodiments to serve this purpose includes, but are not limited to, hydrogenase 

promoters, Cytochrome c 
6
  ( Cyc6 ) promoter,  Nia1  promoter,  CabII-1  promoter,  Ca1  

promoter,  Ca2  promoter, coprogen oxidase promoter, and/or their analogs and 

modi fi ed designer sequences. 
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 Another aspect is the targeted insertion of designer proton channels into algal 

photosynthetic membrane or into both the photosynthetic membrane and other cel-

lular membranes including the mitochondria and/or plasma membranes to suit for 

the speci fi c applications. For example, in the case of green algae including 

 Chlamydomonas , when recyclable growth of the designer algae culture is desired, it 

is best to insert the proton channels only into the algal thylakoid membrane, exactly 

where the action of proton channels is needed to enhance H 
2
  production. If expressed 

without a targeted insertion mechanism, the polypeptide proton channels might be 

inserted nonspeci fi cally into other membrane systems including the mitochondria 

and plasma membranes in addition to the thylakoid membranes. Although an 

expression of the proton channel gene in such a nonspeci fi c manner could still trans-

form an algal cell into a more ef fi cient and robust photosynthetic apparatus for H 
2
  

production, other cellular functions such as the respiratory process would probably 

be disabled because of the potential effect of the proton channels that are 

nonspeci fi cally inserted into other organelles such as the mitochondria. As a result, 

this type of algal cells with insertion of the proton channels into both the photosyn-

thetic membrane and other cellular membranes, such as the mitochondrial mem-

branes, can still be used for enhanced H 
2
  production, but the cells would probably 

no longer be able to grow or regenerate themselves after the expression of the 

designer proton channels is turned on. That is, when the expression of the designer 

proton channels is turned on in this type of nonregenerative proton-channel designer 

algae, the algal culture will become dedicated “green machine” materials for 

enhanced H 
2
  production and the cells will no longer be able to grow even if they are 

returned to aerobic condition because the other cellular functions such as the func-

tion of the mitochondria are impaired by the insertion of proton channels. 

 This nonregenerative feature provides a bene fi t: help ensure biosafety in using 

the genetically modi fi ed algae. This is because after the designer proton channels 

are inserted into both the photosynthetic membrane and the mitochondrial mem-

branes, the designer algal cells become dedicated nonliving “green machine” mate-

rials for enhanced H 
2
  production, but without any potential risks of sexually passing 

any of their genes to any other cells. In various embodiments, the nonregenerative 

feature is achieved by use of two designer proton-channel genes: one with a mito-

chondrial-targeting sequence to insert proton channels into the algal mitochondrial 

membrane and one with a thylakoid-targeting sequence to insert proton channels 

into the algal thylakoid membrane. When the two designer proton-channel genes 

are both expressed, the designer cells immediately become dedicated nonliving 

“green machine” materials for enhanced H 
2
  production. Therefore, in one embodi-

ment, it is a preferred practice to keep growing this type of nonregenerative proton-

channel designer under aerobic conditions to continuously supply batches of grown 

designer algal cultures that are subsequently used for enhanced H 
2
  production 

expression of the proton channels into both the photosynthetic membrane and other 

cellular membranes such as the mitochondrial membranes under anaerobic condi-

tions. After the nonregenerative proton-channel designer algal cultures are used for 

enhanced H 
2
  production under anaerobic conditions, they can be quite safely han-

dled as nonliving biomass materials for disposal including possible use as a fertil-

izer or other biomass processes. 
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 With a thylakoid-targeted mechanism that enables insertion of the polypeptide 

proton channels only into the thylakoid membrane so that all of the other cellular 

functions (including functions of the mitochondria, nucleus, and cell membranes) 

are kept intact, the result can be much better for certain applications. After the thy-

lakoid-targeted insertion of proton channels, the cell will not only be able to pro-

duce H 
2,
  but also to grow and regenerate itself when it is returned to aerobic 

conditions. Our daily experience with photoheterotrophically grown photosynthetic 

mutants of algae with acetate-containing culture media has demonstrated that this 

type of designer alga, which contains normal mitochondria, should be able to use 

the reducing power (NADH) from organic reserves (and/or some exogenous organic 

substrate such as acetate) to power the cell immediately after its return to aerobic 

conditions. Consequently, when the alga is returned to aerobic conditions after its 

use under anaerobic conditions for photoevolution of H 
2
  and O 

2
 , the cell will stop 

making the polypeptide proton channels and start to restore its normal photoauto-

trophic capability by synthesizing new and functional thylakoids. Consequently, it 

is also possible to use this genetically transformed organism for repeated cycles of 

photoautotrophic growth under normal aerobic conditions and ef fi cient production 

of H 
2
  and O 

2
  by photosynthetic water splitting under anaerobic conditions. 

 Targeted insertion of designer proton channel is accomplished through the use of 

a speci fi c targeting DNA sequence that is located between the promoter and the 

designer proton-channel DNA as shown in the DNA construct (Fig.  4a ). In various 

embodiments, there are a number of transit peptide sequences that can be selected 

and/or modi fi ed for use as the targeting sequence for the targeted insertion of the 

designer proton channels into algal photosynthetic membrane and, when desirable, 

other cellular membranes, such as mitochondrial membrane. The targeting sequences 

that can be used and/or modi fi ed for this purpose include (but are not limited to) the 

transit peptide sequences of: plastocyanin apoprotein ( Pcy1 ), the LhcII apoproteins, 

OEE1 apoprotein ( PsbO ), OEE2 apoprotein ( PsbP ), OEE3 apoprotein ( PsbQ ), 

hydrogenase apoproteins (such as  Hyd1),  PSII-T apoprotein ( PsbT ), PSII-S apopro-

tein ( PsbS ), PSII-W apoprotein ( PsbW ), CF 
0
 CF 

1
  subunit- g  apoprotein ( AtpC ), 

CF 
0
 CF 

1
  subunit- d  apoprotein ( AtpD ), CF 

0
 CF 

1
  subunit-II apoprotein ( AtpG ), photo-

system I (PSI) apoproteins (such as, of genes  PsaD, PsaE, PsaF, PsaG, PasH , and 

 PsaK ), Rubisco SSU apoproteins (such as  RbcS2 ),  a -tubulin ( TubA ),  b -tubulin 

( TubB2 ), mitochondrial carbonic anhydrase apoproteins ( Ca1  and  Ca2 ), and/or their 

analogs and modi fi ed designer sequences. 

 The following are examples of transit peptide sequences that could be chosen to 

guide the genetic insertion of the designer proton channels into algal thylakoid 

membrane: (1) The transit peptide from the plastocyanin gene targets the lumen of 

the thylakoids from which the biochemical properties of the designer proton-chan-

nel polypeptide may again generate insertion into the thylakoid membrane; (2) The 

 Hyd1  transit peptide confers importation of polypeptides into the stroma, from 

which the biochemical properties of the designer proton-channel protein may gener-

ate insertion into the thylakoid; (3) The transit peptides from the recently character-

ized Lhcb gene family members  [  21  ]  lead the LhcII apoproteins directly to the 

thylakoid and may also do so for the designer proton-channel polypeptide in an 
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arti fi cial construct; and (4) The transit peptide from the  Cyc6  gene targets the lumen 

of the thylakoids from which the biochemical properties of the designer proton-

channel polypeptide may again generate insertion into the thylakoid. 

 As illustrated in Fig.  4a , the designer DNA construct also contains a terminator 

after the proton-channel encoding sequence and a pair of PCR  [  22  ]  primers located 

each at the two ends of the DNA construct. The terminator DNA sequence, which is 

designed based on the sequences of natural gene terminators, is to ensure that the 

transcription and translation of the said designer proton-channel gene is properly 

terminated to produce an exact designer proton-channel protein as desired. 

 The two PCR primers are a PCR FD primer located at the beginning (the 3 ¢  end) 

of the DNA construct and a PCR RE primer located at the other end as shown in 

Fig.  4a . This pair of PCR primers is designed to provide certain convenience when 

needed for relatively easy PCR ampli fi cation of the designer DNA construct, which 

is helpful not only during and after the designer DNA construct is synthesized in 

preparation for gene transformation, but also after the designer DNA construct is 

delivered into the genome of a host alga for veri fi cation of the designer proton-

channel gene in the transformants. For example, after the transformation of the 

designer gene is accomplished in a  C. reinhardtii -arg7 host cell using the techniques 

of electroporation and argininosuccinate lyase ( arg7 ) complementation screening, 

the resulted transformants can be then analyzed by a PCR DNA assay of their 

nuclear DNA using this pair of PCR primers to verify whether the entire designer 

proton-channel gene (the DNA construct) is successfully incorporated into the 

genome of a given transformant. When the nuclear DNA PCR assay of a transfor-

mant can generate a PCR product that matches with the predicted DNA size and 

sequence according to the designer DNA construct, the successful incorporation of 

the designer proton-channel gene into the genome of the transformant is veri fi ed. 

 Using the molecular genetics arts described above, we designed and synthesized 

a number of designer proton-channel genes in collaboration with certain gene-syn-

thesizing companies including Geneart USA. Figure  4b  shows our  fi rst set of 

designer proton channel genes that were synthesized through collaboration with 

Geneart. The following presents some examples of the designer proton-channel 

genes (DNA constructs) that have synthesized and tested in genetic transformation 

experiments. 

 Figure  5a  presents SEQ ID No. 1:    example 1 of a detailed DNA construct of a 

designer proton-channel gene that includes a PCR FD primer (1–20), a 458-bp 

 HydA1  promoter (21–478), a Plastocyanin transit peptide DNA sequence (479–618), 

a Melittin DNA sequence (619–703), an  RbcS2  terminator (704–926), and a PCR 

RE primer (927–945). This DNA construct (example 1) has been delivered into the 

nuclear genome of a  C. reinhardtii -arg7 host cell using the techniques of electropo-

ration and  arg7  complementation screening to create the proton-channel designer 

alga. The 458-bp  HydA1  promoter (DNA sequence 21–478) is used as an example 

of an inducible promoter to control the expression of a Melittin proton channel 

(DNA sequence 619–703). The  RbcS2  terminator (DNA sequence 704–926) is 

employed to ensure that the transcription and translation of the proton-channel gene 

is properly terminated to produce the exact designer proton-channel protein 



 Fig. 5    ( a ) DNA sequence ID No. 1: A detailed DNA construct of a designer proton-channel gene 

(945 bp) that includes a polymerase chain reaction forward (PCR FD) primer (1–20), a 458-bp 

 HydA1  promoter (21–478), a Plastocyanin transit peptide DNA sequence (479–618), a Melittin 

DNA sequence (619–703), an  RbcS2  terminator (704–926), and a PCR reverse (RE) primer (927–

945). ( b ) DNA sequence ID No. 2: A designer proton-channel gene sequence design (787 bp) that 

includes (from 5 ¢  to 3 ¢ ): a PCR FD primer (sequence 1–20), a 282-bp  HydA1  promoter (21–302), 

a Xho I NdeI site (303–311), a Plastocyanin transit peptide sequence (312–452), a Melittin proton 

channel (453–536), a XbaI site (537–545), a  RbcS2  terminator (546–768), and a PCR RE primer 

(769–787). ( c ) DNA sequence ID No. 3: A designer proton-channel gene sequence design (972 bp) 

that includes (from 5 ¢  to 3 ¢ ): a PCR FD primer (1–20), a 458-bp  HydA1  promoter (21–478), a 

 HydA1  transit peptide (479–646), a Melittin (647–730), an  RbcS2  terminator (731–953), and a 

PCR RE primer (954–972)  

a

b
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c

Fig. 5  (continued)

(Melittin) as desired. Because the  HydA1  promoter is a nuclear DNA that can con-

trol the expression only for nuclear genes, the synthetic proton-channel gene in this 

example is designed according to the codon usage of  Chlamydomonas  nuclear 

genome. Therefore, in this case, the designer proton-channel gene is transcribed in 

nucleus. Its mRNA is naturally translocated into cytosol, where the mRNA is trans-

lated to an apoprotein that consists of the Melittin protein (corresponding to DNA 

sequence 619–703) and the Plastocyanin transit peptide (corresponding to DNA 

sequence 479–618) linked together. The transit peptide of the apoprotein guides its 

transportation across the chloroplast membranes and into the thylakoids, where the 

transit peptide is cut off from the apoprotein and the resulting free melittin (poly-

peptide proton channel) insert itself into the thylakoid membrane from the lumen 

side. The action of the designer proton channel in the thylakoid membranes then 

provides the bene fi t of simultaneously eliminating the four proton gradient-related 

problems in relation to photobiological H 
2
  production. The two PCR primers 

(sequences 1–20 and 927–945) are selected from the sequence of a Human actin 

gene and can be paired with each other. Blasting the sequences against 

 Chlamydomonas  GenBank found no homologous sequences of them. Therefore, 

they can be used as appropriate PCR primers in DNA PCR assays for veri fi cation of 

the designer proton-channel gene in the transformed alga.        

 Figure  5b  presents SEQ ID No. 2: example 2 of a designer proton-channel DNA 

construct that includes a PCR FD primer (sequence 1–20), a 282-bp  HydA1  promoter 

(21–302), a Xho I NdeI site (303–311), a Plastocyanin transit peptide sequence 



38720 Designer Transgenic Algae for Photobiological Production of Hydrogen from Water

(312–452), a Melittin proton channel (453–536), a XbaI site (537–545), a  RbcS2  

terminator (546–768), and a PCR RE primer (769–787). This designer proton chan-

nel gene (example 2) is quite similar to example 1, SEQ ID No: 1, except that a 

shorter promoter sequence is used and restriction sites of Xho I NdeI and XbaI are 

added to make the key components such as the targeting sequence (312–452) and 

proton channel (453–536) as a modular unit that can be  fl exible replaced when nec-

essary to save cost of gene synthesis and enhance work productivity. Note, the proton 

channel does not have to be a Melittin; a number of other proton-channel structures 

such as a gramicidin analog channel can also be used. This designer proton-channel 

gene (SEQ ID No: 2) has also been successfully delivered into the nuclear genome 

of a  C. reinhardtii -arg7 host cell using the techniques of electroporation and  arg7  

complementation screening to create the proton-channel designer alga. 

 Figure  5c  presents SEQ ID No. 3: example 3 of a designer proton-channel DNA 

construct that includes a PCR FD primer (1–20), a 458-bp  HydA1  promoter (21–

478), a  HydA1  transit peptide (479–646), a Melittin (647–730), an  RbcS2  terminator 

(731–953), and a PCR RE primer (954–972). This designer proton-channel gene 

(example 3) is also similar to example 1, with the exception that a  HydA1  transit 

peptide sequence (479–646) is used here so that the proton channel protein is syn-

thesized in the cytosol, delivered into the chloroplast, and inserted into the thylakoid 

membrane from the stoma side. This designer proton-channel gene (SEQ ID No: 3) 

has also been successfully delivered into the nuclear genome of an algal host cell to 

create the proton-channel designer alga. 

    Using these designer proton channel genes in genetic transformation of  C. rein-

hardtii  host cells, many transformants have been generated (Fig.  6 ). Theoretically, 

these transformants are expected to contain the envisioned proton-channel designer 

alga that could provide signi fi cant impact (tenfold improvement) on technology 

development in the  fi eld of renewable photobiological H 
2
  production. Next, we need 

to screen/characterize these transformants to identify and optimize the desired pro-

ton-channel designer alga with iterative improvement through our progressive feed-

back approach of computer-assisted molecular design, designer gene expression, 

and experimental characterization/veri fi cation until the desired result for enhanced 

photobiological H 
2
  production is achieved.   

    5   Vision on How Designer Proton-Channel Algae May Be Used 

with a Photobioreactor for Hydrogen Production 

 The designer proton-channel alga could be used with bioreactor systems for ef fi cient 

photobiological H 
2
  production (Fig.  7 ). As explained previously, the designer pro-

ton-channel algae, such as the one that contains a hydrogenase-promoter-controlled 

designer proton-channel gene, can grow normally under aerobic conditions (Fig.  3a ) 

by autotrophic photosynthesis using air CO 
2
  in a manner similar to that of a wild-

type organism. Therefore, to receive the maximal bene fi t by fully using the potential 

capabilities of the inducible proton-channel designer algae, it is a preferred practice 
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to grow the designer algae photoautotrophically using air CO 
2
  as the carbon source 

under the aerobic conditions in a minimal medium that contains the essential min-

eral (inorganic) nutrients. No organic substrate such as acetate is required to grow 

the designer algae under the normal conditions before the designer proton-channel 

gene is expressed.  

 Most of the algae grow rapidly in water through autotrophic photosynthesis using 

air CO 
2
  as long as there are suf fi cient mineral nutrients. The nutrient elements that 

are commonly required for algal growth are: N, P, and K at the concentrations of 

about 1–10 mM, and Mg, Ca, S, and Cl at the concentrations of about 0.5–1.0 mM 

plus some trace elements Mn, Fe, Cu, Zn, B, Co, Mo, etc. at micromolar concentra-

tion levels. All of the mineral nutrients are supplied in an aqueous minimal medium 

that is made with well-established recipes  [  23  ]  of algal culture media using some 

water and relatively small amounts of inexpensive fertilizers and mineral salts, such 

as ammonium bicarbonate (NH 
4
 HCO 

3
 ) (or ammonium nitrate, urea, ammonium 

  Fig. 6    We have successfully delivered the  fi rst set of synthetic genes (DNA) into our 

 Chlamydomonas  host cells by use of electroporation. Many colonies of designer proton-channel 

transformants have now successfully been obtained. Each of  green dots  shown in this photograph 

represents an algal colony grown from a single transformed cell that contains the designer proton-

channel DNA construct       
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chloride), potassium phosphates (K 
2
 HPO 

4
  and KH 

2
 PO 

4
 ), magnesium sulfate hepta-

hydrate (MgSO 
4
 ·7H 

2
 O), calcium chloride (CaCl 

2
 ), zinc sulfate heptahydrate 

(ZnSO 
4
 ·7H 

2
 O), iron (II) sulfate heptahydrate (FeSO 

4
 ·7H 

2
 O), and boric acid (H 

3
 BO 

3
 ), 

etc. That is, large amounts of designer algae cells (biocatalysts) can be inexpen-

sively grown in a short period of time because, under aerobic conditions such as in 

an open pond, the designer algae photoautotrophically grow by themselves using air 

CO 
2
  as rapidly as their wild-type parental strains. This is a feature (bene fi t) that 

provides a cost-effective solution in generation of photoactive biocatalysts (the 

designer proton-channel algae) that are alternative to the silicone-photovoltaic-

based technologies for renewable solar energy production. 

 When the algal culture is grown and ready for H 
2
  production, the grown algal 

culture is sealed or placed into certain speci fi c conditions, such as anaerobic condi-

tions that can be generated by removal of O 
2
  from the sealed algal reactor, to induce 

the expression of designer proton channels. When the designer proton-channel 

gene is expressed simultaneously with the induction of the hydrogenase enzyme 

under anaerobic conditions that can be achieved by removal of O 
2
  from the culture, 

the algal cells are essentially turned into ef fi cient and robust “green machines” that 

are perfect for photoevolution of H 
2
  and O 

2
  by water splitting (Fig.  2b ). Production 

of H 
2
  and O 

2
  by direct photosynthetic water splitting can, in principle, have high 

quantum yield. Theoretically, it requires only four photons to produce a H 
2
  molecule 

  Fig. 7    The  fi gure illustrates how the designer proton-channel algae may be used in an algal reactor 

and gas-separation-utilization system       
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and ½O 
2
  from water by this mechanism. The maximal theoretical sunlight-to-H 

2
  

energy ef fi ciency by the process of direct photosynthetic water splitting is about 

10%, which is the highest possible among all the biological approaches. Application 

of the designer proton-channel algae maximally realizes the potential of this 

photosynthetic water-splitting process for H 
2
  production because all the four pro-

ton gradient-related physiological problems (illustrated in Fig.  1 ) that limit the rate 

of photobiological H 
2
  production from water are eliminated by use of the designer 

alga (Fig.  2a ,  b ). Consequently, this approach has great potential when imple-

mented properly with an algal H 
2
 -production reactor and a gas-separation/utiliza-

tion system (Fig.  7 ). 

 Figure  7  illustrates an algal reactor and gas-separation-utilization system for 

simultaneous photosynthetic production of H 
2
  and O 

2
  from water (H 

2
 O) with effec-

tive harvesting and utilization of the gas products including (but not limited to) 

fuel-cell application for electricity generation. An algal reactor contains a quantity 

of the designer alga that is exposed to light, such as sunlight. The H 
2
  and O 

2
  pro-

duced in the algal reactor are pulled through a H 
2
  separation membrane by vacuum 

pumps. The O 
2
  on one side of the membrane is transferred to an O 

2
  storage tank and 

a fuel cell. The H 
2
  on the opposite side of the membrane is transferred to an H 

2
  stor-

age tank and the fuel cell. 

 It is worthwhile to note that the removal of O 
2
  from algal culture can be achieved 

by a number of techniques, such as the use of a vacuum pump after the grown algal 

culture is sealed from atmospheric air O 
2
 . Because the production of H 

2
  and O 

2
  by 

direct photosynthetic water occurs in the same bioreactor volume, an effective gas-

products separation process, such as the nanometer membrane technology shown in 

Fig.  7  for effective separation of H 
2
  and O 

2
  from the gas mixture, is necessary. 

Furthermore, consideration must be taken for safe handling of the H 
2
  and O 

2
  mix-

ture, which is potentially explosive in case that the concentration of gas mixture 

reaches the explosion limits. Innovative application of a vacuo-photosynthetic reac-

tor and gas-separation system also helps address the safety issue by strictly main-

taining the concentration of H 
2
  and O 

2
  well below the explosion limits by effectively 

removing the gas products from the bioreactor system. In addition, use of a fuel cell 

that effectively consumes H 
2
  and O 

2
  for electricity generation could also help to 

remove the gas products from the bioreactor and gas-separation system. Furthermore, 

use of certain hydrogen storage materials, such as metal hydrides that can effec-

tively adsorb H 
2
 , may also help to remove the H 

2
  gas product from the bioreactor 

and gas-separation system. Certain engineering technology, such as use of argon or 

hydro fl uorocarbon gas as an inert retardant in the bioreactor and gas-separation 

system, also improves the safe handling of the H 
2
  and O 

2
  mixture. 

 More information on how to use the designer proton channel algae for hydrogen 

production can be found in PCT patent application WO 2007/134340  [  24  ] . 

Furthermore, the next section of this chapter, which reports the technology of 

designer switchable photosystem-II algae, will provide another solution to the O 
2
  

associated issues as well.  
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    6   Designer Switchable-Photosystem-II Algae 

 According to the technology concept of designer switchable photosystem-II (PSII) 

algae, the designer transgenic algae comprise at least two transgenes for enhanced 

photobiological H 
2
  production. The  fi rst said transgene serves as a genetic switch 

that controls PSII oxygen evolution and the second one encodes for creation of free 

proton channels in algal photosynthetic membranes, such as thylakoid membrane. 

The switchable PSII designer algae, combined with the bene fi ts of programmable 

creation of free proton channels in algal photosynthetic membranes, provides an 

effective new solution for ef fi cient and robust photobiological H 
2
  production, by 

solving all the six major problems that currently challenge those in the  fi eld of pho-

tosynthetic H 
2
  production. 

 Accordingly, the switchable PSII designer alga is created by transformation of a 

host alga with at least one DNA construct as shown in Fig.  8a  that contains a designer 

PSII suppressor gene linked with an externally inducible promoter such as a redox-

condition-sensitive hydrogenase promoter serving as a genetic switch. According to 

this embodiment, the designer PSII suppressor is a PSII interfering RNA (iRNA) 

that can speci fi cally suppress PSII oxygen evolution activity. The general design of 

the PSII suppressor gene is shown in its DNA construct, which comprises the fol-

lowing components: (a) a PCR FD primer; (b) an externally inducible promoter; (c) 

a PSII-iRNA sequence; (d) a transcription terminator; and (e) a PCR RE primer.  

 A second transgene, illustrated in Fig.  8b , that encodes an inducible CF 
1
 -iRNA 

is added also into genome of the designer alga to create free CF 
0
  proton channels in 

  Fig. 8    ( a ) One embodiment of a DNA construct of a switchable photosystem II (PSII) suppressor 

gene. ( b )    Another embodiment of a DNA construct of a designer CF 
1
  suppressor gene. ( c ) Another 

embodiment of a DNA construct of a designer PSII inhibitor gene. ( d ) Another embodiment of a 

DNA construct of a designer proton-channel-producing gene. ( e ) Another embodiment of a DNA 

construct of a designer PSII-producing gene                     
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algal photosynthetic membranes by suppressing the expression of CF 
1
  along with 

the suppression of PSII and the induction of the hydrogenase under certain speci fi c 

conditions, such as the anaerobic conditions. The general design of the DNA con-

struct for the CF 
1
  suppressor gene is shown in Fig.  8b , which includes the following 

components: (a) a PCR FD primer; (b) an externally inducible promoter; (c) a CF 
1
 -

iRNA sequence; (d) a transcription terminator; and (e) a PCR RE primer. 

 Hydrogenase promoter is an anaerobic inducible promoter that serves as a genetic 

switch to desirably control the expression of the designer transgenes (Fig.  8a–d ). 

Therefore, the designer transgenes can be expressed only under certain speci fi c con-

ditions, such as the anaerobic conditions. Under aerobic conditions, the designer 

transgenes are normally not expressed, except for the designer PSII-producing gene 

illustrated in Fig.  8e . Consequently, as illustrated in Fig.  9a , the switchable PSII 

designer alga performs autotrophic photosynthesis using ambient-air CO 
2
  as the 

carbon source and grows normally, just like a wild-type organism under aerobic 

conditions, such as in an open pond. When the algal culture is grown and ready for 

H 
2
  production (when suf fi cient amounts of starch are accumulated through the nor-

mal oxygenic photosynthetic  fi xation of CO 
2
 ), the algal cells are placed under anaer-

obic conditions to express the designer transgenes simultaneously with the induction 

of the hydrogenase enzyme because of the use of the hydrogenase promoter.        

 As illustrated in Fig.  9b , the expression of the PSII inhibitor gene (as illustrated 

in Fig.  8a ) will shut off PSII O 
2
  evolution so that the alga will produce H 

2
  by the 

metabolic (dark) and PSI-driven (light) H 
2
  production pathways without production 

of O 
2
 . The source of electrons for the metabolic and PSI-driven H 

2
  production is 

organic reserves, such as starch (as illustrated in Fig.  9b ) that are made in the previ-

ous cycle of oxygenic photosynthetic CO 
2
   fi xation (Fig.  9a ). Since the gas product 

in the embodiment illustrated in Fig.  9b  is essentially pure H 
2
  and CO 

2
  without O 

2
 , 

the problems of H 
2
  and O 

2
  mixture (including problems 1–3: drainage of electrons 

by O 
2
 , poisoning of the hydrogenase enzyme by O 

2
 , and the gas-separation and 

safety issues) are eliminated with the designer algae. 

 According to one embodiment, use of a proton channel in the algal photosyn-

thetic thylakoid membrane also enhances this mode of PSI-driven H 
2
  production 

from organic reserves. As illustrated in Fig.  9b , operation of the PSI-driven H 
2
 -

production mechanism results in translocation of protons across the thylakoid mem-

brane from the stroma into the lumen as the reducing power (NADH, NADPH, 

FADH) from degradation of organic reserves enters the PQ pool near the Q 
r
  site of 

Cyt b/f complex and is then oxidized at the Q 
o
  site. If a free proton-conducting chan-

nel is not present in the thylakoid membrane, protons could accumulate at the lumen 

(inside the thylakoids) and impede the electron transport for this PSI-driven H 
2
  pro-

duction. Furthermore, the presence of a free proton-conducting channel in algal 

thylakoid membrane will ensure the inactivation of the Calvin-cycle activity that 

could compete with the Fd/hydrogenase H 
2
 -production pathway for the electrons 

derived from the PSI-driven decomposition of the organic reserves. Therefore, it is 

a preferred practice to incorporate the bene fi ts of a programmable thylakoid proton 

channel into the switchable PSII designer alga. This embodiment is achieved by 

delivery of a CF 
1
 -suppresor transgene, as illustrated in Fig.  8b , also into the genome 
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of the designer alga to create free CF 
0
  proton channels in algal photosynthetic 

membranes by inhibiting the expression of CF 
1
  with a CF 

1
 -iRNA that the CF 

1
 -

suppresor transgene can produce under the anaerobic conditions upon the induction 

of the hydrogenase along with the suppression of PSII oxygen-evolving activity. 

 Therefore, the coexpression of the PSII suppressor, the CF 
1
  suppressor, and 

hydrogenase makes this alga a more ef fi cient and robust system for production of 

H 
2
 . This organism contains normal mitochondria, which can use the reducing power 

(NADH) from organic reserves (and/or exogenous substrates such as acetate) to 

power the cell immediately after its return to aerobic conditions. Therefore, when 

the algal cell is returned to aerobic conditions after its use under anaerobic condi-

tions for production of H 
2
 , the cell will stop generating nonfunctional PSII in thyla-

koid membranes and start to restore its normal photoautotrophic capability by 

synthesizing functional thylakoids. Consequently, it is possible to use this type of 

genetically transformed organism for repeated cycles of photoautotrophic culture 

growth (starch accumulation) under normal aerobic conditions (Fig.  9a ) and ef fi cient 

production of H 
2
  under anaerobic conditions (Fig.  9b ). 

 One aspect is the innovative application of a genetic switch to control the expres-

sion of PSII activity for production of H 
2
  without the three O 

2
  problems (illustrated 

in Fig.  9a , b). This switchability is accomplished through application of an externally 

inducible promoter such as a hydrogenase promoter. To function as intended, the 

designer transgenes (Fig.  8a–d ) must be inducibly expressed under anaerobic condi-

tions. In one embodiment, an algal hydrogenase promoter, such as the promoter of 

the hydrogenase gene ( Hyd1 ) of  C. reinhardtii , is used as an effective genetic switch 

to control the expression of the designer genes to the exact time and conditions where 

they are needed for enhanced photobiological H 
2
  production as illustrated in Fig.  9b . 

That is, the designer transgenes will be expressed only at the time when the hydroge-

nase is induced and ready for H 
2
  production under anaerobic conditions. Therefore, 

the hydrogenase promoter can be employed as an inducible promoter for each of the 

DNA constructs to serve as a genetic switch to control the expression of the designer 

genes. The reason that the designer alga can perform autotrophic photosynthesis 

using CO 
2
  as the carbon source under aerobic condition (illustrated in Fig.  9a ) is 

because the designer genes (illustrated in Fig.  8a–d ) are not expressed under aerobic 

conditions owing to the use of a hydrogenase promoter, which can be turned on only 

under the anaerobic conditions when needed for photobiological H 
2
  production. 

 In addition to the hydrogenase promoter, there are other promoters that can also 

be used to construct the desired genetic switch for designer genes (Fig.  8a–d ). For 

example, the  Nia1  promoter  [  25  ]  which is induced by growth in nitrate medium and 

repressed in nitrate-de fi cient but ammonium-containing medium can be used to con-

trol the expression of certain designer genes, such as the designer PSII-producing 

gene illustrated in    Fig.  8e , according to the concentration levels of nitrate in a culture 

medium as well. Therefore, inducible promoters that can be used and/or modi fi ed to 

serve for this purpose include, but are not limited to, hydrogenase promoters,  Cyc6  

promoter,  Nia1  promoter,  CabII-1  promoter,  Ca1  promoter,  Ca2  promoter, coprogen 

oxidase promoter, and/or their analogs and modi fi ed designer sequences. Use of 

these externally inducible promoters can also create varieties of designer algae. 
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 The PSII-iRNA DNA sequence (Fig.  8a ) and the CF 
1
 -iRNA DNA fragment 

(Fig.  8b ) are arti fi cially designed based on the principle of the emerging RNA inter-

ference technique. The RNA interference technique uses a piece of iRNA that can 

speci fi cally bind with the mRNA of a particular gene, thus inhibiting (suppressing) 

the translation of the gene-speci fi c mRNA to protein. Inactivation of PSII oxygen 

evolution activity is achieved by suppressing the expression of any key PSII compo-

nents including its OEE1, D1, CP47, CP43, or D2 protein subunits. Therefore, the 

envisioned PSII iRNA further includes, but is not limited to, OEE1 iRNA, D1 iRNA, 

CP47 iRNA, CP43 iRNA, and/or D2 iRNA. For example, the OEE1 subunit  [  26  ]  is 

a key component of the PSII oxygen-evolving complex (OEC) that is directly 

responsible for the oxygen evolution process. It is conceivable that deletion (sup-

pression by an OEE1-speci fi c iRNA) of the OEE1 subunit results in an OEE1-

de fi cient PSII that is no longer able to evolve molecular oxygen by oxidation of 

water. The gene that encodes for the OEE1 subunit is  PsbO  (also known as  Psb1 ), 

which is a nuclear DNA  [  27  ]  that can be used with the hydrogenase promoter. 

Therefore, an anti-sense OEE1 DNA can be designed for generation of an anti-sense 

mRNA (iRNA) that can inhibit the synthesis of the OEE1 subunit by binding with 

the normal OEE1 mRNA. Unlike in the mammalian systems, where 21-nt probes 

are often used to target mRNA for inhibition, the iRNA in microbes (including the 

host organism  C. reinhardtii ) can be longer segments to be more gene-speci fi c. It is 

a preferred practice to consider the following three criteria in designing the DNA 

sequence of the PSII suppressor (such as OEE1 iRNA): (a) the iRNA is a contigu-

ous segment of the PSII subunit (e.g., OEE1) mRNA, typically with a length range 

of about 20–1,200 base pairs; (b) the iRNA is speci fi c to the PSII subunit (e.g., 

OEE1), i.e., any signi fi cant portion of the iRNA does not have high sequence iden-

tity to part of an RNA of any other genes in the host organism such as  C. reinhardtii ; 

(c) the iRNA does not have signi fi cant self-complimentarity to form stable second-

ary structure that prevents hybridization with the mRNA of PSII subunit (e.g., 

OEE1). Because such a designed DNA fragment does not have any signi fi cant 

sequence similarity to other known genes, it (when transformed into the host alga) 

is able to produce an iRNA that speci fi cally binds with normal mRNA of OEE1, 

thus selectively inhibiting the translation of the OEE1 mRNA into its protein. The 

CF 
1
 -iRNA sequence is designed with similar principles. Therefore, the iRNA tech-

nique can be applied in conjunction with an inducible promoter, such as the hydro-

genase promoter, as a genetic switch to create a desirable switchable PSII designer 

alga for improved photobiological H 
2
  production. 

 In the embodiments illustrated in Fig.  8a , b, each of the designer-suppressor 

DNA constructs also contains a terminator after the designer-suppressor encoding 

sequence. The terminator DNA sequence, which is designed based on the sequences 

of natural gene terminators, is to ensure that the transcription of said designer gene 

is properly terminated to produce an exact designer iRNA as desired. 

 In various embodiments, the host organisms for transformation of the designer 

genes (Fig.  8a–d ) to create the transgenic designer photosynthetic organism are 

selected from the group that includes green algae, brown algae, red algae, blue-

green algae, marine algae, freshwater algae, cold-tolerant algal strains, heat-tolerant 
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algal strains, H 
2
 -consuming-activity-deleted algal strains, uptake hydrogenase-deleted 

algal strains, PSII-de fi cient algal strains, and combinations thereof.  C. reinhardtii  is 

a green alga that has had its genome sequenced. Therefore, it is a good model organ-

ism, although the technology is applicable to any of the algae mentioned above for 

enhanced photobiological H 
2
  production. Proper selection of host organisms for 

their genetic backgrounds and certain special features is also bene fi cial. For exam-

ple, the switchable PSII designer alga created from a cold-tolerant host strain, such 

as  Chlamydomonas  cold strain CCMG1619 that has been characterized to produce 

H 
2
  as cold as 4°C, enables the use even in cold seasons or regions such as Canada. 

Meanwhile, the switchable PSII designer alga created from a thermophilic photo-

synthetic organism, such as  Synechococcus bigranulatus , enables use into the hot 

seasons or areas such as Mexico and the Southwestern region of the United States 

including Nevada, California, Arizona, New Mexico, and Texas where the weather 

temperature can often be high. Furthermore, the switchable PSII designer alga cre-

ated from a marine alga, such as  Platymonas subcordiformis , enables using seawa-

ter, while the designer alga created from a freshwater alga, such as  C. reinhardtii , 

uses freshwater. 

 Another feature is that various embodiments of the designer algae are devoid of 

any H 
2
 -consuming activity that is not desirable for net H 

2
  production. That is, the 

switchable PSII designer algae will not consume any H 
2
  that it can produce. This 

feature, which further enhances the net ef fi ciency for photobiological H 
2
  produc-

tion, is incorporated by genetic inactivation or deletion of the H 
2
 -consuming activity. 

The uptake hydrogenase activity is generally responsible for the H 
2
 -consuming 

activity in algae. Therefore, this additional feature is incorporated by creating the 

designer algae from a host alga that has its uptake hydrogenase activity genetically 

deleted. Additional optional features of the designer algae include the bene fi ts of 

reduced chlorophyll antenna size which has been demonstrated to provide higher 

photosynthetic productivity and O 
2
 -tolerant hydrogenase like the [NiFe] hydroge-

nases of  Ralstonia eutropha , which can function under aerobic conditions. In vari-

ous embodiments, these optional features are incorporated into the designer algae 

also by use of an O 
2
 -tolerant hydrogenase and/or chlorophyll antenna-de fi cient 

mutant (e.g.,  C. reinhardtii  DS521) as a host organism for gene transformation with 

the designer DNA constructs (Fig.  8a–e ). 

 There are a number of embodiments for constructing the switchable PSII designer 

algae by creating and/or using a genetically transmittable factor that can inducibly 

or programmably control PSII activity. That is, to create and/or use a factor that can 

be genetically encoded to programmably control PSII activity to solve the O 
2
 -

related problems in photobiological H 
2
  production. An additional example on how 

to create the switchable PSII designer algae is described as follows. This example 

utilizes a hydrogenase promoter-linked streptomycin-production gene (Fig.  8c ) to 

also create a switchable PSII designer alga for production of H 
2
  without the three 

oxygen-related problems. It has been demonstrated that streptomycin is an inhibitor 

to the synthesis of a key PSII component, the D1 protein  [  28  ] . Without this D1 

protein, PSII will no longer be able to perform photosynthetic water splitting to 

produce O 
2
 . The gene for streptomycin biosynthesis has already been cloned  [  29,   30  ] . 
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Therefore, it is now possible by application of synthetic biology techniques to use 

this streptomycin-production gene in conjunction with the hydrogenase promoter as 

a programmable switch to control PSII activity in photosynthetic organisms. 

Figure  8c  presents a DNA construct that can be genetically transferred into a host 

alga to create a switchable PSII designer alga with a phenotype similar to that illus-

trated in Fig.  9a , b. That is, this designer alga containing the DNA construct can also 

grow and accumulate organic reserves (such as starch) by autotrophic photosynthe-

sis using CO 
2
  under aerobic conditions, such as in an open pond (Fig.  9a ). When the 

algal culture is grown and ready for H 
2
  production, the streptomycin-production 

gene is then expressed simultaneously with the induction of the hydrogenase enzyme 

under anaerobic conditions. The expression of the streptomycin-production gene 

inhibits the synthesis of the D1 protein, thus leading to gradual inactivation of PSII 

O 
2
  evolution and activation of H 

2
  production without O 

2
  production (Fig.  9b ). 

 Another aspect is the combination of switchable PSII with programmable proton 

channel and additional features. In one embodiment, it is a preferred practice to 

apply the feature of the switchable PSII in combination with the bene fi ts of creating 

a free proton channel in algal photosynthetic thylakoid membrane (Fig.  9b ). Proton 

channels can be created not only by selectively suppressing the expression of CF 
1
  

(Fig.  9b ) using a designer CF 
1
 -iRNA gene (Fig.  8b ), but also, in another embodi-

ment, by targeted genetic insertion of proton channels such as polypeptide (or pro-

tein) pores into algal photosynthetic thylakoid membrane (Fig.  9c ) using a designer 

proton-channel gene (Fig.  8d ). The detailed arts for targeted genetic insertion of 

proton channels into algal photosynthetic membrane have now been reported in the 

previous section of this chapter. The bene fi ts of a proton channel created with a 

designer proton-channel producing gene (Fig.  8d ) are similar to those created with 

a designer CF 
1
 -iRNA gene while the features of the switchable PSII created with a 

designer PSII-iRNA gene are also similar to those created with a designer strepto-

mycin (PSII inhibitor) producing gene. Therefore, these four types of designer 

genes (Fig.  8a–d ) can be applied in various combinations to create the switchable 

PSII designer algae that also combine with the bene fi ts of a free proton channel in 

algal photosynthetic thylakoid membranes under H 
2
 -producing conditions as shown 

in Fig.  9b , c. This combination of bene fi ts is also achieved by algal hybridization 

of a switchable PSII designer alga with another transformed alga that contains a 

designer proton-channel gene (Fig.  8b or d ), in addition to transformation of 

a designer proton-channel gene using a switchable PSII designer alga as a host 

organism. 

 As mentioned previously, operation of the PSI-driven H 
2
 -production mechanism 

results in translocation of protons across thylakoid membrane from the stroma into 

the lumen as the reducing power (NADH, NADPH, and FADH) from degradation 

of organic reserves enters the PQ pool near the Q 
r
  site of Cyt b/f complex and is then 

oxidized at the Q 
o
  site. If a free proton-conducting channel does not exist, protons 

could accumulate inside the thylakoids and impede the electron transport for this 

PSI-driven H 
2
  production. Use of a free proton-conducting channel eliminates the 

restriction of photosynthetic H 
2
  production by proton accumulation (problem 1). 

Furthermore, the presence of a free proton-conducting channel in algal thylakoid 
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membrane also ensures the needed inactivation of the Calvin-cycle activity (which 

is associated with problems 2–4) so that CO 
2
  and/or O 

2
  no longer act as a terminal 

electron acceptor through the Calvin-cycle activity to compete with the Fd/hydroge-

nase H 
2
 -production pathway for the electrons derived from the PSI-driven decom-

position of the organic reserves. Consequently, incorporation of a proton channel 

helps eliminate the four proton-gradient-related problems (1–4), while use of the 

switchable PSII solves the three O 
2
 -related problems (4–6). Therefore, the combina-

tion of a switchable PSII with a proton channel in the switchable PSII designer alga 

(Fig.  9b, c ) ensures to eliminate all the six technical problems that currently chal-

lenge those in the  fi eld of photobiological H 
2
  production.  

    7   Vision How Designer Switchable PSII Algae May Be Used 

with Photobioreactor for Hydrogen Production 

 The switchable PSII designer algae could be used with a photobioreactor and gas-

product separation and utilization system, as illustrated in Fig.  10 , for enhanced pho-

tobiological H 
2
  production. Figure  10  illustrates a system that includes an aerobic 

reactor connected to an anaerobic reactor. The aerobic reactor contains a quantity of 

algal culture in aerobic conditions. The anaerobic reactor contains a quantity of algal 

culture in anaerobic conditions. Both the aerobic reactor and the anaerobic reactor 

  Fig. 10    A photobioreactor and gas-product separation and utilization system for photobiological 

hydrogen production using designer PSII algae       
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are exposed to light, such as sunlight. The CO 
2
  and H 

2
  produced in the anaerobic 

reactor are pulled through a H 
2
  separation membrane by a vacuum pump. The CO 

2
  

on one side of the membrane is transferred to the aerobic reactor via line. The H 
2
  on 

the opposite side of the membrane is transferred to a H 
2
  storage tank and the fuel 

cell. The algal culture in the anaerobic reactor is transferred to the aerobic reactor 

when the algal culture is exhausted. The algal culture in the aerobic reactor is trans-

ferred to the anaerobic reactor when the algal culture is ready for H 
2
  production.  

 A single-organism (switchable PSII designer alga) two-stage H 
2
 -production 

technology is illustrated in Fig.  10 . In the illustrated single-organism-two-stage H 
2
 -

production system, organic reserves, such as starch, are accumulated through pho-

toautotrophic algal culture growth by normal oxygenic photosynthesis using CO 
2
  

and sunlight energy in an aerobic reactor where CO 
2
  and H 

2
 O are converted into 

biomass materials such as starch [(CH 
2
 O) 

 n 
 ] by the normal autotrophic photosynthe-

sis as illustrated in Fig.  9a :

     
+ → +

2 2 2 2
CO H O (CH O) O

n
n n n

 
  (1)   

 When the algal culture is grown and signi fi cant amounts of organic reserves are 

accumulated in the designer algal cells, the culture is then placed under anaerobic 

conditions after  fl owing into an anaerobic reactor so that the inducible promoter 

(such as hydrogenase promoter)-linked designer gene (Fig.  8a or c ) of PSII suppres-

sor (inhibitor) (such as a PSII iRNA or streptomycin) will then be expressed, simul-

taneously upon the induction of the hydrogenase enzyme. As illustrated in Fig.  9b , 

the expression of the PSII inhibitor gene will shut off PSII O 
2
 -evolution activity so 

that the alga will produce H 
2
  by the metabolic (dark) and PSI-driven (light) H 

2
  

production pathways without production of O 
2
  with the following process reaction:

     
+ → +

2 2 2 2
(CH O) H O 2 H CO

n
n n n

 
  (2)   

 The source of electrons for the metabolic and PSI-driven H 
2
  production is organic 

reserves, such as starch (Fig.  9b ) that are made in the previous cycle of oxygenic 

photosynthetic CO 
2
   fi xation (Fig.  9a ). Since the gas product in this case (Fig.  9b ) is 

essentially pure H 
2
  and CO 

2
  without O 

2
  because of the inactivation of PSII O 

2
 -

evolution activity, a O 
2
 -free condition in an algal bioreactor can now be easily main-

tained for H 
2
  production—all of the three O 

2
 -related problems (including problems 

4–6: drainage of electrons by O 
2
 , poisoning of the hydrogenase enzyme by O 

2
 , and 

the gas-separation and safety issues) are thus eliminated. This algal H 
2
 -production 

system does not require an O 
2
 -tolerant hydrogenase, neither does it require a H 

2
 –O 

2
  

gas-separation process. Consequently, the algal H 
2
 -production process becomes 

more stable and ef fi cient because both the drainage of electrons by O 
2
  and poisoning 

of the hydrogenase enzyme by O 
2
  do not occur with the designer algae. 

 In the anaerobic reactor, a designer proton-channel producing gene (Fig.  8d ) and/

or designer CF 
1
 -suppressor gene (Fig.  8b ) incorporated into the switchable PSII 

designer alga is expressed to create a free proton channel in algal photosynthetic 

thylakoid membrane along with the expression of the PSII suppressor gene upon 

induction of the hydrogenase. As shown in Fig.  9c  and/or b, the expression of a free 
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proton channel in the algal photosynthetic thylakoid membrane greatly facilitates 

the needed  fl ow of protons across the thylakoid membrane to further enhance the 

photobiological H 
2
 -production process. 

 According to the process ( 2 ), the ratio of H 
2
  to CO 

2
  in the gas products should be 

about 2:1. That is, under an idealized condition, the gas products from the photobio-

logical H 
2
 -production process in the anaerobic reactor consists of about 67% H 

2
  and 

33% CO 
2
 . As shown in Fig.  10 , the pure H 

2
  and CO 

2
  gas products from this photo-

biological H 
2
 -production process in the anaerobic algal reactor are easily collected, 

separated, and stored/utilized with available engineering technologies including 

pipelines with a pump and nanometer membrane gas separation system (or a com-

mercial pressure-swing gas-separation system) for separation of H 
2
  from CO 

2
 . 

 It is worthwhile to note that the H 
2
  gas product from the photobiological H 

2
 -

production process is completely free of carbon monoxide (CO) because there is 

absolutely no mechanism (no CO-producing enzyme) for any CO generation in the 

algae. The H 
2
  gas product from this process is enzymatically pure, which is perfect 

for fuel-cell applications. Therefore, the H 
2
  gas product from this process can be 

immediately used by fuel-cell operations to generate electricity and/or collected 

into storage tanks/hydrides for cash sales. In the illustrated embodiment, the CO 
2
  

gas product is fed into the algal culture medium for photosynthetic conversion back 

into biomass in the aerobic reactor. In various embodiments, the O 
2
  gas product 

from the aerobic algal reactor is collected in a tank or vented into the atmosphere. 

 The ideal net result of the single-organism (switchable PSII designer alga) two-

stage H 
2
 -production technology is the conversion of 2 n H 

2
 O to 2 n H 

2
  and  n O 

2
  as a 

result of the summation of the two process ( 1  and  2 ). That is, the net result is the 

production of hydrogen and oxygen from water with no CO 
2
  emission. The maxi-

mal theoretical sunlight-to-H 
2
  energy conversion ef fi ciency for this single-organ-

ism-two-stage H 
2
 -production system is estimated to be about 5%. 

 Another feature is that the designer alga provides the capability for repeated 

cycles of photoautotrophic culture growth (starch accumulation) under normal aero-

bic conditions in an aerobic reactor (Fig.  9a ) and ef fi cient production of H 
2
  under 

anaerobic conditions in an anaerobic reactor (Fig.  9b ). The switchable PSII designer 

alga contains normal mitochondria, which uses the reducing power (NADH) from 

organic reserves (and/or exogenous substrates, such as acetate) to power the cell 

immediately after its return to aerobic conditions. Therefore, when the algal cell is 

returned to aerobic conditions (aerobic reactor) after its use under anaerobic condi-

tions (anaerobic reactor) for production of H 
2
 , the cell will stop suppressing PSII 

activity in thylakoid membranes and start to restore its normal photoautotrophic 

capability by synthesizing functional thylakoids. Consequently, it is possible to use 

this type of genetically transformed organism for repeated cycles of photoauto-

trophic culture growth (starch accumulation) under normal aerobic conditions in an 

aerobic reaction (Fig.  9a ) and ef fi cient production of H 
2
  under anaerobic conditions 

in an anaerobic reactor (Fig.  9b ). That is, this photobiological H 
2
 -production tech-

nology can be operated continuously by circulating rejuvenated algal culture from 

the aerobic reactor into the anaerobic reactor while circulating the used algal culture 

from the anaerobic reactor (after its use for H 
2
  production) into the aerobic reactor 
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for rejuvenation by synthesizing functional thylakoids and accumulating organic 

reserves (starch) through photosynthetic CO 
2
   fi xation. 

 There are additional ways that the switchable PSII designer algae can be used. 

For example, the used algal culture from the anaerobic reactor does not have to be 

circulated back to the aerobic reactor. Instead, the used algal culture is taken out to 

be used as fertilizers or biomass feed stocks for other processing because the photo-

autotrophic growth of the designer switchable PSII designer alga in an aerobic reac-

tor continuously supplies algal cells to an anaerobic reactor for the photobiological 

H 
2
  production (Fig.  10 ). Another way is to use switchable PSII designer algae as 

biocatalysts to produce H 
2
  from organic substrates. This is done by adding organic 

substrates, such as acetate, organic acids, ethanol, methanol, propanol, butanol, 

acetone, carbohydrates, lipids, proteins, biomass materials, and combinations 

thereof, for quick photoheterotrophic growth in an aerobic reactor and for photobio-

logical H 
2
  production in an anaerobic reactor.      
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  Abstract   This chapter describes an invention on photosynthetic ethanol production 

through application of synthetic biology. The designer plants, designer algae, and 

designer plant cells are created such that the endogenous photosynthesis regulation 

mechanism is tamed, and the reducing power (NADPH) and energy (ATP) acquired 

from the photosynthetic water splitting and proton gradient-coupled electron trans-

port process are used for immediate synthesis of ethanol (CH 
3
 CH 

2
 OH) directly from 

carbon dioxide (CO 
2
 ) and water (H 

2
 O). This photobiological ethanol-production 

method eliminates the problem of recalcitrant lignocellulosics by bypassing the 

bottleneck problem of the conventional biomass technology. The photosynthetic 

ethanol-production technology is expected to have a much higher solar-to-ethanol 

energy-conversion ef fi ciency than the conventional technology. Furthermore, this 

approach enables the use of seawater for photobiological production of ethanol 

without requiring freshwater or agricultural soil, since the designer photosynthetic 

organisms can be created from certain marine algae that can use seawater.      

    1   Introduction 

 Ethanol (CH 
3
 CH 

2
 OH) can be used as a liquid fuel to run engines such as cars. 

A signi fi cant market for ethanol as a liquid fuel already exists in the current transpor-

tation and energy systems. In the United States, currently, ethanol is generated primar-

ily from corn starch using a yeast-fermentation process. Therefore, the “cornstarch 
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ethanol-production” process requires a number of energy-consuming steps including 

agricultural corn-crop cultivation, corn-grain harvesting, corn-grain starch process-

ing, and starch-to-sugar-to-ethanol fermentation. Independent studies have recently 

shown that the net energy ef fi ciency of the “cornstarch ethanol-production” process 

is actually negative in some cases. That is, the “cornstarch ethanol-production” 

process costs more energy than the energy value of its product ethanol. This is not 

surprising, understandably because the cornstarch that the current technology can 

use represents only a small fraction of the corn-crop biomass that includes the corn 

stalks, leaves, and roots. The cornstovers are commonly discarded in the agricultural 

 fi elds where they slowly decompose back to CO 
2
 , because they represent largely 

lignocellulosic biomass materials that the current biore fi nery industry cannot ef fi ciently 

use for ethanol production. There are research efforts in trying to make ethanol from 

lignocellulosic plant biomass materials—a concept called “cellulosic ethanol.” 

However, plant biomass has evolved effective mechanisms for resisting assault on its 

cell-wall structural sugars from the microbial and animal kingdoms. This property 

underlies a natural recalcitrance, creating roadblocks to the cost-effective transfor-

mation of lignocellulosic biomass to fermentable sugars. Therefore, one of its problems 

known as the “lignocellulosic recalcitrance” represents a formidable technical barrier 

to the cost-effective conversion of plant biomass to fermentable sugars. That is, 

because of the recalcitrance problem, lignocellulosic biomasses (such as cornstover, 

switchgrass, and woody plant materials) could not be readily converted to fermentable 

sugars to make ethanol without certain pretreatment, which is often associated with 

high processing cost. Despite more than 25 years of R&D efforts in lignocellulosic 

biomass pretreatment and fermentative ethanol-production processing, the problem 

of recalcitrant lignocellulosics still remains as a formidable technical barrier that has 

not yet been eliminated so far. Furthermore, the steps of lignocellulosic biomass 

cultivation, harvesting, pretreatment processing, and cellulose-to-sugar-to-ethanol 

fermentation all cost energy. Therefore, any new technology that could bypass these 

bottleneck problems of the biomass technology would be useful. 

 Algae (such as  Chlamydomonas reinhardtii ,  Platymonas subcordiformis , 

 Chlorella fusca ,  Dunaliella salina ,  Ankistrodesmus braunii , and  Scenedesmus 

obliquus ), which can perform photosynthetic assimilation of CO 
2
  with O 

2
  evolution 

from water in a liquid culture medium with a maximal theoretical solar-to-biomass 

energy conversion of about 10%, have tremendous potential to be a clean and renew-

able energy resource. However, the wild-type oxygenic photosynthetic green plants, 

such as eukaryotic algae, do not possess the ability to produce ethanol directly from 

CO 
2
  and H 

2
 O. As shown in Fig.  1 , the wild-type photosynthesis uses the reducing 

power (NADPH) and energy (ATP) from the photosynthetic water splitting and 

proton gradient-coupled electron transport process through the algal thylakoid 

membrane system to reduce CO 
2
  into carbohydrates (CH 

2
 O) 

 n 
  such as starch with a 

series of enzymes collectively called the “Calvin cycle” at the stroma region in an 

algal or green-plant chloroplast. The net result of the wild-type photosynthetic 

process is the conversion of CO 
2
  and H 

2
 O into carbohydrates (CH 

2
 O) 

 n 
  and O 

2
  using 

sunlight energy according to the following process reaction: 

     
+ → +

2 2 2 2
CO H O (CH O) On n n n

 
  (1)   
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 The carbohydrates (CH 
2
 O) n  are then further converted to all kinds of complicated 

cellular (biomass) materials including proteins, lipids, and cellulose and other cell-

wall materials during cell metabolism and growth. 

 In certain algae such as  C. reinhardtii , some of the organic reserves such as 

starch could be slowly metabolized to ethanol through a secondary fermentative 

metabolic pathway. The algal fermentative metabolic pathway is similar to the 

yeast-fermentation process, by which starch is breakdown to smaller sugars such as 

glucose that is, in turn, transformed into pyruvate by a glycolysis process. Pyruvate 

may then be converted to formate, acetate, and ethanol by a number of additional 

metabolic steps  [  1  ] . The ef fi ciency of this secondary metabolic process is quite 

limited, probably because it could use only a small fraction of the limited organic 

reserve such as starch in an algal cell. The maximal concentration of ethanol that 

can be generated by the fermentative algal metabolic process is only about 1% or 

less, which is not high enough to become a viable technology for energy production. 

To be an economically viable technology, the ethanol concentration in a bioreactor 

medium is preferred to reach as high as about 3–5% before an ethanol-distillation 

process may be pro fi tably applied. Therefore, a new ethanol-producing mechanism 

with a high solar-to-ethanol energy ef fi ciency is needed. 

 This chapter reports an invention (U.S. Patent No. 7,973,214 B2) that can provide 

revolutionary designer organisms, which are capable of directly synthesizing 

ethanol from CO 
2
  and H 

2
 O. The ethanol-production system provided by the present 

invention could bypass the bottleneck problems of the biomass technology 

mentioned above.  

  Fig. 1    Presents the oxygenic autotrophic photosynthetic pathway, which uses the reducing power 

(NADPH) and energy (ATP) from the photosynthetic water splitting and proton gradient-coupled 

electron transport process through the algal thylakoid membrane system to reduce CO 
2
  into carbo-

hydrates (CH 
2
 O) n  with a series of enzymes collectively called the “Calvin cycle” in the stroma 

region of an algal or green-plant chloroplast       
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    2   The Concept of Designer Photosynthetic 

Ethanol-Producing Organisms 

 The present invention  [  2  ]  is directed to a revolutionary photosynthetic ethanol-

production technology based on designer transgenic plants (e.g., algae) or plant 

cells. The designer plants and plant cells are created using genetic engineering tech-

niques such that the endogenous photosynthesis regulation mechanism is tamed, 

and the reducing power (NADPH) and energy (ATP) acquired from the photosyn-

thetic water splitting and proton gradient-coupled electron transport process can be 

used for immediate synthesis of ethanol (CH 
3
 CH 

2
 OH) directly from carbon dioxide 

(CO 
2
 ) and water (H 

2
 O) according to the following process reaction:

     
+ → +

2 2 3 2 2
2CO 3H O CH CH OH 3O

 
  (2)   

 The ethanol-production methods of the present invention completely eliminate 

the problem of recalcitrant lignocellulosics by bypassing the bottleneck problem of 

the biomass technology. As shown in Fig.  2 , the photosynthetic process in a designer 

organism effectively uses the reducing power (NADPH) and energy (ATP) from the 

photosynthetic water splitting and proton gradient-coupled electron transport process 

for immediate synthesis of ethanol (CH 
3
 CH 

2
 OH) directly from carbon dioxide 

(CO 
2
 ) and water (H 

2
 O) without being drained into the other pathways for synthesis 

of the undesirable lignocellulosic materials that are very hard and often inef fi cient 

for the biore fi nery industry to use. This approach is also different from the existing 

“cornstarch ethanol-production” process. In accordance with this invention, ethanol 

will be produced directly from carbon dioxide (CO 
2
 ) and water (H 

2
 O) without having 

to go through many of the energy-consuming steps that the cornstarch ethanol-

production process has to go through, including corn-crop cultivation, corn-grain 

harvesting, corn-grain cornstarch processing, and starch-to-sugar-to-ethanol 

fermentation. As a result, the photosynthetic ethanol-production technology of 

the present invention is expected to have a much (more than ten times) higher solar-

to-ethanol energy-conversion ef fi ciency than the current technology. Assuming a 

10% solar energy-conversion ef fi ciency for the proposed photosynthetic ethanol-

production process, the maximal theoretical productivity (yield) could be about 

88,700 kg of ethanol per acre per year, which could support about 70 cars (per year 

per acre). Therefore, this invention has the potential to bring a signi fi cant capability 

to the society in helping to ensure energy security. The present invention could also 

help protect the Earth’s environment from the dangerous accumulation of CO 
2
  in 

the atmosphere, because the present methods convert CO 
2
  directly into clean 

ethanol energy.  

 A fundamental feature of the present methodology is utilizing a plant (e.g., an 

alga) or plant cells, introducing into the plant or plant cells nucleic acid molecules 

coding for a set of enzymes that can act on an intermediate product of the Calvin 

cycle and convert the intermediate product into ethanol as illustrated in Fig.  2 , 

instead of making starch and other complicated cellular (biomass) materials as the 

end products by the wild-type photosynthetic pathway (Fig.  1 ). Accordingly, the 
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present invention provides,  inter alia , methods for producing ethanol based on a 

designer plant (such as a designer alga), designer plant tissue, or designer plant 

cells, DNA constructs encoding genes of a designer ethanol-production pathway, as 

well as the designer algae, designer plants, designer plant tissues, and designer plant 

cells created. The various aspects of the present invention are described in further 

detail herein below. 

    2.1   Host Plant, Plant Tissue, and Plant Cell 

 According to the present invention, a designer organism or cell for the photosyn-

thetic ethanol production of the invention can be created utilizing as host, any plant 

(including alga), plant tissue, or plant cells that have a photosynthetic capability, 

i.e., an active enzymatic pathway that captures light energy through photosynthesis, 

using this energy to convert inorganic substances into organic matter. Preferably, the 

host organism should have an adequate photosynthetic CO 
2
   fi xation rate, for exam-

ple, to support photosynthetic ethanol production from CO 
2
  and H 

2
 O at least about 

1,780 kg ethanol per acre per year, more preferably, 8,870 kg ethanol per acre per 

year, or even more preferably, 88,700 kg ethanol per acre per year. 

 In a preferred embodiment, an aquatic plant is utilized to create a designer plant. 

Aquatic plants, also called hydrophytic plants, are plants that live in or on aquatic 

environments, such as in water (including on or under the water surface) or perma-

nently saturated soil. As used herein, aquatic plants include, for example, algae, 

  Fig. 2    A designer organism such as a designer alga becomes a “green machine” for production of 

ethanol directly from CO 
2
  and H 

2
 O when the designer photosynthetic ethanol-producing pathway(s) 

is turned on       
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submersed aquatic herbs ( Hydrilla verticillata ,  Elodea densa ,  Hippuris vulgaris,  

 Aponogeton boivinianus,   Aponogeton rigidifolius,   Aponogeton longiplumulosus,  

 Didiplis diandra,   Vesicularia dubyana,   Hygrophilia augustifolia,   Micranthemum 

umbrosum,   Eichhornia azurea,   Saururus cernuus,   Cryptocoryne lingua,   Hydrotriche 

hottonii fl ora,   Eustralis stellata,   Vallisneria rubra,   Hygrophila salicifolia,   Cyperus 

helferi,   Cryptocoryne petchii,   Vallisneria americana,   Vallisneria torta,   Hydrotriche 

hottonii fl ora,   Crassula helmsii,   Limnophila sessili fl ora,   Potamogeton perfoliatus,  

 Rotala wallichii,   Cryptocoryne becketii,   Blyxa aubertii,   Hygrophila difformmis ), 

duckweeds ( Spirodela polyrrhiza ,  Wolf fi a globosa,   Lemna trisulca,   Lemna gibba,  

 Lemna minor,   Landoltia punctata ), water cabbage ( Pistia stratiotes ), buttercups 

( Ranunculus ), water caltrop ( Trapa natans  and  Trapa bicornis ), water lily ( Nymphaea 

lotus , Nymphaeaceae and Nelumbonaceae), water hyacinth ( Eichhornia crassipes ), 

 Bolbitis heudelotii ,  Cabomba  sp., seagrasses ( Heteranthera zosterifolia , Posidoniaceae, 

Zosteraceae, Hydrocharitaceae, and Cymodoceaceae). Ethanol produced from an 

aquatic plant can diffuse into water, permitting normal growth of the plants and 

more robust production of ethanol from the plants. Liquid cultures of aquatic plant 

tissues (including, but not limited to, multicellular algae) or cells (including, but not 

limited to, unicellular algae) are also highly preferred for use, since the ethanol 

molecules produced from a designer ethanol-production pathway can readily dif-

fuse out of the cells or tissues into the liquid water medium, which can serve as a 

large pool to store the product ethanol that can be subsequently harvested by 

 fi ltration and/or distillation techniques. 

 Although aquatic plants or cells are preferred host organisms for use in the methods 

of the present invention, tissue and cells of non-aquatic plants, which are photosyn-

thetic and can be cultured in a liquid culture medium, can also be used to create 

designer tissue or cells for photosynthetic ethanol production. For example, the 

following tissue or cells of non-aquatic plants can also be selected for use as a host 

organism in this invention: the photoautotrophic shoot tissue culture of wood apple 

tree  Feronia limonia , the chlorophyllous callus cultures of corn plant  Zea mays , the 

green root cultures of Asteraceae and Solanaceae species, the tissue culture of 

sugarcane stalk parenchyma, the tissue culture of bryophyte  Physcomitrella patens , 

the photosynthetic cell suspension cultures of soybean plant ( Glycine max ), the 

photoautotrophic and photomixotrophic culture of green Tobacco ( Nicotiana 

tabacum  L.) cells, the cell suspension culture of  Gisekia pharnaceoides  (a C 
4
  plant), 

the photosynthetic suspension cultured lines of  Amaranthus powellii  Wats.,  Datura 

innoxia  Mill.,  Gossypium hirsutum  L., and  Nicotiana tabacum  ×  Nicotiana gluti-

nosa  L. fusion hybrid. 

 By “liquid medium” is meant liquid water plus relatively small amounts of inor-

ganic nutrients (e.g., N, P, K etc., commonly in their salt forms) for photoautotrophic 

cultures; and sometimes also including certain organic substrates (e.g., sucrose, 

glucose, or acetate) for photomixotrophic and/or photoheterotrophic cultures. 

 In an especially preferred embodiment, the plant utilized in the ethanol-production 

method of the present invention is an alga. The use of algae has several advantages. 

They can be grown in an open pond at large amounts and low costs. Harvest and 

puri fi cation of ethanol from the water phase is also easily accomplished by distillation 

or membrane separation. 
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 Algae suitable for use in the present invention include both unicellular algae and 

multi-unicellular algae. Multicellular algae that can be selected for use in this inven-

tion include, but are not limited to, seaweeds such as  Ulva latissima  (sea lettuce), 

 Ascophyllum nodosum,   Codium fragile,   Fucus vesiculosus,   Eucheuma denticulatum,  

 Gracilaria gracilis,   Hydrodictyon reticulatum,   Laminaria japonica,   Undaria 

pinnti fi da,   Saccharina japonica,   Porphyra yezoensis , and  Porphyra tenera . Suitable 

algae can also be chosen from the following divisions of algae: green algae 

(Chlorophyta), red algae (Rhodophyta), brown algae (Phaeophyta), and diatoms 

(Bacillariophyta). Suitable orders of green algae include Ulvales, Ulotrichales, 

Volvocales, Chlorellales, Schizogoniales, Oedogoniales, Zygnematales, 

Cladophorales, Siphonales, and Dasycladales. Suitable genera of Rhodophyta are 

Porphyra, Chondrus, Cyanidioschyzon, Porphyridium, Gracilaria, Kappaphycus, 

Gelidium, and Agardhiella. Suitable genera of Phaeophyta are Laminaria, Undaria, 

Macrocystis, Sargassum, and Dictyosiphon. A suitable genus of Cyanophyta is 

Phoridium. Suitable genera of Bacillariophyta are Cyclotella, Cylindrotheca, 

Navicula, Thalassiosira, and Phaeodactylum. Preferred species of algae for use in 

the present invention include  C. reinhardtii,   P. subcordiformis,   C. fusca,   Chlorella 

sorokiniana,   Chlorella vulgaris,   “Chlorella” ellipsoidea,   Chlorella  spp. , D.   salina, 

Dunaliella   viridis, Dunaliella   bardowil, Haematococcus   pluvialis; Parachlorella  

 kessleri, Betaphycus   gelatinum, Chondrus   crispus, Cyanidioschyzon   merolae, 

Cyanidium   caldarium ,  Galdieria sulphuraria,   Gelidiella acerosa,   Gracilaria 

changii ,  Kappaphycus alvarezii,   Porphyra miniata,   Ostreococcus tauri,   P. yezoensis,  

 Porphyridium  sp.,  Palmaria palmata ,  Gracilaria  spp. , Isochrysis   galbana, 

Kappaphycus  spp. , L.   japonica, Laminaria  spp. , Monostroma  spp. , Nannochloropsis  

 oculata ,  Porphyra  spp. , Porphyridium  spp. , Undaria   pinnati fi da, Ulva   lactuca, Ulva  

spp. , Undaria  spp. , Phaeodactylum   Tricornutum, Navicula   saprophila, 

Crypthecodinium   cohnii, Cylindrotheca   fusiformis, Cyclotella   cryptica, Euglena  

 gracilis, Amphidinium  sp.,  Symbiodinium microadriaticum,   Macrocystis pyrifera,  

 A. braunii , and  S. obliquus . 

 Proper selection of host organisms for their genetic backgrounds and certain 

special features is also bene fi cial. For example, a photosynthetic-ethanol-producing 

designer alga created from cryophilic algae (psychrophiles) that can grow in snow 

and ice, and/or from cold-tolerant host strains such as  Chlamydomonas  cold strain 

CCMG1619, which has been characterized as capable of performing photosynthetic 

water splitting as cold as 4°C  [  3  ] , permits ethanol production even in cold seasons 

or regions such as Canada. Meanwhile, a designer alga created from a thermophilic 

photosynthetic organism such as thermophilic algae  C. caldarium  and  G. sulphuraria  

may permit the practice of this invention to be well extended into the hot seasons or 

areas such as Mexico and the Southwestern region of the United States including 

Nevada, California, Arizona, New Mexico and Texas, where the weather can often 

be hot. Furthermore, a photosynthetic-ethanol-producing designer alga created from 

a marine alga, such as  P. subcordiformis , permits the practice of this invention using 

seawater, while the designer alga created from a freshwater alga such as  C. reinhardtii  

can use freshwater. Additional optional features of a photosynthetic ethanol-producing 

designer alga include the bene fi ts of reduced chlorophyll-antenna size, which has been 

demonstrated to provide higher photosynthetic productivity  [  4  ]  and ethanol-tolerance 
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and allows for more robust and ef fi cient photosynthetic production of ethanol from 

CO 
2
  and H 

2
 O. For example, it has been demonstrated that  C. reinhardtii  can tolerate 

ethanol in the culture medium at a concentration up to about 3–5% (Fig.  3 ). These 

optional features can be incorporated into a designer alga, for example, by use of an 

ethanol-tolerant and/or chlorophyll antenna-de fi cient mutant (e.g.,  C. reinhardtii  

strain DS521) as a host organism, for genetic transformation with the designer 

ethanol-production-pathway genes. Therefore, in one of the various embodiments, 

a host alga is selected from the group consisting of green algae, red algae, brown 

algae, diatoms, marine algae, freshwater algae, unicellular algae, multicellular 

algae, seaweeds, cold-tolerant algal strains, heat-tolerant algal strains, ethanol-

tolerant algal strains, and combinations thereof.   

    2.2   Creating a Designer Ethanol-Production Pathway in a Host 

    2.2.1   Selecting Appropriate Designer Enzymes 

 One of the key features in the present invention is the creation of a designer ethanol-

production pathway to tame and work with the natural photosynthetic mechanisms 

to achieve the desirable synthesis of ethanol directly from CO 
2
  and H 

2
 O. The natural 

photosynthetic mechanisms (illustrated in Fig.  1 ) include (1) the process of photo-

synthetic water splitting and proton gradient-coupled electron transport through the 

  Fig. 3    Ethanol-tolerance assays demonstrated that green alga  Chlamydomonas reinhardtii  is 

capable of performing photosynthesis at an ethanol concentration as high as 3–5% in the culture 

medium under anaerobic conditions. The rates of photosynthesis were measured by both the light-

dependent O 
2
  evolution and CO 

2
   fi xation with various ethanol concentrations, and normalized to 

that (100% = 90  m mol/mg chl h) of the control culture (0% ethanol)       
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thylakoid membrane of the chloroplast, which produces the reducing power 

(NADPH) and energy (ATP), and (2) the Calvin cycle, which reduces CO 
2
  by 

consumption of the reducing power (NADPH) and energy (ATP). 

 In accordance with the present invention, a series of enzymes are used to create 

a designer ethanol-production pathway that takes an intermediate product of the 

Calvin cycle and converts the intermediate product into ethanol. A “designer etha-

nol-production-pathway enzyme” is hereby de fi ned as an enzyme that serves as a 

catalyst for at least one of the steps in a designer ethanol-production pathway. The 

intermediate products of the Calvin cycle are shown in Fig.  4a . According to the 

present invention, a number of intermediate products of the Calvin cycle can be 

utilized to create designer ethanol-production pathway(s); and the enzymes required 

for a designer ethanol-production pathway are selected depending on from which 

intermediate product of the Calvin cycle the designer ethanol-production pathway 

branches off.  

 In one example, a designer pathway is created that takes glyceraldehydes-3-

phosphate and converts it into ethanol by using, for example, a set of enzymes 

consisting of glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate kinase, 

phosphoglycerate mutase, enolase, pyruvate kinase, pyruvate decarboxylase, and 

alcohol dehydrogenase, as shown in Fig.  4b . In this designer pathway, for conversion 

of one molecule of glyceraldehyde-3-phosphate to ethanol, an NADH molecule is 

generated from NAD +  at the step from glyceraldehyde-3-phosphate to 1,3-diphos-

phoglycerate catalyzed by glyceraldehyde-3-phosphate dehydrogenase; meanwhile 

an NADH molecule is converted to NAD +  at the terminal step catalyzed by alcohol 

dehydrogenase to reduce acetaldehyde to ethanol. Consequently, in this designer 

pathway (Fig.  4b ), the number of NADH molecules consumed is balanced with the 

number of NADH molecules generated. Therefore, this designer ethanol-production 

pathway can operate continuously. 

 In another example, as shown in Fig.  4c , a designer pathway is created that takes 

the intermediate product, 3-phosphoglycerate, and converts it into ethanol by using, 

for example, a set of enzymes consisting of phosphoglycerate mutase, enolase, 

pyruvate kinase, pyruvate decarboxylase, and alcohol dehydrogenase. It can be seen 

that the last  fi ve enzymes of the designer pathway shown in Fig.  4b  are identical 

with those utilized in the designer pathway shown in Fig.  4c . In other words, the 

designer enzymes depicted in Fig.  4b  permit ethanol production from both the point 

of 3-phosphoglycerate and the point glyceraldehydes 3-phosphate in the Calvin 

cycle. These two pathways (Fig.  4b , c), however, have different characteristics. 

Unlike the glyceraldehyde-3-phosphate-branched ethanol-production pathway 

(Fig.  4b ), the 3-phosphoglycerate-branched pathway which consists of the activities 

of only  fi ve enzymes as shown in Fig.  4c  could not itself generate any NADH for 

use in the terminal step to reduce acetaldehyde to ethanol. That is, if (or when) an 

alcohol dehydrogenase that strictly uses only NADH but not NADPH is employed, 

it would require a supply of NADH for the 3-phosphoglycerate-branched pathway 

to operate. Consequently, in order for the 3-phosphoglycerate-branched ethanol-

production pathway (Fig.  4c ) to operate, it is important to use an alcohol dehydro-

genase that can use NADPH which can be supplied by the photo-driven electron 
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transport process (Fig.  4c , bottom). Therefore, it is a preferred practice to use an 

alcohol dehydrogenase that can use NADPH or both NADPH and NADH (i.e., 

NAD(P)H) for this designer ethanol-production pathway (Fig.  4c ). Alternatively, 

when an alcohol dehydrogenase that can use only NADH is employed, it is prefer-

ably here to use an additional embodiment that can confer an NADPH/NADH 

conversion mechanism (to supply NADH by converting NADPH to NADH, 

see more detail later in the text) in the designer organism’s chloroplast to facilitate 

photosynthetic production of ethanol through the 3-phosphoglycerate-branched 

designer pathway. 

 In still another example, a designer pathway is created that takes fructose-1,6-

diphosphate and converts it into ethanol by using, for example, a set of enzymes 

consisting of aldolase, triose phosphate isomerase, glyceraldehyde-3-phosphate 

dehydrogenase, phosphoglycerate kinase, phosphoglycerate mutase, enolase, pyru-

vate kinase, pyruvate decarboxylase, and alcohol dehydrogenase, as shown in 

Fig.  4d , with aldolase and triose phosphate isomerase being the only two additional 

enzymes relative to the designer pathway depicted in Fig.  4b . The addition of yet 

one more enzyme in the designer organism, phosphofructose kinase, permits the 

creation of another designer pathway which branches off from the point of fructose-

6-phosphate for the production of ethanol (Fig.  4e ). Like the glyceraldehyde-3-

phosphate-branched ethanol-production pathway (Fig.  4b ), both the fructose-1,

6-diphosphate-branched pathway (Fig.  4d ) and the fructose-6-phosphate-branched 

pathway (Fig.  4e ) can themselves generate NADH for use in their terminal step to 

reduce acetaldehyde to ethanol. In each of these designer ethanol-production 

pathways, the numbers of NADH molecules consumed are balanced with the numbers 

of NADH molecules generated. Therefore, these designer ethanol-production 

pathways can operate continuously. 

 Table  1  lists examples of the enzymes including those identi fi ed above for con-

struction of the designer ethanol-production pathways. Throughout this speci fi cation, 

when reference is made to an enzyme, such as, for example, any of the enzymes 

listed in Table  1 , it include their isozymes, functional analogs, designer modi fi ed 

enzymes, and combinations thereof. These enzymes can be selected for use in con-

struction of the designer ethanol-production pathways. The “isozymes or functional 

analogs” refer to certain enzymes that have the same catalytic function but may or 

may not have exactly the same protein structures. For example, in  Saccharomyces 

bayanus , there are four different genes (accession numbers: AY216992, AY216993, 

AY216994, and AY216995) encoding four alcohol dehydrogenases. These alcohol 

dehydrogenases essentially have the same function as an alcohol dehydrogenase, 

although there are some variations in their protein sequences. Therefore, the 

isozymes or functional analogs can also be selected and/or modi fi ed for use in con-

struction of the designer ethanol-production pathway. The most essential feature of 

an enzyme is its active site that catalyzes the enzymatic reaction. Therefore, certain 

enzyme-protein fragment(s) or subunit(s) that contains such an active catalytic site 

may also be selected for use in this invention. For various reasons, some of the natu-

ral enzymes contain not only the essential catalytic structure but also other structure 

components that may or may not be desirable for a given application. With techniques 
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of bioinformatics-assisted molecular design, it is possible to select the essential 

catalytic structure(s) for use in construction of a designer DNA construct encoding 

a desirable designer enzyme. Therefore, in one of the various embodiments, a 

designer enzyme gene is created by arti fi cial synthesis of a DNA construct according 

to bioinformatics-assisted molecular sequence design. With the computer-assisted 

synthetic biology approach, any DNA sequence (thus its protein structure) of a 

designer enzyme may be selectively modi fi ed to achieve more desirable results by 

design. Therefore, the terms “designer modi fi ed sequences” and “designer modi fi ed 

enzymes” are hereby de fi ned as the DNA sequences and the enzyme proteins that 

are modi fi ed with bioinformatics-assisted molecular design. For example, when a 

DNA construct for a designer chloroplast-targeted enzyme is designed from the 

sequence of a mitochondrial enzyme, it is a preferred practice to modify some of the 

protein structures, for example, by selectively cutting out certain structure 

component(s) such as its mitochondrial transit-peptide sequence that is not suitable 

for the given application, and/or by adding certain peptide structures such as an 

exogenous chloroplast transit-peptide sequence (e.g., a 135-bp Rubisco small-

subunit transit peptide (RbcS2)) that is needed to confer the ability in the chloroplast-

targeted insertion of the designer protein. Therefore, one of the various embodiments 

 fl exibly employs the enzymes, their isozymes, functional analogs, designer modi fi ed 

enzymes, and/or the combinations thereof in construction of the designer ethanol-

production pathway(s).  

 As shown in Table  1 , many genes of the enzymes identi fi ed above have been 

cloned and/or sequenced from various organisms. Both genomic DNA and/or 

mRNA sequence data can be used in designing and synthesizing the designer DNA 

constructs for transformation of a host alga, plant, plant tissue or cells to create a 

designer organism for photobiological ethanol production (Fig.  5 ). However, 

because of possible variations often associated with various source organisms and 

cellular compartments with respect to a speci fi c host organism and its chloroplast 

environment where the ethanol-production pathway(s) is designed to work with the 

Calvin cycle, certain molecular engineering artwork in DNA construct design 

including codon-usage optimization and sequence modi fi cation is often necessary 

for a designer DNA construct (Fig.  6 ) to work well. For example, if the source 

sequences are from cytosolic enzymes (sequences), a functional chloroplast-target-

ing sequence must be added to provide the capability for a designer unclear gene-

encoded enzyme to insert into a host chloroplast to confer its function for a designer 

ethanol-production pathway. Furthermore, to provide the switchability for a designer 

ethanol-production pathway, it is also important to include a functional inducible 

promoter sequence such as the promoter of a hydrogenase (Hyd1) or nitrate reductase 

(Nia1) gene in certain designer DNA construct(s) as illustrated in Fig.  6a  to control 

the expression of the designer gene(s). In addition, as mentioned before, certain 

functional derivatives or fragments of these enzymes (sequences), chloroplast-tar-

geting transit peptide sequences, and inducible promoter sequences can also be 

selected for use in full, in part or in combinations thereof, to create the designer 

organisms according to various embodiments of this invention. The arts in creating 

and using the designer organisms are further described herein below.    
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    2.2.2   Targeting the Designer Enzymes to the Stroma Region of Chloroplasts 

 Some of the designer enzymes discussed above, such as the alcohol dehydrogenase, 

pyruvate decarboxylase, phosphoglycerate mutase and enolase, are known to func-

tion in the glycolytic pathway in the cytoplasm, but chloroplasts generally do not 

possess these enzymes to function with the Calvin cycle. Therefore, nucleic acids 

encoding for these enzymes need to be genetically engineered such that the enzymes 

expressed are inserted into the chloroplasts to create a desirable designer organism 

of the present invention. Depending on the genetic background of a particular host 

organism, some of the designer enzymes discussed above may exist at some back-

ground levels in its native form in a wild-type chloroplast. For various reasons 

including often the lack of their controllability, however, some of the chloroplast 

background enzymes may or may not be suf fi cient to serve as a signi fi cant part of 

the designer ethanol-production pathway(s). Furthermore, a number of useful 

inducible promoters happen to function in the nuclear genome. For example, both 

the hydrogenase (Hyd1) promoter and the nitrate reductase (Nia1) promoter that 

can be used to control the expression of the designer ethanol-production pathways 

are located in the nuclear genome of  C. reinhardtii , of which the genome has recently 

  Fig. 6    ( a ) Presents a DNA construct for designer ethanol-production-pathway gene(s). ( b ) 

Presents a DNA construct for NADPH/NADH-conversion designer gene for NADPH/NADH 

inter-conversion. ( c ) Presents a DNA construct for a designer iRNA starch-synthesis inhibitor 

gene. ( d ) Presents a DNA construct for a designer starch-synthase iRNA gene. ( e ) Presents a DNA 

construct for a designer G-1-P adenylyltransferase iRNA gene. ( f ) Presents a DNA construct for a 

designer phosphoglucomutase iRNA gene. ( g ) Presents a DNA construct for a designer starch 

degradation–glycolysis gene(s)                   

 



426 J.W. Lee

been sequenced. Therefore, it is preferred to use nuclear-genome-encodable designer 

genes to confer a switchable ethanol-production pathway. Consequently, nucleic 

acids encoding for these enzymes also need to be genetically engineered with proper 

sequence modi fi cation such that the enzymes are controllably expressed and are 

inserted into the chloroplasts to create a designer ethanol-production pathway. 

Figure  5  illustrates how the use of designer nuclear genes including their transcription 

in nucleus, translation in cytosol, and targeted insertion of designer proteins into 

chloroplast, can form the designer enzymes conferring the function of the ethanol-

production pathway(s) for photosynthetic production of ethanol (CH 
3
 CH 

2
 OH) from 

carbon dioxide (CO 
2
 ) and water (H 

2
 O) in a designer organism. 

 Additionally, it is best to express the designer ethanol-producing-pathway 

enzymes only into chloroplasts (at the stroma region), exactly where the action of 

the enzymes is needed to enable photosynthetic production of ethanol. If expressed 

without a chloroplast-targeted insertion mechanism, the enzymes would just stay in 

the cytosol and not be able to directly interact with the Calvin cycle for ethanol 

production. Therefore, in addition to the obvious distinctive features in pathway 

designs and associated approaches, another signi fi cant distinction to the prior art is 

that the present invention innovatively employs a chloroplast-targeted mechanism 

for genetic insertion of many designer ethanol-production-pathway enzymes into 

chloroplast to directly interact with the Calvin cycle for photobiological ethanol 

production. 

 With a chloroplast stroma-targeted mechanism, the cells will not only be able to 

produce ethanol but also to grow and regenerate themselves when they are returned 

to conditions under which the designer pathway is turned off, such as under aerobic 

conditions when designer hydrogenase promoter-controlled ethanol-production-

pathway genes are used. Designer algae, plants, or plant cells that contain normal 

mitochondria should be able to use the reducing power (NADH) from organic 

reserves (and/or some exogenous organic substrate such as acetate or sugar) to power 

the cells immediately after the return to aerobic conditions. Consequently, when the 

designer algae, plants, or plant cells are returned to aerobic conditions after use under 

anaerobic conditions for photosynthetic ethanol production, the cells will stop mak-

ing the ethanol-producing enzymes and start to restore the normal photoautotrophic 

capability by synthesizing new and functional chloroplasts. Therefore, it is possible 

to use such genetically engineered designer alga/plant organisms for repeated cycles 

of photoautotrophic growth under normal aerobic conditions and ef fi cient production 

of ethanol directly from CO 
2
  and H 

2
 O under certain speci fi c designer ethanol-pro-

ducing conditions such as under anaerobic conditions. 

 The targeted insertion of designer ethanol-production enzymes can be accom-

plished through use of a DNA sequence that encodes for a stroma “signal” peptide. 

A stroma-protein signal (transit) peptide directs the transport and insertion of a 

newly synthesized protein into stroma. In accordance with one of the various 

embodiments, a speci fi c targeting DNA sequence is preferably placed in-between 

the promoter and a designer ethanol-production-pathway enzyme sequence, as 

shown in a designer DNA construct (Fig.  6a ). This targeting sequence encodes for a 

signal (transit) peptide that is synthesized as part of the apoprotein of an enzyme. 
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The transit peptide guides the insertion of an apoprotein of a designer ethanol-

production-pathway enzyme into the chloroplast. After the apoprotein is inserted 

into the chloroplast, the transit peptide is cleaved off from the apoprotein, which 

then becomes an active enzyme. 

 A number of transit peptide sequences are suitable for use for the targeted 

insertion of the designer ethanol-production-pathway enzymes into chloroplast, 

including but not limited to the transit peptide sequences of: the hydrogenase 

apoproteins (such as HydA1 (Hyd1) and HydA2, GenBank accession number 

AJ308413, AF289201, AY090770), ferredoxin apoprotein (Frx1, accession numbers 

L10349, P07839), thioredoxin m apoprotein (Trx2, X62335), glutamine synthase 

apoprotein (Gs2, Q42689), LhcII apoproteins (AB051210, AB051208, AB051205), 

PSII-T apoprotein (PsbT), PSII-S apoprotein (PsbS), PSII-W apoprotein (PsbW), 

CF 
0
 CF 

1
  subunit- g  apoprotein (AtpC), CF 

0
 CF 

1
  subunit- U  d  apoprotein (AtpD, 

U41442), CFoCF 
1
  subunit-II apoprotein (AtpG), photosystem I (PSI) apoproteins 

(such as, of genes PsaD, PsaE, PsaF, PsaG, PsaH, and PsaK), and Rubisco SSU 

apoproteins (such as RbcS2, X04472). Throughout this speci fi cation, when reference 

is made to a transit peptide sequence, such as, for example, any of the transit peptide 

sequence described above, it includes their functional analogs, modi fi ed designer 

sequences, and combinations thereof. A “functional analog” or “modi fi ed designer 

sequence” in this context refers to a peptide sequence derived or modi fi ed (by, 

e.g., conservative substitution, moderate deletion or addition of amino acids, or 

modi fi cation of side chains of amino acids) based on a native transit peptide 

sequence, such as those identi fi ed above, that has the same function as the native 

transit peptide sequence, i.e., effecting targeted insertion of a desired enzyme. 

 In certain speci fi c embodiments, the following transit peptide sequences are used 

to guide the insertion of the designer ethanol-production-pathway enzymes into the 

stroma region of the chloroplast: the Hyd1 transit peptide (having the amino acid 

sequence: msalvlkpca avsirgsscr arqvaprapl aastvrvala tleaparrlg nvacaa), the RbcS2 

transit peptides (having the amino acid sequence: maaviakssv saavarpars svrp-

maalkp avkaapvaap aqanq), ferredoxin transit peptide (having the amino acid 

sequence: mamamrs), the CF 
0
 CF 

1
  subunit- d  transit peptide (having the amino acid 

sequence: mlaaksiagp rafkasavra apkagrrtvv vma), their analogs, functional 

derivatives, designer sequences, and combinations thereof.  

    2.2.3   Use of a Genetic Switch to Control the Expression 

of the Designer Ethanol-Producing Pathway 

 Another key feature of the invention is the application of a genetic switch to control 

the expression of the designer ethanol-producing pathway(s), as illustrated in Fig.  2 . 

This switchability is accomplished through the use of an externally inducible pro-

moter so that the designer transgenes are inducibly expressed under certain speci fi c 

inducing conditions (Fig.  6a ). Preferably, the promoter employed to control the 

expression of designer genes in a host is originated from the host itself or a closely 

related organism. The activities and inducibility of a promoter in a host cell can be 
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tested by placing the promoter in front of a reported gene, introducing this reporter 

construct into the host tissue or cells by any of the known DNA delivery techniques, 

and assessing the expression of the reporter gene. 

 In a preferred embodiment, the inducible promoter used to control the expression 

of designer genes is a promoter that is inducible by anaerobiosis, i.e., active under 

anaerobic conditions but inactive under aerobic conditions. A designer alga/plant 

organism can perform autotrophic photosynthesis using CO 
2
  as the carbon source 

under aerobic conditions (Fig.  4a ), and when the designer organism culture is grown 

and ready for photosynthetic ethanol production, anaerobic conditions will be 

applied to turn on the promoter and the designer genes (Fig.  4b ). 

 A number of promoters that become active under anaerobic conditions are suit-

able for use in the present invention. For example, the promoters of the hydrogenase 

genes (HydA1 (Hyd1) and HydA2, GenBank accession number: AJ308413, 

AF289201, AY090770) of  C. reinhardtii , which is active under anaerobic condi-

tions but inactive under aerobic conditions, can be used as an effective genetic 

switch to control the expression of the designer genes in a host alga, such as  C. 

reinhardtii . In fact,  Chlamydomonas  cells contain several nuclear genes that are 

coordinately induced under anaerobic conditions. These include the hydrogenase 

structural gene itself (Hyd1), the Cyc6 gene encoding the apoprotein of Cytochrome 

C 
6
 , and the Cpxl gene encoding coprogen oxidase. The regulatory regions for the 

latter two have been well characterized, and a region of about 100 bp proves 

suf fi cient to confer regulation by anaerobiosis in synthetic gene constructs  [  5  ] . 

Although the above inducible algal promoters may be suitable for use in other plant 

hosts, especially in plants closely related to algae, the promoters of the homologous 

genes from these other plants, including higher plants, can be obtained and employed 

to control the expression of designer genes in those plants. 

 In another embodiment, the inducible promoter used in the present invention is 

an algal nitrate reductase (Nia1) promoter, which is inducible by growth in a medium 

containing nitrate and repressed in a nitrate-de fi cient but ammonium-containing 

medium  [  6  ] . Therefore, the Nia1 (gene accession number AF203033) promoter can 

be selected for use to control the expression of the designer genes in an alga 

according to the concentration levels of nitrate in a culture medium. Additional 

inducible promoters that can also be selected for use in the present invention include, 

for example, the heat-shock protein promoter HSP70A  [  7  ]  (accession number: 

DQ059999, AY456093, M98823), the promoter of CabII-1 gene (accession number 

M24072), the promoter of Ca1 gene (accession number P20507), and the promoter 

of Ca2 gene (accession number P24258). Throughout this speci fi cation, when refer-

ence is made to inducible promoter, such as, for example, any of the inducible pro-

moters described above, it includes their analogs, functional derivatives, designer 

sequences, and combinations thereof. A “functional analog” or “modi fi ed designer 

sequence” in this context refers to a promoter sequence derived or modi fi ed (by, 

e.g., substitution, moderate deletion or addition or modi fi cation of nucleotides) 

based on a native promoter sequence, such as those identi fi ed hereinabove, that 

retains the function of the native promoter sequence.  
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    2.2.4   DNA Constructs and Transformation into Plant Cells 

 DNA constructs are generated in order to introduce designer ethanol-production-

pathway genes to a host alga, plant, plant tissue, or plant cells. That is, a nucleotide 

sequence encoding a designer ethanol-production-pathway enzyme is placed in a 

vector, in an operable linkage to a promoter, preferably an inducible promoter, and 

in an operable linkage to a nucleotide sequence coding for an appropriate chloroplast-

targeting transit-peptide sequence. In a preferred embodiment, nucleic acid con-

structs are made to have the elements placed in the following 5 ¢  (upstream) to 3 ¢  

(downstream) orientation: an externally inducible promoter, a transit targeting 

sequence, and a nucleic acid encoding a designer ethanol-production-pathway 

enzyme, and preferably an appropriate transcription termination sequence. One or 

more designer genes (DNA constructs) can be placed into one genetic vector. An 

example of such a construct is depicted in Fig.  6a . As shown in the embodiment 

illustrated in Fig.  6a , a designer ethanol-production-pathway transgene is a nucleic 

acid construct comprising: (a) a PCR forward primer; (b) an externally inducible 

promoter; (c) a transit targeting sequence; (d) a designer ethanol-production-pathway-

enzyme-encoding sequence with an appropriate transcription termination sequence; 

and (e) a PCR reverse primer. 

 In accordance with various embodiments, any of the components (a) through (e) 

of this DNA construct are adjusted to suit for certain speci fi c conditions. In practice, 

any of the components (a) through (e) of this DNA construct are applied in full or in 

part, and/or in any adjusted combination to achieve more desirable results. For 

example, when an algal hydrogenase promoter is used as an inducible promoter in 

the designer ethanol-production-pathway DNA construct, a transgenic designer alga 

that contains this DNA construct will be able to perform autotrophic photosynthesis 

(Fig.  4a ) using ambient-air CO 
2
  as the carbon source and grows normally under 

aerobic conditions, such as in an open pond. When the algal culture is grown and 

ready for ethanol production, the designer transgene(s) can then be expressed by 

induction under anaerobic conditions because of the use of the hydrogenase promoter. 

The expression of the designer gene(s) produces a set of designer ethanol-production-

pathway enzymes such as those illustrated in Fig.  4b  to work with the Calvin cycle 

in the chloroplast for photobiological ethanol production. 

 The two PCR primers are a PCR forward primer (PCR FD primer) located at the 

beginning (the 5 ¢  end) of the DNA construct and a PCR reverse primer (PCR RE 

primer) located at the other end (the 3 ¢  end) as shown in Fig.  6a . This pair of PCR 

primers is designed to provide certain convenience when needed for relatively easy 

PCR ampli fi cation of the designer DNA construct, which is helpful not only during 

and after the designer DNA construct is synthesized in preparation for gene trans-

formation, but also after the designer DNA construct is delivered into the genome of 

a host alga for veri fi cation of the designer gene in the transformants. For example, 

after the transformation of the designer gene is accomplished in a  C. reinhardtii -

arg7 host cell using the techniques of electroporation and argininosuccinate lyase 

( arg7 ) complementation screening, the resulted transformants can be then analyzed 
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by a PCR DNA assay of their nuclear DNA using this pair of PCR primers to verify 

whether the entire designer ethanol-production-pathway gene (the DNA construct) 

is successfully incorporated into the genome of a given transformant. When the 

nuclear DNA PCR assay of a transformant can generate a PCR product that matches 

with the predicted DNA size and sequence according to the designer DNA construct, 

the successful incorporation of the designer proton-channel gene into the genome of 

the transformant is veri fi ed. 

 Therefore, the various embodiments also teach the associated method to 

effectively create the designer transgenic algae, plants, or plant cells for photobio-

logical ethanol production. This method, in one embodiment, includes the following 

steps: (a) Selecting an appropriate host alga, plant, plant tissue, or plant cells with 

respect to their genetic backgrounds and special features in relation to ethanol 

production; (b) Introducing the nucleic acid constructs of the designer proton-

channel genes into the genome of said host alga, plant, plant tissue, or plant cells; 

(c) Verifying the incorporation of the designer genes in the transformed alga, plant, 

plant tissue, or plant cells with DNA PCR assays using the said PCR primers of the 

designer DNA construct; (d) Measuring and verifying the designer organism features 

such as the inducible expression of the designer ethanol-pathway genes for photo-

synthetic ethanol production from carbon dioxide and water by assays of mRNA, 

protein, and ethanol-production characteristics according to the speci fi c designer 

features of the DNA construct(s) (Fig.  6a ). 

 The above embodiment of the method for creating the designer transgenic 

organism for photobiological ethanol production can also be repeatedly applied for 

a plurality of operational cycles to achieve more desirable results. In various 

embodiments, any of the steps (a) through (d) of this method described above are 

adjusted to suit for certain speci fi c conditions. In various embodiments, any of the 

steps (a) through (d) of the method are applied in full or in part, and/or in any 

adjusted combination. Examples of designer ethanol-production-pathway genes 

(DNA constructs) are shown in the sequence listings of the PCT International Patent 

Application Publication No. WO08039450. 

 The nucleic acid constructs may include additional appropriate sequences, for 

example, a selection marker gene, and an optional biomolecular tag sequence. 

Selectable markers that can be selected for use in the constructs include markers 

conferring resistances to kanamycin, hygromycin, spectinomycin, streptomycin, 

sulfonyl urea, among others, all of which have been cloned and are available to 

those skilled in the art. Alternatively, the selective marker is a nutrition marker gene 

that can complement a de fi ciency in the host organism. For example, the gene 

encoding argininosuccinate lyase (arg7) can be used as a selection marker gene in 

the designer construct, which permits identi fi cation of transformants when  C. 

reinhardtii  arg7- (minus) cells are used as host cells. 

 Nucleic acid constructs carrying designer genes can be delivered into a host alga, 

plant, or plant tissue or cells using the available gene-transformation techniques, 

such as electroporation, PEG-induced uptake, and ballistic delivery of DNA, and 

Agrobacterium-mediated transformation. For the purpose of delivering a designer 

construct into algal cells, the techniques of electroporation, glass bead, and biolistic 



43121 Designer Photosynthetic Organisms for Photobiological Production…

genegun can be selected for use as preferred methods; and an alga with single cells 

or simple thallus structure is preferred for use in transformation. Transformants can 

be identi fi ed and tested based on routine techniques.   

    2.3   Additional Host Modi fi cations to Enhance Photosynthetic 

Ethanol Production 

    2.3.1   An NADPH/NADH Conversion Mechanism 

 According to the photosynthetic ethanol-production pathway illustrated in Figs.  4c  

and  7 , to produce one molecule of ethanol from 2CO 
2
  and 3H 

2
 O is likely to require 

8 ATP and 6 NADPH, both of which are generated by photosynthetic water splitting 

and photophosphorylation across the thylakoid membrane. In order for the 3-phos-

phoglycerate-branched ethanol-production pathway (Fig.  4c ) to operate, it is a preferred 

practice to use an alcohol dehydrogenase that can use NADPH that is generated by 

the photo-driven electron transport process (Fig.  4c , bottom). The NADP(H)-

dependent alcohol dehydrogenases (NCBI accession numbers: M88600, Q04894, 

and P25377) are examples of an alcohol dehydrogenase that can use NADPH. The 

 Kluyveromyces lactis  mitochondrial KlADH III enzyme (GenBank accession 

number: XM_451932) is an example of an alcohol dehydrogenase that is capable of 

accepting either NADP(H) or NAD(H). Such an alcohol dehydrogenase that can use 

both NADPH and NADH (i.e., NAD(P)H) can also be selected for use in this 

3-phosphoglycerate-branched (Fig.  4c ) and any of the other designer ethanol-production 

pathway(s) (Fig.  4b , d, e) as well. When an alcohol dehydrogenase that can only use 

NADH is employed, it may require an NADPH/NADH conversion mechanism in 

order for this 3-phosphoglycerate-branched ethanol-production pathway (Fig.  4c ) 

to operate. However, depending on the genetic backgrounds of a host organism, a 

conversion mechanism between NADPH and NADH may exist in the host so that 

NADPH and NADH may be interchangeably used in the chloroplast. In addition, it 

is known that NADPH could be converted into NADH by a NADPH-phosphatase 

activity  [  8  ]  and that NAD can be converted to NADP by a NAD kinase activity  [  9,   10  ] . 

Therefore, when enhanced NADPH/NADH conversion is desirable, the host may be 

genetically modi fi ed to enhance the NADPH phosphatase and NAD kinase activi-

ties. Thus, in one of the various embodiments, the photosynthetic ethanol-producing 

designer plant, designer alga or plant cell further contains additional designer trans-

genes (Fig.  6b ) to inducibly express one or more enzymes to facilitate the NADPH/

NADH inter-conversion, such as the NADPH phosphatase and NAD kinase 

(GenBank: XM_001609395, XM_001324239), in the stroma region of the algal 

chloroplast.  

 Another embodiment that can provide an NADPH/NADH conversion mechanism 

is by properly selecting an appropriate branching point at the Calvin cycle for a 

designer ethanol-production pathway to branch from. To confer this NADPH/

NADH conversion mechanism by pathway design according to this embodiment, it 
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is a preferred practice to branch a designer ethanol-production pathway at or after 

the point of glyceraldehydes-3-phosphate of the Calvin cycle as shown in Fig.  4b , 

d, e. In these pathway designs, the NADPH/NADH conversion is achieved 

essentially by a two-step mechanism: (1) Use of the step with the Calvin-cycle’s 

glyceraldehyde-3-phosphate dehydrogenase, which uses NADPH in reducing 

1,3-diphosphoglycerate to glyceraldehydes-3-phosphate; and (2) use of the step 

with the designer pathway’s NAD + -dependent glyceraldehyde-3-phosphate dehy-

drogenase, which produces NADH in oxidizing glyceraldehyde-3-phosphate to 

1,3-diphosphoglycerate. The net result of the two steps described above is the 

conversion of NADPH to NADH, which can supply the needed reducing power in 

the form of NADH for the designer ethanol-production pathway(s). For step (1), use 

of the Calvin-cycle’s glyceraldehyde-3-phosphate dehydrogenase naturally in the 

host organism is usually suf fi cient. To confer this two-step NADPH/NADH conver-

sion mechanism, it is important to use a NAD + -dependent glyceraldehyde-3-phos-

phate dehydrogenase in the designer ethanol-production pathway(s). Therefore, in 

one of the various embodiments, it is a preferred practice to use a NAD + -dependent 

glyceraldehyde-3-phosphate dehydrogenase, its isozymes, functional derivatives, 

analogs, designer modi fi ed enzymes and/or combinations thereof in the designer 

ethanol-production pathway(s) as illustrated in Fig.  4b , d, e.  

    2.3.2   iRNA Techniques to Further Tame Photosynthesis 

Regulation Mechanism 

 In another embodiment of the present invention, the host plant or cell is further 

modi fi ed to tame the Calvin cycle so that the host can directly produce liquid fuel 

ethanol instead of synthesizing starch, celluloses, and lignocelluloses that are often 

inef fi cient and hard for the biore fi nery industry to use. According to the present 

invention, inactivation of starch-synthesis activity is achieved by suppressing the 

expression of any of the key enzymes, such as, starch synthase, glucose-1-phosphate 

(G-1-P) adenylyltransferase, phosphoglucomutase, and hexose-phosphate-isomerase 

of the starch-synthesis pathway which connects with the Calvin cycle (Fig.  4c ). 

 Introduction of a genetically transmittable factor that can inhibit the starch-syn-

thesis activity that is in competition with designer ethanol-production pathway(s) 

for the Calvin-cycle products can further enhance photosynthetic ethanol produc-

tion. In a speci fi c embodiment, a genetically encoded-able inhibitor (Fig.  6c ) to the 

competitive starch-synthesis pathway is an interfering RNA (iRNA) molecule that 

speci fi cally inhibits the synthesis of a starch-synthesis-pathway enzyme, for exam-

ple, starch synthase, glucose-1-phosphate (G-1-P) adenylyltransferase, phosphoglu-

comutase, and/or hexose-phosphate-isomerase. Figure  6d–f  depicts examples of a 

designer iRNA gene. The DNA sequences encoding starch-synthase iRNA, glucose-

1-phosphate (G-1-P) adenylyltransferase iRNA, a phosphoglucomutase iRNA and/

or a G-P-isomerase iRNA, respectively, can be designed and synthesized based on 

RNA interference techniques known to those skilled in the art  [  11  ] . Generally 

speaking, an interfering RNA (iRNA) molecule is anti-sense but complementary to 



434 J.W. Lee

a normal mRNA of a particular protein (gene) so that such iRNA molecule can 

speci fi cally bind with the normal mRNA of the particular gene, thus inhibiting 

(blocking) the translation of the gene-speci fi c mRNA to protein  [  12,   13  ] .  

    2.3.3   Designer Starch Degradation and Glycolysis Genes 

 In yet another embodiment of the present invention, the photobiological ethanol 

production is enhanced by incorporating an additional set of designer genes (Figs.  6g  

and  8a ) that can facilitate starch degradation and glycolysis in combination with the 

designer ethanol-production gene(s) (Fig.  6a ) in the chloroplast. Such additional 

designer genes for starch degradation include, for example, genes coding for amylase, 

starch phosphorylase, hexokinase, phosphoglucomutase, and glucose-phosphate-

isomerase (G-P-isomerase). The designer glycolysis genes encode chloroplast-

targeted glycolysis enzymes: glucosephosphate isomerase, phosphofructose kinase, 

aldolase, triose phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase, 

phosphoglycerate kinase, phosphoglycerate mutase, enolase, and pyruvate kinase. 

The designer starch degradation and glycolysis genes in combination with any of 

the ethanol-production pathways shown in Fig.  4b–e  can form additional pathway(s) 

from starch to ethanol. Consequently, co-expression of the designer starch degrada-

tion and glycolysis genes with the ethanol-production-pathway genes can enhance 

photobiological production of ethanol as well. Therefore, this embodiment repre-

sents another approach to tame the Calvin cycle for enhanced photobiological produc-

tion of ethanol. Figure  8a  presents a full designer starch-to-ethanol-production 

pathway. In this case, some of the Calvin-cycle products  fl ow through the starch-

synthesis pathway followed by the starch-to-ethanol pathway (Fig.  8a ). In this case, 

starch acts as a transient storage pool of the Calvin-cycle products before they can 

be converted to ethanol. This mechanism can be quite useful in maximizing the 

ethanol-production yield in certain cases. For example, at high sunlight intensity 

such as around noon, the rate of Calvin-cycle photosynthetic CO 
2
   fi xation can be so 

high that may exceed the maximal rate capacity of an ethanol-production pathway(s); 

use of the starch-synthesis mechanism allows temporary storage of the excess 

photosynthetic products to be used later for ethanol production as well.  

 Similar to the bene fi ts of using the Calvin-cycle-branched designer ethanol-

production pathways (Fig.  4b–e ), the use of the designer starch-to-ethanol pathway 

(Fig.  8a ) can also help to convert the photosynthetic products to ethanol before the 

sugars could be converted into other complicated biomolecules such as lignocellu-

losic biomasses which cannot be readily used by the biore fi nery industries. Therefore, 

appropriate use of the Calvin-cycle-branched designer ethanol-production pathway(s) 

(Fig.  4b–e ) and/or the designer starch-to-ethanol pathway (Fig.  8a ) may represent 

revolutionary  inter alia  technologies that can effectively bypass the bottleneck 

problems of the current biomass technology including the “lignocellulosic recalci-

trance” problem. Figure  8b  illustrates the use of a designer starch-to-ethanol pathway 

in combination with a Calvin-cycle-branched designer ethanol-production path-

way for enhanced photobiological ethanol production. 
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 Another feature is that a Calvin-cycle-branched designer ethanol-production 

pathway activity (Fig.  4b–e ) can occur predominantly during the days when there is 

light because it uses an intermediate product of the Calvin cycle which requires 

supplies of reducing power (NADPH) and energy (ATP) generated by the photosyn-

thetic water splitting and the light-driven proton-translocation-coupled electron 

transport process through the thylakoid membrane system. The designer starch-to-

ethanol pathway (Fig.  8a ), which can use the surplus sugar that has been stored as 

starch during photosynthesis, can operate not only during the days, but also at nights. 

Consequently, the use of a Calvin-cycle-branched designer ethanol-production path-

way together with a designer starch-to-ethanol pathway as illustrated in Fig.  8b  

enables production of ethanol both during the days and at nights. 

 Because the expression for both the designer starch-to-ethanol pathway(s) and 

the Calvin-cycle-branched designer ethanol-production pathway(s) is controlled by 

the use of an inducible promoter such as an anaerobic hydrogenase promoter, this 

type of designer alga, plant or plant cells is also able to grow photoautotrophically 

under aerobic (normal) conditions. When the designer plant (e.g., designer alga) or 

plant cells are grown and ready for photobiological ethanol production, the cells are 

then placed under the speci fi c inducing conditions such as under anaerobic conditions 

[or an ammonium-to-nitrate fertilizer use shift, if designer Nia1 promoter-controlled 

ethanol-production pathway(s) is used] for enhanced ethanol production, as shown 

in Fig.  8b .    

    3   Use of Photosynthetic Ethanol-Producing Designer 

Organisms with Photobioreactor-Ethanol-Harvesting 

(Distillation) Systems 

 The various embodiments further teach how the designer organisms may be used 

with a photobioreactor and an ethanol-separation-harvesting system for photosyn-

thetic production of ethanol (CH 
3
 CH 

2
 OH) and O 

2
  directly from CO 

2
  and H 

2
 O using 

sunlight (Figs.  9 – 11 ). There are a number of embodiments on how the designer 

organisms may be used for photobiological ethanol production. One of the preferred 

embodiments is to use the designer organisms for direct photosynthetic ethanol pro-

duction from CO 
2
  and H 

2
 O with a photobiological reactor and ethanol-harvesting 

(distillation) system (Fig.  9 ), which includes a speci fi c operational process described 

as a series of the following steps: (a) Growing a designer transgenic organism pho-

toautotrophically in minimal culture medium using air CO 
2
  as the carbon source 

under aerobic (normal) conditions before inducing the expression of the designer 

ethanol-production-pathway genes; (b) When the designer organism culture is 

grown and ready for ethanol production, sealing or placing the culture into a speci fi c 

condition, such as an anaerobic condition that can be generated by removal of O 
2
  

from the photobiological reactor, to induce the expression of designer ethanol- 

production genes; (c) When the designer ethanol-production-pathway enzymes are 

expressed and inserted into the stroma region of the designer organism’s chloroplast, 
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  Fig. 9    Illustrates an operational process how the use of a designer organism such as designer alga 

may be coupled with industrial CO 
2
  sources through a pipeline, a photobioreactor (sealed), and 

ethanol-oxygen-harvesting system for photosynthetic production of ethanol and O 
2
  directly from 

CO 
2
  and H 

2
 O using sunlight       

supplying visible light energy such as sunlight for the designer-genes-expressed cells 

to work as the catalysts for photosynthetic ethanol production from CO 
2
  and H 

2
 O; 

(d) Harvesting the ethanol product by any method known to those skilled in the 

art. For example, harvesting the ethanol product from the photobiological reactor by 

a combination of membrane  fi ltration and ethanol-distillation techniques and 

 fl exibly collecting the O 
2
  gas product from the reactor.    

 The above process to use the designer organisms for photosynthetic CH 
3
 CH 

2
 OH 

and O 
2
  production from CO 

2
  and H 

2
 O with a biological reactor and ethanol-harvesting 

(distillation) and gas product separation and collection system can be repeated for a 

plurality of operational cycles to achieve more desirable results. Any of the steps (a) 

through (d) of this process described above can also be adjusted in accordance of the 

invention to suit for certain speci fi c conditions. In practice, any of the steps (a) 

through (d) of the process can be applied in full or in part, and/or in any adjusted 

combination as well for enhanced photobiological ethanol production in accordance 

of this invention. 

 The sources of CO 
2
  that can be used in this process include, but not limited to, 

industrial CO 
2
 , (bi)carbonates, and atmospheric CO 

2
 . For an example,  fl ue-gas CO 

2
  

from fossil fuel- fi red and/or biomass- fi red industrial facilities can be fed through a 

pipeline into a photobiological reactor in this process as illustrated in Fig.  9 . 
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The industrial facilities that can generate CO 
2
  supplies for the designer photosynthetic 

ethanol-production process include (but not limited to): coal- fi red power plants, 

iron and steelmaking industries, cement-manufacturing plants, petroleum re fi nery 

facilities, chemical fertilizer production factories, biomass- fi red and/or fossil fuel- fi red 

ethanol distillation/separation facilities, biomass-pyrolysis processes, smokestacks, 

fermentation bioreactors, biofuel-re fi nery facilities, and combinations thereof. 

 Alternatively, this designer photobiological ethanol-production process can also 

use the CO 
2
  in the environment and from the atmosphere (Figs.  10  and  11 ) as well. 

Gaseous CO 
2
 , dissolved CO 

2
 , bicarbonate, and carbonates can all be used by the 

designer-organism photobiological ethanol-production technology. 

 This embodiment is illustrated in more details here using designer algae as an 

example. As described above, designer algae of the present invention, such as the one 

that contains a set of designer HydA1 promoter-controlled designer ethanol-produc-

tion-pathway genes, can grow normally under aerobic conditions by autotrophic pho-

tosynthesis using air CO 
2
  in a manner similar to that of a wild-type alga. The designer 

algae can grow also photoheterotrophically using an organic substrate as well. 

  Fig. 10    Illustrates an operational process how a designer organism such as designer alga may be 

used through a photobioreactor and ethanol-separation/harvesting system with supplies of air CO 
2
  

and/or (bi)carbonates for photosynthetic production of ethanol and O 
2
  directly from CO 

2
  and H 

2
 O 

using sunlight       
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 In a preferred embodiment, a designer alga is grown photoautotrophically using 

air CO 
2
  as the carbon source under the aerobic conditions as shown in Fig.  4a  in a 

minimal medium that contains the essential mineral (inorganic) nutrients. No 

organic substrate such as acetate is required to grow a designer alga under the normal 

conditions before the designer photosynthetic ethanol-production genes are expressed. 

Most of the algae can grow rapidly in water through autotrophic photosynthesis 

using air CO 
2
  as long as there are suf fi cient mineral nutrients. The nutrient elements 

that are commonly required for algal growth are: N, P, and K at the concentrations 

of about 1–10 mM, and Mg, Ca, S, and Cl at the concentrations of about 0.5–1.0 mM, 

plus some trace elements Mn, Fe, Cu, Zn, B, Co, Mo among others at  m M concen-

tration levels. All of the mineral nutrients can be supplied in an aqueous minimal 

medium that can be made with well-established recipes of algal culture media using 

water and relatively small of inexpensive fertilizers and mineral salts such as ammo-

nium bicarbonate (NH 
4
 HCO 

3
 ) (or ammonium nitrate, urea, ammonium chloride), 

potassium phosphates (K 
2
 HPO 

4
  and KH 

2
 PO 

4
 ), magnesium sulfate heptahydrate 

(MgSO 
4
 ·7H 

2
 O), calcium chloride (CaCl 

2
 ), zinc sulfate heptahydrate (ZnSO 

4
 ·7H 

2
 O), 

iron (II) sulfate heptahydrate (FeSO 
4
 ·7H 

2
 O), and boric acid (H 

3
 BO 

3
 ), among others. 

That is, large amounts of designer algae cells can be inexpensively grown in a short 

period of time because, under aerobic conditions such as in an open pond, the 

designer algae can photoautotrophically grow by themselves using air CO 
2
  as rapidly 

  Fig. 11    Illustrates an operational process how a designer organism such as designer alga may be 

used with a photosynthetic culture-growth reactor, a photobiological ethanol-production reactor, 

and an ethanol-harvesting system for photosynthetic production of ethanol and O 
2
  directly from 

CO 
2
  and H 

2
 O using sunlight       
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as their wild-type parental strains. This is a signi fi cant feature (bene fi t) of the invention 

that could provide a cost-effective solution in generation of photoactive biocatalysts 

(the designer photosynthetic ethanol-producing algae) for renewable solar energy 

production. 

 When the algal culture is grown and ready for ethanol production, the grown 

algal culture is sealed or placed into certain speci fi c conditions, such as anaerobic 

conditions that can be generated by removal of O 
2
  from the sealed photobiological 

reactor (Fig.  9 ), to induce the expression of designer photosynthetic ethanol-

production-pathway genes. When the designer ethanol-production-pathway 

enzymes are expressed and inserted into the stroma region of algal chloroplast, 

visible light energy such as sunlight is supplied for the designer-genes-expressing 

algal cells to work as the catalysts for photosynthetic ethanol production from CO 
2
  

and H 
2
 O. When the designer genes are expressed, the algal cells can essentially 

become ef fi cient and robust “green machines” that are perfect for photosynthetic 

production of ethanol (CH 
3
 CH 

2
 OH) and O 

2
  from CO 

2
  and H 

2
 O. The ethanol product 

from the algal photobiological rector can be harvested by a combination of membrane 

 fi ltration and ethanol-distillation techniques. 

 Photosynthetic production of CH 
3
 CH 

2
 OH and O 

2
  directly from CO 

2
  and H 

2
 O in 

accordance with the present invention can, in principle, have high quantum yield. 

Theoretically, it requires only 24 photons to produce a CH 
3
 CH 

2
 OH and 3O 

2
  from 

water and carbon dioxide by this mechanism. The maximal theoretical sunlight-to-

ethanol energy ef fi ciency by the process of direct photosynthetic ethanol production 

from CO 
2
  and H 

2
 O is about 10%, which is the highest possible among all the biological 

approaches. Consequently, this approach has great potential when implemented 

properly with an algal reactor and ethanol-oxygen-harvesting system (Fig.  9 ). 

 The above process to use the designer algae for photosynthetic production of 

CH 
3
 CH 

2
 OH and O 

2
  from CO 

2
  and H 

2
 O with an algal reactor and an ethanol-harvesting 

(distillation) and gas product separation and collection system (Fig.  9 ) can be 

repeated for a plurality of operational cycles to achieve more desirable results. 

 Another feature is that the designer switchable ethanol-production organism 

provides the capability for repeated cycles of photoautotrophic culture growth under 

normal aerobic conditions with a manner similar to that of a wild type (Fig.  1 ) and 

ef fi cient photobiological production of ethanol (Fig.  2 ) when the designer ethanol-

production pathway is switched on by an inducible promoter (such as hydrogenase 

promoter) at certain speci fi c inducing conditions (such as under anaerobic conditions) 

in a bioreactor (Fig.  9 ). For example, the switchable designer alga with designer 

hydrogenase promoter-controlled ethanol-production genes contains normal mito-

chondria, which uses the reducing power (NADH) from organic reserves (and/or 

exogenous substrates, such as acetate) to power the cell immediately after its return 

to aerobic conditions. Therefore, when the algal cell is returned to aerobic condi-

tions after its use under anaerobic conditions for production of ethanol, the cell will 

stop producing ethanol-production-pathway enzymes and start to restore its normal 

photoautotrophic capability by synthesizing normal functional chloroplast. 

Consequently, it is possible to use this type of genetically transformed organism for 

repeated cycles of photoautotrophic culture growth under normal aerobic conditions 
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(Fig.  1 ) and ef fi cient production of ethanol under anaerobic conditions (Fig.  2 ) in an 

anaerobic reactor (Fig.  9 ). That is, this photobiological ethanol-production technology 

can be operated for a plurality of operational cycles by rejuvenating the used culture 

under aerobic conditions and recyclably using the rejuvenated algal culture under 

ethanol-producing conditions to achieve more desirable results. Optionally, this 

photobiological ethanol-production technology is operated continuously by circulating 

rejuvenated algal culture from an aerobic reactor into the anaerobic reactor while 

circulating the used algal culture from the anaerobic reactor (after its use for ethanol 

production) into the aerobic reactor for rejuvenation by synthesizing normal functional 

chloroplasts through photosynthetic CO 
2
   fi xation and photoautotrophic growth. 

 Some of the designer organisms could grow photoautotrophically even with the 

ethanol-production pathway(s) switched on. Whether or how fast a designer organ-

ism could grow under the ethanol-producing conditions may depend on its genetic 

background and how much of the Calvin cycle products are still available for cell 

growth after use by the designer ethanol-production pathway(s). Designer organisms 

that can, under the ethanol-producing conditions, maintain essential cellular functions 

with an appropriate growth rate can also be used for continuous photobiological 

production of CH 
3
 CH 

2
 OH and O 

2
  from CO 

2
  and H 

2
 O with a bioreactor and an ethanol-

harvesting (distillation) system (Figs.  9  and  10 ). 

 There are additional ways that the switchable designer organisms can be used. 

For example, the used designer algal culture from a photobiological ethanol-

production reactor does not have to be circulated back to a culture-growth reactor. 

Instead, the used algal culture is taken out to be used as fertilizers or biomass feed 

stocks for other processing because the photoautotrophic growth of the switchable 

designer alga in a culture-growth reactor (Fig.  11 , left) is capable of continuously 

supplying algal cells to a photobiological ethanol-production reactor for the biofuel 

production (Fig.  11 , right). This embodiment is, especially, helpful to using some of 

the designer organisms that can grow photoautotrophically only before but not after 

the ethanol-production pathway(s) is switched on. For example, as illustrated in 

Fig.  11 , by keeping a continuously growing culture of a designer alga (that can grow 

photoautotrophically only before the ethanol-production pathway(s) is switched on) 

in a culture-growth reactor, it can provide continuous supplies of grown algal cells 

for use in a photobiological ethanol-production reactor. This approach makes it pos-

sible to use those designer organisms that can grow only before the ethanol-production 

pathway(s) is switched on for photobiological ethanol production as well. 

 Because of various reasons, some of the designer ethanol-production organisms 

could grow only photohetrotrophically or photomixotrophically but not photoauto-

trophically. Use of a culture-growth reactor as illustrated in Fig.  11  can also grow 

this type of designer ethanol-production organisms photohetrotrophically or photo-

mixotrophically using organic substrates including, but not limited to, sucrose, glucose, 

acetate, ethanol, methanol, propanol, butanol, acetone, starch, hemicellulose, cellu-

lose, lipids, proteins, organic acids, biomass materials, and combination thereof. 

The so-grown culture can also be supplied to a photobiological ethanol-production 

reactor for induction of the designer pathways for ethanol production as illustrated 

in Fig.  11 . This modi fi ed embodiment on culture growth makes it possible to use those 
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designer organisms that can grow only photohetrotrophically, or photomixotrophically 

also for photobiological ethanol production as well. 

 For certain speci fi c designer organisms with designer nitrate reductase ( Nia1 ) 

promoter-controlled ethanol-production-pathway genes, the above photobiological 

reactor process may be further adjusted to achieve more bene fi cial results. For 

example, a designer alga that contains  Nia1  promoter-controlled ethanol-production-

pathway genes can grow normally in a culture medium with ammonium (but no 

nitrate) by autotrophic photosynthesis using air CO 
2
  in a manner similar to that of a 

wild-type alga. This is because the expression of the ethanol-production-pathway 

genes in this designer organism will be turned on only in the presence of nitrate as 

desired owning to the use of nitrate reductase ( Nia1 ) promoter in controlling the 

designer pathway expression. A signi fi cant feature of the designer organisms with 

 Nia1  promoter-controlled ethanol-production-pathway genes is that the expression 

of the designer ethanol-production pathways can be induced by manipulating the 

concentration levels of nitrate (NO  
3
  −  ) relative to that of ammonium (NH  

4
  +  ) in the 

culture medium without requiring any anaerobic conditions. That is, the expression 

of the designer ethanol-production pathway(s) can be induced under both aerobic 

and anaerobic conditions. This enables the designer photobiological ethanol-

production process to operate even under aerobic conditions using atmospheric CO 
2
  

(Fig.  10 ). Likewise, this type of designer organisms with  Nia1  promoter-controlled 

ethanol-production-pathway genes can grow photoautotrophically both under aero-

bic and anaerobic conditions as well. Therefore, as a further embodiment, the 

operational process of using designer organism with nitrate reductase ( Nia1 ) 

promoter-controlled ethanol-production-pathway genes is adjusted to the following: 

(a) Growing a designer transgenic organism photoautotrophically in minimal culture 

medium in the presence of ammonium (NH  
4
  +  ) but no nitrate (NO  

3
  −  ) before inducing 

the expression of the designer ethanol-production-pathway genes; (b) When the 

designer organism culture is grown and ready for ethanol production, adding nitrate 

(NO  
3
  −  ) fertilizer into the culture medium to raise the concentration of nitrate (NO  

3
  −  ) 

relative to that of ammonium (NH  
4
  +  ) to induce the expression of designer ethanol-

production-pathway genes; (c) When the designer ethanol-production-pathway 

enzymes are expressed and inserted into the stroma region of the designer organism’s 

chloroplast, supplying visible light energy such as sunlight for the designer-genes-

expressed cells to work as the catalysts for photosynthetic ethanol production from 

CO 
2
  and H 

2
 O; (d) Harvesting the ethanol product from the photobiological reactor 

by a combination of membrane  fi ltration and ethanol-distillation techniques. 

 Furthermore, the harvesting of ethanol product from photobiological liquid culture 

media can be achieved also through the use of another invention: greenhouse distil-

lation that is disclosed in details in PCT International Patent Application Publication 

No. WO 2009/105714 A2. Brie fl y, when sunlight is used to drive photobiological 

ethanol production, it also generates waste heat in the liquid culture medium. 

Through combined use of a designer photosynthetic organism culture with a green-

house distillation system, the waste solar heat associated with the photobiological 

ethanol-production process can be utilized in vaporizing the product ethanol (and 

water) for harvesting ethanol and producing freshwater by fractional greenhouse 
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distillation. Consequently, this approach can help improve the total process energy 

ef fi ciency with minimal cost and high sunlight utilization ef fi ciency  [  14  ] . 

 In addition to ethanol production, it is also possible to use a designer organism or 

part of its designer ethanol-production pathway(s) to produce certain intermediate 

products including: acetaldehyde, pyruvate, phosphoenolpyruvate, 2-phosphoglyc-

erate, 1,3-diphosphoglycerate, glyceraldehye-3-phosphate, dihydroxyacetone 

phosphate, fructose-1,6-diphosphate, fructose-6-phosphate, glucose-6-phosphate, 

and glucose-1-phosphate. Therefore, a further embodiment comprises an additional 

step of harvesting the intermediate products that can be produced also from an 

induced transgenic designer organism. The production of an intermediate product 

can be selectively enhanced by switching off a designer-enzyme activity that 

catalyzes its consumption in the designer pathways. The production of a said inter-

mediate product can be enhanced also by using a designer organism with one or 

some of designer enzymes omitted from the designer ethanol-production pathways. 

For example, a designer organism with the alcohol dehydrogenase or pyruvate 

decarboxylase omitted from the designer pathway of Fig.  4b  may be used to produce 

acetaldehyde or pyruvate, respectively.      
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  Abstract   This chapter presents an invention on creating biosafety-guarded designer 

photosynthetic organisms for photobiological production of butanol and related 

higher alcohols. The designer photosynthetic organisms are created such that the 

endogenous photobiological regulation mechanism is tamed, and the reducing 

power (NADPH) and energy (ATP) acquired from the photosynthetic process are 

used for synthesis of butanol and/or related higher alcohols from carbon dioxide and 

water. This photobiological biofuels-production method eliminates the problem of 

recalcitrant lignocellulosics by bypassing it. This technology is expected to have a 

much higher solar-to-biofuels energy-conversion ef fi ciency than the conventional 

biomass technology. Furthermore, this approach enables the use of seawater and/or 

groundwater for photobiological production of higher alcohols (such as 1-butanol 

and 2-methyl-1-butanol) without requiring freshwater or agricultural soil, since the 

designer photosynthetic organisms can be created from certain marine algae and/or 

cyanobacteria that can use seawater and/or certain groundwater.      

    1   Introduction 

 Butanol (CH 
3
 CH 

2
 CH 

2
 CH 

2
 OH) and/or related higher alcohols can be used as a liquid 

fuel to run engines such as cars. Butanol can replace gasoline and the energy con-

tents of the two fuels are nearly the same (110,000 Btu per gallon for butanol; 

115,000 Btu per gallon for gasoline). Butanol has many superior properties as an 
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alternative fuel when compared to ethanol as well. These include: (1) butanol has 

higher energy content (110,000 Btu per gallon butanol) than ethanol (84,000 Btu 

per gallon ethanol); (2) butanol is six times less “evaporative” than ethanol and 13.5 

times less evaporative than gasoline, making it safer to use as an oxygenate and 

thereby eliminating the need for very special blends during the summer and winter 

seasons; (3) butanol can be transported through the existing fuel infrastructure 

including the gasoline pipelines whereas ethanol must be shipped via rail, barge, or 

truck; and (4) butanol can be used as replacement for gasoline gallon for gallon, for 

example, 100% or any other percentage, whereas ethanol can only be used as an 

additive to gasoline up to about 85% (E-85) and then only after signi fi cant 

modi fi cation to the engine (while butanol can work as a 100% replacement fuel 

without having to modify the current car engine). 

 A signi fi cant potential market for butanol and/or related higher alcohols as a 

liquid fuel already exists in the current transportation and energy systems. Butanol 

is also used as an industrial solvent. In the United States, currently, butanol is manu-

factured primarily from petroleum. Historically (1900s–1950s), biobutanol was 

manufactured from corn and molasses in a fermentation process that also produced 

acetone and ethanol and was known as an ABE (acetone, butanol, ethanol) fermen-

tation typically with certain butanol-producing bacteria such as  Clostridium aceto-

butylicum  and  Clostridium beijerinckii . When the United States lost its low-cost 

sugar supply from Cuba around 1954, however, butanol production by fermentation 

declined mainly because the price of petroleum dropped below that of sugar. 

Recently, there is renewed R&D interest in producing butanol and/or ethanol from 

biomass such as corn starch using Clostridia- and/or yeast-fermentation process. 

However, similarly to the situation of “cornstarch ethanol production,” the “corn-

starch butanol production” process also requires a number of energy-consuming 

steps including agricultural corn-crop cultivation, corn-grain harvesting, corn-grain 

starch processing, and starch-to-sugar-to-butanol fermentation. The “cornstarch 

butanol production” process could also probably cost nearly as much energy as the 

energy value of its product butanol. This is not surprising, understandably because 

the cornstarch that the current technology can use represents only a small fraction 

of the corn crop biomass that includes the corn stalks, leaves, and roots. The corn-

stovers are commonly discarded in the agricultural  fi elds where they slowly decom-

pose back to CO 
2
 , because they represent largely lignocellulosic biomass materials 

that the current biore fi nery industry cannot ef fi ciently use for ethanol or butanol 

production. There are research efforts in trying to make ethanol or butanol from 

lignocellulosic plant biomass materials—a concept called “cellulosic ethanol” or 

“cellulosic butanol.” However, plant biomass has evolved effective mechanisms for 

resisting assault on its cell-wall structural sugars from the microbial and animal 

kingdoms. This property underlies a natural recalcitrance, creating roadblocks to 

the cost-effective transformation of lignocellulosic biomass to fermentable sugars. 

Therefore, one of its problems known as the “lignocellulosic recalcitrance” repre-

sents a formidable technical barrier to the cost-effective conversion of plant biomass 

to fermentable sugars. That is, because of the recalcitrance problem, lignocellulosic 

biomasses (such as cornstover, switchgrass, and woody plant materials) could not 
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be readily converted to fermentable sugars to make ethanol or butanol without 

certain pretreatment, which is often associated with high processing cost. Despite 

more than 25 years of R&D efforts in lignocellulosic biomass pretreatment and 

fermentative butanol-production processing, the problem of recalcitrant lignocellu-

losics still remains as a formidable technical barrier that has not yet been eliminated 

so far. Furthermore, the steps of lignocellulosic biomass cultivation, harvesting, pre-

treatment processing, and cellulose-to-sugar-to-butanol fermentation all cost energy. 

Therefore, any new technology that could bypass these bottleneck problems of the 

biomass technology would be useful. 

 Oxyphotobacteria (also known as blue-green algae including cyanobacteria and 

oxychlorobacteria) and algae (such as  Chlamydomonas reinhardtii ,  Platymonas 

subcordiformis ,  Chlorella fusca ,  Dunaliella salina ,  Ankistrodesmus braunii , and 

 Scenedesmus obliquus ), which can perform photosynthetic assimilation of CO 
2
  with 

O 
2
  evolution from water in a liquid culture medium with a maximal theoretical 

solar-to-biomass energy conversion of about 10%, have tremendous potential to be 

a clean and renewable energy resource. However, the wild-type oxygenic photosyn-

thetic organisms, such as green plants, blue-green algae, and eukaryotic algae, do 

not possess the ability to produce butanol directly from CO 
2
  and H 

2
 O. The wild-type 

photosynthesis uses the reducing power (NADPH) and energy (ATP) from the pho-

tosynthetic water splitting and proton gradient-coupled electron transport process 

through the algal thylakoid membrane system to reduce CO 
2
  into carbohydrates 

(CH 
2
 O) 

n
  such as starch with a series of enzymes collectively called the “Calvin 

cycle” at the stroma region in an algal or green-plant chloroplast. The net result of 

the wild-type photosynthetic process is the conversion of CO 
2
  and H 

2
 O into carbo-

hydrates (CH 
2
 O) 

n
  and O 

2
  using sunlight energy according to the following process 

reaction:

     
+ → +

2 2 2 2
nCO nH O (CH O)n nO

 
  (1)   

 The carbohydrates (CH 
2
 O)n are then further converted to all kinds of compli-

cated cellular (biomass) materials including proteins, lipids, and cellulose and other 

cell-wall materials during cell metabolism and growth. 

 In certain alga such as  C. reinhardtii , some of the organic reserves such as starch 

could be slowly metabolized to ethanol (but not to butanol) through a secondary 

fermentative metabolic pathway. The algal fermentative metabolic pathway is simi-

lar to the yeast-fermentation process, by which starch is breakdown to    smaller sug-

ars such as glucose that is, in turn, transformed into pyruvate by a glycolysis process. 

Pyruvate may then be converted to formate, acetate, and ethanol by a number of 

additional metabolic steps  [  1  ] . The ef fi ciency of this secondary metabolic process is 

quite limited, probably because it could use only a small fraction of the limited 

organic reserve such as starch in an algal cell. Furthermore, the native algal second-

ary metabolic process could not produce any butanol. As mentioned earlier, butanol 

(and/or related higher alcohols) has many superior physical properties to serve as a 

replacement for gasoline as a fuel. Therefore, a new photobiological butanol (and/

or related higher alcohols)-producing mechanism with a high solar-to-biofuel 

energy ef fi ciency is needed. 
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 This chapter presents an invention on designer photosynthetic organisms, which 

are capable of directly synthesizing butanol and/or related higher alcohols from CO 
2
  

and H 
2
 O using sunlight. The photobiological butanol-production system provided 

by the present invention could bypass all the bottleneck problems of the biomass 

technology mentioned earlier. The photobiological butanol-production technology 

is expected to have a much higher solar-to-butanol energy-conversion ef fi ciency 

than the current technology. 

 Furthermore, the designer alga approach enables the use of seawater and/or 

groundwater for photobiological production of biofuels without requiring freshwa-

ter or agricultural soil, since the biofuel-producing function can be placed through 

molecular genetics into certain marine algae and/or cyanobacteria that can use sea-

water and/or certain groundwater. They could be used also in a sealed photobioreac-

tor that could be operated on a desert for production of butanol with highly ef fi cient 

use of water since there will be little or no water loss by evaporation and/or transpi-

ration that a common crop system would suffer. That is, this invention could provide 

a new generation of renewable energy (butanol and related higher alcohols) produc-

tion technology without requiring arable land or freshwater resources, which may 

be strategically important to the sustainability for the world.  

    2   Designer Photosynthetic Organisms for Photobiological 

Production of Butanol and Related Higher Alcohols 

 The present invention  [  2,   3  ]  is directed to a photobiological butanol and related high 

alcohols production technology based on designer photosynthetic organisms such 

as designer transgenic plants (e.g., algae and oxyphotobacteria) or plant cells. In 

this context throughout this speci fi cation, a “higher alcohol” or “related higher alco-

hol” refers to an alcohol that comprises at least four carbon atoms, which includes 

both straight and branched alcohols such as 1-butanol and 2-methyl-1-butanol. The 

Calvin-cycle-channeled and photosynthetic-NADPH-enhanced pathways are con-

structed with designer enzymes expressed through use of designer genes in host 

photosynthetic organisms such as algae and oxyphotobacteria (including cyanobac-

teria and oxychlorobacteria) organisms for photobiological production of butanol 

and related higher alcohols. The said butanol and related higher alcohols are selected 

from the group consisting of: 1-butanol, 2-methyl-1-butanol, isobutanol, 3-methyl-

1-butanol, 1-hexanol, 1-octanol, 1-pentanol, 1-heptanol, 3-methyl-1-pentanol, 

4-methyl-1-hexanol, 5-methyl-1-heptanol, 4-methyl-1-pentanol, 5-methyl-1-

hexanol, and 6-methyl-1-heptanol. The designer plants and plant cells are created 

using genetic engineering techniques such that the endogenous photosynthesis reg-

ulation mechanism is tamed, and the reducing power (NADPH) and energy (ATP) 

acquired from the photosynthetic water splitting and proton gradient-coupled elec-

tron transport process can be used for immediate synthesis of higher alcohols, such 

as 1-butanol (CH 
3
 CH 

2
 CH 

2
 CH 

2
 OH) and 2-methyl-1-butanol (CH 

3
 CH 

2
 CH(CH 

3
 )
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CH 
2
 OH), from carbon dioxide (CO 

2
 ) and water (H 

2
 O) according to the following 

generalized process reaction (where  m ,  n ,  x,  and  y  are its molar coef fi cients) in 

accordance with    the present invention:

     
+ → +

2 2 2
(CO ) (H O) (higher alcohols) (O )m n x y

 
  (2)   

 The photobiological higher alcohols production methods of the present invention 

completely eliminate the problem of recalcitrant lignocellulosics by bypassing the 

bottleneck problem of the biomass technology. As shown in Fig.  1 , for example, the 

photosynthetic process in a designer organism effectively uses the reducing power 

(NADPH) and energy (ATP) from the photosynthetic water splitting and proton 

gradient-coupled electron transport process for immediate synthesis of butanol 

(CH 
3
 CH 

2
 CH 

2
 CH 

2
 OH) directly from carbon dioxide (CO 

2
 ) and water (H 

2
 O) without 

being drained into the other pathways for synthesis of the undesirable lignocellu-

losic materials that are very hard and often inef fi cient for the biore fi nery industry to 

use. This approach is also different from the existing “cornstarch butanol produc-

tion” process. In accordance with this invention, butanol can be produced directly 

from carbon dioxide (CO 
2
 ) and water (H 

2
 O) without having to go through many of 

the energy consuming steps that the cornstarch butanol-production process has to go 

through, including corn crop cultivation, corn-grain harvesting, corn-grain corn-

starch processing, and starch-to-sugar-to-butanol fermentation. As a result, the pho-

tosynthetic butanol-production technology of the present invention is expected to 

have a much (more than ten times) higher solar-to-butanol energy-conversion 

ef fi ciency than the current technology. Assuming a 10% solar energy conversion 

ef fi ciency for the envisioned photosynthetic butanol production process, the maxi-

mal theoretical productivity (yield) could be about 72,700 kg of butanol per acre per 

year, which could support about 70 cars (per year per acre). Therefore, this inven-

tion could bring a signi fi cant capability to the society in helping to ensure energy 

security. The present invention could also help protect the Earth’s environment from 

the dangerous accumulation of CO 
2
  in the atmosphere, because the present methods 

convert CO 
2
  directly into clean advanced biofuels (e.g., butanol) energy.  

 A fundamental feature of the present methodology is utilizing a plant (e.g., an 

alga or oxyphotobacterium) or plant cells, introducing into the plant or plant cells 

nucleic acid molecules encoding for a set of enzymes that can act on an intermediate 

product of the Calvin cycle and convert the intermediate product into butanol as 

illustrated in Fig.  1 , instead of making starch and other complicated cellular (bio-

mass) materials as the end products by the wild-type photosynthetic pathways. 

Accordingly, the present invention provides,  inter alia , methods for producing 

butanol and/or related higher alcohols based on a designer plant (such as a designer 

alga and a designer oxyphotobacterium), designer plant tissue, or designer plant 

cells, DNA constructs encoding genes of a designer butanol- and/or related higher 

alcohols-production pathway(s), as well as the designer algae, designer oxyphoto-

bacteria (including designer cyanobacteria), designer plants, designer plant tissues, 

and designer plant cells created. The various aspects of the present invention are 

described in further detail hereinbelow. 



452 J.W. Lee

  F
ig

. 
1
  

  P
re

se
n
ts

 d
es

ig
n
er

 b
u
ta

n
o
l-

p
ro

d
u
ct

io
n
 p

at
h
w

ay
s 

b
ra

n
ch

ed
 f

ro
m

 t
h
e 

C
al

v
in

 c
y
cl

e 
u
si

n
g
 t

h
e 

re
d
u
ci

n
g
 p

o
w

er
 (

N
A

D
P

H
) 

an
d
 e

n
er

g
y
 (

A
T

P
) 

fr
o
m

 t
h
e 

p
h
o
to

-

sy
n
th

et
ic

 w
at

er
 s

p
li

tt
in

g
 a

n
d
 p

ro
to

n
 g

ra
d
ie

n
t-

co
u
p
le

d
 e

le
ct

ro
n
 t

ra
n
sp

o
rt

 p
ro

ce
ss

 t
o
 r

ed
u
ce

 c
ar

b
o
n
 d

io
x
id

e 
(C

O
 2
 ) 

in
to

 b
u
ta

n
o
l 

C
H

 3
 C

H
 2
 C

H
 2
 C

H
 2
 O

H
 w

it
h
 a

 s
er

ie
s 

o
f 

en
zy

m
at

ic
 r

ea
ct

io
n
s       

 



45322 Synthetic Biology for Photobiological Production of Butanol…

    2.1   Host Photosynthetic Organisms 

 According to the present invention, a designer organism or cell for the photosyn-

thetic butanol and/or related higher alcohols production of the invention can be 

created utilizing as host, any plant (including alga and oxyphotobacterium), plant 

tissue, or plant cells that have a photosynthetic capability, i.e., an active photosyn-

thetic apparatus and enzymatic pathway that captures light energy through photo-

synthesis, using this energy to convert inorganic substances into organic matter. 

Preferably, the host organism should have an adequate photosynthetic CO 
2
   fi xation 

rate, for example, to support photosynthetic butanol (and/or related higher alcohols) 

production from CO 
2
  and H 

2
 O at least about 1,450 kg butanol per acre per year, 

more preferably, 7,270 kg butanol per acre per year, or even more preferably, 

72,700 kg butanol per acre per year. 

 In a preferred embodiment, an aquatic plant is utilized to create a designer plant. 

Aquatic plants, also called hydrophytic plants, are plants that live in or on aquatic 

environments, such as in water (including on or under the water surface) or perma-

nently saturated soil. As used herein, aquatic plants include, for example, algae, 

blue-green algae (cyanobacteria and oxychlorobacteria), submersed aquatic herbs 

( Hydrilla verticillata ,  Elodea densa ,  Hippuris vulgaris ,  Aponogeton boivinianus,  

 Aponogeton rigidifolius ,  Aponogeton longiplumulosus ,  Didiplis diandra ,  Vesicularia 

dubyana ,  Hygrophilia augustifolia ,  Micranthemum umbrosum ,  Eichhornia azurea , 

 Saururus cernuus ,  Cryptocoryne lingua ,  Hydrotriche hottonii fl ora,   Eustralis stel-

lata ,  Vallisneria rubra ,  Hygrophila salicifolia ,  Cyperus helferi ,  Cryptocoryne 

petchii ,  Vallisneria americana ,  Vallisneria torta ,  H. hottonii fl ora ,  Crassula helmsii , 

 Limnophila sessili fl ora ,  Potamogeton perfoliatus ,  Rotala wallichii ,  Cryptocoryne 

becketii ,  Blyxa aubertii ,  Hygrophila difformmis ), duckweeds ( Spirodela polyrrhiza , 

 Wolf fi a globosa ,  Lemna trisulca ,  Lemna gibba ,  Lemna minor ,  Landoltia punctata ), 

water cabbage ( Pistia stratiotes ), buttercups ( Ranunculus ), water caltrop ( Trapa 

natans  and  Trapa bicornis ), water lily ( Nymphaea lotus ,  Nymphaeaceae  and 

 Nelumbonaceae ), water hyacinth ( Eichhornia crassipes ),  Bolbitis heudelotii , 

 Cabomba  sp., seagrasses ( Heteranthera zosterifolia ,  Posidoniaceae ,  Zosteraceae , 

 Hydrocharitaceae , and  Cymodoceaceae ). Butanol (and/or related higher alcohols) 

produced from an aquatic plant can diffuse into water, permitting normal growth of 

the plants and more robust production of butanol from the plants. Liquid cultures of 

aquatic plant tissues (including, but not limited to, multicellular algae) or cells 

(including, but not limited to, unicellular algae) are also highly preferred for use, 

since the butanol (and/or related higher alcohols) molecules produced from a 

designer butanol (and/or related higher alcohols) production pathway(s) can readily 

diffuse out of the cells or tissues into the liquid water medium, which can serve as a 

large pool to store the product butanol (and/or related higher alcohols) that can be 

subsequently harvested by  fi ltration and/or distillation/evaporation techniques. 

 Although aquatic plants or cells are preferred host organisms for use in the meth-

ods of the present invention, tissue and cells of nonaquatic plants, which are photo-

synthetic and can be cultured in a liquid culture medium, can also be used to create 
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designer tissue or cells for photosynthetic butanol (and/or related higher alcohols) 

production. For example, the following tissue or cells of nonaquatic plants can also 

be selected for use as a host organism in this invention: the photoautotrophic shoot 

tissue culture of wood apple tree  Feronia limonia , the chlorophyllous callus-cultures 

of corn plant  Zea mays , the green root cultures of Asteraceae and Solanaceae spe-

cies, the tissue culture of sugarcane stalk parenchyma, the tissue culture of bryo-

phyte  Physcomitrella patens , the photosynthetic cell suspension cultures of soybean 

plant ( Glycine max ), the photoautotrophic and photomixotrophic culture of green 

Tobacco ( Nico fi ana tabacum  L.) cells, the cell suspension culture of  Gisekia pharna-

ceoides  (a C 
4
  plant), the photosynthetic suspension cultured lines of  Amaranthus pow-

ellii  Wats.,  Datura innoxia  Mill.,  Gossypium hirsutum  L., and  N. tabacum  ×  Nicotiana 

glutinosa  L. fusion hybrid. 

 By “liquid medium” is meant liquid water plus relatively small amounts of inor-

ganic nutrients (e.g., N, P, K, etc., commonly in their salt forms) for photoautotrophic 

cultures; and sometimes also including certain organic substrates (e.g., sucrose, glu-

cose, or acetate) for photomixotrophic and/or photoheterotrophic cultures. 

 In an especially preferred embodiment, the plant utilized in the butanol (and/or 

related higher alcohols) production method of the present invention is an alga or a 

blue-green alga. The use of algae and/or blue-green algae has several advantages. 

They can be grown in an open pond at large amounts and low costs. Harvest and 

puri fi cation of butanol (and/or related higher alcohols) from the water phase is also 

easily accomplished by distillation/evaporation or membrane separation. 

 Algae suitable for use in the present invention include both unicellular algae and 

multiunicellular algae. Multicellular algae that can be selected for use in this inven-

tion include, but are not limited to, seaweeds such as  Ulva latissima  (sea lettuce), 

 Ascophyllum nodosum ,  Codium fragile ,  Fucus vesiculosus ,  Eucheuma denticula-

tum ,  Gracilaria gracilis ,  Hydrodictyon reticulatum ,  Laminaria japonica ,  Undaria 

pinnti fi da ,  Saccharina japonica ,  Porphyra yezoensis , and  Porphyra tenera . Suitable 

algae can also be chosen from the following divisions of algae: green algae 

(Chlorophyta), red algae (Rhodophyta), brown algae (Phaeophyta), diatoms 

(Bacillariophyta), and blue-green algae (Oxyphotobacteria including Cyanophyta 

and Prochlorophytes). Suitable orders of green algae include Ulvales, Ulotrichales, 

Volvocales, Chlorellales, Schizogoniales, Oedogoniales, Zygnematales, 

Cladophorales, Siphonales, and Dasycladales. Suitable genera of Rhodophyta are 

Porphyra, Chondrus, Cyanidioschyzon, Porphyridium, Gracilaria, Kappaphycus, 

Gelidium, and Agardhiella. Suitable genera of Phaeophyta are Laminaria, Undaria, 

Macrocystis, Sargassum, and Dictyosiphon. Suitable genera of Cyanophyta (also 

known as Cyanobacteria) include (but not limited to) Phoridium, Synechocystis, 

Syncechococcus, Oscillatoria, and Anabaena. Suitable genera of Prochlorophytes 

(also known as oxychlorobacteria) include (but not limited to) Prochloron, 

Prochlorothrix, and Prochlorococcus. Suitable genera of Bacillariophyta are 

Cyclotella, Cylindrotheca, Navicula, Thalassiosira, and Phaeodactylum. Preferred 

species of algae for use in the present invention include:  C. reinhardtii ,  P. subcordi-

formis ,  C. fusca ,  Chlorella sorokiniana ,  Chlorella vulgaris , “ Chlorella ”  ellipsoidea , 

 Chlorella  spp.,  D. salina ,  Dunaliella viridis ,  Dunaliella bardowil ,  Haematococcus 
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pluvialis ;  Parachlorella kessleri ,  Betaphycus gelatinum ,  Chondrus crispus , 

 Cyanidioschyzon merolae ,  Cyanidium caldarium ,  Galdieria sulphuraria ,  Gelidiella 

acerosa ,  Gracilaria changii ,  Kappaphycus alvarezii ,  Porphyra miniata ,  Ostreococcus 

tauri ,  P. yezoensis ,  Porphyridium  sp.,  Palmaria palmata ,  Gracilaria  spp.,  Isochrysis 

galbana ,  Kappaphycus  spp.,  L. japonica ,  Laminaria  spp.,  Monostroma  spp., 

 Nannochloropsis oculata ,  Porphyra  spp.,  Porphyridium  spp.,  Undaria pinnati fi da , 

 Ulva lactuca ,  Ulva  spp.,  Undaria  spp.,  Phaeodactylum tricornutum ,  Navicula sap-

rophila ,  Crypthecodinium cohnii ,  Cylindrotheca fusiformis ,  Cyclotella cryptica , 

 Euglena gracilis ,  Amphidinium  sp.,  Symbiodinium microadriaticum ,  Macrocystis 

pyrifera ,  A. braunii , and  S. obliquus . 

 Preferred species of blue-green algae (oxyphotobacteria including cyanobacteria 

and oxychlorobacteria) for use in the present invention include:  Thermosynechococcus 

elongatus  BP-1,  Nostoc  sp. PCC 7120,  Synechococcus elongatus  PCC 6301, 

 Syncechococcus  sp. strain PCC 7942,  Syncechococcus  sp. strain PCC 7002, 

 Syncechocystis  sp. strain PCC 6803,  Prochlorococcus marinus  MED4,  P. marinus  

MIT 9313,  P. marinus  NATL1A,  Prochlorococcus  SS120,  Spirulina platensis  

 (Arthrospira platensis) ,  Spirulina paci fi ca ,  Lyngbya majuscule ,  Anabaena  sp., 

 Synechocystis  sp.,  Synechococcus elongates ,  Synechococcus (MC-A) ,  Trichodesmium  

sp.,  Richelia intracellularis ,  Synechococcus  WH7803,  Synechococcus  WH8102, 

 Nostoc punctiforme ,  Syncechococcus  sp. strain PCC 7943,  Synechocyitis  PCC 6714 

phycocyanin-de fi cient mutant PD-1,  Cyanothece  strain 51142,  Cyanothece  sp. 

CCY0110,  Oscillatoria limosa ,  Lyngbya majuscula ,  Symploca muscorum ,  Gloeobacter 

violaceus ,  Prochloron didemni ,  Prochlorothrix hollandica ,  Synechococcus (MC-A) , 

 Trichodesmium  sp.,  R. intracellularis ,  P. marinus ,  Prochlorococcus  SS120, 

 Synechococcus  WH8102,  L. majuscula ,  S. muscorum ,  Synechococcus bigranulatus , 

cryophilic  Oscillatoria  sp.,  Phormidium  sp.,  Nostoc  sp. -1 ,  Calothrix parietina , ther-

mophilic  S. bigranulatus ,  Synechococcus lividus , thermophilic  Mastigocladus 

laminosus ,  Chlorogloeopsis fritschii  PCC 6912,  Synechococcus vulcanus , 

 Synechococcus  sp. strain MA4,  Synechococcus  sp. strain MA19, and  T. elongatus . 

 Proper selection of host photosynthetic organisms for their genetic backgrounds 

and certain special features is also bene fi cial. For example, a photosynthetic-

butanol-producing designer alga created from cryophilic algae (psychrophiles) that 

can grow in snow and ice, and/or from cold-tolerant host strains such as 

 Chlamydomonas  cold strain CCMG1619, which has been characterized as capable 

of performing photosynthetic water splitting as cold as 4°C  [  4  ] , permits photobio-

logical butanol production even in cold seasons or regions such as Canada. 

Meanwhile, a designer alga created from a thermophilic/thermotolerant photosyn-

thetic organism such as thermophilic algae  C. caldarium  and  G. sulphuraria  and/or 

thermophilic cyanobacteria (blue-green algae) such as  T. elongatus  BP-1 and 

 S. bigranulatus  may permit the practice of this invention to be well extended into 

the hot seasons or areas such as Mexico and the Southwestern region of the United 

States including Nevada, California, Arizona, New Mexico, and Texas, where the 

weather can often be hot. Furthermore, a photosynthetic-butanol-producing designer 

alga created from a marine alga, such as  P. subcordiformis , permits the practice of 

this invention using seawater, while the designer alga created from a freshwater 
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alga such as  C. reinhardtii  can use freshwater. Additional optional features of a 

photosynthetic butanol (and/or related higher alcohols) producing designer alga 

include the bene fi ts of reduced chlorophyll antenna size, which has been demon-

strated to provide higher photosynthetic productivity  [  5  ]  and butanol tolerance (and/

or related higher alcohol tolerance) that allows for more robust and ef fi cient photo-

synthetic production of butanol (and/or related higher alcohols) from CO 
2
  and H 

2
 O. 

By use of a phycocyanin-de fi cient mutant of  Synechocystis  PCC 6714, it has been 

experimentally demonstrated that photoinhibition can be reduced also by reducing 

the content of light-harvesting pigments  [  6  ] . These optional features can be incor-

porated into a designer alga, for example, by use of a butanol-tolerant and/or chlo-

rophyll antenna-de fi cient mutant (e.g.,  C. reinhardtii  strain DS521) as a host 

organism, for genetic transformation with the designer butanol-production-pathway 

genes. Therefore, in one of the various embodiments, a host alga is selected from 

the group consisting of green algae, red algae, brown algae, blue-green algae (oxy-

photobacteria including cyanobacteria and prochlorophytes), diatoms, marine algae, 

freshwater algae, unicellular algae, multicellular algae, seaweeds, cold-tolerant 

algal strains, heat-tolerant algal strains, light-harvesting-antenna-pigment-de fi cient 

mutants, butanol-tolerant algal strains, higher alcohols-tolerant algal strains, and 

combinations thereof.  

    2.2   Creating a Designer Butanol-Production Pathway in a Host 

    2.2.1   Selecting Appropriate Designer Enzymes 

 One of the key features in the present invention is the creation of a designer butanol-

production pathway to tame and work with the natural photosynthetic mechanisms 

to achieve the desirable synthesis of butanol directly from CO 
2
  and H 

2
 O. The natural 

photosynthetic mechanisms include (1) the process of photosynthetic water split-

ting and proton gradient-coupled electron transport through the thylakoid mem-

brane, which produces the reducing power (NADPH) and energy (ATP), and (2) the 

Calvin cycle, which reduces CO 
2
  by consumption of the reducing power (NADPH) 

and energy (ATP). 

 In accordance with the present invention, a series of enzymes are used to create 

a designer butanol-production pathway that takes an intermediate product of the 

Calvin cycle and converts the intermediate product into butanol as illustrated in 

Fig.  1 . A “designer butanol-production-pathway enzyme” is hereby de fi ned as an 

enzyme that serves as a catalyst for at least one of the steps in a designer butanol-

production pathway. According to the present invention, a number of intermediate 

products of the Calvin cycle can be utilized to create designer butanol-production 

pathway(s), and the enzymes required for a designer butanol-production pathway 

are selected depending upon from which intermediate product of the Calvin cycle 

the designer butanol-production pathway branches off from the Calvin cycle. 
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 In one example, a designer pathway is created that takes glyceraldehyde-3-phosphate    

and converts it into butanol by using, for example, a set of enzymes consisting of, as 

shown with the numerical labels  01 - 12  in Fig.  1 , glyceraldehyde-3-phosphate dehy-

drogenase  01 , phosphoglycerate kinase  02 , phosphoglycerate mutase  03 , enolase 

 04 , pyruvate kinase  05 , pyruvate-ferredoxin oxidoreductase  06 , thiolase  07 , 

3-hydroxybutyryl-CoA dehydrogenase  08 , crotonase  09 , butyryl-CoA dehydroge-

nase  10 , butyraldehyde dehydrogenase  11 , and butanol dehydrogenase  12 . In this 

glyceraldehyde-3-phosphate-branched designer pathway, for conversion of two 

molecules of glyceraldehyde-3-phosphate to butanol, two NADH molecules are 

generated from NAD +  at the step from glyceraldehyde-3-phosphate to 1,3-diphos-

phoglycerate catalyzed by glyceraldehyde-3-phosphate dehydrogenase  01 ; mean-

while two molecules of NADH are converted to NAD + : one at the step catalyzed by 

3-hydroxybutyryl-CoA dehydrogenase  08  in reducing acetoacetyl-CoA to 

3-hydroxybutyryl-CoA and another at the step catalyzed by butyryl-CoA dehydro-

genase  10  in reducing crotonyl-CoA to butyryl-CoA. Consequently, in this glycer-

aldehyde-3-phosphate-branched designer pathway ( 01 - 12 ), the number of NADH 

molecules consumed is balanced with the number of NADH molecules generated. 

Furthermore, both the pathway step catalyzed by butyraldehyde dehydrogenase  11  

(in reducing butyryl-CoA to butyraldehyde) and the terminal step catalyzed by 

butanol dehydrogenase  12  (in reducing butyraldehyde to butanol) can use NADPH, 

which can be regenerated by the photosynthetic water splitting and proton gradient-

coupled electron transport process. Therefore, this glyceraldehyde-3-phosphate-

branched designer butanol-production pathway can operate continuously. 

 In another example, a designer pathway is created that takes the intermediate 

product, 3-phosphoglycerate, and converts it into butanol by using, for example, a 

set of enzymes consisting of (as shown with the numerical labels  03 - 12  in Fig.  1 ) 

phosphoglycerate mutase  03 , enolase  04 , pyruvate kinase  05 , pyruvate-ferredoxin 

oxidoreductase  06 , thiolase  07 , 3-hydroxybutyryl-CoA dehydrogenase  08 , croto-

nase  09 , butyryl-CoA dehydrogenase  10 , butyraldehyde dehydrogenase  11 , and 

butanol dehydrogenase  12 . It is worthwhile to note that the last ten enzymes ( 03 - 12 ) 

of the glyceraldehyde-3-phosphate-branched designer butanol-producing pathway 

( 01 - 12 ) are identical with those utilized in the 3-phosphoglycerate-branched 

designer pathway ( 03 - 12 ). In other words, the designer enzymes ( 01 - 12 ) of the glyc-

eraldehyde-3-phosphate-branched pathway permit butanol production from both the 

point of 3-phosphoglycerate and the point glyceraldehyde-3-phosphate in the Calvin 

cycle. These two pathways, however, have different characteristics. Unlike the glyc-

eraldehyde-3-phosphate-branched butanol-production pathway, the 3-phosphoglyc-

erate-branched pathway which consists of the activities of only ten enzymes ( 03 - 12 ) 

could not itself generate any NADH that is required for use at two places: one at the 

step catalyzed by 3-hydroxybutyryl-CoA dehydrogenase  08  in reducing acetoacetyl-

CoA to 3-hydroxybutyryl-CoA, and another at the step catalyzed by butyryl-CoA 

dehydrogenase  10  in reducing crotonyl-CoA to butyryl-CoA. That is, if (or when) a 

3-hydroxybutyryl-CoA dehydrogenase and/or a butyryl-CoA dehydrogenase that can 

use strictly only NADH but not NADPH is employed, it would require a supply of 

NADH for the 3-phosphoglycerate-branched pathway ( 03 - 12 ) to operate. 
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Consequently, in order for the 3-phosphoglycerate-branched butanol- production 

pathway to operate, it is important to use a 3-hydroxybutyryl-CoA dehydrogenase 

 08  and a butyryl-CoA dehydrogenase  10  that can use NADPH which can be sup-

plied by the photo-driven electron transport process. Therefore, it is a preferred 

practice to use a 3-hydroxybutyryl-CoA dehydrogenase and a butyryl-CoA dehy-

drogenase that can use NADPH or both NADPH and NADH (i.e., NAD(P)H) for 

this 3-phosphoglycerate-branched designer butanol-production pathway ( 03 - 12  in 

Fig.  1 ). Alternatively, when a 3-hydroxybutyryl-CoA dehydrogenase and a butyryl-

CoA dehydrogenase that can use only NADH are employed, it is preferably here to 

use an additional embodiment that can confer an NADPH/NADH conversion mech-

anism (to supply NADH by converting NADPH to NADH, see more detail later in 

the text) in the designer organism to facilitate photosynthetic production of butanol 

through the 3-phosphoglycerate-branched designer pathway. 

 In still another example, a designer pathway is created that takes fructose-1,6-

diphosphate and converts it into butanol by using, as shown with the numerical 

labels  20 - 33  in Fig.  1 , a set of enzymes consisting of aldolase  20 , triose phosphate 

isomerase  21 , glyceraldehyde-3-phosphate dehydrogenase  22 , phosphoglycerate 

kinase  23 , phosphoglycerate mutase  24 , enolase  25 , pyruvate kinase  26 , pyruvate-

NADP +  oxidoreductase (or pyruvate-ferredoxin oxidoreductase)  27 , thiolase  28 , 

3-hydroxybutyryl-CoA dehydrogenase  29 , crotonase  30 , butyryl-CoA dehydroge-

nase  31 , butyraldehyde dehydrogenase  32 , and butanol dehydrogenase  33 , with 

aldolase  20  and triose phosphate isomerase  21  being the only two additional 

enzymes relative to the glyceraldehyde-3-phosphate-branched designer pathway. 

The use of a pyruvate-NADP +  oxidoreductase  27  (instead of pyruvate-ferredoxin 

oxidoreductase) in catalyzing the conversion of a pyruvate molecule to acetyl-CoA 

enables production of an NADPH, which can be used in some other steps of the 

butanol-production pathway. The addition of yet one more enzyme in the designer 

organism, phosphofructose kinase  19 , permits the creation of another designer path-

way which branches off from the point of fructose-6-phosphate of the Calvin cycle 

for the production of butanol. Like the glyceraldehyde-3-phosphate-branched 

butanol-production pathway, both the fructose-1,6-diphosphate-branched pathway 

( 20 - 33 ) and the fructose-6-phosphate-branched pathway ( 19 - 33 ) can themselves 

generate NADH for use in the pathway at the step catalyzed by 3-hydroxybutyryl-

CoA dehydrogenase  29  to reduce acetoacetyl-CoA to 3-hydroxybutyryl-CoA and at 

the step catalyzed by butyryl-CoA dehydrogenase  31  to reduce crotonyl-CoA to 

butyryl-CoA. In each of these designer butanol-production pathways, the numbers 

of NADH molecules consumed are balanced with the numbers of NADH molecules 

generated; and both the butyraldehyde dehydrogenase  32  (catalyzing the step in 

reducing butyryl-CoA to butyraldehyde) and the butanol dehydrogenase  33  (cata-

lyzing the terminal step in reducing butyraldehyde to butanol) can all use NADPH, 

which can be regenerated by the photosynthetic water splitting and proton gradient-

coupled electron transport process. Therefore, these designer butanol-production 

pathways can operate continuously. 

 Table  1  lists examples of the enzymes including those identi fi ed earlier for con-

struction of the designer butanol-production pathways. Throughout this speci fi cation, 
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when reference is made to an enzyme, such as, for example, any of the enzymes 

listed in Table  1 , it includes their isozymes, functional analogs, and designer 

modi fi ed enzymes and combinations thereof. These enzymes can be selected for use 

in construction of the designer butanol-production pathways (such as those illus-

trated in Fig.  1 ). The “isozymes or functional analogs” refer to certain enzymes that 

have the same catalytic function but may or may not have exactly the same protein 

structures. The most essential feature of an enzyme is its active site that catalyzes 

the enzymatic reaction. Therefore, certain enzyme-protein fragment(s) or subunit(s) 

that contains such an active catalytic site may also be selected for use in this inven-

tion. For various reasons, some of the natural enzymes contain not only the essential 

catalytic structure but also other structure components that may or may not be desir-

able for a given application. With techniques of bioinformatics-assisted molecular 

designing, it is possible to select the essential catalytic structure(s) for use in con-

struction of a designer DNA construct encoding a desirable designer enzyme. 

Therefore, in one of the various embodiments, a designer enzyme gene is created by 

arti fi cial synthesis of a DNA construct according to bioinformatics-assisted molecu-

lar sequence design. With the computer-assisted synthetic biology approach, any 

DNA sequence (thus its protein structure) of a designer enzyme may be selectively 

modi fi ed to achieve more desirable results by design. Therefore, the terms “designer 

modi fi ed sequences” and “designer modi fi ed enzymes” are hereby de fi ned as the 

DNA sequences and the enzyme proteins that are modi fi ed with bioinformatics-

assisted molecular design. For example, when a DNA construct for a designer chlo-

roplast-targeted enzyme is designed from the sequence of a mitochondrial enzyme, 

it is a preferred practice to modify some of the protein structures, for example, by 

selectively cutting out certain structure component(s) such as its mitochondrial tran-

sit-peptide sequence that is not suitable for the given application and/or by adding 

certain peptide structures such as an exogenous chloroplast transit-peptide sequence 

(e.g., a 135-bp Rubisco small-subunit transit peptide (RbcS2)) that is needed to 

confer the ability in the chloroplast-targeted insertion of the designer protein. 

Therefore, one of the various embodiments  fl exibly employs the enzymes, their 

isozymes, functional analogs, designer modi fi ed enzymes, and/or the combinations 

thereof in construction of the designer butanol-production pathway(s).  

 As shown in Table  1 , many genes of the enzymes identi fi ed before have been 

cloned and/or sequenced from various organisms. Both genomic DNA and/or mRNA 

sequence data can be used in designing and synthesizing the designer DNA con-

structs for transformation of a host alga, oxyphotobacterium, plant, plant tissue or 

cells to create a designer organism for photobiological butanol production (Fig.  1 ). 

However, because of possible variations often associated with various source organ-

isms and cellular compartments with respect to a speci fi c host organism and its chlo-

roplast/thylakoid environment where the butanol-production pathway(s) is designed 

to work with the Calvin cycle, certain molecular engineering art work in DNA con-

struct design including codon-usage optimization and sequence modi fi cation is often 

necessary for a designer DNA construct (Fig.  2 ) to work well. For example, in creat-

ing a butanol-producing designer eukaryotic alga, if the source sequences are from 

cytosolic enzymes (sequences), a functional chloroplast-targeting sequence may be 
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added to provide the capability for a designer unclear gene-encoded enzyme to insert 

into a host chloroplast to confer its function for a designer butanol-production path-

way. Furthermore, to provide the switchability for a designer butanol-production 

pathway, it is also important to include a functional inducible promoter sequence 

such as the promoter of a hydrogenase (Hyd1) or nitrate reductase (Nia1) gene, or 

nitrite reductase (nirA) gene in certain designer DNA construct(s) as illustrated in 

Fig.  2a  to control the expression of designer gene(s). In addition, as mentioned 

  Fig. 2    ( a ) Presents a DNA construct for designer butanol-production-pathway gene(s). ( b ) Presents 

a DNA construct for NADPH/NADH-conversion designer gene for NADPH/NADH inter-conver-

sion. ( c ) Presents a DNA construct for a designer iRNA starch/glycogen-synthesis inhibitor(s) 

gene. ( d ) Presents a DNA construct for a designer starch-degradation-glycolysis gene(s). 

( e ) Presents a DNA construct of a designer butanol-production-pathway gene(s) for cytosolic 

expression. ( f ) Presents a DNA construct of a designer butanol-production-pathway gene(s) with 

two recombination sites for integrative genetic transformation in oxyphotobacteria. ( g ) Presents a 

DNA construct of a designer biosafety-control gene(s). ( h ) Presents a DNA construct of a designer 

proton-channel gene(s)       
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before, certain functional derivatives or fragments of these enzymes (sequences), 

chloroplast-targeting transit peptide sequences, and inducible promoter sequences 

can also be selected for use in full, in part, or in combinations thereof to create the 

designer organisms according to various embodiments of this invention. The arts in 

creating and using the designer organisms are further described hereinbelow.   

    2.2.2   Targeting the Designer Enzymes to the Stroma 

Region of Chloroplasts 

 Some of the designer enzymes discussed earlier, such as pyruvate-ferredoxin oxi-

doreductase, thiolase, 3-hydroxybutyryl-CoA dehydrogenase, crotonase, butyryl-

CoA dehydrogenase, butyraldehyde dehydrogenase, and butanol dehydrogenase, are 

known to function in certain special bacteria such as  Clostridium ; but wild-type 

plant chloroplasts generally do not possess these enzymes to function with the Calvin 

cycle. Therefore, in one of the various embodiments in creating a butanol-producing 

eukaryotic designer organism, designer nucleic acids encoding for these enzymes 

are expressed in the chloroplast(s) of a host cell. This can be accomplished by deliv-

ery of designer butanol-production-pathway gene(s) into the chloroplast genome of 

the eukaryotic host cell typically using a gene gun. In certain extent, the molecular 

genetics of chloroplasts are similar to that of cyanobacteria. After being delivered 

into the chloroplast, a designer DNA construct that contains a pair of proper recom-

bination sites as illustrated in Fig.  2f  can be incorporated into the chloroplast genome 

through a natural process of homologous DNA double recombination. 

 In another embodiment, nucleic acids encoding for these enzymes are geneti-

cally engineered such that the enzymes expressed are inserted into the chloroplasts 

to operate with the Calvin cycle there. Depending on the genetic background of a 

particular host organism, some of the designer enzymes discussed earlier such as 

phosphoglycerate mutase and enolase may exist at some background levels in its 

native form in a wild-type chloroplast. For various reasons including often the lack 

of their controllability, however, some of the chloroplast background enzymes may 

or may not be suf fi cient to serve as a signi fi cant part of the designer butanol-produc-

tion pathway(s). Furthermore, a number of useful inducible promoters happen to 

function in the nuclear genome. For example, both the hydrogenase (Hyd1) pro-

moter and the nitrate reductase (Nia1) promoter that can be used to control the 

expression of the designer butanol-production pathways are located in the nuclear 

genome of  C. reinhardtii , of which the genome has recently been sequenced. 

Therefore, in one of the various embodiments, it is preferred to use nuclear-genome-

encodable designer genes to confer a switchable butanol-production pathway. 

Consequently, nucleic acids encoding for these enzymes also need to be genetically 

engineered with proper sequence modi fi cation such that the enzymes are controlla-

bly expressed and are inserted into the chloroplasts to create a designer butanol-

production pathway. 

 According to one of the various embodiments, it is best to express the designer 

butanol-producing-pathway enzymes only into chloroplasts (at the stroma region), 
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exactly where the action of the enzymes is needed to enable photosynthetic 

production of butanol. If expressed without a chloroplast-targeted insertion mecha-

nism, the enzymes would just stay in the cytosol and not be able to directly interact 

with the Calvin cycle for butanol production. Therefore, in addition to the obvious 

distinctive features in pathway designs and associated approaches, another signi fi cant 

distinction is that one of the various embodiments innovatively employs a chloroplast-

targeted mechanism for genetic insertion of many designer butanol-production-

pathway enzymes into chloroplast to directly interact with the Calvin cycle for 

photobiological butanol production. 

 With a chloroplast stroma-targeted mechanism, the cells will not only be able to 

produce butanol but also to grow and regenerate themselves when they are returned 

to certain conditions under which the designer pathway is turned off, such as under 

aerobic conditions when designer hydrogenase promoter-controlled butanol-pro-

duction-pathway genes are used. Designer algae, plants, or plant cells that contain 

normal mitochondria should be able to use the reducing power (NADH) from 

organic reserves (and/or some exogenous organic substrate such as acetate or sugar) 

to power the cells immediately after returning to aerobic conditions. Consequently, 

when the designer algae, plants, or plant cells are returned to aerobic conditions 

after use under anaerobic conditions for photosynthetic butanol production, the cells 

will stop making the butanol-producing-pathway enzymes and start to restore the 

normal photoautotrophic capability by synthesizing new and functional chloro-

plasts. Therefore, it is possible to use such genetically engineered designer alga/

plant organisms for repeated cycles of photoautotrophic growth under normal aero-

bic conditions and ef fi cient production of butanol directly from CO 
2
  and H 

2
 O under 

certain speci fi c designer butanol-producing conditions such as under anaerobic con-

ditions and/or in the presence of nitrate when a Nia1 promoter-controlled butanol-

production pathway is used. 

 The targeted insertion of designer butanol-production-pathway enzymes can be 

accomplished through use of a DNA sequence that encodes for a stroma “signal” 

peptide. A stroma-protein signal (transit) peptide directs the transport and insertion 

of a newly synthesized protein into stroma. In accordance with one of the various 

embodiments, a speci fi c targeting DNA sequence is preferably placed in between 

the promoter and a designer butanol-production-pathway enzyme sequence, as 

shown in a designer DNA construct (Fig.  2a ). This targeting sequence encodes for a 

signal (transit) peptide that is synthesized as part of the apoprotein of an enzyme in 

the cytosol. The transit peptide guides the insertion of an apoprotein of a designer 

butanol-production-pathway enzyme from cytosol into the chloroplast. After the 

apoprotein is inserted into the chloroplast, the transit peptide is cleaved off from the 

apoprotein, which then becomes an active enzyme. 

 A number of transit peptide sequences are suitable for use for the targeted inser-

tion of the designer butanol-production-pathway enzymes into chloroplast, includ-

ing but not limited to the transit peptide sequences of: the hydrogenase apoproteins 

(such as HydA1 (Hyd1) and HydA2, GenBank accession number AJ308413, 

AF289201, AY090770), ferredoxin apoprotein (Frx1, accession numbers L10349, 

P07839), thioredoxin m apoprotein (Trx2, X62335), glutamine synthase apoprotein 
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(Gs2, Q42689), LhcII apoproteins (AB051210, AB051208, AB051205), PSII-T 

apoprotein (PsbT), PSII-S apoprotein (PsbS), PSII-W apoprotein (PsbW), CF 
0
 CF 

1
  

subunit- g  apoprotein (AtpC), CF 
0
 CF 

1
  subunit- d  apoprotein (AtpD, U41442), CFoCF 

1
  

subunit-II apoprotein (AtpG), photosystem I (PSI) apoproteins (such as, of genes 

PsaD, PsaE, PsaF, PsaG, PsaH, and PsaK), Rubisco SSU apoproteins (such as 

RbcS2, X04472). Throughout this speci fi cation, when reference is made to a transit 

peptide sequence, such as, for example, any of the transit peptide sequence described 

earlier, it includes their functional analogs, modi fi ed designer sequences, and com-

binations thereof. A “functional analog” or “modi fi ed designer sequence” in this 

context refers to a peptide sequence derived or modi fi ed (by, e.g., conservative sub-

stitution, moderate deletion or addition of amino acids, or modi fi cation of side 

chains of amino acids) based on a native transit peptide sequence, such as those 

identi fi ed earlier, that has the same function as the native transit peptide sequence, 

i.e., effecting targeted insertion of a desired enzyme. 

 In certain speci fi c embodiments, the following transit peptide sequences are used 

to guide the insertion of the designer butanol-production-pathway enzymes into the 

stroma region of the chloroplast: the Hyd1 transit peptide (having the amino acid 

sequence: msalvlkpca avsirgsscr arqvaprapl aastvrvala tleaparrlg nvacaa), the RbcS2 

transit peptides (having the amino acid sequence: maaviakssv saavarpars svrp-

maalkp avkaapvaap aqanq), ferredoxin transit peptide (having the amino acid 

sequence: mamamrs), the CF 
0
 CF 

1
  subunit- d  transit peptide (having the amino acid 

sequence: mlaaksiagp rafkasavra apkagrrtvv vma), their analogs, functional deriva-

tives, designer sequences, and combinations thereof.  

    2.2.3   Use of a Genetic Switch to Control the Expression 

of a Designer Butanol-Producing Pathway 

 Another key feature of the invention is the application of a genetic switch to control 

the expression of the designer butanol-producing pathway(s), as illustrated in Fig.  1 . 

This switchability is accomplished through the use of an externally inducible pro-

moter so that the designer transgenes are inducibly expressed under certain speci fi c 

inducing conditions. Preferably, the promoter employed to control the expression of 

designer genes in a host is originated from the host itself or a closely related organ-

ism. The activities and inducibility of a promoter in a host cell can be tested by 

placing the promoter in front of a reporting gene, introducing this reporter construct 

into the host tissue or cells by any of the known DNA delivery techniques, and 

assessing the expression of the reporter gene. 

 In a preferred embodiment, the inducible promoter used to control the expression of 

designer genes is a promoter that is inducible by anaerobiosis, i.e., active under anaero-

bic conditions but inactive under aerobic conditions. A designer alga/plant organism 

can perform autotrophic photosynthesis using CO 
2
  as the carbon source under aerobic 

conditions, and when the designer organism culture is grown and ready for photosyn-

thetic butanol production, anaerobic conditions will be applied to turn on the promoter 

and the designer genes that encode a designer butanol-production pathway(s). 
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 A number of promoters that become active under anaerobic conditions are 

suitable for use in the present invention. For example, the promoters of the hydro-

genase genes (HydA1 (Hyd1) and HydA2, GenBank accession number: AJ308413, 

AF289201, AY090770) of  C. reinhardtii , which is active under anaerobic condi-

tions but inactive under aerobic conditions, can be used as an effective genetic 

switch to control the expression of the designer genes in a host alga, such as 

 C.  reinhardtii . In fact,  Chlamydomonas  cells contain several nuclear genes that 

are  coordinately induced under anaerobic conditions. These include the hydroge-

nase structural gene itself (Hyd1), the Cyc6 gene encoding the apoprotein of 

Cytochrome C 
6
 , and the Cpxl gene encoding coprogen oxidase. The regulatory 

regions for the latter two have been well characterized, and a region of about 100 bp 

proves suf fi cient to confer regulation by anaerobiosis in synthetic gene constructs  [  7  ] . 

Although the above inducible algal promoters may be suitable for use in other plant 

hosts, especially in plants closely related to algae, the promoters of the homologous 

genes from these other plants, including higher plants, can be obtained and employed 

to control the expression of designer genes in those plants. 

 In another embodiment, the inducible promoter used in the present invention is 

an algal nitrate reductase (Nia1) promoter, which is inducible by growth in a medium 

containing nitrate and repressed in a nitrate-de fi cient but ammonium-containing 

medium  [  8  ] . Therefore, the Nia1 (gene accession number AF203033) promoter can 

be selected for use to control the expression of the designer genes in an alga accord-

ing to the concentration levels of nitrate and ammonium in a culture medium. 

Additional inducible promoters that can also be selected for use in the present inven-

tion include, for example, the heat-shock protein promoter HSP70A  [  9  ]  (accession 

number: DQ059999, AY456093, M98823), the promoter of CabII-1 gene (acces-

sion number M24072), the promoter of Ca1 gene (accession number P20507), and 

the promoter of Ca2 gene (accession number P24258). 

 In the case of blue-green algae (oxyphotobacteria including cyanobacteria and 

oxychlorobacteria), there are also a number of inducible promoters that can be 

selected for use in the present invention. For example, the promoters of the anaerobic-

responsive bidirectional hydrogenase  hox  genes of  Nostoc  sp. PCC 7120 (GenBank: 

BA000019),  P. hollandica  (GenBank: U88400;  hoxUYH  operon promoter), 

 Synechocystis  sp. strain PCC 6803 (CyanoBase: sll1220 and sll1223),  S.  elongatus  

PCC 6301 (CyanoBase: syc1235_c),  A. platensis  (GenBank: ABC26906),  Cyanothece  

sp. CCY0110 (GenBank: ZP_01727419), and  Synechococcus  sp. PCC 7002 

(GenBank: AAN03566), which are active under anaerobic conditions but inactive 

under aerobic conditions  [  10  ] , can be used as an effective genetic switch to control the 

expression of the designer genes in a host oxyphotobacterium, such as  Nostoc  sp. 

PCC 7120,  Synechocystis  sp. strain PCC 6803,  S. elongatus  PCC 6301,  Cyanothece  

sp. CCY0110,  A. platensis , or  Synechococcus  sp. PCC 7002. 

 In another embodiment in creating switchable butanol-production designer 

organisms such as switchable designer oxyphotobacteria, the inducible promoter 

selected for use is a nitrite reductase ( nirA ) promoter, which is inducible by growth 

in a medium containing nitrate and repressed in a nitrate de fi cient but ammonium-

containing medium  [  11,   12  ] . Therefore, the  nirA  promoter sequences can be selected 
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for use to control the expression of the designer genes in a number of oxyphotobacteria 

according to the concentration levels of nitrate and ammonium in a culture medium. 

The  nirA  promoter sequences that can be selected and modi fi ed for use include (but 

not limited to) the  nirA  promoters of the following oxyphotobacteria:  S. elongatus  

PCC 6301 (GenBank: AP008231, region 355890-255950),  Synechococcus  sp. 

(GenBank: X67680.1, D16303.1, D12723.1, and D00677),  Synechocystis  sp. PCC 

6803 (GenBank: NP_442378, BA000022, AB001339, D63999-D64006, 

D90899-D90917),  Anabaena  sp. (GenBank: X99708.1),  Nostoc  sp. PCC 7120 

(GenBank: BA000019.2 and AJ319648),  Plectonema boryanum  (GenBank: 

D31732.1),  S. elongatus  PCC 7942 (GenBank: P39661, CP000100.1),  T. elongatus  

BP-1 (GenBank: BAC08901, NP_682139),  Phormidium laminosum  (GenBank: 

CAA79655, Q51879),  M. laminosus  (GenBank: ABD49353, ABD49351, ABD49349, 

ABD49347),  Anabaena variabilis  ATCC 29413 (GenBank: YP_325032),  P. marinus 

str . MIT 9303 (GenBank: YP_001018981),  Synechococcus  sp. WH 8103 (GenBank: 

AAC17122),  Synechococcus  sp. WH 7805 (GenBank: ZP_01124915), and 

 Cyanothece  sp. CCY0110 (GenBank: ZP_01727861). 

 In yet another embodiment, an inducible promoter selected for use is the light- 

and heat-responsive chaperone gene  groE  promoter, which can be induced by heat 

and/or light  [  13  ] . A number of  groE  promoters such as the  groES  and  groEL  (chap-

erones) promoters are available for use as an inducible promoter in controlling the 

expression of the designer butanol-production-pathway enzymes. The  groE  promoter 

sequences that can be selected and modi fi ed for use in one of the various embodi-

ments include (but not limited to) the  groES  and/or  groEL  promoters of the follow-

ing oxyphotobacteria:  Synechocystis  sp. (GenBank: D12677.1),  Synechocystis  sp. 

PCC 6803 (GenBank: BA000022.2),  S. elongatus  PCC 6301 (GenBank: 

AP008231.1),  Synechococcus  sp. (GenBank: M58751.1),  S. elongatus  PCC 7942 

(GenBank: CP000100.1),  Nostoc  sp. PCC 7120 (GenBank: BA000019.2),  A. vari-

abilis  ATCC 29413 (GenBank: CP000117.1),  Anabaena  sp. L-31 (GenBank: 

AF324500);  T. elongatus  BP-1 (CyanoBase: tll0185, tll0186),  S. vulcanus  (GenBank: 

D78139),  Oscillatoria  sp. NKBG091600 (GenBank: AF054630),  P. marinus  

MIT9313 (GenBank: BX572099),  P. marinus str . MIT 9303 (GenBank: CP000554), 

 P. marinus str . MIT 9211 (GenBank: ZP_01006613),  Synechococcus  sp. WH8102 

(GenBank: BX569690), Synechococcus sp. CC9605 (GenBank: CP000110), 

 P. marinus  subsp. marinus str. CCMP1375 (GenBank: AE017126), and  P. marinus  

MED4 (GenBank: BX548174). 

 Additional inducible promoters that can also be selected for use in the present 

invention include: for example, the metal (zinc)-inducible  smt  promoter of 

 Synechococcus  PCC 7942  [  14  ] ; the iron-responsive  idiA  promoter of  S. elongatus  

PCC 7942  [  15  ] ; the redox-responsive cyanobacterial  crhR  promoter  [  16  ] ; the heat-

shock gene  hsp16 . 6  promoter of  Synechocystis  sp. PCC 6803  [  17  ] ; the small heat-

shock protein (Hsp) promoter such as  S. vulcanus  gene  hspA  promoter  [  18  ] ; the 

CO 
2
 -responsive promoters of oxyphotobacterial carbonic-anhydrase genes 

(GenBank: EAZ90903, EAZ90685, ZP_01624337, EAW33650, ABB17341, 

AAT41924, CAO89711, ZP_00111671, YP_400464, AAC44830; and CyanoBase: 

all2929, PMT1568 slr0051, slr1347, and syc0167_c); the nitrate-reductase-gene 
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( narB ) promoters (such as GenBank accession numbers: BAC08907, NP_682145, 

AAO25121; ABI46326, YP_732075, BAB72570, NP_484656); the green/red light-

responsive promoters such as the light-regulated  cpcB2A2  promoter of  Fremyella 

diplosiphon   [  19  ] ; and the UV-light responsive promoters of cyanobacterial genes 

 lexA ,  recA,  and  ruvB   [  20  ] . 

 Furthermore, in one of the various embodiments, certain “semi-inducible” or 

constitutive promoters can also be selected for use in combination of an inducible 

promoter(s) for construction of a designer butanol-production pathway(s) as well. 

For example, the promoters of oxyphotobacterial Rubisco operon such as the  rbcL  

genes (GenBank: X65960, ZP_01728542, Q3M674, BAF48766, NP_895035, 

0907262A; CyanoBase: PMT1205, PMM0550, Pro0551, tll1506, SYNW1718, 

glr2156, alr1524, slr0009), which have certain light dependence but could be 

regarded almost as constitutive promoters, can also be selected for use in combina-

tion of an inducible promoter(s) such as the  nirA ,  hox , and/or  groE  promoters for 

construction of the designer butanol-production pathway(s) as well. 

 Throughout this speci fi cation, when reference is made to inducible promoter, 

such as, for example, any of the inducible promoters described earlier, it includes 

their analogs, functional derivatives, designer sequences, and combinations thereof. 

A “functional analog” or “modi fi ed designer sequence” in this context refers to a 

promoter sequence derived or modi fi ed (by, e.g., substitution, moderate deletion or 

addition or modi fi cation of nucleotides) based on a native promoter sequence, such 

as those identi fi ed hereinabove, that retains the function of the native promoter 

sequence.  

    2.2.4   DNA Constructs and Transformation into Host Organisms 

 DNA constructs are generated in order to introduce designer butanol-production-

pathway genes to a host alga, plant, plant tissue, or plant cells. That is, a nucleotide 

sequence encoding a designer butanol-production-pathway enzyme is placed in a 

vector, in an operable linkage to a promoter, preferably an inducible promoter, and 

in an operable linkage to a nucleotide sequence coding for an appropriate chloro-

plast-targeting transit-peptide sequence. In a preferred embodiment, nucleic acid 

constructs are made to have the elements placed in the following 5 ¢  (upstream) to 3 ¢  

(downstream) orientation: an externally inducible promoter, a transit targeting 

sequence, and a nucleic acid encoding a designer butanol-production-pathway 

enzyme, and preferably an appropriate transcription termination sequence. One or 

more designer genes (DNA constructs) can be placed into one genetic vector. An 

example of such a construct is depicted in Fig.  2a . As shown in the embodiment 

illustrated in Fig.  2a , a designer butanol-production-pathway transgene is a nucleic 

acid construct comprising: (a) a PCR forward primer; (b) an externally inducible 

promoter; (c) a transit targeting sequence; (d) a designer butanol-production-path-

way-enzyme-encoding sequence with an appropriate transcription termination 

sequence; and (e) a PCR reverse primer. 

 In accordance with various embodiments, any of the components (a)–(e) of this 

DNA construct are adjusted to suit for certain speci fi c conditions. In practice, any of 
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the components (a)–(e) of this DNA construct are applied in full or in part, and/or in 

any adjusted combination to achieve more desirable results. For example, when an 

algal hydrogenase promoter is used as an inducible promoter in the designer butanol-

production-pathway DNA construct, a transgenic designer alga that contains this 

DNA construct will be able to perform autotrophic photosynthesis using ambient air 

CO 
2
  as the carbon source and grows normally under aerobic conditions, such as in 

an open pond. When the algal culture is grown and ready for butanol production, the 

designer transgene(s) can then be expressed by induction under anaerobic condi-

tions because of the use of the hydrogenase promoter. The expression of designer 

gene(s) produces a set of designer butanol-production-pathway enzymes to work 

with the Calvin cycle for photobiological butanol production (Fig.  1 ). 

 The two PCR primers are a PCR forward primer (PCR FD primer) located at the 

beginning (the 5 ¢  end) of the DNA construct and a PCR reverse primer (PCR RE 

primer) located at the other end (the 3 ¢  end) as shown in Fig.  2a . This pair of PCR 

primers is designed to provide certain convenience when needed for relatively easy 

PCR ampli fi cation of the designer DNA construct, which is helpful not only during 

and after the designer DNA construct is synthesized in preparation for gene trans-

formation, but also after the designer DNA construct is delivered into the genome of 

a host alga for veri fi cation of the designer gene in the transformants. For example, 

after the transformation of the designer gene is accomplished in a  C. reinhardtii -

arg7 host cell using the techniques of electroporation and argininosuccinate lyase 

( arg7 ) complementation screening, the resulted transformants can be then analyzed 

by a PCR DNA assay of their nuclear DNA using this pair of PCR primers to verify 

whether the entire designer butanol-production-pathway gene (the DNA construct) 

is successfully incorporated into the genome of a given transformant. When the 

nuclear DNA PCR assay of a transformant can generate a PCR product that matches 

with the predicted DNA size and sequence according to the designer DNA construct, 

the successful incorporation of the designer gene(s) into the genome of the transfor-

mant is veri fi ed. 

 Therefore, the various embodiments also teach the associated method to effec-

tively create the designer transgenic algae, plants, or plant cells for photobiological 

butanol production. This method, in one of embodiments, includes the following 

steps: (a) selecting an appropriate host alga, plant, plant tissue, or plant cells with 

respect to their genetic backgrounds and special features in relation to butanol produc-

tion; (b) introducing the nucleic acid constructs of the designer genes into the genome 

of said host alga, plant, plant tissue, or plant cells; (c) verifying the incorporation of 

the designer genes in the transformed alga, plant, plant tissue, or plant cells with DNA 

PCR assays using the said PCR primers of the designer DNA construct; (d) measuring 

and verifying the designer organism features such as the inducible expression of the 

designer butanol-pathway genes for photosynthetic butanol production from carbon 

dioxide and water by assays of mRNA, protein, and butanol-production characteris-

tics according to the speci fi c designer features of the DNA construct(s) (Fig.  2a ). 

 The above embodiment of the method for creating the designer transgenic organ-

ism for photobiological butanol production can also be repeatedly applied for a 

plurality of operational cycles to achieve more desirable results. In various 

embodiments, any of the steps (a)–(d) of this method described earlier are adjusted 
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to suit for certain speci fi c conditions. In various embodiments, any of the steps 

(a)–(d) of the method are applied in full or in part, and/or in any adjusted combina-

tion. Many examples of designer butanol-production-pathway genes (DNA con-

structs) are shown in the sequence listings: SEQ ID NOS:1–57 of the PCT Patent 

Application Publication No. WO 09105733 and SEQ ID NOS:1–165 of the US 

Patent Application Publication No. 2011/0177571 A1. 

 The nucleic acid constructs, such as those presented in the examples earlier, may 

include additional appropriate sequences, for example, a selection marker gene, and 

an optional biomolecular tag sequence (such as the Lumio tag). Selectable markers 

that can be selected for use in the constructs include markers conferring resistances 

to kanamycin, hygromycin, spectinomycin, streptomycin, sulfonyl urea, gentamy-

cin, chloramphenicol, among others, all of which have been cloned and are avail-

able to those skilled in the art. Alternatively, the selective marker is a nutrition 

marker gene that can complement a de fi ciency in the host organism. For example, 

the gene encoding argininosuccinate lyase (arg7) can be used as a selection marker 

gene in the designer construct, which permits identi fi cation of transformants when 

 C. reinhardtii  arg7- (minus) cells are used as host cells. 

 Nucleic acid constructs carrying designer genes can be delivered into a host alga, 

blue-green alga, plant, or plant tissue or cells using the available genetic transforma-

tion techniques, such as electroporation, PEG-induced uptake, and ballistic delivery 

of DNA, and Agrobacterium-mediated transformation   . For the purpose of deliver-

ing a designer construct into algal cells, the techniques of electroporation, glass 

bead, and biolistic gene gun can be selected for use as preferred methods, and an 

alga with single cells or simple thallus structure is preferred for use in transforma-

tion. Transformants can be identi fi ed and tested based on routine techniques.   

    2.3   Additional Host Modi fi cations to Enhance Photosynthetic 

Butanol Production 

    2.3.1   An NADPH/NADH Conversion Mechanism 

 According to the photosynthetic butanol production pathway(s), to produce one 

molecule of butanol from 4CO 
2
  and 5H 

2
 O is likely to require 14 ATP and 12 

NADPH, both of which are generated by photosynthetic water splitting and photo-

phosphorylation across the thylakoid membrane. In order for the 3-phosphoglycer-

ate-branched butanol-production pathway ( 03 - 12  in Fig.  1 ) to operate, it is a 

preferred practice to use a butanol-production-pathway enzyme(s) that can use 

NADPH that is generated by the photo-driven electron transport process.  Clostridium 

saccharoperbutylacetonicum  butanol dehydrogenase (GenBank accession number: 

AB257439) and butyraldehyde dehydrogenase (GenBank: AY251646) are exam-

ples of a butanol-production-pathway enzyme that is capable of accepting either 

NADP(H) or NAD(H). Such a butanol-production-pathway enzyme that can use 

both NADPH and NADH (i.e., NAD(P)H) can also be selected for use in this 
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3-phosphoglycerate branched and any of the other designer butanol-production 

pathway(s) (Fig.  1 ) as well.  C. beijerinckii  Butyryl-CoA dehydrogenase (GenBank: 

AF494018) and 3-hydroxybutyryl-CoA dehydrogenase (GenBank: AF494018) are 

examples of a butanol-production-pathway enzyme that can accept only NAD(H). 

When a butanol-production-pathway enzyme that can only use NADH is employed, 

it may require an NADPH/NADH conversion mechanism in order for this 3-phos-

phoglycerate-branched butanol-production pathway to operate well. However, 

depending on the genetic backgrounds of a host organism, a conversion mechanism 

between NADPH and NADH may exist in the host so that NADPH and NADH may 

be interchangeably used in the organism. In addition, it is known that NADPH could 

be converted into NADH by a NADPH-phosphatase activity  [  21  ]  and that NAD can 

be converted to NADP by a NAD kinase activity  [  22,   23  ] . Therefore, when enhanced 

NADPH/NADH conversion is desirable, the host may be genetically modi fi ed to 

enhance the NADPH phosphatase and NAD kinase activities. Thus, in one of the 

various embodiments, the photosynthetic butanol-producing designer plant, designer 

alga, or plant cell further contains additional designer transgenes (Fig.  2b ) to induc-

ibly express one or more enzymes to facilitate the NADPH/NADH interconversion, 

such as the NADPH phosphatase and NAD kinase (GenBank: XM_001609395, 

XM_001324239), in the stroma region of the algal chloroplast. 

 Another embodiment that can provide an NADPH/NADH conversion mecha-

nism is by properly selecting an appropriate branching point at the Calvin cycle for 

a designer butanol-production pathway to branch from. To confer this NADPH/

NADH conversion mechanism by pathway design according to this embodiment, it 

is a preferred practice to branch a designer butanol-production pathway at or after 

the point of glyceraldehyde-3-phosphate of the Calvin cycle as shown in Fig.  1 . In 

these pathway designs, the NADPH/NADH conversion is achieved essentially by a 

two-step mechanism: (1) use of the step with the Calvin cycle’s glyceraldehyde-3-

phosphate dehydrogenase, which uses NADPH in reducing 1,3-diphosphoglycerate 

to glyceraldehyde-3-phosphate; and (2) use of the step with the designer pathway’s 

NAD + -dependent glyceraldehyde-3-phosphate dehydrogenase  01 , which produces 

NADH in oxidizing glyceraldehyde-3-phosphate to 1,3-diphosphoglycerate. The 

net result of the two steps described earlier is the conversion of NADPH to NADH, 

which can supply the needed reducing power in the form of NADH for the designer 

butanol-production pathway(s). For step (1), use of the Calvin cycle’s NADPH-

dependent glyceraldehyde-3-phosphate dehydrogenase naturally in the host organ-

ism is usually suf fi cient. Consequently, introduction of a designer NAD + -dependent 

glyceraldehyde-3-phosphate dehydrogenase  01  to work with the Calvin cycle’s 

NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase may confer the 

function of an NADPH/NADH conversion mechanism, which is needed for the 

3-phosphoglycerate-branched butanol-production pathway ( 03 - 12  in Fig.  1 ) to oper-

ate well. For this reason, the designer NAD + -dependent glyceraldehyde-3-phos-

phate-dehydrogenase DNA construct (example 12, SEQ ID NO:12) is used also as 

an NADPH/NADH-conversion designer gene (Fig.  2b ) to support the 3-phospho-

glycerate-branched butanol-production pathway ( 03 - 12  in Fig.  1 ) in one of the vari-

ous embodiments. This also explains why it is important to use a NAD + -dependent 
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glyceraldehyde-3-phosphate dehydrogenase  01  to confer this two-step NADPH/

NADH conversion mechanism for the designer butanol-production pathway(s). 

Therefore, in one of the various embodiments, it is also a preferred practice to use a 

NAD + -dependent glyceraldehyde-3-phosphate dehydrogenase, its isozymes, func-

tional derivatives, analogs, designer modi fi ed enzymes, and/or combinations thereof 

in the designer butanol-production pathway(s) as illustrated in Fig.  1 .  

    2.3.2   iRNA Techniques to Further Tame Photosynthesis Regulation 

Mechanism 

 In another embodiment of the present invention, the host plant or cell is further 

modi fi ed to tame the Calvin cycle so that the host can directly produce liquid fuel 

butanol instead of synthesizing starch (glycogen in the case of oxyphotobacteria), 

celluloses, and lignocelluloses that are often inef fi cient and hard for the biore fi nery 

industry to use. According to the one of the various embodiments, inactivation of 

starch-synthesis activity is achieved by suppressing the expression of any of the key 

enzymes, such as starch synthase (glycogen synthase in the case of oxyphotobacte-

ria)  13 , glucose-1-phosphate (G-1-P) adenylyltransferase  14 , phosphoglucomutase 

 15 , and hexose-phosphate-isomerase  16  of the starch-synthesis pathway which 

connects with the Calvin cycle (Fig.  1 ). 

 Introduction of a genetically transmittable factor that can inhibit the starch- 

synthesis activity that is in competition with designer butanol-production pathway(s) 

for the Calvin cycle products can further enhance photosynthetic butanol produc-

tion. In a speci fi c embodiment, a genetically encoded-able inhibitor (Fig.  2c ) to the 

competitive starch-synthesis pathway is an interfering RNA (iRNA) molecule that 

speci fi cally inhibits the synthesis of a starch-synthesis-pathway enzyme, for exam-

ple, starch synthase  16 , glucose-1-phosphate (G-1-P) adenylyltransferase  15 , phos-

phoglucomutase  14 , and/or hexose-phosphate-isomerase  13  as shown with numerical 

labels  13 - 16  in Fig.  1 . The DNA sequences encoding starch synthase iRNA, glucose-

1-phosphate (G-1-P) adenylyltransferase iRNA, a phosphoglucomutase iRNA, and/

or a G-P-isomerase iRNA, respectively, can be designed and synthesized based on 

RNA interference techniques known to those skilled in the art  [  24  ] . Generally speak-

ing, an interfering RNA (iRNA) molecule is antisense but complementary to a nor-

mal mRNA of a particular protein (gene) so that such iRNA molecule can speci fi cally 

bind with the normal mRNA of the particular gene, thus inhibiting (blocking) the 

translation of the gene-speci fi c mRNA to protein  [  25,   26  ] . Examples of a designer 

starch-synthesis iRNA DNA construct (Fig.  2c ) are shown in SEQ ID NO: 27 and 28 

listed in the PCT Patent Application Publication No. WO 09105733.  

    2.3.3   Designer Starch Degradation and Glycolysis Genes 

 In yet another embodiment of the present invention, the photobiological butanol 

production is enhanced by incorporating an additional set of designer genes (Fig.  2d ) 

that can facilitate starch/glycogen degradation and glycolysis in combination with 
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the designer butanol-production gene(s) (Fig.  2a ). Such additional designer genes 

for starch degradation include, for example, genes coding for  17 : amylase, starch 

phosphorylase, hexokinase, phosphoglucomutase and for  18 : glucose-phosphate-

isomerase (G-P-isomerase) as illustrated in Fig.  1 . The designer glycolysis genes 

encode chloroplast-targeted glycolysis enzymes: glucosephosphate isomerase  18 , 

phosphofructose kinase  19 , aldolase  20 , triose phosphate isomerase  21 , glyceralde-

hyde-3-phosphate dehydrogenase  22 , phosphoglycerate kinase  23 , phosphoglycer-

ate mutase  24 , enolase  25 , and pyruvate kinase  26 . The designer starch degradation 

and glycolysis genes in combination with any of the butanol-production pathways 

shown in Fig.  1  can form additional pathway(s) from starch/glycogen to butanol 

( 17 - 33 ). Consequently, co-expression of the designer starch degradation and glyco-

lysis genes with the butanol-production-pathway genes can enhance photobiologi-

cal production of butanol as well. Therefore, this embodiment represents another 

approach to tame the Calvin cycle for enhanced photobiological production of 

butanol. In this case, some of the Calvin cycle products  fl ow through the starch 

synthesis pathway ( 13 - 16 ) followed by the starch/glycogen-to-butanol pathway 

( 17 - 33 ) as shown in Fig.  1 . In this case, starch/glycogen acts as a transient storage 

pool of the Calvin cycle products before they can be converted to butanol. This 

mechanism can be quite useful in maximizing the butanol-production yield in 

certain cases. For example, at high sunlight intensity such as around noon, the rate 

of Calvin cycle photosynthetic CO 
2
   fi xation can be so high that may exceed the 

maximal rate capacity of a butanol-production pathway(s); use of the starch- 

synthesis mechanism allows temporary storage of the excess photosynthetic prod-

ucts to be used later for butanol production as well. 

 Figure  1  also illustrates the use of a designer starch/glycogen-to-butanol pathway 

with designer enzymes (as labeled from  17  to  33 ) in combination with a Calvin-

cycle-branched designer butanol-production pathway(s) such as the glyceraldehyde-

3-phosphate-branched butanol-production pathway  01 - 12  for enhanced photobiological 

butanol production. Similar to the bene fi ts of using the Calvin-cycle-branched 

designer butanol-production pathways, the use of the designer starch/glycogen-to-

butanol pathway ( 17 - 33 ) can also help to convert the photosynthetic products to 

butanol before the sugars could be converted into other complicated biomolecules 

such as lignocellulosic biomasses which cannot be readily used by the biore fi nery 

industries. Therefore, appropriate use of the Calvin-cycle-branched designer 

butanol-production pathway(s) (such as  01 - 12 ,  03 - 12 , and/or  20 - 33 ) and/or the 

designer starch/glycogen-to-butanol pathway ( 17 - 33 ) may represent revolutionary 

 inter alia  technologies that can effectively bypass the bottleneck problems of the 

current biomass technology including the “lignocellulosic recalcitrance” problem. 

 Another feature is that a Calvin-cycle-branched designer butanol-production 

pathway activity (such as  01 - 12 ,  03 - 12 , and/or  20 - 33 ) can occur predominantly dur-

ing the days when there is light because it uses an intermediate product of the Calvin 

cycle which requires supplies of reducing power (NADPH) and energy (ATP) gen-

erated by the photosynthetic water splitting and the light-driven proton-translocation-

coupled electron transport process through the thylakoid membrane system. 

The designer starch/glycogen-to-butanol pathway ( 17 - 33 ) which can use the surplus 

sugar that has been stored as starch/glycogen during photosynthesis can operate not 



490 J.W. Lee

only during the days, but also at nights. Consequently, the use of a Calvin-cycle-

branched designer butanol-production pathway (such as  01 - 12 ,  03 - 12 , and/or  20 - 33 ) 

together with a designer starch/glycogen-to-butanol pathway(s) ( 17 - 33 ) as illustrated 

in Fig.  1  enables production of butanol both during the days and at nights. 

 Because the expression for both the designer starch/glycogen-to-butanol pathway(s) 

and the Calvin-cycle-branched designer butanol-production pathway(s) is controlled 

by the use of an inducible promoter such as an anaerobic hydrogenase promoter, this 

type of designer organisms is also able to grow photoautotrophically under aerobic 

(normal) conditions. When the designer photosynthetic organisms are grown and 

ready for photobiological butanol production, the cells are then placed under the 

speci fi c inducing conditions such as under anaerobic conditions (or an ammonium-

to-nitrate fertilizer use shift, if designer Nia1/nirA promoter-controlled butanol- 

production pathway(s) is used) for enhanced butanol production, as shown in Figs.  1  

and  3 . Examples of designer starch (glycogen)-degradation genes are shown in SEQ 

ID NO: 29–33 listed in the PCT Patent Application Publication No. WO 09105733.   

  Fig. 3    ( a ) Illustrates a cell-division-controllable designer organism that contains two key func-

tions: designer biosafety mechanism(s) and designer biofuel-production pathway(s). ( b ) Illustrates 

a cell-division-controllable designer organism for photobiological production of butanol 

(CH 
3
 CH 

2
 CH 

2
 CH 

2
 OH) from carbon dioxide (CO 

2
 ) and water (H 

2
 O) with designer biosafety 

mechanism(s). ( c ) Illustrates a cell-division-controllable designer organism for biosafety-guarded 

photobiological production of other biofuels such as ethanol (CH 
3
 CH 

2
 OH) from carbon dioxide 

(CO 
2
 ) and water (H 

2
 O)           
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Fig. 3 (continued)
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    2.3.4   Distribution of Designer Butanol-Production Pathways 

Between Chloroplast and Cytoplasm 

 In yet another embodiment of the present invention, photobiological butanol pro-

ductivity is enhanced by a selected distribution of the designer butanol-production 

pathway(s) between chloroplast and cytoplasm in a eukaryotic plant cell. That is, 

not all the designer butanol-production pathway(s) (Fig.  1 ) have to operate in the 

chloroplast; when needed, part of the designer butanol-production pathway(s) can 

operate in cytoplasm as well. For example, in one of the various embodiments, a 

signi fi cant part of the designer starch-to-butanol pathway activity from dihydroxy-

acetone phosphate to butanol ( 21 - 33 ) is designed to occur at the cytoplasm while 

the steps from starch to dihydroxyacetone phosphate ( 17 - 20 ) are in the chloroplast. 

In this example, the linkage between the chloroplast and cytoplasm parts of the 

designer pathway is accomplished by use of the triose phosphate-phosphate translo-

cator, which facilitates translocation of dihydroxyacetone across the chloroplast 

membrane. By use of the triose phosphate-phosphate translocator, it also enables 

the glyceraldehyde-3-phospahte-branched designer butanol-production pathway to 

operate not only in chloroplast, but also in cytoplasm as well. The cytoplasm part of 

the designer butanol-production pathway can be constructed by use of designer 

butanol-production pathway genes (DNA constructs of Fig.  2a ) with their chloro-

plast-targeting sequence omitted as shown in Fig.  2e .  

    2.3.5   Designer Oxyphotobacteria with Designer Butanol-Production 

Pathways in Cytoplasm 

 In prokaryotic photosynthetic organisms such as blue-green algae (oxyphotobacte-

ria including cyanobacteria and oxychlorobacteria), which typically contain 

photosynthetic thylakoid membrane but no chloroplast structure, the Calvin cycle is 

located in the cytoplasm. In this special case, the entire designer butanol-production 

pathway(s) (Fig.  1 ) including (but not limited to) the glyceraldehyde-3-phosphate-

branched butanol-production pathway ( 01 - 12 ), the 3-phosphpglycerate-branched 

butanol-production pathway ( 03 - 12 ), the fructose-1,6-diphosphate-branched path-

way ( 20 - 33 ), the fructose-6-phosphate-branched pathway ( 19 - 33 ), and the starch 

(or glycogen)-to-butanol pathways ( 17 - 33 ) are adjusted in design to operate with 

the Calvin cycle in the cytoplasm of a blue-green alga. The construction of the cyto-

plasm designer butanol-production pathways can be accomplished by use of 

designer butanol-production pathway genes (DNA construct of Fig.  2a ) with their 

chloroplast-targeting sequence all omitted. When the chloroplast-targeting sequence 

is omitted in the designer DNA construct(s) as illustrated in Fig.  2e , the designer 

gene(s) is transcribed and translated into designer enzymes in the cytoplasm whereby 

conferring the designer butanol-production pathway(s). The designer gene(s) can be 

incorporated into the chromosomal and/or plasmid DNA in host blue-green algae 

(oxyphotobacteria including cyanobacteria and oxychlorobacteria) by using the 

techniques of genetic transformation known to those skilled in the art. It is a preferred 
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practice to integrate the designer genes through an integrative transformation into 

the chromosomal DNA that can usually provide better genetic stability for the 

designer genes. In oxyphotobacteria such as cyanobacteria, integrative transforma-

tion can be achieved through a process of homologous DNA double recombination 

into the host’s chromosomal DNA using a designer DNA construct as illustrated in 

Fig.  2f , which typically, from the 5 ¢  upstream to the 3 ¢  downstream, consists of: 

recombination site 1, a designer butanol-production-pathway gene(s), and recombi-

nation site 2. This type of DNA constructs (Fig.  2f ) can be delivered into oxyphoto-

bacteria (blue-green algae) with a number of available genetic transformation 

techniques including electroporation, natural transformation, and/or conjugation. 

The transgenic designer organisms created from blue-green algae are also called 

designer blue-green algae (designer oxyphotobacteria including designer cyanobac-

teria and designer oxychlorobacteria). Examples of designer oxyphotobacterial 

butanol-production-pathway genes are shown in SEQ ID NO: 34–45 listed in PCT 

Patent Application Publication No. WO 09105733. Recently, certain independent 

studies  [  27,   28  ]  have also applied synthetic biology in certain model cyanobacteria 

such as  S. elongatus  PCC7942 for photobiological production of isobutanol and 

1-butanol. According to another independent study  [  29  ]  for this type of direct 

photosynthesis-to-biofuel process, the practical maximum solar-to-biofuel energy- 

conversion ef fi ciency could be about 7.2% while the theoretical maximum solar-to-

biofuel energy-conversion ef fi ciency is calculated to be 12%.   

    2.4   Further Host Modi fi cations to Help Ensure Biosafety 

 The present invention also provides biosafety-guarded photosynthetic biofuel (e.g., 

butanol and/or related higher alcohols) production methods based on cell-division-

controllable designer transgenic plants (such as algae and oxyphotobacteria) or 

plant cells. For example, the cell-division-controllable designer photosynthetic 

organisms (Fig.  3 ) are created through the use of a designer biosafety-control 

gene(s) (Fig.  2g ) in conjunction with the designer butanol-production-pathway 

gene(s) (Fig.  2a–f ) such that their cell division and mating function can be control-

lably stopped to provide better biosafety features. 

 In one of the various embodiments, a fundamental feature is that a designer cell-

division-controllable photosynthetic organism (such as an alga, plant cell, or 

oxyphotobacterium) contains two key functions (Fig.  3a ): a designer biosafety 

mechanism(s) and a designer biofuel-production pathway(s). As shown in Fig.  3b , 

the designer biosafety feature(s) is conferred by a number of mechanisms including: 

(1) the inducible insertion of designer proton channels into cytoplasm membrane to 

permanently disable any cell division and mating capability, (2) the selective appli-

cation of designer cell-division-cycle regulatory protein or interference RNA (iRNA) 

to permanently inhibit the cell division cycle and preferably keep the cell at the G 
1
  

phase or G 
0
  state, and (3) the innovative use of a high-CO 

2
 -requiring host photosyn-

thetic organism for expression of the designer biofuel-production pathway(s). 
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Examples of the designer biofuel-production pathway(s) in a designer cell-division-

controllable photosynthetic organism include the previously described designer 

butanol-production pathway(s), which work with the Calvin cycle to synthesize bio-

fuel such as butanol directly from carbon dioxide (CO 
2
 ) and water (H 

2
 O). The 

designer cell-division-control technology can help ensure biosafety in using the 

designer organisms for photosynthetic biofuel production. Accordingly, this embodi-

ment provides,  inter alia , biosafety-guarded methods for producing biofuel (e.g., 

butanol and/or related higher alcohols) based on a cell-division-controllable designer 

biofuel-producing alga, cyanobacterium, oxychlorobacterium, plant, or plant cells. 

 In one of the various embodiments, a cell-division-controllable designer butanol-

producing eukaryotic alga or plant cell is created by introducing a designer proton-

channel gene (Fig.  2h ) into a host alga or plant cell (Fig.  3b ). The expression of the 

designer proton-channel gene (Fig.  2h ) is controlled by an inducible promoter such 

as the nitrate reductase (Nia1) promoter, which can also be used to control the 

expression of a designer biofuel-production-pathway gene(s). Therefore, before the 

expression of the designer gene(s) is induced, the designer organism can grow pho-

toautotrophically using CO 
2
  as the carbon source and H 

2
 O as the source of electrons 

just like wild-type organism. When the designer organism culture is grown and 

ready for photobiological production of biofuels, the cell culture is then placed 

under a speci fi c inducing condition (such as by adding nitrate into the culture 

medium if the nitrate reductase (Nia1) promoter is used as an inducible promoter) 

to induce the expression of both the designer proton-channel gene and the designer 

biofuel-production-pathway gene(s). The expression of the proton-channel gene is 

designed to occur through its transcription in the nucleus and its translation in the 

cytosol. Because of the speci fi c molecular design, the expressed proton channels are 

automatically inserted into the cytoplasm membrane, but leave the photosynthetic 

thylakoid membrane intact. The insertion of the designer proton channels into cyto-

plasm membrane collapses the proton gradient across the cytoplasm membrane so 

that the cell division and mating function are permanently disabled. However, the 

photosynthetic thylakoid membrane inside the chloroplast is kept intact (functional) 

so that the designer biofuel-production-pathway enzymes expressed into the stroma 

region can work with the Calvin cycle for photobiological production of biofuels 

from CO 
2
  and H 

2
 O. That is, when both the designer proton-channel gene and the 

designer biofuel-production-pathway gene(s) are turned on, the designer organism 

becomes a nonreproducible cell for dedicated photosynthetic production of biofu-

els. Because the cell division and mating function are permanently disabled (killed) 

at this stage, the designer-organism culture is no longer a living matter except its 

catalytic function for photochemical conversion of CO 
2
  and H 

2
 O into a biofuel. 

It will no longer be able to mate or exchange any genetic materials with any other 

cells, even if it somehow comes in contact with a wild-type cell as it would be the 

case of an accidental release into the environments. 

 According to one of the various embodiments, the nitrate reductase (Nia1) 

promoter or nitrite reductase (nirA) promoter is a preferred inducible promoter 

for use to control the expression of the designer genes. In the presence of ammo-

nium (but not nitrate) in culture medium, for example, a designer organism with 



49522 Synthetic Biology for Photobiological Production of Butanol…

Nia1-promoter-controlled designer proton-channel gene and biofuel-production-

pathway gene(s) can grow photoauotrophically using CO 
2
  as the carbon source and 

H 
2
 O as the source of electrons just like a wild-type organism. When the designer 

organism culture is grown and ready for photobiological production of biofuels, the 

expression of both the designer proton-channel gene and the designer biofuel-

production-pathway gene(s) can then be induced by adding some nitrate fertilizer 

into the culture medium. Nitrate is widely present in soils and nearly all surface water 

on Earth. Therefore, even if a Nia1-promoter-controlled designer organism is acci-

dentally released into the natural environment, it will soon die since the nitrate in the 

environment will trig the expression of a Nia1-promoter-controlled designer proton-

channel gene which inserts proton channels into the cytoplasm membrane thereby 

killing the cell. That is, a designer photosynthetic organism with Nia1-promoter-

controlled proton-channel gene is programmed to die as soon as it sees nitrate in the 

environment. This characteristic of cell-division-controllable designer organisms with 

Nia1-promoter-controlled proton-channel gene provides an added biosafety feature. 

 The art in constructing proton-channel gene (Fig.  2h ) with a thylakoid-mem-

brane-targeting sequence has recently been disclosed  [  30  ] . In the present invention 

of creating a cell-division-controllable designer organism, the thylakoid-membrane-

targeting sequence must be omitted in the proton-channel gene design. For example, 

the essential components of a Nia1-promoter-controlled designer proton-channel 

gene can simply be a Nial promoter linked with a proton-channel-encoding sequence 

(without any thylakoid-membrane-targeting sequence) so that the proton channel 

will insert into the cytoplasm membrane but not into the photosynthetic thylakoid 

membrane. 

 According to one of the various embodiments, it is a preferred practice to use the 

same inducible promoter such as the Nial promoter to control the expression of both 

the designer proton-channel gene and the designer biofuel-production pathway 

genes. In this way, the designer biofuel-production pathway(s) can be inducibly 

expressed simultaneously with the expression of the designer proton-channel gene 

that terminates certain cellular functions including cell division and mating. 

 In one of the various embodiments, an inducible promoter that can be used in this 

designer biosafety embodiment is selected from the group consisting of the hydro-

genase promoters (HydA1 (Hyd1) and HydA2, accession number: AJ308413, 

AF289201, AY090770), the Cyc6 gene promoter, the Cpxl gene promoter, the heat-

shock protein promoter HSP70A, the CabII-1 gene (accession number M24072) 

promoter, the Ca1 gene (accession number P20507) promoter, the Ca2 gene (acces-

sion number P24258) promoter, the nitrate reductase (Nia1) promoter, the nitrite-

reductase-gene ( nirA ) promoters, the bidirectional-hydrogenase-gene  hox  promoters, 

the light- and heat-responsive  groE  promoters, the Rubisco-operon  rbcL  promoters, 

the metal (zinc)-inducible  smt  promoter, the iron-responsive  idiA  promoter, the 

redox-responsive  crhR  promoter, the heat-shock-gene  hsp16 . 6  promoter, the small 

heat-shock protein (Hsp) promoter, the CO 
2
 -responsive carbonic-anhydrase-gene 

promoters, the green/red light responsive  cpcB2A2  promoter, the UV-light respon-

sive  lexA ,  recA,  and  ruvB  promoters, the nitrate-reductase-gene ( narB ) promoters, 

and combinations thereof. 
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 In another embodiment, a cell-division-controllable designer photosynthetic 

organism is created by use of a carbonic anhydrase de fi cient mutant or a high-CO 
2
 -

requiring mutant as a host organism to create the designer biofuel-production organ-

ism. High-CO 
2
 -requiring mutants that can be selected for use in this invention 

include (but not limited to):  C. reinhardtii  carbonic-anhydrase-de fi cient mutant-

2-1C (CC-1219 cal mt-),  C. reinhardtii cia3  mutant  [  31  ] , the high-CO 
2
 -requiring 

mutant M3 of  Synechococcus  sp. Strain PCC 7942, or the carboxysome-de fi cient 

cells of  Synechocystis  sp. PCC 6803  [  32  ]  that lacks the CO 
2
 -concentrating mecha-

nism can grow photoautotrophically only under elevated CO 
2
  concentration level 

such as 0.2–3% CO 
2.
  

 Under atmospheric CO 
2
  concentration level (380 ppm), the carbonic anhydrase 

de fi cient or high-CO 
2
 -requiring mutants commonly cannot survive. Therefore, the 

key concept here is that a high-CO 
2
 -requiring designer biofuel-production organism 

that lacks the CO 
2
  concentrating mechanism will be grown and used for photobio-

logical production of biofuels always under an elevated CO 
2
  concentration level 

(0.2–5% CO 
2
 ) in a sealed bioreactor with CO 

2
  feeding. Such a designer transgenic 

organism cannot survive when it is exposed to an atmospheric CO 
2
  concentration 

level (380 ppm = 0.038% CO 
2
 ) because its CO 

2
 -concetrating mechanism (CCM) for 

effective photosynthetic CO 
2
   fi xation has been impaired by the mutation. Even if 

such a designer organism is accidentally released into the natural environment, its 

cell will soon not be able to divide or mate, but die quickly of carbon starvation since 

it cannot effectively perform photosynthetic CO 
2
   fi xation at the atmospheric CO 

2
  

concentration (380 ppm). Therefore, use of such a high-CO 
2
 -requiring mutant as a 

host organism for the genetic transformation of the designer biofuel-production-

pathway gene(s) represents another way in creating the envisioned cell-division-

controllable designer organisms for biosafety-guarded photobiological production 

of biofuels from CO 
2
  and H 

2
 O. No designer proton-channel gene is required here. 

 In another embodiment, a cell-division-controllable designer organism (Fig.  3b ) 

is created by use of a designer cell-division-cycle regulatory gene as a biosafety-

control gene (Fig.  2g ) that can control the expression of the cell-division-cycle (cdc) 

genes in the host organism so that it can inducibly turn off its reproductive functions 

such as permanently shutting off the cell division and mating capability upon 

speci fi c induction of the designer gene. 

 Biologically, it is the expression of the natural cdc genes that controls the cell 

growth and cell division cycle in cyanobacteria, algae, and higher plant cells. The 

most basic function of the cell cycle is to duplicate accurately the vast amount of 

DNA in the chromosomes during the S phase (S for synthesis) and then segregate 

the copies precisely into two genetically identical daughter cells during the M phase 

(M for mitosis). Mitosis begins typically with chromosome condensation: the dupli-

cated DNA strands, packaged into elongated chromosomes, condense into the much 

more compact chromosomes required for their segregation. The nuclear envelope 

then breaks down, and the replicated chromosomes, each consisting of a pair of 

sister chromatids, become attached to the microtubules of the mitotic spindle. 

As mitosis proceeds, the cell pauses brie fl y in a state called metaphase, when the 

chromosomes are aligned at the equator of the mitotic spindle, poised for segregation. 
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The sudden segregation of sister chromatids marks the beginning of anaphase during 

which the chromosomes move to opposite poles of the spindle, where they decon-

dense and reform intact nuclei. The cell is then pinched into two by cytoplasmic 

division (cytokinesis) and the cell division is then complete. Note, most cells require 

much more time to grow and double their mass of proteins and organelles than they 

require to replicate their DNA (the S phase) and divide (the M phase). Therefore, 

there are two gap phases: a G 
1
  phase between M phase and S phase, and a G2 phase 

between S phase and mitosis. As a result, the eukaryotic cell cycle is traditionally 

divided into four sequential phases: G 
1
 , S, G 

2
 , and M. Physiologically, the two gap 

phases also provide time for the cell to monitor the internal and external environ-

ment to ensure that conditions are suitable and preparation are complete before the 

cell commits itself to the major upheavals of S phase and mitosis. The G 
1
  phase is 

especially important in this aspect. Its length can vary greatly depending on external 

conditions and extracellular signals from other cells. If extracellular conditions are 

unfavorable, for example, cells delay progress through G 
1
  and may even enter a 

specialized resting state known as G 
0
  (G zero), in which they remain for days, 

weeks, or even for years before resuming proliferation. Indeed, many cells remain 

permanently in G 
0
  state until they die. 

 In one of the various embodiments, a designer gene(s) that encodes a designer 

cdc-regulatory protein or a speci fi c cdc-iRNA is used to inducibly inhibit the expres-

sion of certain cdc gene(s) to stop cell division and disable the mating capability 

when the designer gene(s) is trigged by a speci fi c inducing condition. When the 

cell-division-controllable designer culture is grown and ready for photosynthetic 

production of biofuels, for example, it is a preferred practice to induce the expres-

sion of a speci fi c designer cdc-iRNA gene(s) along with induction of the designer 

biofuel-production-pathway gene(s) so that the cells will permanently halt at the G 
1
  

phase or G 
0
  state. In this way, the grown designer-organism cells become perfect 

catalysts for photosynthetic production of biofuels from CO 
2
  and H 

2
 O while their 

functions of cell division and mating are permanently shut off at the G 
1
  phase or G 

0
  

state to help ensure biosafety. 

 Use of the biosafety embodiments with various designer biofuel-production-

pathways genes can create various biosafety-guarded photobiological biofuel pro-

ducers (Fig.  3a–c ). Note, SEQ ID NOS: 46 and 1–12 (listed in PCT Patent Application 

Publication No. WO 09105733) represent an example for a cell- division-controllable 

designer eukaryotic organism such as a cell-division-controllable designer alga 

(e.g.,  Chlamydomonas ) that contains a designer Nial-promoter-controlled proton-

channel gene (SEQ ID NO: 46) and a set of designer Nial-promoter-controlled 

butanol-production-pathway genes (SEQ ID NOS: 1–12). Because the designer 

proton-channel gene and the designer biofuel-production-pathway gene(s) are all 

controlled by the same Nial-promoter sequences, they can be simultaneously 

expressed upon induction by adding nitrate fertilizer into the culture medium to 

provide the biosafety-guarded photosynthetic biofuel-producing capability as illus-

trated in Fig.  3b . Use of the designer Nial-promoter-controlled butanol-production-

pathway genes (SEQ ID NOS: 1–12) in a high CO 
2
 -requiring host photosynthetic 

organism, such as  C. reinhardtii  carbonic-anhydrase-de fi cient mutant12-1C 
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(CC-1219 cal mt-) or  C. reinhardtii cia3  mutant, represents another example in 

creating a designer cell-division-controllable photosynthetic organism to help 

ensure biosafety. 

 This designer biosafety feature may be useful to the production of other biofuels 

such as biooils, biohydrogen, ethanol, hydrocarbons, and intermediate products as 

well. For example, this biosafety embodiment in combination with a set of designer 

ethanol-production-pathway genes can represent a cell-division-controllable etha-

nol producer (Fig.  3c ).  

    2.5   More on Designer Calvin-Cycle-Channeled Production 

of Butanol and Related Higher Alcohols 

 The present invention further discloses designer Calvin-cycle-channeled and photo-

synthetic-NADPH (reduced nicotinamide adenine dinucleotide phosphate)-

enhanced pathways, associated designer DNA constructs (designer genes), and 

designer transgenic photosynthetic organisms for photobiological production of 

butanol and related higher alcohols from carbon dioxide and water. In this context 

throughout this speci fi cation as mentioned before, a “higher alcohol” or “related 

higher alcohol” refers to an alcohol that comprises at least four carbon atoms, 

including both straight and branched higher alcohols such as 1-butanol and 2-methyl-

1-butanol. The Calvin-cycle-channeled and photosynthetic-NADPH-enhanced 

pathways are constructed with designer enzymes expressed through use of designer 

genes in host photosynthetic organisms such as algae and oxyphotobacteria (includ-

ing cyanobacteria and oxychlorobacteria) organisms for photobiological production 

of butanol and related higher alcohols. The said butanol and related higher alcohols 

are selected from the group consisting of: 1-butanol, 2-methyl-1-butanol, isobutanol, 

3-methyl-1-butanol, 1-hexanol, 1-octanol, 1-pentanol, 1-heptanol, 3-methyl-1- 

pentanol, 4-methyl-1-hexanol, 5-methyl-1-heptanol, 4-methyl-1-pentanol, 5-methyl-

1-hexanol, and 6-methyl-1-heptanol. The designer photosynthetic organisms such 

as designer transgenic algae and oxyphotobacteria (including cyanobacteria and 

oxychlorobacteria) comprise designer Calvin-cycle-channeled and photosynthetic 

NADPH-enhanced pathway gene(s) and biosafety-guarding technology for enhanced 

photobiological production of butanol and related higher alcohols from carbon 

dioxide and water. 

 Photosynthetic water splitting and its associated proton gradient-coupled elec-

tron transport process generates chemical energy intermediate in the form of ade-

nosine triphosphate (ATP) and reducing power in the form of reduced nicotinamide 

adenine dinucleotide phosphate (NADPH). However, certain butanol-related meta-

bolic pathway enzymes such as the NADH-dependent butanol dehydrogenase 

(GenBank accession numbers: YP_148778, NP_561774, AAG23613, ZP_05082669, 

ADO12118, ADC48983) can use only reduced nicotinamide adenine dinucleotide 

(NADH) but not NADPH. Therefore, to achieve a true coupling of a designer path-

way with the Calvin cycle for photosynthetic production of butanol and related 
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higher alcohols, it is a preferred practice to use an effective NADPH/NADH conver-

sion mechanism and/or NADPH-using enzyme(s) (such as NADPH-dependent 

enzymes) in construction of a compatible designer pathway(s) to couple with the 

photosynthesis/Calvin-cycle process in accordance with the present invention. 

 According to one of the various embodiments, a number of various designer 

Calvin-cycle-channeled pathways can be created by use of an NADPH/NADH con-

version mechanism in combination with certain amino-acids-metabolic pathways 

for production of butanol and higher alcohols from carbon dioxide and water. The 

Calvin-cycle-channeled and photosynthetic-NADPH-enhanced pathways are con-

structed typically with designer enzymes that are selectively expressed through use 

of designer genes in a host photosynthetic organism such as a host alga or oxypho-

tobacterium for production of butanol and higher alcohols. A list of exemplary 

enzymes that can be selected for use in construction of the Calvin-cycle-channeled 

and photosynthetic-NADPH-enhanced pathways are presented in Table  1 . As shown 

in Figs.  4 – 10 , the net results of the designer Calvin-cycle-channeled and photosyn-

thetic NADPH-enhanced pathways in working with the Calvin cycle are production 

of butanol and related higher alcohols from carbon dioxide (CO 
2
 ) and water (H 

2
 O) 

using photosynthetically generated ATP (adenosine triphosphate) and NADPH 

(reduced nicotinamide adenine dinucleotide phosphate). A signi fi cant feature is the 

innovative utilization of an NADPH-dependent glyceraldehyde-3-phosphate dehy-

drogenase  34  and a nicotinamide adenine dinucleotide (NAD)-dependent glyceral-

dehyde-3-phosphate dehydrogenase  35  to serve as a NADPH/NADH conversion 

mechanism that can convert certain amount of photosynthetically generated NADPH 

to NADH which can then be used by NADH-requiring pathway enzymes such as an 

NADH-dependent alcohol dehydrogenase  43  (examples of its encoding gene with 

GenBank accession numbers are: BAB59540, CAA89136, NP_148480) for pro-

duction of butanol and higher alcohols.        

 More speci fi cally, an NADPH-dependent glyceraldehyde-3-phosphate dehy-

drogenase  34  (e.g., GenBank accession numbers: ADC37857, ADC87332, 

YP_003471459, ZP_04395517, YP_003287699, ZP_07004478, ZP_04399616) 

catalyzes the following reaction that uses NADPH in reducing 1,3-

Diphosphoglycerate (1,3-DiPGA) to 3-Phosphoglyaldehyde (3-PGAld) and inor-

ganic phosphate (Pi):

     
+ +

+ + → + +1,3 - DiPGA NADPH H 3 - PGAld NADP Pi  
  (3)   

 Meanwhile, an NAD-dependent glyceraldehyde-3-phosphate dehydrogenase  35  

(e.g., GenBank: ADM41489, YP_003095198, ADC36961, ZP_07003925, 

ACQ61431, YP_002285269, ADN80469, ACI60574) catalyzes the oxidation of 

3-PGAld by oxidized nicotinamide adenine dinucleotide (NAD + ) back to1,3-

DiPGA:

     
+ +

+ + → + +3 - PGAld NAD Pi 1,3 - DiPGA NADH H  
  (4)   

 The net result of the enzymatic reactions ( 3 ) and ( 4 ) is the conversion of photo-

synthetically generated NADPH to NADH, which various NADH-requiring designer 

pathway enzymes such as NADH-dependent alcohol dehydrogenase  43  can use in 
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producing butanol and related higher alcohols. When there is too much NADH, this 

NADPH/NADH conversion system can run also reversely to balance the supply of 

NADH and NADPH. Therefore, it is a preferred practice to innovatively utilize this 

NADPH/NADH conversion system under control of a designer switchable promoter 

such as  nirA  (or Nial for eukaryotic system) promoter when/if needed to achieve 

robust production of butanol and related higher alcohols. Various designer Calvin-

cycle-channeled pathways in combination of a NADPH/NADH conversion mecha-

nism with certain amino-acids-metabolism-related pathways for photobiological 

production of butanol and related higher alcohols are further described hereinbelow.  

    2.6   Designer Calvin-Cycle-Channeled 1-Butanol 

Producing Pathways 

 According to one of the various embodiments, a designer Calvin-cycle-channeled 

pathway is created that takes the Calvin-cycle intermediate product, 3-phospho-

glycerate, and converts it into 1-butanol by using, for example, a set of enzymes 

consisting of (as shown with the numerical labels  34 ,  35 ,  03 - 05 ,  36 - 43  in Fig.  4 ): 

NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase  34 , NAD-

dependent glyceraldehyde-3-phosphate dehydrogenase  35 , phosphoglycerate 

mutase  03 , enolase  04 , pyruvate kinase  05 , citramalate synthase  36 , 2-methylmalate 

dehydratase  37 , 3-isopropylmalate dehydratase  38 , 3-isopropylmalate dehydroge-

nase  39 , 2-isopropylmalate synthase  40 , isopropylmalate isomerase  41 , 2-keto acid 

decarboxylase  42 , and alcohol dehydrogenase (NAD dependent)  43 . In this pathway 

design, as mentioned earlier, the NADPH-dependent glyceraldehyde-3-phosphate 

dehydrogenase  34  and NAD-dependent glyceraldehyde-3-phosphate dehydroge-

nase  35  serve as a NADPH/NADH conversion mechanism that can convert certain 

amount of photosynthetically generated NADPH to NADH which can be used by 

the NADH-requiring alcohol dehydrogenase  43  (examples of its encoding gene 

with the following GenBank accession numbers: BAB59540, CAA89136, 

NP_148480) for production of 1-butanol by reduction of butyraldehyde. 

 According to one of the various embodiments, it is a preferred practice to also 

use an NADPH-dependent alcohol dehydrogenase  44  that can use NADPH as the 

source of reductant so that it can help alleviate the requirement of NADH supply for 

enhanced photobiological production of butanol and other alcohols. As listed in 

Table  1 , examples of NADPH-dependent alcohol dehydrogenase  44  include (but not 

limited to) the enzyme with any of the following GenBank accession numbers: 

YP_001211038, ZP_04573952, XP_002494014, CAY71835, NP_417484, 

EFC99049, and ZP_02948287. 

 Note, the 2-keto acid decarboxylase  42  (e.g., AAS49166, ADA65057, CAG34226, 

AAA35267, CAA59953, A0QBE6, A0PL16) and alcohol dehydrogenase  43  (and/

or  44 ) have quite broad substrate speci fi city. Consequently, their use can result in 

production of not only 1-butanol but also other alcohols such as propanol depending 
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on the genetic and metabolic background of the host photosynthetic organisms. 

This is because all 2-keto acids can be converted to alcohols by the 2-keto acid 

decarboxylase  42  and alcohol dehydrogenase  43  (and/or  44 ) owning to their broad 

substrate speci fi city. Therefore, according to another embodiment, it is a preferred 

practice to use a substrate-speci fi c enzyme such as butanol dehydrogenase  12  when/

if production of 1-butanol is desirable. As listed in Table  1 , examples of butanol 

dehydrogenase  12  are NADH-dependent butanol dehydrogenase (e.g., GenBank: 

YP_148778, NP_561774, AAG23613, ZP_05082669, ADO12118) and/or NAD(P)

H-dependent butanol dehydrogenase (e.g., NP_562172, AAA83520, EFB77036, 

EFF67629, ZP_06597730, EFE12215, EFC98086, ZP_05979561). 

 In one of the various embodiments, another designer Calvin-cycle-channeled 

1-butanol production pathway is created that takes the Calvin-cycle intermediate 

product, 3-phosphoglycerate, and converts it into 1-butanol by using, for example, 

a set of enzymes consisting of (as shown with the numerical labels  34 ,  35 ,  03 ,  04 , 

 45 - 52 , and  40 - 43  ( 44 / 12 ) in Fig.  4 ): NADPH-dependent glyceraldehyde-3-phos-

phate dehydrogenase  34 , NAD-dependent glyceraldehyde-3-phosphate dehydroge-

nase  35 , phosphoglycerate mutase  03 , enolase  04 , phosphoenolpyruvate carboxylase 

 45 , aspartate aminotransferase  46 , aspartokinase  47 , aspartate-semialdehyde dehy-

drogenase  48 , homoserine dehydrogenase  49 , homoserine kinase  50 , threonine syn-

thase  51 , threonine ammonia-lyase  52 , 2-isopropylmalate synthase  40 , 

isopropylmalate isomerase  41 , 3-isopropylmalate dehydrogenase  39 , 2-keto acid 

decarboxylase  42 , and NAD-dependent alcohol dehydrogenase  43  (and/or NADPH-

dependent alcohol dehydrogenase  44 , or butanol dehydrogenase  12 ). 

 According to another embodiment, the amino-acids-metabolism-related 

1-butanol production pathways (numerical labels  03 - 05 ,  36 - 43  and/or  03 ,  04 ,  45 - 52 , 

and  39 - 43  ( 44 / 12 )) can operate in combination and/or in parallel with other photo-

biological butanol production pathways. For example, as shown also in Fig.  4 , the 

Fructose-6-phosphate-branched 1-butanol production pathway (numerical labels 

 13 - 32  and  44 / 12 ) can operate with the parts of amino-acids-metabolism-related 

pathways (numerical labels  36 - 42 , and/or  45 - 52  and  40 - 42 ) with pyruvate and/or 

phosphoenolpyruvate as their joining points. 

 Examples of designer Calvin-cycle-channeled 1-butanol production pathway 

genes (DNA constructs) are shown in the DNA sequence listings (SEQ ID NOS: 

58–81 of the US Patent Application Publication No. 2011/0177571 A1). The net 

results of the designer photosynthetic NADPH-enhanced pathways in working 

with the Calvin cycle (Fig.  4 ) are photobiological production of 1-butanol 

(CH 
3
 CH 

2
 CH 

2
 CH 

2
 OH) from carbon dioxide (CO 

2
 ) and water (H 

2
 O) using photo-

synthetically generated ATP (adenosine triphosphate) and NADPH (reduced nico-

tinamide adenine dinucleotide phosphate) according to the following process 

reaction:

     
+ → +

2 2 3 2 2 2 2
4CO 5H O CH CH CH CH OH 6O

 
  (5)    
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    2.7   Designer Calvin-Cycle-Channeled 2-Methyl-1-Butanol 

Producing Pathways 

 According to one of the various embodiments, a designer Calvin-cycle-channeled 

2-Methyl-1-Butanol production pathway is created that takes the Calvin-cycle inter-

mediate product, 3-phosphoglycerate, and converts it into 2-methyl-1-butanol by 

using, for example, a set of enzymes consisting of (as shown with the numerical 

labels  34 ,  35 ,  03 - 05 ,  36 - 39 ,  53 - 55 ,  42 ,  43 , or  44 / 56  in Fig.  5 ): NADPH-dependent 

glyceraldehyde-3-phosphate dehydrogenase  34 , NAD-dependent glyceraldehyde-

3-phosphate dehydrogenase  35 , phosphoglycerate mutase  03 , enolase  04 , pyruvate 

kinase  05 , citramalate synthase  36 , 2-methylmalate dehydratase  37 , 3-isopropyl-

malate dehydratase  38 , 3-isopropylmalate dehydrogenase  39 , acetolactate synthase 

 53 , ketol-acid reductoisomerase  54 , dihydroxy-acid dehydratase  55 , 2-keto acid 

decarboxylase  42 , and NAD-dependent alcohol dehydrogenase  43  (or NADPH-

dependent alcohol dehydrogenase  44 ; more preferably, 2-methylbutyraldehyde 

reductase  56 ). 

 In another embodiment, a designer Calvin-cycle-channeled 2-methyl-1-butanol 

production pathway is created that takes the intermediate product, 3-phosphoglyc-

erate, and converts it into 2-methyl-1-butanol by using, for example, a set of enzymes 

consisting of (as shown with the numerical labels  34 ,  35 ,  03 ,  04 ,  45 - 55 ,  42 ,  43 , or 

 44 / 56  in Fig.  5 ): NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase 

 34 , NAD-dependent glyceraldehyde-3-phosphate dehydrogenase  35 , phosphoglyc-

erate mutase  03 , enolase  04 , phosphoenolpyruvate carboxylase  45 , aspartate amin-

otransferase  46 , aspartokinase  47 , aspartate-semialdehyde dehydrogenase  48 , 

homoserine dehydrogenase  49 , homoserine kinase  50 , threonine synthase  51 , threo-

nine ammonia-lyase  52 , acetolactate synthase  53 , ketol-acid reductoisomerase  54 , 

dihydroxy-acid dehydratase  55 , 2-keto acid decarboxylase  42 , and NAD dependent 

alcohol dehydrogenase  43  (or NADPH dependent alcohol dehydrogenase  44 ; more 

preferably, 2-methylbutyraldehyde reductase  56 ). 

 These pathways (Fig.  5 ) are quite similar to those of Fig.  4 , except that ace-

tolactate synthase  53 , ketol-acid reductoisomerase  54 , dihydroxy-acid dehydratase 

 55 , and 2-methylbutyraldehyde reductase  56  are used to produce 2-Methyl-1-

Butanol. 

 The net results of the designer photosynthetic NADPH-enhanced pathways in 

working with the Calvin cycle (Fig.  5 ) are production of 2-methyl-1-butanol 

(CH 
3
 CH 

2
 CH(CH 

3
 )CH 

2
 OH) from carbon dioxide (CO 

2
 ) and water (H 

2
 O) using 

photosynthetically generated ATP and NADPH according to the following process 

reaction:

     
+ → +

2 2 3 2 3 2 2
10CO 12H O 2CH CH CH(CH )CH OH 15O

 
  (6)    
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    2.8   Designer Calvin-Cycle-Channeled Pathways for Production 

of Isobutanol and 3-Methyl-1-Butanol 

 According to one of the various embodiments, a designer Calvin-cycle-channeled 

pathway is created that takes the Calvin-cycle intermediate product, 3-phospho-

glycerate, and converts it into isobutanol by using, for example, a set of enzymes 

consisting of (as shown with numerical labels  34 ,  35 ,  03 - 05 ,  53 - 55 ,  42 ,  43  (or  44 ) 

in Fig.  6 ): NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase  34 , 

NAD-dependent glyceraldehyde-3-phosphate dehydrogenase  35 , phosphoglycerate 

mutase  03 , enolase  04 , pyruvate kinase  05 , acetolactate synthase  53 , ketol-acid 

reductoisomerase  54 , dihydroxy-acid dehydratase  55 , 2-keto acid decarboxylase  42 , 

and NAD-dependent alcohol dehydrogenase  43  (or NADPH-dependent alcohol 

dehydrogenase  44 ). The net result of this pathway in working with the Calvin cycle 

is photobiological production of isobutanol ((CH 
3
 ) 

2
 CHCH 

2
 OH) from carbon diox-

ide (CO 
2
 ) and water (H 

2
 O) using photosynthetically generated ATP and NADPH 

according to the following process reaction:

     
+ → +

2 2 3 2 2 2
4CO 5H O (CH ) CHCH OH 6O

 
  (7)   

 According to another embodiment, a designer Calvin-cycle-channeled pathway 

is created that takes the intermediate product, 3-phosphoglycerate, and converts it 

into 3-methyl-1-butanol by using, for example, a set of enzymes consisting of (as 

shown with the numerical labels  34 ,  35 ,  03 - 05 ,  53 - 55 ,  40 ,  38 ,  39 ,  42 ,  43  (or  44 / 57 ) 

in Fig.  6 ): NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase  34 , 

NAD-dependent glyceraldehyde-3-phosphate dehydrogenase  35 , phosphoglycerate 

mutase  03 , enolase  04 , pyruvate kinase  05 , acetolactate synthase  53 , ketol-acid 

reductoisomerase  54 , dihydroxy-acid dehydratase  55 , 2-isopropylmalate synthase 

 40 , 3-isopropylmalate dehydratase  38 , 3-isopropylmalate dehydrogenase  39 , 2-keto 

acid decarboxylase  42 , and NAD-dependent alcohol dehydrogenase  43  (or NADPH-

dependent alcohol dehydrogenase  44 ; or more preferably, 3-methylbutanal reductase 

 57 ). The net result of this pathway in working with the Calvin cycle is photobiologi-

cal production of 3-methyl-1-butanol (CH 
3
 CH(CH 

3
 )CH 

2
 CH 

2
 OH) from carbon diox-

ide (CO 
2
 ) and water (H 

2
 O) using photosynthetically generated ATP and NADPH 

according to the following process reaction:

     
+ → +

2 2 3 3 2 2 2
10CO 12H O 4CH CH(CH )CH CH OH 15O

 
  (8)   

 These designer pathways (Fig.  6 ) share a number of designer pathway enzymes 

with those of Figs.  4  and  5 , except that a 3-methylbutanal reductase  57  is preferably 

used for production of 3-methyl-1-butanol; they all have a common feature of using 

an NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase  34  and an 

NAD-dependent glyceraldehyde-3-phosphate dehydrogenase  35  as an NADPH/

NADH conversion mechanism to convert certain amount of photosynthetically gen-

erated NADPH to NADH which can be used by NADH-requiring pathway enzymes 

such as an NADH-requiring alcohol dehydrogenase  43 . The net results of the 

designer photosynthetic NADPH-enhanced pathways (Fig.  6 ) in working with the 
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Calvin cycle are also production of isobutanol ((CH 
3
 ) 

2
 CHCH 

2
 OH) and/or 3-methyl-

1-butanol (CH 
3
 CH(CH 

3
 )CH 

2
 CH 

2
 OH) from carbon dioxide (CO 

2
 ) and water (H 

2
 O) 

using photosynthetically generated ATP and NADPH.  

    2.9   Designer Calvin-Cycle-Channeled Pathways for Production 

of 1-Hexanol and 1-Octanol 

 According to one of the various embodiments, a designer Calvin-cycle-channeled 

pathway is created that takes the Calvin-cycle intermediate product, 3-phospho-

glycerate, and converts it into 1-hexanol by using, for example, a set of enzymes 

consisting of (as shown with the numerical labels  34 ,  35 ,  03 - 10 ,  07 ¢  - 12 ¢   in Fig.  7 ): 

NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase  34 , NAD-

dependent glyceraldehyde-3-phosphate dehydrogenase  35 , phosphoglycerate 

mutase  03 , enolase  04 , pyruvate kinase  05 , pyruvate-ferredoxin oxidoreductase  06 , 

thiolase  07 , 3-hydroxybutyryl-CoA dehydrogenase  08 , crotonase  09 , butyryl-CoA 

dehydrogenase  10 , designer 3-ketothiolase  07 ¢  , designer 3-hydroxyacyl-CoA dehy-

drogenase  08 ¢  , designer enoyl-CoA dehydratase  09 ¢  , designer 2-enoyl-CoA 

reductase  10 ¢  , designer acyl-CoA reductase  11 ¢  , and hexanol dehydrogenase  12 ¢  . 

The net result of this designer pathway in working with the Calvin cycle is photo-

biological production of 1-hexanol (CH 
3
 CH 

2
 CH 

2
 CH 

2
 CH 

2
 CH 

2
 OH) from carbon 

dioxide (CO 
2
 ) and water (H 

2
 O) using photosynthetically generated ATP and NADPH 

according to the following process reaction:

     
+ → +

2 2 3 2 2 2 2 2 2
6CO 7H O CH CH CH CH CH CH OH 9O

 
  (9)   

 According to another embodiment, a designer Calvin-cycle-channeled pathway 

is created that takes the intermediate product, 3-phosphoglycerate, and converts it 

into 1-octanol by using, for example, a set of enzymes consisting of (as shown with 

the numerical labels  34 ,  35 ,  03 - 10 ,  07 ¢  - 10 ¢  , and  07≤ - 12≤  in Fig.  7 ): NADPH-

dependent glyceraldehyde-3-phosphate dehydrogenase  34 , NAD-dependent glycer-

aldehyde-3-phosphate dehydrogenase  35 , phosphoglycerate mutase  03 , enolase  04 , 

pyruvate kinase  05 , pyruvate-ferredoxin oxidoreductase  06 , thiolase  07 , 3-hydroxy-

butyryl-CoA dehydrogenase  08 , crotonase  09 , butyryl-CoA dehydrogenase  10 , 

designer 3-ketothiolase  07 ¢  , designer 3-hydroxyacyl-CoA dehydrogenase  08 ¢  , 

designer enoyl-CoA dehydratase  09 ¢  , designer 2-enoyl-CoA reductase  10 ¢  , designer 

3-ketothiolase  07≤ , designer 3-hydroxyacyl-CoA dehydrogenase  08≤ , designer 

enoyl-CoA dehydratase  09≤ , designer 2-enoyl-CoA reductase  10≤ , designer acyl-

CoA reductase  11≤ , and octanol dehydrogenase  12≤ . 

 These pathways represent a signi fi cant upgrade in the pathway designs with part 

of a previously disclosed 1-butanol production pathway ( 03 - 10 ). The key feature is 

the utilization of an NADPH-dependent glyceraldehyde-3-phosphate dehydroge-

nase  34  and an NAD-dependent glyceraldehyde-3-phosphate dehydrogenase  35  as 

a mechanism for NADPH/NADH conversion to drive an NADH-requiring designer 
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hydrocarbon chain elongation pathway ( 07 ¢  - 10 ¢  ) for 1-hexanol production ( 07 ¢  - 12 ¢   

as shown in Fig.  7 ). The net result of this pathway in working with the Calvin cycle 

is photobiological production of 1-octanol (CH 
3
 CH 

2
 CH 

2
 CH 

2
 CH 

2
 CH 

2
 CH 

2
 CH 

2
 OH) 

from carbon dioxide (CO 
2
 ) and water (H 

2
 O) using photosynthetically generated 

ATP and NADPH according to the following process reaction:

     
+ → +

2 2 3 2 2 2 2 2 2 2 2
8CO 9H O CH CH CH CH CH CH CH CH OH 12O

 
  (10)    

    2.10   Designer Calvin-Cycle-Channeled Pathways for Production 

of 1-Pentanol, 1-Hexanol, and 1-Heptanol 

 According to one of the various embodiments, a designer Calvin-cycle-channeled 

pathway is created that takes the Calvin-cycle intermediate product, 3-phosphoglycer-

ate, and converts it into 1-pentanol, 1-hexanol, and/or 1-heptanol by using, for exam-

ple, a set of enzymes consisting of (as shown with the numerical labels  34 ,  35 ,  03 - 05 , 

 36 - 41 ,  39 ,  39 ¢  - 43 ¢  ,  39 ¢  - 43 ¢  ,  12 ¢  , and  39≤ - 43   in Fig.  8 ): NADPH-dependent glyceral-

dehyde-3-phosphate dehydrogenase  34 , NAD-dependent glyceraldehyde-3-phosphate 

dehydrogenase  35 , phosphoglycerate mutase  03 , enolase  04 , pyruvate kinase  05 , cit-

ramalate synthase  36 , 2-methylmalate dehydratase  37 , 3-isopropylmalate dehydratase 

 38 , 3-isopropylmalate dehydrogenase  39 , 2-isopropylmalate synthase  40 , isopropyl-

malate isomerase  41 , 3-isopropylmalate dehydrogenase  39 , designer isopropylmalate 

synthase  40 ¢  , designer isopropylmalate isomerase  41 ¢  , designer 3-isopropylmalate 

dehydrogenase  39 ¢  , designer 2-keto acid decarboxylase  42 ¢  , short-chain alcohol dehy-

drogenase  43 ¢  , hexanol dehydrogenase  12 ¢  , designer isopropylmalate synthase  40≤ , 

designer isopropylmalate isomerase  41≤ , designer 3-isopropylmalate dehydrogenase 

 39≤ , designer 2-keto acid decarboxylase  42≤ , and designer short-chain alcohol dehy-

drogenase  43≤ . This designer pathway works with the Calvin cycle using photosyn-

thetically generated ATP and NADPH for photobiological production of 1-pentanol 

(CH 
3
 CH 

2
 CH 

2
 CH 

2
 CH 

2
 OH), 1-hexanol (CH 

3
 CH 

2
 CH 

2
 CH 

2
 CH 

2
 CH 

2
 OH), and/or 1-hep-

tanol (CH 
3
 CH 

2
 CH 

2
 CH 

2
 CH 

2
 CH 

2
 CH 

2
 OH) from carbon dioxide (CO 

2
 ) and water (H 

2
 O) 

according to the following process reactions:

     
+ → +

2 2 3 2 2 2 2 2
10CO 12H O 2CH CH CH CH CH OH 15O

 
  (11)  

     
+ → +

2 2 3 2 2 2 2 2 2
6CO 7H O CH CH CH CH CH CH OH 9O

 
  (12)  

     
+ → +

2 2 3 2 2 2 2 2 2 2
14CO 16H O 2CH CH CH CH CH CH CH OH 21O

 
  (13)   

 According to another embodiment, a designer Calvin-cycle-channeled pathway 

is created that takes the intermediate product, 3-phosphoglycerate, and converts it 

into 1-pentanol, 1-hexanol, and/or 1-heptanol by using, for example, a set of 

enzymes consisting of (as shown with the numerical labels  34 ,  35 ,  03 ,  04 ,  45 - 52 ,  40 , 

 41 ,  39 ,  39 ¢  - 43 ¢  ,  39 ¢  - 43 ¢  ,  12 ¢  , and  39≤ - 43≤  in Fig.  8 ): NADPH-dependent glyceralde-

hyde-3-phosphate dehydrogenase  34 , NAD-dependent glyceraldehyde-3-phosphate 
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dehydrogenase  35 , phosphoglycerate mutase  03 , enolase  04 , phosphoenolpyruvate 

carboxylase  45 , aspartate aminotransferase  46 , aspartokinase  47 , aspartate-semial-

dehyde dehydrogenase  48 , homoserine dehydrogenase  49 , homoserine kinase  50 , 

threonine synthase  51 , threonine ammonia-lyase  52 , 2-isopropylmalate synthase 

 40 , isopropylmalate isomerase  41 , 3-isopropylmalate dehydrogenase  39 , designer 

isopropylmalate synthase  40 ¢  , designer isopropylmalate isomerase  41 ¢  , designer 

3-isopropylmalate dehydrogenase  39 ¢  , designer 2-keto acid decarboxylase  42 ¢  , 

short-chain alcohol dehydrogenase  43 ¢  , hexanol dehydrogenase  12 ¢  , designer iso-

propylmalate synthase  40≤ , designer isopropylmalate isomerase  41≤ , designer 

3- isopropylmalate dehydrogenase  39≤ , designer 2-keto acid decarboxylase  42≤ , and 

designer short-chain alcohol dehydrogenase  43≤ . 

 These pathways (Fig.  8 ) share a common feature of using an NADPH-dependent 

glyceraldehyde-3-phosphate dehydrogenase  34  and an NAD-dependent glyceralde-

hyde-3-phosphate dehydrogenase  35  as a mechanism for NADPH/NADH conver-

sion to drive production of 1-pentanol, 1-hexanol, and/or 1-heptanol through a 

designer Calvin-cycle-channeled pathway in combination with a designer hydrocar-

bon chain elongation pathway ( 40 ¢  ,  41 ¢  ,  39 ¢  ). This embodiment also takes the advan-

tage of the broad substrate speci fi city (promiscuity) of 2-isopropylmalate synthase 

 40 , isopropylmalate isomerase  41 , 3-isopropylmalate dehydrogenase  39 , 2-keto 

acid decarboxylase  42 , and short-chain alcohol dehydrogenase  43  so that they can 

be used also as: designer isopropylmalate synthase  40  ¢  , designer isopropylmalate 

isomerase  41 ¢  , designer 3-isopropylmalate dehydrogenase  39 ¢  , designer 2-keto acid 

decarboxylase  42 ¢  , and short-chain alcohol dehydrogenase  43 ¢  ; isopropylmalate 

synthase  40  , designer isopropylmalate isomerase  41≤ , designer 3-isopropylmalate 

dehydrogenase  39≤ , designer 2-keto acid decarboxylase  42≤ , and designer short-

chain alcohol dehydrogenase  43≤ . In this case, proper selection of a short-chain 

alcohol dehydrogenase with certain promiscuity is also essential. To improve prod-

uct speci fi city, it is a preferred practice to use substrate speci fi c designer enzymes.  

    2.11   Designer Calvin-Cycle-Channeled Pathways for Production 

of 3-Methyl-1-Pentanol, 4-Methyl-1-Hexanol, 

and 5-Methyl-1-Heptanol 

 According to one of the various embodiments, a designer Calvin-cycle-channeled 

pathway is created that takes the Calvin-cycle intermediate product, 3-phospho-

glycerate, and converts it into 3-methyl-1-pentanol, 4-methyl-1-hexanol, and/or 

5-methyl-1-heptanol by using, for example, a set of enzymes consisting of (as shown 

with the numerical labels  34 ,  35 ,  03 - 05 ,  36 - 39 ,  53 - 55 ,  39 ¢  - 43 ¢  ,  39 ¢  - 43 ¢  , and  39≤ - 43≤  

in Fig.  9 ): NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase  34 , 

NAD-dependent glyceraldehyde-3-phosphate dehydrogenase  35 , phosphoglycerate 

mutase  03 , enolase  04 , pyruvate kinase  05 , citramalate synthase  36 , 2-methylmalate 

dehydratase  37 , 3-isopropylmalate dehydratase  38 , 3-isopropylmalate dehydroge-

nase  39 , acetolactate synthase  53 , ketol-acid reductoisomerase  54 , dihydroxy-acid 
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dehydratase  55 , designer isopropylmalate synthase  40 ¢  , designer isopropylmalate 

isomerase  41 ¢  , designer 3-isopropylmalate dehydrogenase  39 ¢  , designer 2-keto acid 

decarboxylase  42 ¢  , short-chain alcohol dehydrogenase  43 ¢  , designer isopropylmalate 

synthase  40≤ , designer isopropylmalate isomerase  41≤ , designer 3-isopropylmalate 

dehydrogenase  39≤ , designer 2-keto acid decarboxylase  42≤ , and designer short-

chain alcohol dehydrogenase  43≤ . 

 According to another embodiment, a designer Calvin-cycle-channeled pathway 

is created that takes the intermediate product, 3-phosphoglycerate, and converts it 

into 3-methyl-1-pentanol, 4-methyl-1-hexanol, and/or 5-methyl-1-heptanol by 

using, for example, a set of enzymes consisting of (as shown with the numerical 

labels  34 ,  35 ,  03 ,  04 ,  45 - 55 ,  39 ¢  - 43 ¢  ,  39 ¢  - 43 ¢  , and  39≤ - 43≤  in Fig.  9 ): NADPH-

dependent glyceraldehyde-3-phosphate dehydrogenase  34 , NAD-dependent glycer-

aldehyde-3-phosphate dehydrogenase  35 , phosphoglycerate mutase  03 , enolase  04 , 

phosphoenolpyruvate carboxylase  45 , aspartate aminotransferase  46 , aspartokinase 

 47 , aspartate-semialdehyde dehydrogenase  48 , homoserine dehydrogenase  49 , 

homoserine kinase  50 , threonine synthase  51 , threonine ammonia-lyase  52 , ace-

tolactate synthase  53 , ketol-acid reductoisomerase  54 , dihydroxy-acid dehydratase 

 55 , designer isopropylmalate synthase  40 ¢  , designer isopropylmalate isomerase  41 ¢  , 

designer 3-isopropylmalate dehydrogenase  39 ¢  , designer 2-keto acid decarboxylase 

 42 ¢  , short-chain alcohol dehydrogenase  43 ¢  , designer isopropylmalate synthase  40  , 

designer isopropylmalate isomerase  41≤ , designer 3-isopropylmalate dehydroge-

nase  39≤ , designer 2-keto acid decarboxylase  42≤ , and designer short-chain alcohol 

dehydrogenase  43≤ . 

 These pathways (Fig.  9 ) are similar to those of Fig.  8 , except they use acetolac-

tate synthase  53 , ketol-acid reductoisomerase  54 , dihydroxy-acid dehydratase  55  as 

part of the pathways for production of 3-methyl-1-pentanol, 4-methyl-1-hexanol, 

and/or 5-methyl-1-heptanol. They all share a common feature of using an NADPH-

dependent glyceraldehyde-3-phosphate dehydrogenase  34  and an NAD-dependent 

glyceraldehyde-3-phosphate dehydrogenase  35  as a mechanism for NADPH/NADH 

conversion to drive production of 3-methyl-1-pentanol, 4-methyl-1-hexanol, and/or 

5-methyl-1-heptanol through a designer Calvin-cycle-channeled pathway in combi-

nation with a hydrocarbon chain elongation pathway ( 40 ¢  ,  41 ¢  ,  39 ¢  ). This embodi-

ment also takes the advantage of the broad substrate speci fi city (promiscuity) of 

2-isopropylmalate synthase  40 , isopropylmalate isomerase  41 , 3-isopropylmalate 

dehydrogenase  39 , 2-keto acid decarboxylase  42 , and short-chain alcohol dehydro-

genase  43  so that they can also serve as: designer isopropylmalate synthase  40 ¢  , 

designer isopropylmalate isomerase  41 ¢  , designer 3-isopropylmalate dehydrogenase 

 39 ¢  , designer 2-keto acid decarboxylase  42 ¢  , and short-chain alcohol dehydrogenase 

 43 ¢  ; designer isopropylmalate synthase  40≤ , designer isopropylmalate isomerase 

 41≤ , designer 3-isopropylmalate dehydrogenase  39≤ , designer 2-keto acid decar-

boxylase  42≤ , and designer short-chain alcohol dehydrogenase  43≤ . 

 The net results of the designer photosynthetic NADPH-enhanced pathways 

(Fig.  9 ) in working with the Calvin cycle are production of 3-methyl-1-pentanol 

(CH 
3
 CH 

2
 CH(CH 

3
 )CH 

2
 CH 

2
 OH),  4-methyl-1-hexanol  (CH 

3
 CH 

2
 CH(CH 

3
 )CH 

2
 CH 

2
 

CH 
2
 OH), and 5-methyl-1-heptanol (CH 

3
 CH 

2
 CH(CH 

3
 )CH 

2
 CH 

2
 CH 

2
 CH 

2
 OH) from 
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carbon dioxide (CO 
2
 ) and water (H 

2
 O) using photosynthetically generated ATP and 

NADPH according to the following process reactions:

     
+ → +

2 2 3 2 3 2 2 2
6CO 7H O CH CH CH(CH )CH CH OH 9O

 
  (14)  

     
+ → +

2 2 3 2 3 2 2 2 2
14CO 16H O 2CH CH CH(CH )CH CH CH OH 21O

 
  (15)  

     
+ → +

2 2 3 2 3 2 2 2 2 2
8CO 9H O CH CH CH(CH )CH CH CH CH OH 12O

 
  (16)    

    2.12   Designer Calvin-Cycle-Channeled Pathways for Production 

of 4-Methyl-1-Pentanol, 5-Methyl-1-Hexanol, 

and 6-Methyl-1-Heptanol 

 According to one of the various embodiments, a designer Calvin-cycle-channeled 

pathway is created that takes the Calvin-cycle intermediate product, 3-phosphoglyc-

erate, and converts it into 4-methyl-1-pentanol, 5-methyl-1-hexanol, and 6-methyl-

1-heptanol by using, for example, a set of enzymes consisting of (as shown with the 

numerical labels  34 ,  35 ,  03 - 05 ,  53 - 55 ,  40 ,  38 ,  39 ,  39 ¢  - 43 ¢  ,  39 ¢  - 43 ¢  , and  39≤ - 43≤  in 

Fig.  10 ): NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase  34 , NAD-

dependent glyceraldehyde-3-phosphate dehydrogenase  35 , phosphoglycerate mutase 

 03 , enolase  04 , pyruvate kinase  05 , acetolactate synthase  53 , ketol-acid reductoi-

somerase  54 , dihydroxy-acid dehydratase  55 , isopropylmalate synthase  40 , dehy-

dratase  38 , 3-isopropylmalate dehydrogenase  39 , designer isopropylmalate synthase 

 40 ¢  , designer isopropylmalate isomerase  41 ¢  , designer 3-isopropylmalate dehydro-

genase  39 ¢  , designer 2-keto acid decarboxylase  42 ¢  , short-chain alcohol dehydroge-

nase  43 ¢  , designer isopropylmalate synthase  40≤ , designer isopropylmalate isomerase 

 41≤ , designer 3-isopropylmalate dehydrogenase  39≤ , designer 2-keto acid decarbox-

ylase  42≤ , and designer short-chain alcohol dehydrogenase  43≤ . 

 This pathway (Fig.  10 ) is similar to those of Fig.  8 , except that it does not use 

citramalate synthase  36  and 2-methylmalate dehydratase  37 , but uses acetolactate 

synthase  53 , ketol-acid reductoisomerase  54 , dihydroxy-acid dehydratase  55  as part 

of the pathways for production of 4-methyl-1-pentanol, 5-methyl-1-hexanol, and/or 

6-methyl-1-heptanol. They all share a common feature of using an NADPH-

dependent glyceraldehyde-3-phosphate dehydrogenase  34  and an NAD-dependent 

glyceraldehyde-3-phosphate dehydrogenase  35  as a mechanism for NADPH/NADH 

conversion to drive production of 3-methyl-1-butanol, 4-methyl-1-butanol, and 

5-methyl-1-butanol through a Calvin-cycle-channeled pathway in combination with 

a designer hydrocarbon chain elongation pathway ( 40 ¢  ,  41 ¢  ,  39 ¢  ). This embodiment 

also takes the advantage of the broad substrate speci fi city (promiscuity) of 2-isopro-

pylmalate synthase  40 , isopropylmalate isomerase  41 , 3-isopropylmalate dehydro-

genase  39 , 2-keto acid decarboxylase  42 , and short-chain alcohol dehydrogenase  43  

so that they may also serve as: designer isopropylmalate synthase  40 ¢  , designer 

isopropylmalate isomerase  41 ¢  , designer 3-isopropylmalate dehydrogenase  39 ¢  , 
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designer 2-keto acid decarboxylase  42 ¢  , and short-chain alcohol dehydrogenase  43 ¢  , 

designer isopropylmalate synthase  40≤ , designer isopropylmalate isomerase  41≤ , 

designer 3-isopropylmalate dehydrogenase  39≤ , designer 2-keto acid decarboxylase 

 42≤ , and designer short-chain alcohol dehydrogenase  43≤ . 

 The net results of the designer photosynthetic NADPH-enhanced pathway in work-

ing with the Calvin cycle (Fig.  10 ) are production of 4-methyl-1-pentanol (CH 
3
 CH(CH 

3
 )

CH 
2
 CH 

2
 CH 

2
 OH), 5-methyl-1-hexanol (CH 

3
 CH(CH 

3
 )CH 

2
 CH 

2
 CH 

2
 CH 

2
 OH), and 

6-methyl-1-heptanol (CH 
3
 CH(CH 

3
 )CH 

2
 CH 

2
 CH 

2
 CH 

2
 CH 

2
 OH) from carbon dioxide 

(CO 
2
 ) and water (H 

2
 O) using photosynthetically generated ATP and NADPH accord-

ing to the following process reactions:

     
+ → +

2 2 3 3 2 2 2 2
6CO 7H O CH CH(CH )CH CH CH OH 9O

 
  (17)  

     
+ → +

2 2 3 3 2 2 2 2 2
14CO 16H O 2CH CH(CH )CH CH CH CH OH 21O

 
  (18)  

     
+ → +

2 2 3 3 2 2 2 2 2 2
8CO 9H O CH CH(CH )CH CH CH CH CH OH 12O

 
  (19)     

    3   Use of Designer Photosynthetic Organisms 

with Photobioreactor for Production and Harvesting 

of Butanol and Related Higher Alcohols 

 The designer photosynthetic organisms with designer Calvin-cycle channeled pho-

tosynthetic NADPH-enhanced pathways (Figs.  1  and  4 – 10 ) can be used with pho-

tobioreactors for production and harvesting of butanol and/or related higher alcohols. 

The said butanol and/or related higher alcohols are selected from the group consist-

ing of: 1-butanol, 2-methyl-1-butanol, isobutanol, 3-methyl-1-butanol, 1-hexanol, 

1-octanol, 1-pentanol, 1-heptanol, 3-methyl-1-pentanol, 4-methyl-1-hexanol, 

5-methyl-1-heptanol, 4-methyl-1-pentanol, 5-methyl-1-hexanol, 6-methyl-1-

heptanol, and combinations thereof. 

 The said designer photosynthetic organisms such as designer transgenic oxypho-

tobacteria and algae comprise designer Calvin-cycle-channeled and photosynthetic 

NADPH-enhanced pathway gene(s) and biosafety-guarding technology for enhanced 

photobiological production of butanol and related higher alcohols from carbon 

dioxide and water. According to one of the various embodiments, it is a preferred 

practice to grow designer photosynthetic organisms photoautotrophically using car-

bon dioxide (CO 
2
 ) and water (H 

2
 O) as the sources of carbon and electrons with a 

culture medium containing inorganic nutrients. The nutrient elements that are com-

monly required for oxygenic photosynthetic organism growth are: N, P, and K at the 

concentrations of about 1–10 mM, and Mg, Ca, S, and Cl at the concentrations of 

about 0.5–1.0 mM, plus some trace elements Mn, Fe, Cu, Zn, B, Co, Mo among 

others at  m M concentration levels. All of the mineral nutrients can be supplied in an 

aqueous minimal medium that can be made with well-established recipes of oxy-

genic photosynthetic organism (such as algal), culture media using water (freshwater 
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for the designer freshwater algae; seawater for the salt-tolerant designer marine 

algae), and relatively small of inexpensive fertilizers and mineral salts such as 

ammonium bicarbonate (NH 
4
 HCO 

3
 ) (or ammonium nitrate, urea, ammonium chlo-

ride), potassium phosphates (K 
2
 HPO 

4
  and KH 

2
 PO 

4
 ), magnesium sulfate heptahy-

drate (MgSO 
4
 .7H 

2
 O), calcium chloride (CaCl 

2
 ), zinc sulfate heptahydrate 

(ZnSO 
4
 .7H 

2
 O), iron (II) sulfate heptahydrate (FeSO 

4
 .7 H 

2
 O), and boric acid (H 

3
 BO 

3
 ), 

among others. That is, large amounts of designer algae (or oxyphotobacteria) cells 

can be inexpensively grown in a short period of time because, under aerobic condi-

tions such as in an open pond, the designer algae can photoautotrophically grow by 

themselves using air CO 
2
  as rapidly as their wild-type parental strains. This is a 

signi fi cant feature (bene fi t) of the invention that could provide a cost-effective solu-

tion in generation of photoactive biocatalysts (the designer photosynthetic biofuel-

producing organisms such as designer algae or oxyphotobacteria) for renewable 

solar biofuel energy production. 

 According to one of the various embodiments, when designer photosynthetic 

organism culture is grown and ready for photobiological production of butanol and/

or related higher alcohols, the designer photosynthetic organism cells are then 

induced to express the designer Calvin-cycle channeled photosynthetic NADPH-

enhanced pathway(s) to photobiologically produce butanol and/or related higher 

alcohols from carbon dioxide and water. The method of induction is designer path-

way gene(s) speci fi c. For example, if/when a nirA promoter is used to control the 

designer Calvin-cycle channeled pathway gene(s) (such as those of SEQ ID NOS: 

58–69, 72, and 73 listed in US Patent Application Publication No. 2011/0177571 

A1) which represent a designer transgenic  Thermosynechococcus  that comprises 

the designer genes of a Calvin-cycle 3-phophoglycerate-branched photosynthetic 

NADPH-enhanced pathway (numerically labeled as  34 ,  35 ,  03 - 05 ,  36 - 42 , and  12  in 

Fig.  4 ) for photobiological production of 1-butanol from carbon dioxide and water, 

the designer transgenic  Thermosynechococcus  is grown in a minimal liquid culture 

medium containing ammonium (but no nitrate) and other inorganic nutrients. When 

the designer transgenic  Thermosynechococcus  culture is grown and ready for pho-

tobiological production of biofuel 1-butanol, nitrate fertilizer will then be added 

into the culture medium to induce the expression of the designer nirA-controlled 

Calvin-cycle-channeled pathway to photobiologically produce 1-butanol from 

carbon dioxide and water in this example. 

 For the designer photosynthetic organism(s) with anaerobic promoter-controlled 

pathway(s) such as the designer transgenic  Nostoc  that contains designer  hox -

promoter-controlled Calvin-cycle 3-phophoglycerate-branched pathway genes of 

SEQ ID NOS: 104–109 (listed in US Patent Application Publication No. 

2011/0177571 A1), anaerobic conditions can be used to induce the expression of 

the designer pathway gene(s) for photobiological production of 2-methyl-1-butanol 

from carbon dioxide and water (Fig.  5 ). That is, when the designer transgenic  Nostoc  

culture is grown and ready for photobiological biofuel production, its cells will then 

be placed (or sealed) into certain anaerobic conditions to induce the expression of 

the designer  hox -controlled pathway gene(s) to photobiologically produce 2-methyl-

1-butanol from carbon dioxide and water. 
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 For those designer photosynthetic organism(s) that contains a heat- and light-

responsive promoter-controlled and nirA-promoter-controlled pathway(s) such as 

the designer transgenic  Prochlorococcus  that contains a set of designer  groE -pro-

moter-controlled and nirA-promoter-controlled Calvin-cycle 3-phophoglycerate-

branched pathway genes of SEQ ID NOS: 110–118 (listed in US Patent Application 

Publication No. 2011/0177571 A1), light and heat are used in conjunction with    

nitrate addition to induce the expression of the designer pathway genes for photo-

biological production of isobutanol from carbon dioxide and water (Fig.  6 ). 

 According to another embodiment, use of designer marine algae or marine oxy-

photobacteria enables the use of seawater and/or groundwater for photobiological 

production of biofuels without requiring freshwater or agricultural soil. For exam-

ple, designer  P. marinus  that contains the designer genes of SEQ ID NOS: 110–117 

and 119–122 (listed in US Patent Application Publication No. 2011/0177571 A1) 

can use seawater and/or certain groundwater for photoautotrophic growth and syn-

thesis of 3-methyl-1-butanol from carbon dioxide and water with its  groE  promoter-

controlled designer Calvin-cycle-channeled pathway (identi fi ed as  34  (native),  35 , 

 03 - 05 ,  53 - 55 ,  38 - 40 ,  42 , and  57  in Fig.  6 ). The designer photosynthetic organisms 

can be used also in a sealed photobioreactor that is operated on a desert for produc-

tion of isobutanol with highly ef fi cient use of water since there will be little or no 

water loss by evaporation and/or transpiration that a common crop system would 

suffer. That is, this embodiment may represent a new generation of renewable 

energy (butanol and related higher alcohols) production technology without requir-

ing arable land or freshwater resources. 

 According to another embodiment, use of nitrogen- fi xing designer oxyphotobac-

teria enables photobiological production of biofuels without requiring nitrogen fer-

tilizer. For example, the designer transgenic  Nostoc  that contains designer 

 hox -promoter-controlled genes of SEQ ID NOS: 104–109 (listed in US Patent 

Application Publication No. 2011/0177571 A1) is capable of both  fi xing nitrogen 

(N 
2
 ) and photobiologically producing 2-methyl-1-butanol from carbon dioxide and 

water (Fig.  6 ). Therefore, use of the designer transgenic  Nostoc  enables photoauto-

trophic growth and 2-methyl-1-butanol synthesis from carbon dioxide and water 

without requiring nitrogen fertilizer. 

 Certain designer oxyphotobacteria are designed to perform multiple functions. 

For example, the designer transgenic  Cyanothece  that contains designer  nirA  pro-

moter-controlled genes of SEQ ID NOS: 123–127 (listed in US Patent Application 

Publication No. 2011/0177571 A1) is capable of (1) using seawater, (2) N 
2
   fi xing 

nitrogen, and photobiological producing 1-hexanol from carbon dioxide and water 

(Fig.  8 ). Use of this type of designer oxyphotobacteria enables photobiological pro-

duction of advanced biofuels such as 1-hexanol using seawater and without requir-

ing nitrogen fertilizer. 

 According to one of various embodiments, a method for photobiological produc-

tion and harvesting of butanol and related higher alcohols comprises: (a) introduc-

ing a transgenic photosynthetic organism into a photobiological reactor system, the 

transgenic photosynthetic organism comprising transgenes coding for a set of 

enzymes con fi gured to act on an intermediate product of a Calvin cycle and to 

convert the intermediate product into butanol and related higher alcohols; (b) using 
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reducing power and energy associated with the transgenic photosynthetic organism 

acquired from photosynthetic water splitting and proton gradient-coupled electron 

transport process in the photobioreactor to synthesize butanol and related higher 

alcohols from carbon dioxide and water; and (c) using a product separation process 

to harvest the synthesized butanol and/or related higher alcohols from the 

photobioreactor. 

 In summary, there are a number of embodiments on how the designer organisms 

may be used for photobiological butanol (and/or related higher alcohols) produc-

tion. One of the preferred embodiments is to use the designer organisms for direct 

photosynthetic butanol production from CO 
2
  and H 

2
 O with a photobiological reac-

tor and butanol-harvesting ( fi ltration and distillation/evaporation) system, which 

includes a speci fi c operational process described as a series of the following steps: 

(a) growing a designer transgenic organism photoautotrophically in minimal culture 

medium using air CO 
2
  as the carbon source under aerobic (normal) conditions 

before inducing the expression of the designer butanol-production-pathway genes; 

(b) when the designer organism culture is grown and ready for butanol production, 

sealing or placing the culture into a speci fi c condition to induce the expression of 

designer Calvin-cycle-channeled pathway genes; (c) when the designer pathway 

enzymes are expressed, supplying visible light energy such as sunlight for the 

designer-genes-expressed cells to work as the catalysts for photosynthetic produc-

tion of butanol and/or related higher alcohols from CO 
2
  and H 

2
 O; (d) harvesting the 

product butanol and/or related higher alcohols by any method known to those skilled 

in the art. For example, harvesting the butanol and/or related higher alcohols from 

the photobiological reactor can be achieved by a combination of membrane  fi ltration 

and distillation/evaporation butanol-harvesting techniques. 

 The above process to use the designer organisms for photosynthetic production 

and harvesting of butanol and related higher alcohols can be repeated for a plurality 

of operational cycles to achieve more desirable results. Any of the steps (a)–(d) of 

this process described earlier can also be adjusted in accordance with the invention 

to suit for certain speci fi c conditions. In practice, any of the steps (a)–(d) of the 

process can be applied in full or in part, and/or in any adjusted combination as well 

for enhanced photobiological production of butanol and higher alcohol in accor-

dance with this invention. 

 In addition to butanol and/or related higher alcohols production, it is also possi-

ble to use a designer organism or part of its designer butanol (higher alcohols) pro-

duction pathway(s) to produce certain intermediate products of the designer 

Calvin-cycle-channeled pathways (Figs.  1  and  4 – 10 ) including (but not limited to): 

butyraldehyde, butyryl-CoA, crotonyl-CoA, 3-hydroxybutyryl-CoA, acetoacetyl-CoA, 

acetyl-CoA, pyruvate, phosphoenolpyruvate, 2-phosphoglycerate, 1,3-diphospho-

glycerate, glyceraldehye-3-phosphate, dihydroxyacetone phosphate, fructose-1,6-

diphosphate, fructose-6-phosphate, glucose-6-phosphate, glucose, glucose-1-

phosphate, citramalate, citraconate, methyl- d -malate, 2-ketobutyrate, 2-ketovalerate, 

oxaloacetate, aspartate, homoserine, threonine, 2-keto-3-methylvalerate, 2-methyl-

butyraldehyde, 3-methylbutyraldehyde, 4-methyl-2-oxopentanoate, 3-isopropylmalate, 

2-isopropylmalate, 2-oxoisovalerate, 2,3-dihydroxy-isovalerate, 2-acetolactate, 

isobutyraldehyde, 3-keto-C6-acyl-CoA, 3-hydroxy-C6-acyl-CoA, C6-enoyl-CoA, 
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C6-acyl-CoA, 3-keto-C8-acyl-CoA, 3-hydroxy-C8-acyl-CoA, C8-enoyl-CoA, 

C8-acyl-CoA, octanal, 1-pentanol, 1-hexanal, 1-heptanal, 2-ketohexanoate, 2-keto-

heptanoate, 2-ketooctanoate, 2-ethylmalate, 3-ethylmalate, 3-methyl-1-pentanal, 

4-methyl-1-hexanal, 5-methyl-1-heptanal, 2-hydroxy-2-ethyl-3-oxobutanoate, 

2,3-dihydroxy-3-methyl-pentanoate, 2-keto-4-methyl-hexanoate, 2-keto-5-methyl-

heptnoate, 2-keto-6-methyl-octanoate, 4-methyl-1-pentanal, 5-methyl-1-hexanal, 

6-methyl-1-heptanal, 2-keto-7-methyl-octanoate, 2-keto-6-methyl-heptanoate, and 

2-keto-5-methyl-hexanoate. 

 According to one of various embodiments, therefore, a further embodiment com-

prises an additional step of harvesting the intermediate products that can be pro-

duced also from an induced transgenic designer organism. The production of an 

intermediate product can be selectively enhanced by switching off a designer-

enzyme activity that catalyzes its consumption in the designer pathways. The pro-

duction of a said intermediate product can be enhanced also by using a designer 

organism with one or some of designer enzymes omitted from the designer butanol-

production pathways. For example, a designer organism with the butanol dehydro-

genase or butyraldehyde dehydrogenase omitted from the designer pathway(s) of 

Fig.  1  may be used to produce butyraldehyde or butyryl-CoA, respectively. 

Therefore, the present invention has many applications for production of both 

advanced biofuels and/or bioproducts.      
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  Abstract   Different processes for transesteri fi cation of  Jatropha  biodiesel production 

are currently available. Among them are homogeneous catalysis, heterogeneous 

catalysis or enzyme catalysis alcohol treatment, supercritical alcohols, lipase-catalyzed 

in situ reactive extraction, and homogenous-catalyzed in situ transesteri fi cation. 

High cost of biodiesel production is the major impediment to its large-scale 

commercialization. Methods to reduce the production cost of biodiesel must be 

developed. One way to reduce production costs is to increase the added value of 

protein-rich  Jatropha  seedcakes, the by-product of oil extraction, through 

detoxi fi cation process. Development of integrated biodiesel production process and 

detoxi fi cation process results in two products, namely biodiesel and protein-rich 

seedcakes that can be used for animal feed. This chapter provides information 

concerning  Jatropha  potential, current development of biodiesel and nontoxic seed-

cakes production from  Jatropha curcas  and implication of biodiesel production on 

global warming, environmental impact, and energy ef fi ciency.      
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    1   Introduction 

 Biodiesel, an alternative diesel fuel, is made from renewable biological sources such 

as vegetable oils and animal fats. It is a clean combustion, biodegradable, nontoxic 

fuel and has low emission of carbon monoxide. These conditions give environmen-

tal bene fi ts. Research found that the use of biodiesel has potential to reduce pollution 

levels and possible carcinogens ( [  12,   20,   22,   70,   92,   97  ] ). In addition, practically biod-

iesel contains no sulfur and has good lubrication properties  [  38,   50,   70  ] . 

 One source of vegetable oils which has good prospects to be developed as a raw 

material of biodiesel is  Jatropha curcas.  The oil which is produced from  Jatropha  

has potential as an alternative fuel and not derived from food crops like corn, palm, 

soybean, etc. Thus, it is not competitive with food consumption. 

 The genus  Jatropha  belongs to the Euphorbiaceae family, consisting of about 

170 species. Linnaeus  [  47  ]  is the one who  fi rstly gave the name  Jatropha  L. to the 

 Jatropha  in “Species Plantarum” and this is still acknowledged today. The genus 

name  Jatropha  is derived from the Greek word  jatr’os  (physician) and  troph’e  

(food), which indicates its use as being edible or medicinally useful  [  35  ] . 

  Jatropha  was originated from tropical America, but now it grows well in many 

parts of tropic and subtropic regions in Africa and Asia. These small trees can grow 

to 20 ft high under favorable conditions in areas with low to high rainfall (200–

1,500 mm/year). In low rainfall areas and in prolonged rainless periods, the plant let 

its leaves fall as a response to drought  [  64  ] . 

 The fruit of  Jatropha  can be used for various purposes including fuel. The seeds 

 contain  viscous oil, which can be used as a diesel. In addition to being a source of 

oil,  Jatropha  also provides seedcake, by-product of oil extraction process, that 

serves as a highly nutritious and economic protein supplement in animal feed, if the 

toxins are removed  [  13  ] . The purpose of this review is to provide information 

concerning its potential and current development in the  fi eld of production of biod-

iesel and nontoxic seedcakes from  J. curcas  and the implication of biodiesel 

production on global warming, environmental impact, and energy ef fi ciency.  

    2   Chemical and Physical Aspects of  Jatropha curcas  

    2.1   Chemical Composition of  Jatropha  Kernel 

 The dry fruit husk of  Jatropha  represents around 35% of the fruit and host 1–4 

seeds. Individual seeds of  Jatropha  have an average weight of 0.40 g to over 1 g. 

The seeds have hard, black outer shell containing a white kernel. The proportion of 

shell and kernel range from 350 to 400 g/kg and from 600 to 650 g/kg, respectively. 

The seeds contain about 300–350 g/kg oil which can be used directly as fuel or, in 

its transesteri fi ed form, as a substitute for diesel  [  54  ] . Figure  1  illustrates the whole 

plant of  J. curcas , its parts, and its average proportion on dry weight basis starting 

with 1,000 kg of fruit.  
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 Assuming that 1 ha of land consisting of 2,500  Jatropha  plants and each tree has 

40 branches, and each branch has 3 bunches of fruit/year, and each cluster could pro-

duce 10–15 fruits/bunch (30–45 seeds), then the number of seeds that would be gen-

erated from area of 1 ha is 2,500 × 40 branch × 3 bunches × (10–15) fruits × 3 

seed = 9,000,000 − 13,500,500 seeds. If 1 kg consists of 2,000 dry seeds, the produc-

tion of  Jatropha  per hectare per year would be 4.5–6.75 tons of dry seeds/ha. Assuming 

that an average seed yield of 5 tons/ha (2 tons/acre) could be achieved, estimated 

theoretical yield of biodiesel is 750 kg/acre and its seedcake product is 500 kg/acre. 

 Kernel of  Jatropha  contains 27–32% of protein, 58–60% of oil, and 3.6–5.0% of 

ash content. After the oil extraction of kernel (fully defatted),  Jatropha  seedcake 

will have a protein content of 55–60%, lipid content of 0.6–1.5%, and ash content 

of 9.6–12.1% (Fig.  2 ), with high essential amino acid composition (Table  1 ) 

  Fig. 1    Whole plant of  Jatropha curcas , its parts, and the average proportion on dry weight basis 

starting with 1,000 kg of fruit       

  Fig. 2    Chemical composition of  Jatropha  kernel before oil extraction and after oil extraction       
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 [  53,   55,   56  ] . Composition of the essential amino acid of  Jatropha  (except lysine) 

con fi rms identical pattern with the existing amino acids in soybean  [  91  ] .    

    2.2   Fatty Acid Composition and Physicochemical 

Properties of  Jatropha  Oil 

 Table  2  shows the fatty acid composition of  Jatropha  oil containing of 23.6% of 

saturated fatty acids mainly from palmitic, stearic, and myristic acid and 76.4% of 

unsaturated fatty acids which consist of mainly oleic, linoleic acid, and palmitoleic. 

The physicochemical properties of  Jatropha  oil which is extracted from the seeds of 

different origin viz., Malaysia, Indonesia, Thailand, Nigeria, Brazil, are given in 

Table  3 .   

 The ability of  fl uid to pump and  fl ow within an engine is determined by its vis-

cosity. The desired viscosity of diesel fuel ranges from 1.9 to 4.1 cSt. 

Transesteri fi cation is one of the recognized and ef fi cient methods to reduce the 

viscosity of the vegetable oil to make it suitable as a biodiesel  [  25  ] . 

   Table 1    Amino acid composition (g/16 g nitrogen) of kernel meal from toxic, nontoxic genotypes, 

and protein concentrate obtained from  Jatropha  seedcake   

 Amino acid 

 Protein 

concentrate a  

 Toxic 

variety  [  55  ]  

 Nontoxic 

variety  [  55  ]  

 Soybean 

meal  [  55  ]  

 Essential amino acids 

 Methionine  1.66  1.91  1.76  1.22 

 Cystine  1.34  2.24  1.58  1.70 

 Valine  5.18  5.19  5.30  4.59 

 Isoleucine  4.47  4.53  4.85  4.62 

 Leucine  7.08  6.94  7.50  7.72 

 Phenylalanine  5.42  4.34  4.89  4.84 

 Tyrosine  3.20  2.99  3.78  3.39 

 Histidine  3.51  3.30  3.08  2.50 

 Lysine  3.00  4.28  3.40  6.08 

 Arginine  14.16  11.80  12.90  7.13 

 Threonin  3.56  3.96  3.59  3.76 

 Tryptophan  1.21  1.31  ND  1.24 

 Nonessential amino acids 

 Serine  5.23  4.80  4.82  5.67 

 Glutamic acid  14.68  15.91  16.90 

 Aspartic acid  12.50  9.49  9.92  11.30 

 Proline  5.45  4.96  3.80  4.86 

 Glycine  5.10  4.92  4.61  4.01 

 Alanine  5.47  5.21  4.94  4.23 

   ND  not determined 

  a Proteins from the seed cakes were solubilized at pH 11 for 1 h at 60°C and the precipitation of 

these proteins was done by lowering the pH to 4  [  54  ]   
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   Table 3    Physicochemical properties of tropical  J. curcas  oil from different origin      

 Properties  Malaysia  [  73  ]   Indonesia  [  61  ]   Thailand  [  25  ]   Nigeria  [  8  ]   Brazil  [  21  ]  

 Density  0.90  0.90   0.90   0.92 

 Viscosity(cSt)  47.50  53.94   39.20  30.69 

 Iodine value  193.55  200.66  216.09  105.20 

 Peroxide value  1.90 

 Acid value  2.38  9.91  3.50   8.45 

 Free fatty acids 

(FFA) (%) 

 2.23  1.76 

 Saponi fi cation 

value 

 197.8  183.2  198.85 

   Table 2    Fatty acids exist in  J. curcas  oil   

 Generic 

name  Formula  Structure a  

 wt.% 

 Foidl 

et al. 

 [  26  ]  b  

 Foidl 

et al .  

 [  26  ]  c  

 Gubitz 

et al .   [  29  ]  

 Haas and 

Mittelbach 

 [  31  ]  

 Azam 

et al .  

 [  11  ]   Average 

 Capric  C 
10

 H 
20

 O 
2
   C10:0   0.1   0.1 

 Lauric  C 
12

 H 
24

 O 
2
   C12:0 

 Miristic  C 
14

 H 
28

 O 
2
   C14:0   0.1   0.1  0–0.1   1.4 

 Palmitic  C 
16

 H 
32

 O 
2
   C16:0  15.1  13.6  14.1–15.3  14.2  15.6 

 Stearic  C 
18

 H 
36

 O 
2
   C18:0   7.1   7.4  3.7–9.8   6.9   9.7 

 Arachidic  C 
20

 H 
40

 O 
2
   C20:0   0.2   0.3  0–0.3  –   0.4 

 Behenic  C 
22

 H 
44

 O 
2
   C22:0   0.2  –  0–0.3  –  – 

 Miristoleic  C 
14

 H 
20

 O 
2
   C14:1 

 Palmitoleic  C 
16

 H 
30

 O 
2
   C16:1  0.9   0.8  0–1.3   1.4  – 

 Oleic  C 
18

 H 
34

 O 
2
   C18:1  44.7  34.3  34.3–45.8  43.1  40.8 

 Linoleic  C 
18

 H 
32

 O 
2
   C18:2  31.4  43.2  29.0–44.2  34.4  32.1 

 Linolenic  C 
18

 H 
30

 O 
2
   C18:3   0.2  –  0–0.3  – 

 Saturated  22.8  21.7  22.6  23.7  27.1  23.6 

 Unsaturated  77.2  78.3  77.4  76.3  78.9  76.4 

   a Number of carbon chain:number of double bond 

  b Variety of Caboverde 

  c Variety of Nicaragua     

 The iodine value is a measurement for the unsaturation level in fats and oils; a 

high iodine value is an indication of the presence of high unsaturation levels in the 

oils  [  43  ] . The high iodine value of  Jatropha  oil is due to the presence of high 

amounts of unsaturated fatty acids such as oleic and linoleic acid (Table  3 ). 

 The peroxide value determines the formation of hydro peroxides (primary oxida-

tion products)  [  30  ] . This can be associated with the presence of higher amounts of 

polyunsaturated fatty acids such as linoleic acid (Table  3 ). The instability of any oil 

is directly related to the level of unsaturation. 

 Acid value (“acid number” or “acidity”) is the mass of potassium hydroxide 

(KOH) in milligrams that is required to neutralize 1 g of chemical substance. 
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The acid value of edible oils or their corresponding esters indicates the quantity of 

free fatty acids (FFA) and mineral acids (negligible) present in the sample. 

 Fatty acids can be bound or attached to other molecules such as triglycerides or 

phospholipids. When they are not attached to other molecules, they are known as 

“free” fatty acids (FFA). FFA is detrimental to the biodiesel-making process. For 

biodiesel production purposes, FFA content of  Jatropha  oil indicates two types of 

 Jatropha  oil: low FFA oil (FFA < 2.5%) and high FFA oil (FFA > 2.5%)  [  61  ] . A high 

saponi fi cation value indicates that  Jatropha  oil possesses normal triglycerides and 

may be useful in the production of liquid soap and shampoo  [  30  ] .  

    2.3    Jatropha  Seeds and Its Toxicity 

 Even though the  Jatropha  seeds are rich in oil and crude protein, they are highly 

toxic and unsuitable for human or animal consumption. The toxic nature of oil and 

 Jatropha  seedcake has been demonstrated in several studies  [  1, 2,   5,   6,   46  ] . The toxic 

or irritant compounds found in  Jatropha  seedcake are phorbol ester (2.43 mg/g ker-

nel in toxic varieties and 0.11 mg/g kernel of nontoxic varieties), lectin (102 mg/g 

kernel in toxic varieties and 51 mg/g kernel on nontoxic varieties), trypsin inhibitor 

activity (21.2 mg inhibitory/g meal in toxic varieties and inhibition of 26.5 mg/g 

meal in nontoxic varieties), phytate (9.7% in the  Jatropha  seedcake of toxic varieties 

and 8.9% in nontoxic varieties), and Saponin (equivalent to 2.3% diosgenin in 

 Jatropha  seedcake of toxic varieties and 3.4% in nontoxic varieties). 

 Curcin, a toxic protein isolated from the seeds, was found to inhibit protein syn-

thesis in in vitro studies. The high concentration of phorbol esters in  Jatropha  seed 

has been identi fi ed as the main toxic agent of  Jatropha  which is responsible for the 

toxicity ( [  52,   4  ] . Several cases of poisoning  J. curcas  in humans after consumption 

of seeds by chance have been reported with symptoms of dizziness, vomiting, and 

diarrhea and in extreme conditions has been noted even cause death  [  13  ] . 

 Lectin is also predicted to cause toxicity in  J. curcas   [  16  ] . However, Aderibigbe 

et al.  [  3  ]  and Aregheore et al.  [  9  ]  show that the lectin is not the main toxic com-

pounds in  Jatropha  seedcakes. Successful utilization of  Jatropha  seedcakes cannot 

be achieved without the removal of all of toxic and antinutritional compounds. 

Toxic-removal processes for seedcakes of low FFA  Jatropha  can be done directly 

by in situ transesteri fi cation  [  61  ]  and through detoxi fi cation process using heat and 

chemical treatments for seedcakes of high FFA  [  9, 68  ] .   

    3    Jatropha  Oil as Feedstock of Biodiesel Production 

 The growing demand for lower-cost, nonfood, nonrainforest-based feedstock for 

biodiesel provides new opportunities and stimulate fresh investment in the produc-

tion of lower-cost, alternative feedstock such as  Jatropha . The governments in 

South Asia and Africa have identi fi ed between 20 and 50 million ha of suitable land 
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for  Jatropha  cultivation. Indonesia has identi fi ed nearly 23 million ha of  Jatropha  

land potential. One hectare of  Jatropha  can produce between 1.5 and 2.5 tons of 

seed oil.  Jatropha  is now becoming one of the prime contenders for biodiesel feed-

stock supply in the near future  [  87  ] . This is due to the expansion of commercial-

scale  Jatropha  production from India to Africa, Southeast Asia, and Latin America 

and to pilot programs and larger-scale ventures in China, Central Asia, South/

Central America, and southern parts of the USA. 

 A variety of equipment is available to obtain oil from the seeds. The oil can be 

extracted mechanically using a press (ram, hydraulic, or screw) or chemically using 

organic solvents or water  [  12,   26,   65  ] , three phase partitioning (TPP) extraction 

method  [  76  ] , and supercritical extraction method  [  97  ] . 

 The objective of oil preparation is to  fi nd an ef fi cient and effective method in 

extracting oil from  Jatropha  seed. Technique of TPP with enzyme pretreatment and 

sonication constitutes an ef fi cient procedure to obtain oil from  Jatropha  seed 

kernels. This technique can extract 97% oil within 2 h  [  77  ] . Extraction using ethyl 

acetate and methyl acetate is better than using hexane  [  83  ] . It was found that 

Gas-Assisted Mechanical Expression (GAME) process in  Jatropha  oil extraction is 

capable of reaching yields up to 30 wt.% higher than conventional expression under 

the same conditions  [  96  ] . 

    3.1   Mechanical Press Extraction 

 In Indonesia,  Jatropha  oil is usually extracted by hydraulic press and screw press 

at 60°C heat treatment. The yield of  Jatropha  oil using hydraulic press method 

at maximum pressure of 20 tons is 47.2% and the oil extraction is done twice 

 [  84,   85  ] . 

 In Tanzania presently, the  Jatropha  oil is obtained only mechanically with a ram 

press or a screw press, that is a small hand-press  [  89  ] . With the ram press method, 

the seeds are poured by giving a pressure on the seeds. About 5 kg of seed is needed 

to obtain 1 L of oil. The oil is extracted and then dripped into a container. The 

extraction rate of this press is quite low as the seedcake, which is left after the press-

ing, still contains part of the oil. 

 Larger expellers and screw presses which are run by an engine can also be 

used. The screw which turns continuously transports the seeds from one side of 

the press to the other while squeezing out the oil. The extraction rate of this press 

is higher because more oil is extracted from the seeds; the cake residue is also 

much dryer. The capacity of this screw is higher than that of the ram press. For 

example, the Sayari oil expeller, which is used in Tanzania, has a capacity of about 

20 L/h (60 kg/h) and can extract 1 L of oil from 3 kg of seeds. The larger screw 

expellers, like Chinese expellers, can extract about 50 L/h (150 kg/h). After the oil 

is expelled, it is  fi ltered by letting it stand for some times or pouring it through a 

cloth  [  89  ] .  
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    3.2   Aqueous and Solvent Extraction 

 Aqueous oil extraction (AOE) is a method in which  Jatropha  seeds are cracked and 

the shells are carefully removed. Shah et al.  [  78  ]  used  Jatropha  kernels for oil 

extraction. The suspension was prepared with powdered (obtained by using a 

homogenizer)  Jatropha  kernels in distilled water, and then was incubated at desired 

temperature with constant shaking at 100 rpm for speci fi ed time period. The upper 

oil phase was collected after a centrifugation at 10,000 ×  g  for 20 min. Enzyme-

assisted AOE was performed similar to AOE. The difference is that the prepara-

tions, i.e., Protizymee, Cellulase, Pectinex Ultra SP-L, Promozyme, as well as 

mixture of all these enzymes, were added after the pH of the suspension was 

adjusted. The amounts of oil obtained were calculated as the percentage of total oil 

present in  Jatropha  kernels. 

 It is found that the use of ultrasonication as a pretreatment before aqueous oil 

extraction and aqueous enzymatic oil extraction is useful in the case of extraction of 

oil from the seeds of  J. curcas  L.  [  78  ] . The use of ultrasonication for a period of 

10 min at pH 9.0 followed by AOE resulted in a yield of 67% of available oil. The 

maximum yield of 74% was obtained by ultrasonication for 5 min followed by 

aqueous enzymatic oil extraction using an alkaline protease at pH 9.0 (44 g oil/100 g 

 Jatropha  kernels was taken as 100% recovery). Use of ultrasonication can also 

reduce the process time from 18 to 6 h  [  78  ] . 

 To obtain an optimized condition for an extraction using microwave is by using 

petroleum ether as the solvent, with the ratio of seed powder to solvent is at 1:3. It 

is done under a microwave power of 810 W for a total radiation time of 5 min  [  97  ] . 

The extraction rate was 31.49% with the oil product containing 5.22 mg/g of acid 

number and 8.78 meq/g of peroxide value. For the ultrasonic method, hexane was 

used as the solvent and the ratio of seed powder to solvent was 1:7; the soaking time 

applied is 18 h and the sonication is 0.5 h. The extraction rate was 37.37% contain-

ing 5.91 mg/g of acid number and 8.37 meq/g of peroxide value in the  fi nal oil 

product  [  97  ] . 

 Alkyl acetates, especially methyl acetate and ethyl acetate, are important chemi-

cals and suitable solvents for seed oil extraction which are assisted by Novozym 435 

 [  83  ] . The results were compared to those obtained by extraction with  n -hexane. 

Ground seeds were mixed with methyl acetate or ethyl acetate in screw-caped glass 

vials. And, 30% (w/w) of Novozym 435 based on theoretical oil content was added. 

The reactions were carried out at 50°C and 180 rpm for 6 h in a shaker which was 

 fi tted with a thermostat. After  fi ltration, the ground seed mixture was mixed with 

another solvent and then extracted at the same condition for another 2 h. The two 

 fi ltrates were pooled and centrifuged at 17,400 ×  g  for 10 min; the supernatant was 

collected into a round bottom  fl ask and the solvent was evaporated using a rotary 

evaporator. The oil content in g/100 g was 54.90% ( n -Hexane), 55.92% (Methyl 

acetate), and 56.65% (Ethyl acetate)  [  83  ] .  
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    3.3   Three Phase Partitioning Extraction Method 

 TPP is a method which is carried out by cracking the  Jatropha  seeds and removing 

the shells; the kernels obtained are used for slurry preparation   [  76  ] . The slurry, with 

pH adjusted to the desired value with 0.1 N NaOH or 0.1 N HCl, was prepared by 

grinding the seed kernels in distilled water. Ammonium sulfate in an appropriate 

amount was added and vortexed gently; an appropriate amount of     tert -butanol was 

added. Then, the slurry was incubated at 25°C for 1 h for the three phase formation. 

The three phases were then separated by centrifugation at 2,000 ×  g  for 10 min. To 

obtain the oil, the upper organic layer was collected and evaporated on rotary evapo-

rator (under reduced pressure at 50°C, for 5 min)  [  76  ] . 

 Combining a recently developed technique of TPP with enzyme pretreatment 

and sonication may constitute an economical or ef fi cient procedure for obtaining oil 

from  Jatropha  kernels  [  74  ] . This method only takes about 2 h. TPP has been evalu-

ated for extraction of oil from  Jatropha  seeds. This process consisted of simultane-

ous addition of  t -butanol (1:1, v/v) and 30% (w/v) ammonium sulfate to the slurry 

prepared from  Jatropha  seed kernels. Combination of sonication and enzyme treat-

ment with a commercial preparation of fungal proteases at pH 9 resulted in 97% oil 

yield within 2 h  [  74  ] .  

    3.4   Supercritical Carbondioxide Extraction Method 

 Supercritical Carbondioxide Extraction (SCE) is a process for the production of oil 

with high yields that do not use organic solvents. In this process, the oil is dissolved 

in CO 
2
  and extracted from the plant material  [  95  ] . SCE method developed by Yan 

et al.  [  96  ]  resulted in the actual extraction rate 37.45%; the  fi nal oil product con-

tained 0.79 mg/g of KOH and 3.63 meq/g of peroxide value. Here, seeds of  J. cur-

cas  were collected and powdered. The extraction pressure was 43 MPa, temperature 

for the extraction was 45°C, the  fl ow rate of CO 
2
  was 20 kg/h, and the extraction 

time was 80 min. Even though the cost of supercritical extraction methods was 

higher, the oil quality was the best and re fi ning was not needed  [  96  ] .  

    3.5   Gas-Assisted Mechanical Expression 

 GAME is another potential alternative process for the production of oil with high 

yields which do not use organic solvents. In this process, CO 
2
  is dissolved in the oil 

contained in the seeds before pressing the seeds  [  93  ] . It was found that at the same 

effective mechanical pressure (absolute mechanical pressure minus the actual CO 
2
 -

pressure), the liquid content was the same in both conventional and GAME press 

cakes. The liquid in the GAME press cake was saturated with CO 
2
  (typically 
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20–50 wt.%), reducing the oil content compared to the conventional cake by the 

same amount. The contribution of this effect increased with increasing solubility of 

the CO 
2
  in the oil. Furthermore, the dissolved CO 

2
  reduced the viscosity of oil by 

about an order of magnitude  [  93  ] , which could increase oil extraction. Some addi-

tional oil was removed by entrainment in the gas  fl ow during depressurization of 

the cake. 

 GAME has some advantages compared with conventional pressing. The  fi rst 

advantage of GAME is the increased yield at lower mechanical pressure. Compared 

with supercritical extraction, the amount of CO 
2
  that has to be recycled is reduced 

by two orders of magnitude from typically 1 kg of CO 
2
 /kg of seeds  [  93  ]  to 100 kg 

of CO 
2
 /kg of seeds  [  69  ] . Therefore, the energy and equipment cost for the solvent 

recycle can be reduced. Compared with SCE, the second advantage of GAME is 

CO 
2
 -pressure required is low, which is approximately 10 MPa. In contrast, for SCE 

extraction, pressures of 40–70 MPa are not unusual ( [  69  ] ; Rosa et al. 2005). These 

two effects provide a signi fi cant reduction in the energy requirements for recycling 

and repressurising the CO 
2
 . Additionally, some reports in literature suggest that the 

use of CO 
2
  at 7–20 MPa has a sterilizing effect on the substrates  [  80,   94  ] ; this may 

be a bene fi cial side-effect of the GAME process. 

 The general applicability of the GAME process to enhance the oil recovery from 

oilseeds was shown by pressing experiments for sesame, linseed, rapeseed,  Jatropha,  

and palm kernel by Willems et al.  [  95  ] . It was proved that GAME was capable of 

reaching yields that were up to 30 wt.% higher than conventional expression under 

the same conditions. Despite the lower yields for hulled seeds in conventional 

expression, GAME yields for hulled and dehulled seeds were very similar. The oil 

yields obtained for GAME increased with increasing effective mechanical pressure; 

the yields were the highest at a temperature of 100°C. These effects were similar to 

conventional expression. With CO 
2
 -pressure up to 10 MPa, the oil yield increased 

signi fi cantly. However, increasing the CO 
2
 -pressure above 10 MPa did not 

signi fi cantly increase the oil yield.   

    4   Production of Biodiesel 

 The method commonly used for production of biodiesel is the transesteri fi cation of 

vegetable oils with methanol, using alkali, acid, or enzyme catalyst. Transesteri fi cation, 

also called alcoholysis, is the reaction of triglycerides with alcohols to generate, for 

example, methyl or ethyl esters and glycerol as a by-product. Usually a catalyst is 

used to improve the reaction rate and yield. The reaction requires excess of alcohols 

to improve the ef fi ciency of the transesteri fi cation process  [  54  ] . 

 There are important variables that affect the yield of biodiesel from 

transesteri fi cation; they are: reaction temperature, molar ratio of alcohol and oil, 

catalyst, reaction time, presence of moisture and FFA, and mixing intensity  [  15,   77,   

81  ] . The rate of reaction is strongly determined by the reaction temperature. 

However, given enough time will help the reaction proceed to near completion even 
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at room temperature. The reaction is commonly conducted close to the boiling point 

of alcohol at atmospheric pressure  [  77  ] . 

 It is observed that the stoichiometry of the transesteri fi cation reaction needs 

3 mol of alcohol/mol of triglyceride to yield 3 mol of fatty esters and 1 mol of 

glycerol. To shift the transesteri fi cation reaction to the right, it is necessary to use a 

large excess of alcohol or remove one of the products from the reaction mixture 

continuously. Wherever feasible, the second option is preferential because it can 

drive the reaction toward the completion. The reaction rate is at its highest if 100% 

excess methanol is used. In industrial processes, a molar ratio of 6:1 is normally 

used to obtain methyl ester yields higher than 98% by weight  [  77  ] . 

 Catalysts are categorized as alkali, acid, enzymes, or heterogeneous catalyst. 

Among these, alkali catalysts such as sodium hydroxide, sodium methoxide, potas-

sium hydroxide, and potassium methoxide are more effective  [  15  ] . It is found that 

alkali-catalyzed transesteri fi cation is much faster than acid-catalyzed reaction. 

However, acid-catalyzed transesteri fi cation reaction is more suitable if a vegetable 

oil has high FFA and water content. Most commercial transesteri fi cation reactions 

are conducted with alkaline catalysts. This is partly due to faster esteri fi cation and 

partly to alkaline catalysts which are less corrosive to industrial equipment than 

acidic catalysts. It is observed that sodium methoxide is more effective than sodium 

hydroxide. Sodium alkoxides are among the most ef fi cient catalysts used for this 

purpose. However, due to its low cost, NaOH has been used widely in large-scale 

transesteri fi cation  [  15  ] . 

 Different processes for transesteri fi cation of vegetable oils for the production of 

 J. curcas  biodiesel are currently available. Among them are homogenous catalysis 

treatment  [  14,   17,   26,   72,   83,   84,   88, 90  ] , heterogeneous catalyst  [  34,   58  ]  or enzyme 

catalysis alcohol treatment  [  55,   56,   73  ] , supercritical alcohols treatments and sub-

critical methanol ( [  68,   86  ] ) and Lipase-catalyzed in situ reactive extraction  [  82  ] , 

and homogenous-catalyzed in situ transesteri fi cation  [  58  ] . 

    4.1   Biodiesel Production Using Homogeneous 

Chemical Catalyst 

 Foidl et al.  [  26  ]  reported a technical process for processing seed oil and production 

of methyl ester and ethyl ester from the oil of  Jatropha  seeds. The fuel properties 

were also determined. Production of biodiesel used two-step transesteri fi cation: 

alkali–alkali transesteri fi cation for methyl ester and alkali–acid transesteri fi cation 

for ethyl ester. 

 Chitra et al.  [  17  ]  found that methyl ester yield of 98% was obtained using 20 wt.% 

methanol and 1.0% NaOH at 60°C. The maximum reaction time needed for a maxi-

mum ester yield was 90 min. Total biodiesel of 96% was obtained from experimental 

studies on large-scale production (reactor capacity of 75 kg). Esteri fi cation–

transesteri fi cation reaction for  Jatropha  biodiesel was done by Sudradjat et al.  [  83,   84  ] , 

but methyl ester yield was not reported. 
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 Tiwari et al.  [  88  ]  and Berchmans and Hirata  [  14  ]  have developed a technique to 

produce biodiesel from  Jatropha  with high FFA contents (15% FFA). They selected 

two-stage transesteri fi cation processes to improve methyl ester yield. The  fi rst stage 

involved the acid pretreatment process to reduce the FFA level of crude  Jatropha  

seed oil to less than 1%. The second was the alkali base-catalyzed transesteri fi cation 

process resulting in 90% methyl ester yield. Tiwari et al.  [  88  ]  found that the opti-

mum combination to reduce the FFA of  Jatropha  oil from 14% to less than 1% was 

1.43% v/v H 
2
 SO 

4
  acid catalyst, 0.28 v/v methanol-to-oil ratio, and 88-min reaction 

time at a reaction temperature of 60°C. This process produced yield of biodiesel of 

more than 99%. 

 Berchmans and Hirata  [  14  ]  reduced the high FFA level of  Jatropha  oil to less 

than 1% by a two-step process. The  fi rst step was carried out with 0.60 w/w metha-

nol-to-oil ratio in the presence of 1% w/w H 
2
 SO 

4
  as an acid catalyst in 1 h reaction 

at 50°C. The second step was transesteri fi ed using 0.24 w/w methanol to oil and 

1.4% w/w NaOH to oil as alkaline catalyst to produce biodiesel at 65°C. The  fi nal 

yield for methyl esters was achieved ca. 90% in 2 h.  

    4.2   Biodiesel Production Using Heterogeneous Solid 

Super Base Catalyst 

 An environmentally kind process was developed for the production of biodiesel 

from  Jatropha  oil using a heterogeneous solid super base catalyst and calcium 

oxide. The results revealed that under the optimum conditions of catalyst calcina-

tions, temperature of 900°C, reaction temperature of 70°C, reaction time of 2.5 h, 

catalyst dosage of 1.5%, and methanol/oil molar ratio of 9:1, the oil conversion was 

93%  [  34  ] . Nazir  [  58  ]  found that the yield of JCO FAME could reach up to 94.35% 

using the following reaction conditions: 79.33 min reaction time, 10.41:1 

methanol:oil molar ratio, and 0.99% of CaO catalyst at reaction temperature 65°C.  

    4.3   Biodiesel Production Using Heterogeneous Enzyme Catalyst 

 Interest in using lipases as enzymatic catalyst for the production of alkyl fatty acid 

esters continuously grows. Some people work on the triglyceride by converting 

them to methyl esters, while some work on fatty acids. One of the main obstacles to 

the biocatalytic production of biodiesel is high cost of the enzyme; enzyme recy-

cling might be the solution to this problem. 

 It was found that  Pseudomonas  fl uorescens  lipase immobilized on kaolinite lost 

one third of its activity when it is used for the second time, but no further decrease 

was observed in successive applications. The initial decrease in activity was put 

down to enzyme desorption from the solid support that was not observed after repeated 

(ten times) use  [  36  ] . Repeated batch reactions revealed that  Rhizomucor miehei  
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lipase had high stability, which retained about 70% of its initial conversion after 8 

cycles (24 h each cycle). Meanwhile, under the same experimental conditions, 

 Thermomyces lanuginosa  retained only 35% of the initial conversion. This differ-

ence was credited to factors such as inactivation of the biocatalyst in the oil phase, 

the type of carrier which is used for the immobilization, or enzyme sensitivity to 

long-term methanol exposure  [  79  ] . 

 It is observed that various substances can slow down lipase activity (methanol, 

glycerol, phospholipids); however, a number of ways have been proposed to over-

come these problems  [  71  ] . Commonly, biocatalytic process does not produce soaps 

or other by-products. If the reaction completes, only esters and glycerol are pro-

duced. This makes puri fi cation steps much simpler and consequentially lowers plant 

costs. Once immobilized, lipases can be used many times or even in continuous 

processes. This resolves the major disadvantage related to high cost. In conclusion, 

if obtained by biocatalysis, biodiesel is an environmentally friendly fuel which will 

contribute to reducing negative impacts to the environment. 

 Modi et al.  [  56  ]  used Propan-2-ol as an acyl acceptor for immobilized lipase-

catalyzed preparation of biodiesel. The optimum conditions set for transesteri fi cation 

of crude  Jatropha  oil were 10% Novozym 435 (immobilized  Candida antarctica  

lipase B) based on oil weight and alcohol to oil molar ratio of 4:1 at 50°C for 8 h. 

The maximum conversion reached using propan-2-ol was 92.8% from crude 

 Jatropha  oil. Reusability of the lipase was preserved over 12 repeated cycles with 

propan-2-ol as it reached to zero by the seventh cycle when methanol was utilized 

as an acyl acceptor, under standard reaction condition  [  55  ] . 

 Modi et al.  [  55,   57  ]  explored ethyl acetate as an acyl acceptor for immobilized 

lipase-catalyzed preparation of biodiesel from the crude oil of  J. curcas . The opti-

mum reaction conditions set for interesteri fi cation of the oils with ethyl acetate were 

10% of Novozym 435 (immobilized  C. antarctica  lipase B) which is based on oil 

weight, ethylacetate to oil molar ratio of 11:1, and the reaction period of 12 h at 

50°C. Under the above optimum conditions, the maximum result of ethyl esters was 

91.3% of purity. Reusability of the lipase over repeated cycles in interesteri fi cation 

and ethanolysis was also examined under standard reaction conditions. The relative 

activity of lipase could be well preserved over 12 repeated cycles with ethyl acetate 

as it reached to zero by the sixth cycle when ethanol was used as an acyl acceptor. 

 Shah and Gupta  [  73  ]  conducted a process of optimization of monoethyl esters of 

the long chain fatty acids (biodiesel) by alcoholysis of  Jatropha  oil using lipase. The 

process includes (a) screening of various commercial lipase preparations, (b) pH 

tuning, (c) immobilization, (d) varying water content in the reaction media, (e) vary-

ing amount of enzyme used, and (f) varying temperature of the reaction. The best 

yield 98% (w/w) was obtained by using  Pseudomonas cepacia  lipase which was 

immobilized on celite at 50°C in the presence of 4–5% (w/w) water in 8 h. The yield 

was not affected if analytical grade alcohol was replaced by commercial grade alco-

hol. This biocatalyst could be applied four times without loss of any activity. 

 In order to lower the cost of biodiesel fuel production from  Jatropha , 

Tamalampudi et al.  [  85  ]  used lipase producing whole cells of  Rhizopus oryzae  

which was immobilized onto biomass support particles. The activity of  R. oryzae  



538 N. Nazir et al.

was compared to Novozym 435, the most effective lipase. Methanolysis of  Jatropha  

oil progresses faster than other alcoholysis regardless of any lipase used. The maxi-

mum methyl ester content in the reaction mixture reached 80 wt.% after 60 h using 

 R. oryzae , but 76% after 90 h using Novozym 435. Both lipases could be used for 

repeated batches. They also exhibited more than 90% of their initial activities after 

5 cycles. Whole-cell immobilized  R. oryzae  is a promising biocatalyst for produc-

ing biodiesel from oil  [  85  ] .  

    4.4   Biodiesel Production Using Supercritical Alcohols 

 The synthesis of biodiesel from  Jatropha  oil has been investigated in supercritical 

methanol and ethanol, without using any catalysts, from 200 to 400°C at 200 bar 

 [  68  ] . It is found that for the synthesis of biodiesel in supercritical alcohols with an 

optimum molar methanol oil ratio of 50:1, very high conversions (>80%) were 

obtained within 10 min and nearly complete conversions within 40 min. The con-

version into ethyl esters is higher than that of methyl esters  [  68  ] . 

 Tang et al.  [  86  ]  studied transesteri fi cation of the crude  Jatropha  oil which was 

catalyzed by micro-NaOH (0.2 to 0.5 to 0.8 wt-‰) in supercritical methanol. When 

the catalyst content, reaction temperature, and molar ratio of methanol to oil were 

developed at 0.8 wt-‰ NaOH, 534 K, 7.0 MPa, and 24:1, respectively, the methyl 

ester yield reached 90.5% within 28 min.  

    4.5   Biodiesel Production Using Lipase-Catalyzed 

In Situ Reactive Extraction 

 According to Su et al.  [  82  ] , extraction and lipase-catalyzed transesteri fi cation with 

methyl acetate and ethyl acetate can be done under the same conditions. They can 

be simply combined to a two-step-onepot in situ reactive extraction. First, the alkyl 

acetates were performed as the extraction solvent and afterwards as the 

transesteri fi cation agent. Then, by removing the catalyst, defatted plant material (by 

 fi ltration), and the solvent (by evaporation), the methyl/ethyl esters were obtained. 

 The negative effects of glycerol and alcohol on lipase can be reduced by substi-

tuting short-chained alkyl acetates for short-chained alcohols as acyl acceptors for 

fatty acid esters production. Short-chained alkyl acetates are also appropriate 

solvents for seed oil extraction. Therefore, Su et al.  [  82  ]  adopted methyl acetate and 

ethyl acetate as extraction solvents and transesteri fi cation reagents at the same time 

for in situ reactive extraction of  J. curcas  L seed. Fatty acid methyl esters and ethyl 

esters were respectively obtained with higher yields than those resulted in by 

conventional two-step extraction/transesteri fi cation. The improvement varied from 

5.3 to 22%. The key parameters such as solvent/seed ratio and water content were 
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further examined to  fi nd their effects on the in situ reactive extraction. The highest 

 J. curcas  ethyl/ethyl esters could achieve 86.1 and 87.2%, respectively, under the 

optimized conditions  [  82  ] . 

 This transesteri fi cation method reduces the risk of deactivation of enzyme by 

short-chained alcohol and glycerol because in the reaction short-chained alcohol is 

substituted with short-chained alkyl acetate and no glycerol is produced. Furthermore, 

such a route to fatty acid esters can decrease the expense associated with solvent 

extraction and oil cleanup. Due to its low cost production, in situ reactive extraction 

would be very promising for fatty acid esters production  [  82  ] .  

    4.6   Biodiesel Production by In Situ Transesteri fi cation 

 In situ transesteri fi cation  [  32,   33,   39,   78  ] , a biodiesel production method that uti-

lizes the original agricultural products instead of puri fi ed oil as the source of trig-

lycerides for direct transesteri fi cation, eliminates the costly hexane extraction 

process and works with virtually any lipid-bearing material. It could reduce the long 

production system associated with preextracted oil and maximize alkyl ester yield. 

The use of reagents and solvents is reduced, and the concern about waste disposal 

is avoided. 

 The experimental results showed that the amount of  J. curcas  seed oil dis-

solved in methanol was approximately 83% of the total oil and the conversion of 

this oil could achieve 98% under the following conditions: less than 2% moisture 

content in  J. curcas  seed  fl ours, 0.3–0.335 mm particle size, 0.08 mol/L NaOH 

concentration in methanol, 171:1 methanol/oil molar ratio, 45.66°C reaction tem-

perature, and 3.02 h reaction time. The use of alkaline methanol as extraction 

and reaction solvent, which would be useful for extraction oil and phorbol esters, 

would reduce the phorbol esters content in the  Jatropha  seedcake. The seedcakes 

after in situ transesteri fi cation is rich in protein and is a potential source of live-

stock feed  [  58  ] .   

    5   Postreaction Processing of Biodiesel Production 

 Post reaction processing comprises ester/glycerol separation, ester washing, ester 

drying, alcohol recovery, and glycerol re fi ning. These steps are very important in 

producing fuel-grade biodiesel and in decreasing biodiesel oil cost through alcohol 

recovery and glycerol re fi ning. 

 For best economy and pollution prevention, alcohol must be fully recycled. 

Glycerol is an economically coproduct that should be fully re fi ned  [  7  ] . As by-prod-

uct, 1 mol of glycerol produces every 3 mol of methyl esters, which is equivalent to 

approximately 10 wt.% of the total product. Glycerol markets have reacted strongly 

to the increasing availability of glycerol. Although the global production of biodie-

sel is still limited, the market price of glycerol has dropped rapidly  [  37  ] . Therefore, 



540 N. Nazir et al.

new uses for glycerol need to be developed and economical ways of the low-grade 

glycerol utilization should be further explored. 

 As  Jatropha  oil possesses a signi fi cant amount of fatty acids with double bonds, 

oxidative stability is of concern, especially when storing biodiesel over an extended 

period of time. The storage problem is worsening by storage conditions such as 

exposure to air and/or light, temperature above ambient, and the presence of extra-

neous materials (contaminants) with catalytic effect on oxidation  [  43  ] . The presence 

of air or oxygen will hydrolyze the oil to alcohol and acid. The presence of alcohol 

will lead to reduction in  fl ash point and the presence of acid will increase the total 

acid number. All these conditions make methyl ester relatively unstable on storage 

and cause damage to engine parts  [  23  ] . That is why oxidation stability is an impor-

tant criterion for biodiesel production. 

 The stability of biodiesel is very critical. Various strategies for the improvement 

of biodiesel fuel quality have been suggested. Biodiesel requires antioxidant to meet 

storage requirements and to ensure fuel quality at all points along the distribution 

chain. In order to meet EN 14112 speci fi cation, around 200 ppm concentration of 

antioxidant is required, except for palm biodiesel, which is much higher than those 

required for petroleum diesel. To minimize the dosage of antioxidant, appropriate 

blends of  Jatropha  and palm biodiesel are made. Antioxidant dosage could be 

reduced by 80–90% if palm oil biodiesel is blended with  Jatropha  biodiesel at 

around 20–40% concentration  [  72  ] .  

    6   Nontoxic  Jatropha  Seedcake Production from  J. curcas  

 Although  Jatropha  seeds are rich in oil and protein, they are very toxic and not good 

for human or animal consumption  [  40  ] . LD 1  
50

  for phorbol ester consumption for 

male rat was 27.34 mg/kg body weight, and LD 
5
  and LD 

95
  were 18.87 and 39.62 mg/

kg body weight, respectively  [  44  ] . Utilization of  Jatropha  seedcakes cannot be 

achieved without the removal of antinutritional compounds  [  27  ] . Martinez-Herrera 

et al.  [  53  ]  studied the nutritional quality and effects of various treatments (hydro-

thermal processing techniques, solvent extraction, solvent extraction plus NaHCO 
3
 , 

and treatment with ionizing radiation) to disable antinutrient factor. Trypsin inhibi-

tor can easily be removed using steam with a temperature of 121°C for 25 min. 

Phytate can be lowered slightly by irradiation at 10 kGy. The content of saponins 

can be reduced through extraction with ethanol and irradiation. Extraction with 

ethanol followed by 0.07% NaHCO 
3
  decreases phorbolester and lectin activity by 

97.9% in seeds, while in vitro digestibility will increase between 78.6 and 80.6%. 

Heat treatment will increase in vitro digestibility to 86%. 

   1   LD is lethal dose. The LD 
50

  is the dose that kills half (50%) of the animals tested. The animals are 

usually rats or mice, although rabbits, guinea pigs, hamsters, and so on are sometimes used.  
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  Jatropha  seedcakes obtained from 4.0% NaOH treatment at a temperature of 

121°C for 30 min followed either by washing two times with 92% methanol or 

four times with distilled water showed good results of detoxi fi cation. Phorbol 

ester content of seedcakes after detoxi fi cation with this treatment cannot be 

detected. However, the seedcakes which are only washed with water still have 

strong smell of NaOH. This has a negative revenue impact on the food intake. 

Washing with methanol looks promising for the detoxi fi cation of seedcakes as 

long as methanol used can be recycled  [  10  ] . Research by Chivandi et al.  [  18  ]  dem-

onstrated that  Jatropha  seedcakes detoxi fi cation using hexane and ethanol solvent 

treatment followed by hot steam 121°C for 30 min has not been able to eliminate 

the whole lectin and trypsin and still leaves phorbol ester residue (1.90 mg/g 

pulp). This  fi gure is higher than the content of phorbol ester on nontoxic  Jatropha  

(0.11 mg/g pulp). 

 Rakshit et al.  [  66  ]  investigated the in fl uence of heat and chemical detoxi fi cation 

of seedcakes and evaluated the growth and histology of rat. Research results indi-

cated that the treatment of 2% NaOH or 2% Ca(OH) 
2
  followed by hot steam from 

the autoclave at a temperature of 131°C for 30 min and wash with water (1:5 w/v) 

reduce the phorbol ester content very signi fi cantly. However, the test diet on male 

rats showed the weight loss and the death of the rat on the day 9. According to Goel 

et al.  [  28  ] , heat treatment followed by chemical extraction can eliminate phorbol 

ester and lower antinutrient and toxic substances in a meaningful way.  Jatropha  

seedcakes treated in this way can be harmful to rats  [  48  ]  and  fi sh  [  28  ] . 

 Makkar et al.  [  51  ]  conducted a study to obtain the protein concentrate from the 

seedcakes. The highest protein concentrate was obtained when the seedcakes were 

 fi rst dissolved with NaOH so that the pH increased to 11 for 1 h and the temperature 

of 60°C, after which the protein was precipitated by lowering the pH to 4 using HCl. 

Concentrated protein produced by this treatment still contains phorbol ester from 

0.86 to 1.48 mg/g and trypsin inhibitor which is estimated tenfold in the protein 

concentrate compared with that in seedcakes. Meanwhile, lectin and phytate also 

exist at a high level. These results indicate that the protein concentrates must be 

detoxi fi ed by removing the phorbol ester and disabling the lectin and trypsin inhibi-

tors by heat treatment  [  51  ] . 

 Nontoxic seedcakes can also be produced through in situ transesteri fi cation. The 

use of alkaline methanol as extraction and reaction solvent, which would be useful 

for extraction oil and phorbol esters, would reduce the phorbol esters content in the 

 Jatropha  seedcakes. The seedcakes, after in situ transesteri fi cation, are rich in pro-

tein and are potential sources for livestock feed. Experimental results showed that 

the amount of  Jatropha  seed oil dissolved in methanol was approximately 83% of 

the total oil. The conversion of this oil could achieve 98% under the following con-

ditions: less than 2% moisture content in  Jatropha  seed  fl ours, 0.3–0.335 mm par-

ticle size, 0.08 mol/L NaOH concentration in methanol, 171:1 methanol/oil mole 

ratio, 45.66°C reaction temperature, and 3.02 h reaction time  [  58  ] .  
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    7   Process Control of Integrated  Jatropha  Biodiesel 

Processing and Detoxi fi cation Process 

 There are three critical processes of production and three outputs that have to be 

considered; they are: (1) oil preparation, (2) transesteri fi cation reaction, and (3) post-

reaction processing. In process control, we must ensure that both quantitative and 

qualitative product speci fi cation and economic performance meet health, safety, and 

environmental regulations. The tasks of control system are to ensure the stability of 

process, to minimize the in fl uence of disturbance and perturbation, and to optimize 

the overall performance  [  19  ] . Figure  3  shows a schematic diagram of process control 

approach of integrated  Jatropha  biodiesel processing and detoxi fi cation process.  

 The following is a sequence of steps that could be employed to develop pro-

cess control for a cost-effective and environmentally friendly  Jatropha  biodiesel 

production  [  60  ] :

    1.    Constructing a process  fl ow diagram which identi fi es the major process 

operation.  

    2.    Developing a strategy to improve the quality of  Jatropha  seed input. This strategy 

involves preharvest treatments and postharvest handling and technology.  

    3.    Identifying the output characteristics that will be achieved.  

Toxic

Seedcakes

Jatropha

seeds
Oil Preparation

INPUT PROCESS OUTPUT

Jatropha Oil

Transesterification

Detoxification

Crude

Biodiesel

Post-Reaction 

Processing

Fuel-grade

Biodiesel

Non-Toxic

Seedcakes

  Fig. 3    Schematic diagram of the process control approach for integrated  Jatropha  biodiesel 

processing and detoxi fi cation process       
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    4.    Determining the principle process that will be applied for every output 

characteristics.  

    5.    Identifying detection methods used to detect production problems and to prevent 

causes in the determined process.  

    6.    Evaluating and analyzing cost feasibility of the process while always ful fi lling 

health, safety, and environmental regulations.  

    7.    Reviewing various possible actions for production system improvements.      

    8   Implication of Biodiesel Production on Global Warming, 

Environmental Impact Potential, and Energy 

 Since the cost and ef fi ciency of the selected process will be tied up with the biodie-

sel production for a long time and affect the capital and operating costs and the 

environmental load of the product, selecting an appropriate process for the biodiesel 

production is a critical decision. Issues on capital and operating cost are relatively 

straightforward though issues on environmental load of the product are quite com-

plicated  [  41  ] . One of the tools that can be employed to help answer the last issues is 

the life cycle assessment (LCA). The LCA is used to evaluate the environmental 

impact and other potential factors that a product (or service) has on the environment 

over the entire period of its life—from the extraction of the raw materials from 

which it is made, through the manufacturing, packaging, and marketing processes, 

and the use, reuse, and maintenance of the product, on to its eventual recycling or 

disposal as waste at the end of its useful life  [  41  ] . 

 From the life cycle aspect, the growth of energy crops has raised concerns due to 

their high consumption of conventional fuels, fertilizers and pesticides for land 

preparation and biomass production, the materials and energy for oil extraction and 

biodiesel production, and the emissions and wastes which have been released to the 

environment. Figure  4  illustrates the system boundary for a LCA study of biodiesel 

production.  

 Nazir and Setyaningsih  [  59  ]  developed a well-to-tank (WTT) life cycle inven-

tory database of palm oil and  Jatropha  biodiesel and analyzed the environmental 

impacts of  Jatropha  and palm oil biodiesel by using the concept of life cycle think-

ing. The life cycle environmental impacts of  Jatropha  and palm oil biodiesel were 

compared and discussed. Table  4  shows the information related to materials and 

energy uses to produce 1 L biodiesel from  Jatropha  and palm oil.  

    8.1   Global Warming Potential of Biodiesel Production 

 The proportion of greenhouse gas (CHG) emissions from each material and energy 

used is shown in Fig.  5 . The main contribution came from transesteri fi cation reac-

tion for  J. curcas  and oil extraction for oil palm.  

 Biodiesel production from palm oil has bigger GHG emission than that from 

 Jatropha  oil.  
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  Fig. 4    The system boundary of  Jatropha  biodiesel production       

   Table 4    Materials and energy used in cultivation, oil extraction, and production of 1 L biodiesel 

from  J. curcas  oil and palm oil  [  59  ]    

 Input types  Input names  Unit   J. curcas   Oil palm 

 Cultivation 

 Fertilizer  Urea  kg  0.135  0.265797 

 KCl  kg  0.0675  0.399267 

 DAP  kg  0.0336  0.072647 

 Boron  kg  –  0.074327 

 Chemical  Herbicide  kg  0.0015  1.57232E − 7 

 Pesticide  kg  –  4.8224E − 7 

 Fertilizing  Broadcaster  ha  3.59175E − 6  0.000142 

 Plant protection  Field sprayer  ha  –  0.000142 

 Wood chopping  Mobile chopper  kg  –  4.53299 

 Transportation  Tractor/trailer  tkm  –  0.053299 

 Lorry >16 ft  tkm  –  0.032132 

 Freight  tkm  0.06708  0.111197 

 Land preparation  Diesel used  kg  0.0105  – 

 Provision  Stubble land  m 2   –  0.067579 

 Harvesting  Labor  MJ  0.007  0.004 

 Oil extraction 

 Transportation  Tractor/trailer  tkm  –  0.00196 

 Lorry >16 ft  tkm  –  0.37686 

 Freight  tkm  0.002156  0.003267 

 Electricity  MJ  0.0814  0.072 

 Diesel  MJ  –  0.089 

 Power and steam  MJ  –  4.967 

 Biodiesel production 

   Chemical  Methanol  kg  0.14  0.09892 

 Sulfuric acid  kg  0.0217  – 

 NaOH  kg  0.00879  0.00998 

 Energy  Electricity  kWh  0.0852  0.036826 

 Steam  kg  0.294  0.180 
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    8.2   Environmental Impact Potential of Biodiesel Production 

 Figure  6  shows the comparison of environmental impact of biodiesel production in 

each step of life cycle. Biodiesel production from palm oil has bigger total environ-

mental impact than that of  Jatropha  oil. Cultivation contributes to the highest envi-

ronmental impacts compared with other stages in the life cycle impact.   

TOTAL

Biodiesel Production

Oil Extraction

Land  Preparation and

Cultivation

0 0.5 1.0 1.5 (kg CO2)

Oil Palm

Jatropha curcas

2.0 2.5

  Fig. 5    Comparison of life cycle GHG emissions of biodiesel production from palm oil and 

 Jatropha  oil based on material and energy used in each steps of life cycle  [  59  ]        
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  Fig. 6    Comparison of environmental impact of biodiesel production from palm oil and  Jatropha  

oil based on material and energy used in each steps of life cycle  [  59  ]        
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    8.3   Net Energy Results of Life Cycle Impact Assessment 

 The life cycle energy analysis of  Jatropha  biodiesel production was conducted by 

evaluating direct energy input (such as electricity, diesel, gasoline, fuel oil, palm 

 fi ber, palm shell, etc.) and indirect energy input (energy accumulated in fertilizers, 

agrochemicals, and chemical production, excluding equipment and machinery used 

in the processes). The net energy value (NEV) and the net energy ratio (NER) can 

be estimated. The NEV is a measure of the energy gain or loss from the biodiesel 

used, which is de fi ned as the energy content of the biodiesel minus the nonrenew-

able energy used in the life cycle of the biodiesel production  [  63  ] . The NER is a 

ratio of energy output to total energy input for the life cycle of the product  [  64  ] . 

 Prueksakorn and Gheewala  [  64  ]  calculated the energy consumption in every pro-

cess in producing 1 kg of  Jatropha  biodiesel. The energy analysis results of the 

present situation of  Jatropha  biodiesel production compared to palm oil methyl 

ester is shown in Table  5 . The results show that the selected biodiesel production 

process determines energy ef fi ciency and environmental impacts.    

    9   Conclusions 

 High cost of biodiesel production is the major impediment to its large-scale com-

mercialization. Methods to reduce the production cost of  Jatropha  biodiesel must be 

developed. One way to reduce production costs is to increase the added values of 

protein-rich  Jatropha  seedcakes, by-product of oil extraction, through detoxi fi cation 

process. The development of integrated biodiesel production process and the 

detoxi fi cation process results in two products, namely biodiesel and protein-rich 

seedcakes that can be used for animal feed. Assuming that an average seed yield on 

land of 5 tons/ha/year (2 tons/acre/year) could be achieved, the estimated theoretical 

maximum yield of biodiesel would be 750 kg/acre/year and seedcake products 

would be 500 kg/acre/year. 

 Since the cost and ef fi ciency of the selected process will be closely correlated 

with the production for a long time and affect the capital and operating costs and the 

environmental load of the product, selecting an appropriate process for the biodiesel 

production is a critical decision. There are still many future potential improvement 

of biodiesel production of  J. curcas . These include (1) development of better and 

   Table 5    The results of energy analysis biodiesel production   

 Fuel 

 Net energy value 

(NEV) (MJ/kg) 

 Net energy ratio 

(NER) 

 Net energy gain 

(%)  References 

 JCME  11.5  1.42  42.0  Prueksakorn and 

Gheewala  [  64  ]  

 POME  24.03  2.48  59.8  Papong et al.  [  63  ]  
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cheaper oil extraction and postreaction processing methods; (2) development of 

better and cheaper catalysts; (3) improvements in current technology for producing 

high-quality biodiesel with cheaper cost production; (4) development of technology 

to use methanol/ethanol in in situ extraction and transesteri fi cation; (5) develop-

ment of technique to improve fuel stability of  Jatropha  biodiesel; (6) conversion of 

by-products, such as glycerol and seedcake to useful and value-added products, 

such as methanol and ethanol or glycerol  tert -butyl ether (GTBE); and (7) develop-

ment of integrated  Jatropha  biodiesel processing and detoxi fi cation process. 

 LCA has become an important decision-making tool for promoting alternative 

fuels because it can systematically analyze the fuel life cycle in terms of energy 

ef fi ciency and environmental impacts. LCA analysis shows that the selected biodie-

sel production process determines energy ef fi ciency and environmental impacts of 

 Jatropha  biodiesel production.      
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  Abstract   Continued reliance on fossil fuel reserves as the primary energy resource is 
increasingly becoming unsustainable, owing to the need for: minimal exposure to the 
associate price volatility, reduction of greenhouse gas emissions by energy conserva-
tion, and deployment of cleaner and locally produced energy feedstock (including 
recovery from waste). Based on current knowledge and technology projections, third-
generation biofuels (low input-high yielding feedstock) speci fi cally derived from 
microalgae are considered to be viable alternative energy resource. They are devoid of 
the major drawbacks associated with  fi rst-generation biofuels (mainly terrestrial 
crops, e.g. sugarcane, sugar beet, maize and rapeseed) and second-generation biofuels 
(derived from lignocellulosic energy crops and agricultural and forest biomass 
residues). This chapter focuses on technologies underpinning microalgae-to-biofuels 
production systems, and evaluates the scale-up and commercial potential of biofuel 
production, including benchmarking of fuel standards. It articulates the importance of 
integrating biofuels production with the production of high-value biomass fractions in 
a biore fi nery concept. It also addresses sustainability of resource deployment through 
the synergistic coupling of microalgae propagation techniques with CO 

2
  sequestration 

and bioremediation of wastewater treatment potential for mitigation of environmental 
impacts associated with energy conversion and utilisation.      
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    1   Introduction 

    1.1   World Energy Outlook and Renewable Energy Deployment 

 The 2009 Copenhagen Climate Conference highlighted the growing importance of 
developing economic CO 

2
  neutral energy systems, and also recognised that the 

global temperature rise should be limited to less than 2°C to avoid severe climate 
change  [  105  ] . The global annual primary energy consumption in 2009 was estimated 
at 11,164 million tonnes of oil equivalent (mtoe), a reduction of 1.1% on the 2008 
 fi gures, which was attributed to the global economic recession  [  22  ] . Fossil fuels 
accounted for 88% of the primary energy consumption, 1  comprising of oil (35%), 
coal (29%) and natural gas (24%) as the major fuels, while nuclear energy and 
hydroelectricity account for 5 and 7% of total primary energy consumption, respec-
tively  [  22  ] . It has been predicted that the global primary energy demand will increase 
by 40% for the period 2007–2030  [  95,   103  ] , mainly due to increases in demand 
from developing countries. Over the same period, it is also predicted that CO 

2
  emis-

sion reduction of 25–40% range will be required to maintain a 2°C limit in global 
temperature rise  [  105  ] . High dependence on fossil fuels is the largest contributor of 
greenhouse gas (GHG) emissions to the biosphere, with estimated global CO 

2
  

emissions of 29 Gtonnes in 2006  [  65  ] . It is therefore imperative to identify compat-
ible mitigation strategies to minimise the excess CO 

2
  emissions as the associated 

climate change projections could have major consequences for nature as well as 
human systems  [  17,   96  ] . Consequently, renewable and carbon neutral fuels are 
essential to both environmental and economic sustainability; hence, biofuels will be 
key energy sources  [  152  ] . 

 Biofuels refer to liquid, gas and solid fuels derived from biomass, the collective 
term for plant-derived matter (terrestrial and aquatic) other than that which has been 
fossilised. Biomass includes dedicated energy crops (viz. sugarcane, rapeseed, 
short-rotation woody crops, etc.), agricultural and forestry residues and agri-food 
waste. Classi fi cation includes  fi rst-, second- and third-generation biofuels. First-
generation biofuels refer to those derived from sources like starch, sugar, animal 
fats and vegetable oil, usually extracted by conventional techniques of production 
(e.g. biodiesel, vegetable oil, biogas, bio-alcohols and syngas). Second-generation 
biofuels are derived from lignocellulosic biomass by thermochemical conversion 
processes such as gasi fi cation and Fischer–Tropsch process. The second-generation 
biofuels offer key advantages over the  fi rst-generation, including: possible use of a 
much wider range of raw material, especially waste, which may lower the cost of 
the feedstock signi fi cantly; the resulting fuels are of high-quality and clean-burning, 
with potentially a much lower well-to-wheels CO 

2
  pro fi le; cultivation process (if 

any) could be less environmentally intensive than for ordinary agricultural crops 

   1   Primary energy consumption comprises commercially traded fuels only, and excluding fuels such 
as wood, peat, animal waste, geothermal, wind and solar power generation.  
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(e.g. reduced or zero cultivation result in even lower GHG emissions from cultivation), 
and can be co-produced with electricity. Third-generation biofuels in this context 
refer to fuel extracts from micro- and macroalgae feedstock and from biomass crops 
that have been genetically modi fi ed in such a way that their structure or properties 
conform to the requirements of a particular bioconversion process. Technology 
frontiers for plant-based third-generation biofuels include the development of tree 
crops with weakened lignin content to ease conversion to fuels  [  101  ] , and modi fi ed 
corn varieties with enzymes necessary to break down cellulose and hemi-cellulose 
into simple sugars in the leaves, allowing for more cost-effective, ef fi cient production 
of ethanol from corn residue  [  200  ] . 

 Through speci fi c proven biochemical or thermochemical conversion processes 
(viz., esteri fi cation, anaerobic digestion, pyrolysis and thermochemical liquefaction), 
biomass can be converted to a range of biofuels such as ethanol, methane, hydrogen, 
biodiesel, and Fischer–Tropsch diesel  [  55  ] . Sustainable deployment of biofuels has 
therefore become a crucial strategy for limiting or reducing GHG emissions, 
enhancement of regional security of energy supply (including employment creation), 
and controlling price volatility in fossil fuel markets  [  23  ] .  

    1.2   Principles of Clean Energy Production 

 Biofuels have been promoted as the future lead energy sources, with potential to 
signi fi cantly displace the current high dependence on fossil fuels  [  152  ] . The demand 
drivers in the transition from fossil fuels are seen as the: frequently unstable energy 
prices, need for security of supply, and accelerated climate change associated with 
fossil fuel usage  [  103  ] . For any signi fi cant impacts, the demand drivers and trends 
that support the biofuels industry must be fully integrated to develop a global mar-
ket by concurrent:

    1.    Creation of awareness of environmental bene fi ts of biofuels  
    2.    The availability of new fuel vehicles  
    3.    Development of  fi nancial markets for biofuels  
    4.    Development of infrastructure that supports the new biofuels     

 To develop and sustain markets for biofuels, environmental bene fi ts must be 
clear for consumers to support growth of the industry  [  2  ] . For example, available 
evidence suggests that consumers would be willing to pay a premium for transport 
fuels as long as the impact on GHG reduction is clear  [  130  ] . The world food demand, 
in most part, is inelastic  [  73  ] , therefore, growing of biofuel feedstock instead of 
food will require new cropping areas for food production. Land-use changes, mainly 
through deforestation, affect the carbon balance in the atmosphere, which will have 
a major effect on the sustainability of biofuels  [  85  ]  and damage consumer’s image 
of biofuels as a clean source of energy. Also, the potential role of biofuels in rural 
development, especially in the creation of employment, must be clear. 

 Original equipment manufacturers (OEMs) are a critical driver for biofuels 
deployment as they are responsible for development of application technologies, 
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e.g. new fuel vehicles and ancillary equipment  [  57  ] . Faced with limited budgets for 
R&D, OEMs have focused on successive improvement of proven technologies of 
immediate commercial potential, e.g.  fl exi-fuel vehicles (FFV) for which blends of 
<10% ethanol are covered in warranties for new cars. Higher biofuel blends (e.g. 
E85) for FFV have been promoted differently between regulators in Europe and 
USA, therefore the market has not developed for OEMs to heavily invest resources 
in this technology area yet  [  2  ] . However, incentives for OEMs are required to secure 
innovations (e.g. more ef fi cient biodiesel engines) that are capable of creating step-
change to deployment of biofuels. For increased FFV deployment, clear bene fi t for 
consumers (viz., concessions in tax, insurance, etc.) are necessary to generate mar-
kets, hence, innovations in new technologies that will be capable of realizing the 
required step-change. 

 Biofuel-related  fi nancial markets are still immature and therefore present 
signi fi cant investment risk for fuel blenders/consumers  [  2,   211  ] . The infrastructure 
that facilitates regional operation and trade in biofuels is critical if an ef fi cient 
market is to develop  [  2  ] . Currently, the key challenge is in integrating secure biofu-
els supply into the current fuel chains. For sustainability, such supply security could 
be achieved through the development of multiple feedstock scenarios capable of 
delivering fuel to speci fi ed standards. 

 Adaptability could be key to future success of biofuels as competiveness is 
weighed against a host of other energy carriers, apart from fossil fuels, e.g. electric 
cars. Therefore, judicious regulation in the quest for low carbon economies should 
support innovation and development in new technologies for delivery of cleaner 
fuels and to facilitate biofuel market penetration  [  56  ] .  

    1.3   Principles of Clean Energy and Sustainable Energy Systems 

 Strategies for enhancing security of energy supply and mitigation of energy-related 
GHG emissions, include,  inter alia , the need for: increased energy ef fi ciency (i.e. 
decreasing energy use per unit of product, process or service); increased use of clean 
fossil energy (i.e. use of fossil fuels coupled with CO 

2
  sequestration and storage); and 

increased use of carbon neutral renewable energy, mainly biofuels  [  23,   196  ] . 
Conditions for technically and economically viable biofuel resources are that, they 
should be  [  100,   195  ] : cost-competitive against petroleum-based fuels, require low 
to no additional land use, enable air quality improvements (e.g. CO 

2
  sequestration), 

and require minimal water usage. Biofuels are technically carbon neutral, i.e. the 
release of CO 

2
  during conversion is equivalent to what is captured during growth of 

the parent material via the photosynthesis process  [  1  ] . However, they may not 
always be carbon neutral where energy from fossil fuels are used in the cultivation, 
harvesting, manufacture of fertiliser and herbicides, processing, and direct conver-
sion to energy or speci fi c energy carriers as depicted in the illustration in Fig. 1  for 
biomass from willow short rotation coppice.  

 The deployment of  fi rst- and second-generation biofuels has generated a lot of 
controversy, mainly due to the negative impact on global food markets  [  144  ]  and 
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energy-intensive processes for conversion to fuels  [  226  ] , respectively. Any effort 
towards increased production of biofuel-directed biomass must therefore consider 
the overall sustainability. Microalgae-derived biofuels are devoid of the major 
drawbacks associated with  fi rst- and second-generation biofuels. Their judicious 
exploitation could therefore make a signi fi cant contribution to meeting the primary 
energy demand, while simultaneously providing environmental bene fi ts  [  218  ]   

    1.4   Microalgae-Derived Biofuels 

 Biofuels derived from microalgae are currently considered to be the most economi-
cal and technically viable route for producing biofuels to compete with petroleum-
based fuels  [  40  ] . This is due to a number of intrinsic advantages they could have, 
when compared to biofuels extracted from terrestrial bioenergy crops. These include: 
(1) higher annual growth rates, e.g. rates of up to 37 tonnes ha −1  per annum have been 
recorded, primarily due to higher photosynthetic ef fi ciencies when compared with 
terrestrial plants  [  221  ] ; (2) higher lipid productivity (up to 75% dry weight for some 
algae species), with higher proportion of triacylglycerol (TAG) that is essential for 
ef fi cient biodiesel production  [  185  ] ; (3) microalgae production can effect bio fi xation 
of CO 

2
  (production utilises about 1.83 kg of CO 

2
  per kg of dry algal biomass yield) 

thus making a contribution to air quality improvement  [  38  ] ; (4) capability of growing 
in wastewater, which offers the duel potential for integrating the treatment of organic 
ef fl uent with biofuel production  [  28  ] ; and (5) inherent yield of valuable co-products 
such as proteins and polyunsaturated fatty acids (PUFAs) may be used to enhance the 
economics of production systems  [  197  ] . Figure  2  summarises the distinct stages in 
the production and processing of microalgae to biofuel.  

 Despite the outlined advantages, there are still a number of signi fi cant obstacles 
to realisation of the full potential of microalgae-derived biofuels. They include: (1) 
energy-intensive downstream processes including pumping and dewatering of bio-
mass, and conversion processes can result in negative energy balance  [  88  ] ; (2) 
trade-off requirements in species selection and genetic enhancement for biofuel 
production vs. extraction of co-products  [  157  ] ; and (3) need for techniques for 
enabling real-time control of pH, photoinhibition, evaporation and CO 

2
  diffusion 

losses in cultivation systems  [  213  ] .   

    2   State-of-the-Art in Microalgae Biomass Production 

    2.1   Biology of Microalgae and Criteria for Biofuel-Directed 

Algae Strain Selection 

 Microalgae are thallophytes, i.e. primitive plants lacking roots, stems and leaves, 
have no sterile covering of cells around reproductive cells, and have chlorophyll  a  
as the primary photosynthetic pigment  [  115  ] . Their structures are primarily for 
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energy conversion without any development beyond cells, a feature that allows 
them to rapidly adapt to prevailing environmental conditions  [  70  ] . It is estimated 
that more than 50,000 algal species exist in wide-ranging aquatic and terrestrial 
ecosystems  [  174  ] . For purposes of this chapter, de fi nition of microalgae covers all 
unicellular and simple multi-cellular microorganisms, including both prokaryotic 
microalgae, i.e. cyanobacteria (Chloroxybacteria), and eukaryotic microalgae, i.e. 
green algae (Chlorophyta), red algae (Rhodophyta) and diatoms (Bacillariophyta). 

 Microalgae’s main growth requirements are sunlight, carbon dioxide (CO 
2
 ) from 

the atmosphere and nutrients from the aquatic habitats. The inorganic nutrients 
required include nitrogen, phosphorus and silicon  [  202  ] . Arti fi cial production systems 
attempt to replicate and enhance these requirements. For most production systems, 
sunlight is generally the primary limiting factor due to diurnal cycles coupled with 
seasonal variations, which limit the viability of commercial production in natural 
settings to areas with high solar radiation  [  165  ] . Under natural growth conditions, 
microalgae assimilate CO 

2
  from the air (ca. 360 ppmv CO 

2
 ) but they can also assim-

ilate CO 
2
  from other sources such as discharge gases from industrial processes and 

soluble carbonates  [  218  ] . Most microalgae can tolerate and thrive at substantially 
higher levels of CO 

2
  (typically up to 150,000 ppmv)  [  17,   41,   62  ] . 

 For biofuel-destined microalgae production, the major factors cited as determining 
economic viability include: inherent yield-determining factors (viz., strain selec-
tion, lipid productivity, photosynthetic ef fi ciency), variations in production systems 
(viz. system type, arti fi cial or natural lighting) and harvesting and conversion (viz. 
quality of product required, moisture content). The selection of appropriate strains 
and establishment of optimal growth conditions are important factors in the overall 
success of biofuel production  [  25,   162,   179,   191,   224  ] . The ideal strains for biofuel 
production should  [  23  ] : (1) have high lipid productivity; (2) be robust and able to 
survive the shear stresses encountered in photobioreactors (PBRs); (3) be able to 
dominate wild strains in open pond production systems; (4) have high CO 

2
   fi xation 

capacity; (5) have limited nutrient requirements; (6) be tolerant to a wide range in 
temperatures resulting from the diurnal cycle and seasonal variations; (7) be able to 
produce valuable co-products; (8) have a fast productivity cycle; (9) have a high 
photosynthetic ef fi ciency; and (10) display self- fl occulation characteristics. 
Currently, there is no known algal strain capable of meeting all these requirements 
concurrently. However, Fig.  3  illustrates the key cell characteristics for biofuel pro-
duction, encompassing requirements for energy-ef fi cient downstream processing.  

 Table  1  summarises the characteristics of biofuel-directed microalgae species 
that have been investigated. It is shown that most of the species have naturally high 
lipid contents (ca. 2–75% dry weight). Increased concentration of lipids may be 
effected by optimising the growth-determining factors  [  91  ] , such as nitrogen level 
 [  178,   222,   223,   227  ] , light intensity  [  168,   222  ] , temperature  [  168  ] , salinity  [  168,   227  ] , 
dissolved oxygen  [  106  ] , and CO 

2
  concentration  [  41,   51  ] . However, it is noteworthy 

that increasing the concentration of lipids through manipulation of growth factors 
will not necessarily increase the overall lipid production, since biomass and lipid 
productivity are mutually exclusive  [  177,   191  ] . Production systems should aim to 
optimise triglycerides and free fatty acid (FFA) lipids which are more easily 
 convertible to biofuel.   
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    2.2   Optimisation of Algal Biomass Production 

 In phototrophic cultures, microalgae can be grown in two distinct production 
systems: open pond systems and enclosed PBRs. These production units control the 
environmental (viz .  light, temperature, pH, salinity, nutrient qualitative and quanti-
tative pro fi les, and dissolved oxygen), biological impact factors (viz .  predation, 
viruses, competition and growth of epiphytes) and operational factors (viz .  hydrau-
lic residence time, harvesting rate, gas transfer rate, mixing equipment, shear rates 
and light exposure) that affect the growth of microalgae  [  106  ] . Full-scale operations 
of both open ponds and enclosed PBRs for biofuel-directed microalgae production 
are still mostly in demonstration phase, hence, their long-term operation perfor-
mance will be required to counter the many uncertainties that prevail  [  162  ] . 

    2.2.1   Open Pond Systems 

 Open pond systems can be categorised into natural waters (e.g. lakes, lagoons, 
ponds) and arti fi cial ponds  [  20  ] . The raceway pond is the most commonly used 
arti fi cial open pond system (Fig.  4 )  [  97  ] . It typically consist of a closed loop, recir-
culation channel of between 0.2 and 0.5 m depth, usually constructed in concrete or 
compacted earth with a plastic lining  [  38  ] . In a continuous production cycle, algal 
broth and nutrients are introduced after the paddlewheel and circulated through 
channels to the harvest extraction point, generally located before the paddlewheel. 
The CO 

2
  requirement is obtained from air, but to enhance productivity and stabilise 

algae growth, submerged CO 
2
  aerators may be used  [  206  ] .  

  Fig. 3    The ideal photosynthetic cell factory for biofuels (Wijffels and Barbosa, 2010) (With 
 permission from  Science  Journal/American Association for the Advancement of Science)       
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 Open pond systems are considered the cheapest to build and operate  [  128  ] , have 
lower energy inputs  [  177  ] , are more durable  [  128  ]  and easier to maintain  [  213  ]  
when compared to enclosed PBRs. Therefore, open pond systems are perhaps more 
suitable for cultivating microalgae for biofuels  [  92  ] . However, open pond systems 
are more susceptible to contamination from invasive algae or bacteria, but mon-
oculture production systems are still achievable for some highly selective species. 
For example,  Dunaliella salina  and  Spirulina  thrive under highly saline and high 
alkaline growth conditions, respectively  [  20  ] . They are also exposed to the prevailing 
environmental condition, which hinders the prospect of controlling temperature, 
evaporation and lighting  [  128  ] . Although they may occupy a large land area, they do 
not necessarily compete for land with existing agriculture crops, since they can be 
deployed on lands with marginal crop production potential  [  39  ] . Table  2  shows the 
typical yields in open pond production of selected algae species.  

 High algal biomass production rates are achievable with open pond systems, but 
the yields are lower compared to enclosed PBRs  [  38  ] . Currently, there are signi fi cant 
variations in the production rates reported in literature (Table  2 ), while the extrapo-
lation of laboratory results has proved to be very poor bases for estimating the 
performance of full-scale production systems.  

    2.2.2   Enclosed Photobioreactors 

 Enclosed PBRs were developed to overcome the limitations of open pond production 
systems. The PBRs generally consist of an array of straight glass or plastic 

  Fig. 4    Plan view of a raceway pond. Algae broth is introduced after the paddlewheel, and com-
pletes a cycle while being mechanically aerated with CO 

2
 . It is harvested before the paddlewheel 

to start the cycle again (Adapted from Chisti  [  38  ] )       
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   Table 2    Biomass productivity for open pond systems (Adapted from Brennan and Owende  [  23  ] )   

 Species 
 Cell density 
(g L −1 ) 

  P  
aerial

  
(g m −2  day −1 ) 

  P  
volume

  
(g L −1  day −1 )  PE (%)  Reference 

  Anabaena  sp.  0.23  23.5  0.24  >2   [  146  ]  
  Chlorella  sp.  10  25  –  –   [  189  ]  
  Chlorella  sp.  40  23.5  –  6.48   [  61  ]  
  Chlorella  sp.  40  11.1  –  5.98   [  61  ]  
  Chlorella  sp.  40  32.2  –  5.42   [  61  ]  
  Chlorella  sp.  40  18.1  –  6.07   [  61  ]  
  Haematococcus pluvialis   0.20  15.1  –  –   [  93  ]  
 Not available  0.14  35  0.117  –   [  38  ]  
 Various  –  19  –  –   [  221  ]  
  Spirulina  sp.  1.24  69.16  –  –   [  145  ]  
  Spirulina platensis   0.47  14  0.05  –   [  67,   97  ]  
  Spirulina platensis   –  –  0.18  –   [  175  ]  
  Spirulina platensis   0.9  12.2  0.15  –   [  167  ]  
  Spirulina platensis   1.6  19.4  0.32  –   [  167  ]  

(polypropylene acrylic or polyvinylchloride) tubes as shown in Figs.  5  and  6 . 
Sunlight is captured by the tubular arrays of diameter  £ 0.1 m and which may be 
aligned horizontally  [  142  ] , vertically  [  181  ] , inclined  [  214  ] , or in a helix  [  220  ] . Algae 
cultures are recirculated in the arrays either with a mechanical pump or airlift sys-
tem, the latter allowing CO 

2
  and O 

2
  to be exchanged between the liquid medium and 

aeration gas as well as providing a mechanism for mixing.   
 Enclosed PBRs offer better process control and therefore higher biomass produc-

tivity can be achieved when compared with open pond systems (Table  3 ). They permit 
the single species cultivation for prolonged periods due to reduced contamination risks, 
which also allows their use for production directed to pharmaceutical and cosmetics 
industry  [  213  ] . Vertically oriented PBRs minimise space requirements  [  164  ] , and due 
to higher cell mass productivities attained, harvesting costs can also be reduced. 
Nevertheless, enclosed PBRs cost substantially more than open pond systems. Higher 
construction costs and more complex operational and maintenance procedures may 
potentially incur inferior net energy returns and cost-effectiveness  [  31,  106  ] . Examples 
of large enclosed PBRs on record include the 25 m 3  plant at Mera Pharmaceuticals, 
Hawaii  [  155  ] , and the 700 m 3  plant at the IGV in Klötze, Germany  [  164  ] .    

    2.3   Genetic Engineering of Microalgae 

 Genetic engineering of microalgae can provide important and signi fi cant improve-
ments for algal-biofuel production, by increasing the yields of TAGs to facilitate 
more ef fi cient biodiesel conversion  [  187  ] . In the 1960s, the genome of  Anabaena  
PCC7120 (Chloroxybacteria) was successfully cloned to produce a model organism 
for academic research  [  92  ] . However, for eukaryotic algae there is still a lack of 
understanding of the detailed molecular biological and regulation of lipid body 
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  Fig. 5    Basic design of an enclosed horizontal tubular photobioreactor (Adapted from Chisti  [  39  ] ). 
Two main sections, airlift system and solar receiver array. The degassing column allows for the 
transfer of O 

2
  out of the systems and transfer of CO 

2
  into the system as well as providing a means 

to harvest the biomass. The solar receiver provides a platform for growth enhancement by giving 
a high surface area to volume ratio (With permission from Elsevier Ltd.)       

  Fig. 6    A 400-litre vertical column photobioreactor in operation (Photo courtesy of Centre for 
Applied Energy Research, University of Kentucky, Lexington, KY, USA)       
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metabolism  [  187  ] . Therefore, genetic manipulation (transgenics) remains limited to 
a few selected algal laboratory models, i.e.  Chlamydomonas reinhardtii, Volvox car-

teri, Cyanidioschyzon merolae, Emiliania huxleyi , and the diatoms  Phaeodactactylum 

tricornutum,  and  Thalassiosira pseudonana . The expanding research interest in 
biofuel-directed microalgae has led to genetic engineered model organisms  [  13,   217  ]  
and general advances in algal transgenics. Additional genome sequencing for strains 
with suitable characteristics for biofuels and more universal genetic transformation 
tools that could enable further development of trangenetic based microalgae-derived 
biofuel production are considered to be necessary for further advancement  [  13  ]  

 The application of genetic engineering has progressed in several paths, with most 
recently, the direct manipulation of the microalgal lipid synthesis through gene expres-
sion and shunting of photosynthetic carbon partitioning to TAG synthesis  [  119  ] . The 
high expression of acetyl-coA carboxylase gene, which has a role in controlling the 
level of lipid accumulation, has lead to an improvement of lipid content in the engi-
neered microalgae cells  [  92  ] . Another genetic engineering process for enhancing the 
lipid yields that has been tested is the shunting of pathways from starch production to 
lipid synthesis, by freeing precursor metabolites for desired biofuel products  [  187  ] . 
Both Li et al.  [  119  ]  and Wang et al.  [  219  ]  successfully induced inactivation of ADP-
glucose pyrophosphorylase in a  C. reinhardtii  starchless mutant ( sta6 ). Li et al.  [  119  ]  
reported a tenfold increase in lipid synthesis, while Wang et al.  [  219  ]  reported a 30-fold 
increase in lipid synthesis, ultimately leading to a high concentration of TAG per cell. 
Therefore, future use of transgenics to improve TAG content of biofuel-directed 
microalgae is potentially an important bearing in the quest for economic production.  

    2.4   Commercial Production Scenarios and Strategies 

for Biofuel-Directed Microalgae 

 Five key strategies have been recognised to be key to cost reduction and acceleration 
of commercialisation of microalgae-derived biofuels (biodiesel, bio crude and drop-
in fuels), including  [  208  ] : (1) Identi fi cation of algae species with high oil content 
and that will also grow quickly to produce fuels; (2) Using algal species with a high 
triglyceride (TAG) oil content; (3) Identi fi cation of low cost oil extraction and 
harvesting methods, which is still a signi fi cant economic challenge; (4) Since algal-
biofuel production process is a complex composite of important sub-processes, 
reducing the number of steps is essential to providing easier, better and lower-cost 
systems; and (5) Fractionation marketing approach (biofuel and co-products) are 
critical to successful commercial production, e.g. potential co-production of green 
plastics, green detergents and cleaners, and biodegradable and non-toxic polymers 
secure premium price over traditional petroleum-based products. 

 Notable R&D investments have recently been committed to biofuel-directed 
microalgae production systems, in attempts to meet requirements in the outlined 
strategies, e.g. the commercial ventures by NASA and ExxonMobil. NASA in 
collaboration with Seambiotic Ltd, USA, is aiming to advance algae research by 
developing growth processes for microalgae, speci fi cally for the production of 
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aviation fuel  [  6  ] . ExxonMobil Corporation initiated a $600 million research 
programme in collaboration with Synthetic Genomics Inc. (SGI), aimed at creating 
superior strains of algae and developing more ef fi cient production processes  [  6,   7  ] . 

 In the EU, the public-funded Carbon Trust of UK plans to invest £26 million into 
algae research, and has initiated an £8 million Algal Biofuels Challenge (ABC) 
which aims to address the fundamental R&D requirements through collaborative 
research programmes involving 11 institutions. Research aims include  [  8  ] : (1) isola-
tion and screening of algae strains, (2) maximising solar conversion ef fi ciency, (3) 
achieving both high oil content and high productivity, (4) sustained algae cultivation 
in open ponds and (5) design and engineering of cost-effective production systems. 

 A €6 million UK and Irish joint project called BIOMARA aims to demonstrate 
the feasibility and viability of producing biofuels from marine biomass. BIOMARA 
deals with both macroalgae (seaweeds) and microalgae for expanded feedstock 
base, and will also evaluate environmental, social and economic impacts  [  9  ] . 

 Private companies are also investing in biofuel-directed microalgae technology 
R&D through various different strategies (Table  4 ). Due to commercial sensitivity 

   Table 4    Selection of algae production companies and their outlined strategies (Adapted from 
Singh and Sai Gu  [  194  ] )   

 Company  Country 
 Cultivation 
method  Biofuel production pathway 

 Algenol Biofuels  USA  Enclosed 
system 

 Uses algae to produce and secrete ethanol from 
CO 

2
 , water and sunlight 

 Aurora Biofuels  USA  Enclosed 
system 

 Uses genetically modi fi ed microalgae to produce 
biodiesel 

 LiveFuels Inc.  USA  Open pond  Plans to create “green crude” from microalgae to 
use in conventional re fi neries 

 FairEnergie 
GmbH 

 Germany  Enclosed 
system 

 Plans on using  fl ue gas from a CHP plant to produce 
microalgae in conjunction with Subitec GmbH 

 E.ON Hanse AG  Germany  Enclosed 
system 

 Plans on using  fl ue gas from a CHP plant to produce 
microalgae in conjunction with Subitec GmbH 

 OriginOil Inc.  USA  Open pond  Developing a “single-step extraction” method to 
reduce complex harvesting processes 

 PetroSun  USA  Open pond  Developing a “carbon neutral” process involving 
the pyrolysis of algal biomass 

 Sapphire Energy  USA  Enclosed 
system 

 Plans to create “green crude” from microalgae to 
use in conventional re fi neries 

 Seambiotic  Israel  Open pond  Utilising  fl ue gas from coal burning power plants 
for algae cultivation 

 Solazyme Inc.  USA  Enclosed 
system 

 Algal fermentation production process to convert 
biomass directly into oil 

 Solena  USA  Enclosed 
system 

 Uses high-temperature plasma  fi eld to transform 
algal biomass into a synthetic gas 

 Solix Biofuels  USA  Enclosed 
system 

 Developing a scalable algae production system 
designed to enable the industrialisation of algae 

 Subitec GmbH  Germany  Enclosed 
system 

 4.13 m 3  Flat-panel-airlift photobioreactor 
production in conjunction with EnBW AG 

 Synthetic 
Genomics Inc. 

 USA  Enclosed and 
open pond 
systems 

 Genetically modifying microalgae to make a 
more ef fi cient production process 
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and protection of intellectual property rights, very little information on technical and 
economic performance of these strategies is publicly available; therefore it was not 
possible to make an objective assessment of the performance as part of this chapter.    

    3   Integration of Algal Biomass Production 

with Environmental Impact Mitigation: 

Opportunities and Challenges 

    3.1   Bio-mitigation of CO 
2
  Emission 

 The rationale for enhancement of strategies for mitigation of CO 
2
  emissions related 

to energy production and utilisation has been outlined in a large body of environ-
mental science research and the underpinning policy considerations pertaining to 
sustainable energy systems  [  83,   216  ] . Methods for CO 

2
  capture and storage include 

the use of physiochemical absorbents, injection into deep oceans and geological 
formations (e.g. saline aquifers and deep ocean basalt), and biological  fi xation  [  17  ] . 
However, it could be argued that biological  fi xation is the only economical and 
environmentally sustainable long-term strategy for CO 

2
  mitigation because the 

other strategies incur high cost and space requirements, and there are risks of CO 
2
  

leakage over time  [  183  ] . It has also been argued that carbon capture and storage 
might be the easier technique for controlling GHG, than building energy conversion 
systems that do not emit them. Consequently, hypotheses for “arti fi cial trees” that 
capture CO 

2
  much faster than terrestrial plants have been advanced  [  107  ] . 

 Microalgae can be used for the biological capture and storage of CO 
2
  as they 

readily consume CO 
2
  during photosynthesis with a    more ef fi cient system than ter-

restrial energy crops  [  15,   218  ] . They can be used to capture CO 
2
  from three different 

sources, namely: the atmospheric CO 
2
 , emission from power plants and industrial 

processes employing fossil fuels, and the CO 
2
  from soluble carbonate  [  218  ] . Capture 

of atmospheric CO 
2
  is the most basic carbon mitigation strategy that can be coupled 

to microalgae production systems. However, due to the relatively low concentration 
of atmospheric CO 

2
  (ca. 360 ppm), the potential biomass yield is limited, which 

makes it uneconomical  [  198  ] . The CO 
2
  emissions in the  fl ue gases from power 

plants or industrial processes are of higher concentrations, usually 10–14%  [  207  ] , 
and therefore offer better mitigation potential, with commensurate increase in algal 
biomass production. The process is practicable for both PBR and raceway pond 
microalgae production systems  [  17  ] . However, only a limited number of algae 
species are tolerant to the typical levels of SO 

X
  and NO 

X
  and the high temperatures 

of  fl ue gases. A few species have the ability to assimilate CO 
2
  from soluble carbon-

ates such as Na 
2
 CO 

3
  and NaHCO 

3
   [  218  ] . 

 The selection of suitable microalgae strains has a signi fi cant effect on ef fi cacy 
and cost-competitive of the CO 

2
  bio-mitigation process. Table  5  provides experi-

mental data on ranges of known characteristics of selected species that have been 
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studied. From the data, it can be seen that a wide range of species are capable of 
growing under enhanced CO 

2
  and  fl ue gas conditions. The data for  Chlorella  sp. 

also show that carbon utilisation ef fi ciency of the microalgae decreases with increase 
in CO 

2
  concentration in the  fl ue gas. This would imply that,  fl ue gas with higher 

CO 
2
  concentration may necessitate a recirculation through the algae production 

system to attain the same level of CO 
2
  extraction, or in order to meet a set level of 

residual CO 
2
  in the exhaust.   

    3.2   Bioremediation of Industrial Wastewaters 

 Wastewater sparged with CO 
2
  provides a conducive growth medium for microalgae, 

enabling faster production rates and reduced nutrient levels in treated wastewater 
(Table  6 ), decreased harvesting costs, and increased lipid production  [  123  ] . 
Therefore, coupling of the production of biofuel-directed microalgae with bioreme-
diation of wastewaters is considered an important strategy for successful deploy-
ment  [  16,   123,   215  ] .  

 Microalgae are ef fi cient removers of chemical and organic contaminants, heavy 
metals, and pathogens from wastewater  [  150  ] , which provide a pathway for combating 
eutrophication in conjunction with the production of microalgae as energy resource 
 [  228  ] . This characteristic enhances the sustainability potential of the production 
process, through potential savings on requirements for chemical remediation of waste-
water  [  218  ] , and minimises the need for freshwater for algae production  [  118,   195  ] . 

   Table 6    Summary results of microalgae performance in wastewater treatment with respect to 
nitrogen and phosphorus reduction   

 Species 
 Illumination 
period  Time (h) 

 Temperature 
(°C) 

 Elemental 
reduction (%) 

 Reference  N  P 

  Botryococcus braunii   24  –  25  27.3  –   [  184  ]  
  Chlorella kessleri   24   72  –  18.8  –   [  114  ]  
  C. kessleri   12/12   72  –  8.3  –   [  114  ]  
  Phormidium bohneri   12/12  –  20  82  85   [  63  ]  
  P. bohneri   –   90  –  98.3  –   [  109  ]  
  Scenedesmus obliquus   24  188  25  100  97 a    [  127  ]  
  S. obliquus   –  –  –  21  73   [  80  ]  
  S. obliquus   –  –  –  53  45   [  80  ]  
  Spirulina  sp.  –  –  –  93  72   [  156  ]  
 Mixed species b   24   72  15  99.8  98.8   [  37  ]  
 Mixed species b   24   72  25  99.7  99.1   [  37  ]  

   a Max reduction percentage occurred after 94 h 
  b Fourteen strains were considered, including:  Botryococcus braunii, Chlorella protothecoides, 

Chlorella saccharophila var. saccharophila, Chlorella vulgaris, Cricosphaera carterae, Dunaliella 

tertiolecta, Nannochloris oculata, Spirulina platensis, Spirulina maxima, Tetraselmis suecica, 

Tetraselmis chuii, Phaeodactylum tricornutum, Pleurochrysis carterae , and a consortium of waste-
water isolates  
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 Microalgae have also exhibited signi fi cant potential for biological removal of 
hazardous or toxic compounds due to their negatively charged surfaces  [  106  ] . For 
example, they have demonstrated a strong absorption of polyvalent cations; an ion 
exchange capacity that is the basis for removal of heavy metals from wastewaters 
 [  149  ] . Another advantage is in the production of photosynthetic oxygen in wastewa-
ter, which reduces the need for external aeration. The oxygen is also required by 
bacteria for biodegradation of pollutants such as polycyclic aromatic hydrocarbons 
(PAHs), phenolics and organic solvents  [  149  ] . However, some of these pollutants 
are potent inhibitors of photosynthesis in microalgae because they can induce mor-
phological changes in the cells that lead to physiological incompatibility  [  106  ] .   

    4   State-of-the-Art in Microalgae Biomass Harvesting 

and the Extraction of Bioproducts 

 Figure  7  summarises the different stages of production and downstream processing 
of biofuel-directed microalgae. Each stage itemises the applicable techniques based 
on current knowledge.  

    4.1   Harvesting Techniques 

 The harvesting of microalgae biomass is a critical step in the production of biofuels 
from microalgae, because it determines the  fi nal quality of extracts, and energy 
inputs, and therefore overall sustainability, and it also prevents fouling of the 
production process  [  106,  174  ] . Harvesting probably accounts for the highest compo-
nent of the total cost of microalgae biomass production  [  59,   173  ] . This high cost is 
due to the low cell densities (typically in the 0.3–0.5 g L −1  range) and the small size 
of the microalgal cells (typically <40  m m)  [  118  ] , which results in low separation 
or dewatering ef fi ciency and poor product quality under suboptimal growing 
conditions  [  49  ] . The selection of appropriate harvesting techniques is therefore critical 

  Fig. 7    Harvesting and processing pathways for microalgal-directed biofuels (Adapted from 
Schmid-Staiger  [  186  ] )       
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to economic and environmentally sustainable harvesting  [  185  ] . For biofuel-directed 
production, harvesting process should not incur negative energy balance  [  187  ] . 

 There is no universal harvesting method for microalgae, but typical processes 
used singly or in combinations include  fl occulation,  fl otation,  fi ltration, sedimenta-
tion,  fi ltration and cell immobilisation (Fig.  7 ). Factors such as strain, cell density, 
culture condition, growth media and value of target products determine both the 
cost of and ease of harvesting  [  106  ] . For example, the cyanobacterium  Spirulina’s  
long spiral shape (20–100  m m) naturally lends itself to cheaper and energy-ef fi cient 
micro-screen harvesting method  [  14  ] . Overall, appropriate harvesting unit process 
should be able to: maximise the recovered biomass dry weight (varies with microal-
gae species, biomass concentration and cell sizes), minimise the cost of operation 
and maintenance (including energy consumption), and yield quality extracts  [  49  ] . 

  Flocculation : Flocculation process aggregates the microalgal cells to increase the 
overall cluster sizes  [  128  ] , and is generally used as a preparatory step for other har-
vesting methods  [  141  ] . It involves the addition of multivalent cations and cationic 
polymers to the culture medium to neutralise the negative charge that is carried on 
the surface of many microalgal cells  [  158  ] . Flocculation may also physically link 
one or more aggregates in a process referred to as bridging  [  141  ] . Since chemical 
 fl occulants are used, this process is unsuitable for food-grade products. 

  Flotation : Dissolved air  fl otation (DAF) process injects micro-air bubbles into the 
culture column, and as they rise to the surface, they trap microalgae cells  [  158,  218  ] . 
Some microalgae production units such as the tubular PBRs promote  fl otation 
through high over fl ow rates which causes cells to move upwards  [  64,  102  ] . Flotation 
has advantages in its moderate cost, low space requirement and rapid operation 
compared to other processes, but its technical viability has only been demonstrated 
in a few studies  [  33,   120  ] . The use of ozone produces more ef fi cient solid–liquid 
separation compared to DAF  [  33  ]  

  Sedimentation : Gravity sedimentation is one of the most commonly used harvesting 
processes because of its capability to handle large volumes of culture, and suitabil-
ity for low-value biomass  [  153  ] . However, it can only be applied to species with 
large cell size (>70  m m) like  Spirulina   [  149  ] . Ultrasonic aggregation may be used as 
precursor to enhance sedimentation. The main advantages are that it is a non-fouling 
technique, therefore can be used for food-grade products, and it can also be operated 
continuously without inducing shear stress on the microalgal cells which causes cell 
destruction  [  21  ] . Centrifugal recovery (CR) sedimentation is only feasible for har-
vesting of high-value metabolites and extended shelf-life concentrates for aquacul-
ture  [  86  ] . The process is rapid but energy-intensive, which makes it unsuited to 
harvesting biofuel-directed algae biomass, but it may be more economic in large-
scale production systems  [  24  ] . 

  Filtration : Conventional  fi ltration processes with micro-strainers or rotating screen 
 fi lters with backwash may be the most appropriate for harvesting of large cell algae 
(>70  m m) such as  Spirulina   [  128  ] , but they cannot be used for species of bacterial 
dimensions like  Scenedesmus, Nannochloropsis  and  Chlorella   [  140  ] . Conventional 
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 fi ltration is popular because of its mechanical simplicity, availability in large unit 
sizes, and  fi ltration aids such as diatomaceous earth and cellulose can be used to 
improve ef fi ciency  [  141  ] . Membrane  fi ltration and ultra- fi ltration are possible alter-
natives to conventional  fi ltration for the recovery of smaller microalgae cells 
(<30  m m)  [  161  ] , albeit a more expensive process because of the need for membrane 
replacement and pumping  [  128  ] . It is also a more suitable process for fragile cells 
like  Dunaliella , because it pre-disposes low trans-membrane pressure and low cross-
 fl ow velocity conditions  [  19  ] . It can also be used to remove protozoans and viruses 
from used algal culture medium, while retaining nutrients for recirculation  [  234  ] . 

  Cell immobilisation : This process prevents cells from moving independently of its 
neighbours to all parts of the aqueous phase of the system  [  203  ] . It has been presented 
as an option for harvesting microalgae biomass in wastewater treatment systems, but 
more research is needed on the effects of immobilisation on algal cell physiology and 
biochemistry  [  125  ] . Assessment for large-scale applications is still limited  [  106  ] . 

  Thermal drying : Drying is sometimes required after the harvesting steps to prevent 
fouling of the  fi nal biomass product. The most common drying methods include: 
sun-drying, and low-pressure shelf-drying  [  163  ] , spray-drying  [  58  ] , drum-drying 
 [  163  ] ,  fl uidised bed-drying  [  111  ]  and freeze-drying  [  143  ] . Sun-drying is the most 
popular method due to the low cost, but disadvantages include long drying times, 
the requirement for large surface areas, and high material loss  [  163  ] . Spray-drying 
and freeze-drying are expensive processes commonly used for the high-value 
products and oils  [  58,   143  ] .  

    4.2   Growth and Productivity Monitoring Systems 

 Timely harvesting and extraction in the algae culture growth cycle is a key element 
to maximising the yield of desired product in biofuel-directed production. A number 
of methods can be employed to monitor the growth and productivity of algae cul-
tures, including: cell-count, biomass yield measurement, and measurement of quality 
and quantity of lipids. Such information is necessary during the course of production 
to support decisions on process control strategy that could enhance productivity 
(e.g. initiating nitrogen-limiting condition if required to boost lipid production). 

 Cell-count aims to estimate the size of the culture population and the rate of 
population increase  [  5  ] . The cell growth stages can be determined through periodic 
cell-counts for known volume of the culture medium. Cell-count can be done under 
a transmitted light microscope or epi fl uorescence microscope using a cell-counting 
chamber. The most commonly used counting chambers are: Sedgwick-Rafter count-
ing slide, Palmer-Maloney slide and Haemocytometer. 

 Biomass measurement is important in determining the yield at the point of harvest-
ing, and dry weight measurement is the most common technique. It involves  fi ltering 
the culture material through a pre-dried and pre-weighted glass- fi bre  fi lter. The  fi lter 
is then rinsed with distilled water, dried until moisture-free and reweighted  [  232  ] . 
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 Measurement of lipid quality and yield are key requirements of biofuel-directed 
microalgae production systems. The traditional lipid extraction from dried microalgae 
is usually performed by solvent extraction and gravimetric determination of yield 
 [  18  ] . However, the process is time consuming and only capable of providing results 
a considerable time after the sample is taken. Lately, real-time analytical methods 
have been used, including Fourier transform-infrared microspectroscopy (FT-IR) 
 [  52  ] , epi fl uorescence with Nile Red staining  [  66  ]  and multi-parameter  fl ow cytometry 
with Nile Red  [  47  ] . The FT-IR handles whole-cell analysis, which involves the 
measurement of infrared absorption in relation to a range of molecular vibrational, 
modes to indentify and quantify speci fi c macromolecules  [  151  ] . Nile Red, a lipid-
soluble  fl uorescence probe, has some key advantages for microalgae biofuel-
directed production. It is relatively photostable, and intensely  fl uorescent in organic 
solvents and hydrophobic environments. In conjunction with Nile Red staining, 
epi fl uorescence measurement can differentiate between neutral and polar lipids 
assuming appropriate choice of excitation and emission wavelengths. 

 Multi-parameter  fl ow cytometry can be used for qualitative and quantitative 
assessment of biological and physical properties of cells  [  47  ] . It can be used to 
monitor cells, in situ, at near real time, for intrinsic light scatter and auto fl uorescence. 
For example, Fig.  8  shows the cytograms from  fl ow cytometry analysis of 
 Nannochloropsis oculata  and  Isochrysis galbana . The chlorophyll  a  ( fl uoresces at 
673 nm when it is excited at 633 nm) is shown on the  y  axes and the secondary 
photosynthetic pigments (fucoxanthin in  I. galbana  and violaxanthin in  N. oculata , 
they  fl uoresce at 530 nm when exited at 488 nm) on the  x- axes. The cytograms show 
that the chlorophyll  a  is the dominant photosynthetic pigment (depicted by the 
higher relative  fl uorescence on the  y -axis when compared to the  x -axis of each cyto-
gram) for both  N. oculata  and  I. galbana.  When used in conjunction with different 
dyes such as Nile Red staining, cell viability and lipid content may be evaluated. For 
biomass and lipids, the readings can be calibrated against quantitative techniques 
outlined above.   

    4.3   Extraction and Puri fi cation of Oils and Bioproducts 

 Extraction processes represent another major limitation to the processing of harvested 
biomass for biofuels, feed, or for higher-value products (viz. proteins, pigments and 
PUFAs). Extraction processes are highly speci fi c and are generally dictated by the 
desired product and quality standard  [  128,   174  ] . Extraction of biofuels must con-
sider the balance between the drying ef fi ciency and cost-effectiveness in order to 
maximise energy output and the recovery of other valuable co-products to enhance 
cost-competitiveness  [  118,   187  ] . After harvesting, several approaches are available 
for extracting products from microalgal biomass, generally depending on the 
strength of the microalgal cell wall and product to be obtained (Fig.  7 ). They include 
mechanical action (e.g. high-pressure cell homogenisers, bead mills, ultrasounds, 
supercritical  fl uid and autoclave) or non-mechanical action (e.g. freezing, organic 
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solvents and osmotic shock)  [  128  ] . The respective assessments of these extractive 
methods are as follows:

    1.    The nature of cell walls strongly impacts on the extraction process by reducing 
cell biodegradability  [  193  ] . Cell disruption is often required for recovering intra-
cellular products from microalgae. Most cell disruption methods have been 
adapted from applications on intracellular non-photosynthetic bioproducts  [  137  ] , 
and have been used successfully on microalgal biomass  [  133  ] . The methods 
include the use of high-pressure cell homogenisers, bead mills, autoclaving, and 
addition of hydrochloric acid, sodium hydroxide, or alkaline lysis.  

  Fig. 8    Cell-intrinsic light scatter of  Nannochloropsis oculata  after 48 ( a ) and 120 h ( c ), and 
 Isochrysis galbana  after 48 ( b ) and 120 h ( d ). Each cytogram contains four quadrants (Q3-UL, 
Q3-UR, Q3-LR, Q3-LL) showing percentage values of cells present (Cytrograms courtesy of Flow 
Cytometry Core Facilities, UCD—Conway Institute of Biomolecular and Biomedical Research, 
University College Dublin)       
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    2.    Solvent extraction is the most commonly used. Hexane solvent recovers >95% 
of the lipids  [  147  ] . Biomass is passed through an expeller or press and the pulp 
is mixed with hexane to extract the oils, and subsequently  fi ltered out and the 
hexane/oil solution is separated by distillation  [  187  ] . For biofuel-directed extrac-
tion, it is desirable that the oil is extracted without signi fi cant contamination by 
other cellular components, such as DNA and chlorophyll  [  187  ] .  

    3.    Osmotic shock is the sudden reduction in osmotic pressure causing the cells to 
rupture and release cellular components. Microalgal species that lack cell walls 
(i.e.  Dunaliella  sp.) are suited to this process  [  187  ] .  

    4.    Ultrasonic extraction creates cavitation bubbles near cell walls and when these 
bubbles collapse, the shock waves developed cause the cell wall to rupture and 
release cellular components  [  187  ] .  

    5.    Supercritical  fl uid extraction generally uses CO 
2
  as an extraction solvent. It 

can achieve near 100% recovery of lipids under high pressure  [  147  ] , but is a 
very energy-intensive and therefore may not be economical for biofuel extrac-
tion  [  187  ] .     

 The outlined alternative production pathways for biofuel-directed microalgae 
are geared to addressing the economy of conversion to biofuels. However, there 
is special requirement for substantial conversion industry and research and devel-
opment with regards to production systems, and energy ef fi ciency and sustain-
ability of the downstream harvesting and extraction processes. Ongoing research 
and development  [  212  ]  suggests that the integration of production and down-
stream processing of biofuel-directed microalgae in a wider scheme of polyprod-
uct systems, such as biore fi neries, will be key to sustainable deployment of 
algae-derived biofuels.   

    5   Biore fi nery Concept for Biofuel-Directed Microalgae 

    5.1   Conceptual Framework 

 Biore fi ning is the sustainable processing of biomass into a spectrum of marketable 
products and energy  [  94  ] . A biore fi nery is a facility that integrates multiple biomass 
unit processes to produce energy, fuels, chemical products and biomaterials in a 
concept analogous to petroleum re fi neries depicted in Fig.  9   [  201,   205  ] . The aim of 
a biore fi nery is to deliver multiple products by depolymerising and deoxygenating 
the feedstock components, thereby maximising the value derived for the biomass 
feedstock  [  34  ] . It is based on the concept that: low-volume high-value outputs 
(proteins, carbohydrates, pigments, PUFAs, fertilisers and nutritional supplements) 
will increase the economic sustainability of the process; high-volume low-value out-
puts (biofuels, bulk chemicals and fertilisers) will meet speci fi c standard and 
production targets, and there is an overall reduction of the unit’s environmental 
footprint by reducing consumption of fossil fuel in the primary energy mix for 
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electricity generation  [  201  ] . Biore fi neries are expected to run in a sustainable 
manner, and to a large extent, all energy requirements (heat and electricity) are 
generated internally from wastes and residues  [  34  ] .  

 Biore fi neries are based on four main technological processes, namely: thermochem-
ical, biochemical, mechanical/physical and chemical processes  [  34  ] . The future of 
biore fi neries is based on a feedstock-upgrading process where there is a limited 
number of processing pathways (e.g. thermochemical, biochemical, mechanical/
physical and chemical processes), from which all the biofuels and high-value products 
will be derived  [  34  ] . Small- to medium-sized modular processing plants distributed in 
and around feedstock production areas minimise transportation costs  [  225  ] . 

 Figure  10  shows a schematic biore fi nery concept for biofuel-directed microalgae 
feedstock. It considers optimisation of biofuel processing (lipids), multiple product 
output (proteins, carbohydrates, pigments, PUFAs, fertilisers and nutritional sup-
plements), material recycling and internal exchange, and the upgrade of individual 
process waste-streams to enhance material recovery and overall plant ef fi ciency. 
The scenario considers the high-value co-products to biofuel production, if neces-
sary, intended to subsidise it in the short term until markets have developed and 
costs stabilised. However, the co-product markets are small and easily saturated 
 [  199  ] , which necessitates the identi fi cation of production threshold upon which all 
materials are directed to fuel production.  

 Co-location of an integrated biore fi nery concept with CO 
2
 -emitting industries 

facilitates the bio-mitigation of CO 
2
  emission which provides a complementary 

function that may be exploited to reduce cost and to enable sustainable utilisation of 
microalgae as a renewable energy resource  [  212  ] . This coupling will likely focus 
research efforts to overcome barriers to both carbon capture and production of 
biofuels and co-products. However, industrial CO 

2
  sources primarily view algae as 

a means of CO 
2
  capture as opposed to a method for producing biofuels and 

co-products, thus different goals between partners might be a major stumbling 
block in order for this type of co-location to be realised.  

  Fig. 9    Analogy of biore fi nery concept for biomass with petroleum re fi nery       
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    5.2   Algal Biomass-to-Liquid Fuel Pathways 

    5.2.1   Thermochemical Conversion 

 Thermochemical biomass conversion covers the thermal decomposition and 
chemical reformation of organic material in biomass to yield fuel and chemical 
products. Microalgae biomass can be converted into a fuel product by pyrolysis, 
thermochemical liquefaction and gasi fi cation  [  210  ] . 

  Pyrolysis : Pyrolysis is the decomposition of biomass to bio-oil, syngas and charcoal 
at medium to high temperatures (350–750°C) under oxygen de fi ciency  [  81  ] . 
Microalgae biomass is suited to this process as their high lipid contents along with 
resolvable polysaccharides and proteins can be easily pyrolysed into bio-oils and 
syngas  [  92  ] . However, there are many technical challenges, notably, the high moisture 
content of the algal biomass and the bio-oil produced is generally high in nitrogen, 
and is acidic, unstable, viscous, and contains solids and dissolved water  [  35,   135  ] . 
Therefore, the derived bio-oils require further processing through hydrogenation 
and catalytic cracking to lower oxygen and remove alkalis  [  54  ] . 

 Several studies have investigated the pyrolysis characteristics of microalgae 
biomass. Miao et al.  [  136  ]  successfully carried out fast pyrolysis of  Chlorella pro-

thothecoides  and  Microcystis aeruginosa  grown phototrophically. They recorded 
bio-oil yields of 18% (higher heating value (HHV) of 30 MJ kg −1 ) and 24% (HHV 
of 29 MJ kg −1 ), respectively. Miao et al.  [  136  ]  recorded bio-oil yields of 57.9% 
(HHV of 41 MJ kg −1 ) with heterotrophically grown  C. prothothecoides , which was 
3.4 times higher compared to phototrophic production. Demirbas  [  53  ]  also obtained 
a bio-oil yield of 55.3% (HHV of 39.7 MJ kg −1 ) at 502°C for  C. prothothecoides . 
After extraction of bio-oil from  Nannochloropsis  sp. biomass, Pan et al.  [  159  ]  pyrol-
ysed the residual algal cake with and without a catalyst and recorded HHVs of 32.7 
and 24.6 MJ kg −1 , respectively. Notably, the catalysed pyrolysis produced oil with a 
lower oxygen content and fewer harmful compounds. 

 Signi fi cant research gaps exist in current knowledge relating to the speci fi cations 
of converting algal biomass into bio-oil. Optimal residence time, temperature, and 
the effect of different feedstock species and growing conditions on the pyrolysis 
process are all major areas that need further investigation. 

  Thermochemical liquefaction : Thermochemical liquefaction is a low-temperature 
(300–350°C), high-pressure process aided by a catalyst in the presence of hydrogen 
to produce bio-oil  [  81  ] . The process decomposes organic materials down to smaller 
higher-density molecules, by utilising the high activity of water at sub-critical condi-
tions  [  160  ] . The ability of thermochemical liquefaction to take in wet microalgal 
biomass (thereby avoiding drying) and convert it to a bio-oil makes it more attractive 
for commercial exploitation  [  44,   60,   138  ] . However, the process reactors and fuel-
feed systems for thermochemical liquefaction are more complex and expensive. 

 Several studies on thermochemical liquefaction of microalgae achieved positive 
outcomes. For example, maximum bio-oil yields of 64% (HHV of 45.9 MJ kg −1 ) and 
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42% (HHV of 34.9 MJ kg −1 ) were recorded for thermochemical liquefaction 
of  Botryococcus braunii  and  Dunaliella tertiolecta , respectively  [  60,   138  ] . 
Thermochemical liquefaction is seen as a promising method for energy production 
due to its acceptance of high moisture content biomass. However, major research gaps 
exist in current knowledge with organic solid concentration, optimal residence time, 
temperature and catalytic conditions all major areas that require signi fi cant research. 

  Gasi fi cation : This process refers to the partial oxidation of biomass at high tempera-
tures (800–1,000°C) to yield syngas, a mixture of predominantly CO, H 

2
  and CH 

4
  

 [  44  ] , which can be burnt directly or used as a fuel. Several studies have investigated 
the viability of energy production by gasi fi cation of microalgae biomass. For exam-
ple, Hirano et al.  [  88  ]  gasi fi ed  Spirulina  at temperatures ranging from 850 to 1,000°C 
and determined the gas composition required to attain a theoretical yield of metha-
nol. The highest methanol yield of 0.64 g methanol per 1 g of algal biomass was 
achieved at 1,000°C. Tsukahara and Sawayama  [  210  ]  concluded from their analysis 
that low-temperature gasi fi cation of microalgae to produce fuel and co-products is 
a viable pathway for bioenergy production and GHG mitigation.  

    5.2.2   Biochemical Conversion 

 Biochemical processes for the conversion of biomass into biofuels include anaerobic 
digestion, fermentation, and fuel production processes utilising algal metabolism 
such as photobiological hydrogen production. 

  Anaerobic digestion (AD) : This is the bacterial conversion of organic material in the 
absence of oxygen over a temperature range of 30–65°C into biogas  [  34  ] , which 
consists of primarily methane (CH 

4
 ) and carbon dioxide with trace amounts of 

hydrogen and sulphide. It is an appropriate conversion process for high moisture 
content biomass (80–90% moisture) and produces a gas with the energy content of 
about 20–40% of the lower heating value of the input feedstock. 

 This process is seen as most appropriate for the spent microalgae biomass and a 
necessary step to make microalgal biodiesel sustainable  [  193  ] . It is highly unlikely 
that microalgae will be grown speci fi cally for conversion into biogas due to the high 
costs of production and cheaper alternative feedstocks being available (e.g. agricul-
ture manure)  [  192  ] . Microalgae can contain a high proportion of proteins that result 
in low C/N ratios (ca. 10:1); therefore, increased ammonium production could 
degrade the anaerobic digestion process. The low C/N ratios may be corrected by 
appropriate co-digestion. For example  [  231  ] , achieved a signi fi cant increase in 
methane production from 50/50 waste paper to microalgae biomass blend 
(1.17 mL L −1  per day) compared to anaerobic digestion of pure algae biomass 
(0.57 mL L −1  per day). 

  Fermentation : Process uses microorganism/or enzymes to convert organic materi-
als which contain sugars, starch or cellulose into recoverable products (usually 
alcohols, e.g. ethanol or organic acids). Ethanol is currently the  fi nal product of 
choice for most fermentation processes. Some microalgae species such as  C. vulgaris  
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are good feedstock for ethanol production due to their high starch content (ca. 37% 
dry weight) and the high conversion ef fi ciencies (up to 65%) that have been recorded 
 [  89  ] . The evidence suggests that fermentation of microalgae biomass has potential 
as an energy conversion pathway, but the potential net energy and commercial 
returns should be addressed in the context of energy value of bio-ethanol compared 
with production of biodiesel  [  39  ] . 

  Photobiological hydrogen production : Biological hydrogen production 
(Biohydrogen) is an appealing alternative to conventional liquid biofuel production 
as the naturally occurring molecule is a cleaner and more ef fi cient energy carrier 
 [  44  ] . Microalgae species such as  C. reinhardtii ,  Chlorella fusca  and  Scenedesmus 

obliquus  possess the necessary genetic, metabolic and enzymatic characteristics to 
split water and photoproduce H 

2
  gas  [  78  ] . 

 There are two fundamental approaches to photobiological H 
2
  production from 

water:

    1.    Direct production of H 
2
  during photosynthesis under anaerobic conditions. In 

this case, microalgae convert water molecules into hydrogen ions (H + ) and oxy-
gen; the H +  is subsequently converted by hydrogenase enzymes into H 

2
   [  78,   

105  ] . However, catalysis of hydrogenase is rapidly inhibited by the rising levels 
of photosynthetic oxygen, and hydrogen production is impeded  [  4,   28,   71,   131,   
139  ] . Therefore, microalgae cultures for hydrogen production are operated under 
anaerobic condition.  

    2.    Two-stage hydrogen production to overcome photosynthetic oxygen inhibition 
by separation of photosynthetic oxygen production and H 

2
  gas generation pro-

cesses. In the  fi rst stage, microalgae are grown photosynthetically in normal con-
ditions. In the second stage, microalgae production is operated under 
sulphur-limiting conditions thereby inducing anaerobic conditions and stimulat-
ing consistent hydrogen production  [  132  ] . This approach is limited over time 
(approximately after about 60 h of production) and theoretically produces less 
hydrogen when compared with direct production of H 

2
   [  131  ] . The theoretical 

maximum yield of hydrogen by green algae two-stage production systems could 
be about 198 kg H 

2
  ha −1  per day  [  132  ] .       

    5.3   Clean Power Generation Strategies for Algae-Derived 

Biofuel: Process Life Cycle Analysis 

 Life cycle analysis (LCA) is a systems approach that is aimed at evaluating the 
environmental impact of all processes that contribute to the entire life cycle of the 
product of interest, carried out in accordance with the ISO 14040 standard  [  187  ] . To 
objectively determine if microalgae biofuel production chains are environmentally 
sustainable it is deemed important to carry out a full LCA of the relevant process 
chains for rational boundary conditions. LCA can then be used to identify the 
“hotspots” in the process chains, i.e. where potential environmental burdens may be 
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dominant, and to identify downstream processes requiring technological improvement 
and innovation. Most LCAs incorporate impacts assessment such as GHG reduction 
potential and energy balance; additional impacts of processes such as the nitrogen 
cycle changes and recycling of spent biomass and nutrients (see biore fi nery concept   ) 
provide more rational representation of the production process for algae-derived 
biofuels  [  106  ] . Currently, there are no validated life cycle inventories pertaining to 
microalgae-derived biofuel production process, e.g. water use and elemental and 
nutrient recycling, that could form bases for realistic scenarios  [  170  ] . 

 The outlined limitations notwithstanding several LCA studies have been used to 
evaluate the potential environmental impacts of microalgae biofuel production 
systems. Liu and Ma  [  121  ]  carried out an LCA of methanol production from 
microalgae and recorded a positive energy balance and reduction of environmental 
loading compared to equivalent fossil fuels. Campbell et al.  [  27  ]  also recorded 
lower cost for producing algae-derived biodiesel with a substantial GHG reduction 
and a positive energy balance over petroleum diesel. However, they also noted that, 
for full-scale systems, the economic cost could exceed those for diesel due to 
inapplicable economies of scale, and the process being highly dependent upon the 
selection of algae species with high oil yields. For example, Lardon et al.  [  110  ]  
performed an LCA on biodiesel produced from  Chlorella vulgaris  grown in raceway 
ponds and recorded a negative energy balance (1.66 MJ of energy input to 1 MJ output). 

 Kadam  [  98  ]  established the potential bene fi ts to utilising recycled CO 
2
  towards 

microalgae production from LCA of algae co- fi ring scenario. He recorded lowered 
net fossil energy consumption, SO 

x
  and NO 

x
 , particulates, CO 

2
  and methane. 

Reijnders  [  173  ]  has argued that, after considering the total fuel inputs during the 
biofuel life cycle (e.g. fossils fuel used for building the facilities and for operational 
activities such as supplying nutrients, mixing, harvesting and processing), microal-
gae-derived biodiesel is inferior to petroleum diesel. He illustrated that both ethanol 
from sugarcane (161–175 GJ ha −1  year −1 ) and palm oil from oil palm (142–
180 GJ ha −1  year −1 ) returned higher net energy yield compared to methanol from 
microalgae (127 GJ ha −1  year −1 ).  

    5.4   Fundamentals of Biofuel Standards 

and Benchmarking of Algal Biofuels 

 Although there are multiple conversion pathways for microalgae biomass conver-
sion (see Sect.  5.2 ), biodiesel production through the extraction of algal bio-oil and 
subsequent esteri fi cation is as arguably the optimum route to biofuels with the cur-
rent technologies  [  38,   92,   99,   104,   134,   185  ] . Esteri fi cation refers to the chemical 
reaction between TAG and alcohols to produce the mono-esters biodiesel  [  190  ] . 
Bio-oils from high lipid content microalgae (Table  1 ) are ideal for such conversion 
due to their high TAG contents  [  92  ] . Algae-derived biodiesel is a technically more 
attractive biofuel because, if sustainably produced, will incur zero net CO 

2
  emis-

sion, with only trace amounts of sulphur released in combustion  [  92  ] , and contain 
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no aromatic compounds or other harmful chemicals  [  124  ] . However, microalgae-
derived bio-oils contain a high degree of PUFAs, which makes biodiesel products to 
be susceptible to oxidation in storage and therefore limits the potential utility  [  38  ] . 

 Numerous research projects have been focused on improving the lipid content of 
microalgae species, to enhance the production process in order to make it more 
economically competitive  [  48,   112,   154,   219,   223,   229,   232  ] . The focus on improve-
ment of the overall total lipid productivity may only achieve marginal economic 
gain, since algal lipids are composed of both neutral lipids (e.g. triglycerides, 
cholesterol) and polar lipids (e.g. phospholipids, galactolipids) that bear different 
desired qualities for biodiesel production. For Biodiesel Standard EN14214, the 
neutral lipids, i.e. FFAs and TAG content of the total lipid fraction, are the most 
suitable. Therefore, when TAG and FFA make up only a small percentage of the 
total lipid fraction  [  209  ] , the oil is unsuitable for esteri fi cation, and additional 
processing (e.g. pyrolysis, thermochemical liquefaction) would be necessary before 
it can be used  [  104  ] . Microalgal biodiesel also tends to be unsuitable for long-term 
storage as the constituent esters hydrolyse back to the parent carboxylic acids. The 
reverse process results in polymerisation, thereby affecting the fuel quality, with 
potential negative impacts on engine service life  [  209  ] . 

 Biodiesel fuels must meet stringent chemical, physical and quality requirements 
as speci fi ed in standards EN14214 and ASTM D6751  [  68  ] ; ASTM  [  10  ] . Table  7  
benchmarks the performance characteristics of algal biodiesel against other com-
mon biodiesel fuels and petroleum diesel. Data on the properties of algal biodiesel 
are limited; therefore, it is still not possible to compare the full range of performance 
indicators against active diesel EN590  [  69  ]  and the biodiesel standards (EN14214 
and ASTM D6751).  

 From available data, it can be seen that algal biodiesel compares favourably with 
both diesel and biodiesel standards. The HHV of algal biodiesel is lower when 
compared to diesel (EN590). The kinematic viscosity of algal biodiesel is within the 
standards but considerably higher than diesel (EN590). This indicates poor  fl ow 

   Table 7    Selected fuel properties for soybean biodiesel, algal biodiesel, diesel, EN14214 standard 
and ASTM D6751 standard (Adapted from  [  23,  230  ] )   

 Fuel property 
 Soybean 
biodiesel 

 Algal 
biodiesel 

 Diesel 
(EN590) 

 Biodiesel 
(EN14214) 

 Biodiesel 
(ASTM D6751) 

 HHV (MJ kg −1 )  –  41  45.9  –  – 
 Kinematic viscosity 

(mm 2  s −1 ) 
 4.5  5.2  1.2–3.5  3.5–5.0  1.9–6.0 

 Density (kg L −1 )  –  0.864  0.83–0.84  0.86–0.90  0.88 
 Carbon (wt%)  –  –  87  –  77 
 Hydrogen (wt%)  –  –  13  –  12 
 Oxygen (wt%)  –  –  0  –  11 
 Sulphur (wt%)  –  –  <0.05  <0.01  0.05 
 Flash point (K)  395  388  333–353  >374  373–443 
 Cloud point (K)  275  –  258–278  –  270–285 
 Pour point (K)  –  261  238–258  –  258–289 
 Cetane number  50  –  51  >51  48–60 
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properties of algal biodiesel for use in conventional diesel engines. The higher 
density of algal biodiesel enhances the fuels’ energy density and potentially lower 
logistics/transportation associated with distribution. Recorded  fl ash point is 
higher than diesel (EN590), which implies it is a safer fuel for handling and trans-
portation, but could result in poor ignition in conventional diesel engines. The pour 
point is within the prescribed range in biodiesel standards, indicating the suitability 
for use in cold climates. 

 Biodiesel can be blended with diesel (EN590) for use by diesel engines. The 
most common biodiesel blends from terrestrial crops are B2 (2% biodiesel and 98% 
diesel (EN590)), B5 (5% biodiesel and 95% diesel (EN590)) and B20 (20% biodiesel 
and 80% diesel (EN590))  [  11  ] . Such biodiesel blends will be more resistance to 
polymerisation improving its oxidative stability  [  204  ] , which is a major limitation of 
microalgal biodiesel. Blending of microalgal biodiesel with diesel (EN590) could 
potentially enable it meet the required fuel standards and is the  fi rst step towards 
realising the potential of microalgae as a substitute for fossil fuel. Overall, the future 
potential of microalgae-derived biodiesel is ultimately dependent on the ability of 
production systems to meet active biodiesel standards. Therefore, research should 
aim to produce microalgae biomass with high proportion of TAG and FFA to minimise 
the cost of meeting these standards.  

    5.5   Other Algal Extracts with Commercial Value 

 Concurrent extraction of valuable co-products with biofuel production has signi fi cant 
potential since large-scale production of microalgae for biofuels will increase the 
availability of such products. The range of valuable products includes PUFAs, anti-
oxidants, nutrition, fertiliser and other specialty applications (Table  8 ).  

  PUFAs : Microalgae are a primary source of PUFAs and supply whole food chains 
with these vital compounds because animals and higher plants lack the necessary 
enzymes to synthesise PUFAs. PUFAs are essential for human development and 
physiology  [  90  ] , and minimise risks of cardiovascular disease  [  180  ] . Several 
microalgae species produce a range of PUFAs, e.g. docasahexanoic acid (DHA) is 
synthesised by  Crypthecodinium,  and  Schizochytrium , eicosapentanoic acid (EPA) 
by  Nannochloropsis, Phaeodactylum,  and  Nitzschia ,  g -linolenic acid (GLA) by 
 Spirulina , and arachidonic acid (AA) by  Porphyridium . However, DHA is the only 
algal extract PUFA that is competitive against other primary sources  [  197  ] . 

  Antioxidants : A number of algae-derived antioxidants are important in health food 
markets. The most common are  b -carotene produced by  D. salina   [  75  ]  and astaxan-
thin produced by  Haematococcus pluvialis   [  93  ] . 

  Nutrition supplements : Microalgae-derived human health food supplement is cur-
rently limited to very few species, namely,  Spirulina ,  Dunaliella  and  Chlorella . The 
limited number is due to strict food safety regulations, commercial factors, market 
demand and speci fi c preparation requirements  [  166  ] . They are generally marketed 
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   Table 8    Summary of co-products derived from microalgal biomass (Adapted from Hejazi and 
Wijffels  [  87  ] , Lorenz and Cysewski  [  122  ] , Pulz and Gross  [  166  ] , Ratledge  [  169  ] , Rosenberg et al. 
 [  179  ] , Spolaore et al.  [  197  ] , U.S. DOE  [  212  ] )   

 Market  Product  Microalgae species 
 Potential applications/
industry 

 Polyunsaturated 
fatty acids 

 Docasahexanoic acid   Crypthecodinium, 

Schizochytrium  
 Nutritional food 

 Eicosapentanoic acid   Nannochloropsis, 

Phaeodactylum, 

Nitzschia, 

Pavlova  
  g -Linolenic acid   Spirulina  
 Arachidonic acid   Porphyridium  

 Antioxidants  Astaxanthin   Haematococcus 

pluvialis  
  B -carotene   Dunaliella salina   Nutritional food, 

cosmetics 
 Fluorescent 

label 
 Phycoerythrin   Spirulina   Biomedical research, 

food colouring  Phycocyanin   Spirulina  
 Recombinant 

proteins 
 Cytokines-interleukin-6 

(IL-6, IL-2, IL-12, IL-4) 
 –  Pharmaceuticals 

 Interferon gamma and beta  – 
 Antivirals: Grif fi thsin, 

Cyanovirim, PmAV 
 – 

 Antibacterials: lysozyme, 
melittin, moricin, cecopin, 
techylepsin, defensin, 
magainin 

 – 

 Bioactive peptides: antifreeze 
protein 

 – 

 Anti-in fl ammatory peptides  – 
 Anticoagulating proteins  – 
 Neutralising antibodies, single 

chain antibodies against 
multiple viral and bacterial 
infections 

 – 

 Nutrition  Aquaculture feed   Isochrysis, 

Nannochloropsis, 

Tetraselmis  

 Aquaculture 

 Agriculture 
Nutritional food, 

thickening agent 

 Animal feed  Various 
 Polysaccharides  Agar  – 

 Alginates  – 
 Carrageenans  – 

as food supplement in tablet or powder form  [  197  ] . However, there is a concern that 
some cyanobacteria (e.g.  Spirulina ) contain the neurotoxin  b - N -nethylamino- l - 
alanine (BMAA) which has been linked to Alzheimer’s disease, Lou Gehrig’s 
disease and amyptrophic lateral sclerosis-Parkinsonism dementia complex  [  46  ] . 
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 Speci fi c microalgae species are also suitable for animal and aquaculture feed 
supplements. Such have bene fi cial aspects such as improved immune response and 
improved fertility in animals  [  166  ] . When used as feed for molluscs, shrimp and  fi sh, 
some of the bene fi ts include enhancement of immune systems, inducement of essen-
tial biological activities  [  148  ]  and improvement of quality of culturing medium 
(“green-water” technique)  [  43  ] . 

  Other specialty applications : There are many other special products and chemicals 
that can be derived from microalgae biomass. These applications represent a very 
small portion of the market but as further research is undertaken with expanded 
production of biofuel-directed microalgae, more products could become commercially 
viable. Current specialised applications include  fl uorescent labels and biomarkers 
 [  179  ] , antivirals, antibacterials, bioactive peptides, anti-in fl ammatory peptides, 
anticoagulating proteins  [  201  ] , and heavy isotope labels  [  179  ] . 

  Fertiliser applications : Macroalgae biomass has been used as a plant fertiliser, to 
enhance soil structure and mineral composition  [  176,   212  ] . Used as soil additives, 
microalgal biomass enhances the soils’ water-binding capacity and the mineral 
composition of the soil  [  106  ] . Biomass conversion technologies such as pyrolysis 
produce solid charcoal waste residue or  biochar  which has potential applications as 
a fertiliser and sequester for carbon  [  108,   116,   126,   129  ] . Incorporation of  biochar  
into soil enhances the structure, increases soil fertility and productivity, neutralises 
acid soil  [  72  ]  and is considered a long-term carbon sink that could reduce carbon 
emissions  [  113,   117  ] . Limited research suggests that  biochar  incorporation could 
lower soil emission of GHGs  [  77  ] , but there are still uncertainties about the life 
cycle emissions of the  biochar  production  [  171,   172  ] .   

    6   Conclusion 

 While the current research and technology development focus is on meeting 
advanced fuel standards, compelling evidence indicates that multiple product 
extraction is fundamental to successful commercial deployment of microalgae-
derived biofuels. Process development in a biore fi nery concept, that is designed to 
utilise the total value of algal biomass, combined with integrated applications of 
microalgae in carbon capture and bioremediation of wastewater treatment, with all 
based on viable system biology and scale-up feasibility (including logistics), will 
enhance the viability and future sustainability of microalgae as a biofuel resource. 

 Principal strategies for cost reduction and acceleration of commercialisation of 
the microalgae-derived biofuels include: identi fi cation of fast-growing algae species 
with high oil content, speci fi cally, the FFAs and TAG; development of low-cost har-
vesting and algal-oil extraction and downstream processing into biofuels, and; con-
current extraction of useful co-products. Blending of algal biodiesel with conventional 
diesel is the  fi rst step towards successfully introducing microalgae-derived biodiesel 
into the market. Potential co-products such as green plastics, detergents and cleaners, 
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and biodegradable and non-toxic polymers could achieve the desired parity and 
eventually provide distinct resource advantage against petroleum-based products. 

 The technical viability of individual processes in the algal biomass-to-biofuel 
process chain hinges on the intrinsic properties of the selected microalgal strains to 
produce lipids, speci fi cally, that with high proportion of TAG that is essential for 
ef fi cient biodiesel production. Development of rapid in-situ biomass and lipid yield 
assessment techniques (e.g. infrared microspectroscopy and  fl ow cytometry) will 
aid in identifying promising species, in-situ monitoring and maintaining optimal 
conditions for sustainable algal-biofuel production.      
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  Abstract   Rapid increase of atmospheric carbon dioxide together with depleted 

supplies of fossil fuel has led to an increased commercial interest in renewable 

fuels. Due to their high biomass productivity, rapid lipid accumulation and high 

carbohydrate storage capacity, microalgae are viewed as promising feedstocks for 

carbon-neutral biofuels. This chapter discusses process engineering steps for the 

production of biodiesel and bioethanol from microalgal biomass (harvesting, dewa-

tering, pre-treatment, lipid extraction, lipid transmethylation, anaerobic fermenta-

tion). The suitability of microalgal lipid compositions for biodiesel conversion and 

the feasibility of using microalgae as raw materials for bioethanol production will 

also be evaluated. Speci fi c to biodiesel production, the chapter provides an updated 

discussion on two of the most commonly used technologies for microalgal lipid 

extraction (organic solvent extraction and supercritical  fl uid extraction) and evalu-

ates the effects of biomass pre-treatment on lipid extraction kinetics.      

    1   Introduction 

 As a response to climate change and rising fuel prices, the search for sustainable and 

renewable fuels is becoming increasingly important. Even though biomass-derived 

fuels, such as biodiesel and bioethanol, are believed to deliver positive environmen-

tal, social and economic outcomes compared to fossil fuels, they share similar prob-

lems, such as lack of availability and the requirement for a substantial arable land 

which competes with terrestrial food crops and heightens concern over food afford-

ability  [  11,   18,   66  ] . 
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 Microalgae are currently considered to be one of the most promising alternative 

source for biofuels  [  56  ] . Microalgae can be grown in either saline water or freshwa-

ter with extremely high diversity of strains. Since they do not require arable land, 

they do not compete with food crops  [  64  ] . They also serve as an effective carbon 

sequestration platform due to their high CO 
2
  conversion ef fi ciencies and offer higher 

areal productivity when compared to other biomass  [  57  ] . 

 Due to its extensive use in the mariculture and the food supplement industry, 

microalgal biochemical composition has been thoroughly investigated  [  16,   20,   21, 

  28,   53  ] . Even though their exact biochemical constituents are known to substan-

tially depend on classes and species, microalgae generally consists of 4–64 wt.% 

carbohydrates, 6–71 wt.% protein and 2–40 wt.% lipids on the basis of dry biomass 

 [  6,   51  ] . The biochemical composition of some microalgal strains are listed in Table  1  

 [  5  ] . The high lipid and carbohydrate content of microalgal biomass facilitates its 

potential use as a biodiesel and bioethanol feedstock. The lipids are extracted out 

and converted to biodiesel, whilst the carbohydrates can be used in anaerobic yeast 

fermentation to produce bioethanol.  

 This chapter examines microalgae bioprocesses engineering for biodiesel and 

bioethanol production. It covers the downstream processes that are needed to pro-

duce biofuels from microalgae with an emphasis on the lipid extraction methods for 

biodiesel conversion, and the fermentation process for bioethanol production.  

   Table 1    Biochemical composition of various microalgal species. Figure is listed as wt.% of dry 

biomass. Adapted from Becker  [  5  ]    

 Strain  Protein  Carbohydrates  Lipids 

  Scenedesmus obliquus   50–56  10–17  12–14 

  Scenedesmus quadricauda   47  –  1.9 

  Scenedesmus dimorphus   8–18  21–52  16–40 

  Chlamydomonas rheinhardii   48  17  21 

  Chlorella vulgaris   51–58  12–17  14–22 

  Chlorella pyrenoidosa   57  26  2 

  Spirogyra  sp .   6–20  33–64  11–21 

  Dunaliella bioculata   49  4  8 

  Dunaliella salina   57  32  6 

  Euglena gracilis   39–61  14–18  14–20 

  Prymnesium parvum   28–45  25–33  22–38 

  Tetraselmis maculate   52  15  3 

  Porphyridium cruentum   28–39  40–57  9–14 

  Spirulina platensis   46–63  8–14  4–9 

  Spirulina maxima   60–71  13–16  6–7 

  Synechoccus  sp .   63  15  11 

  Anabaena cylindrical   43–56  25–30  4–7 
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    2   Suitability of Microalgal Biochemical Composition 

for Biodiesel Production 

 Lipids are broadly de fi ned as any biological molecule which is soluble in an organic 

solvent and can be classi fi ed based on the polarity of their head groups  [  30  ] : (1) 

neutral lipids which comprise triacylglycerols (TG), diacylglycerols (DG), monoa-

cylglycerols (MG), hydrocarbons (HC), sterols (ST), ketones (K), free fatty acids 

(FFA) and (2) polar lipids, which can be further sub-divided into phospholipids (PL) 

and glycolipids (GL). Neutral lipids are created by the cells to store energy, whilst 

polar lipids form integral parts of cell membranes. Fatty acids (FA) are carboxylic 

acid chains with unbranched alipathic tails. They are constituents of lipid molecules 

(both neutral and polar) and designated based on their two most important compo-

nents; the total number of carbon atoms in the chain and the number of double 

bonds along the chain. Saturated fatty acids have no double bond, whilst unsatu-

rated fatty acids consist of at least one double bond  [  61  ] . TG consists of three fatty 

acids ester-bonded to a glycerol backbone (Fig.  1 ). The composition and the fatty 

acid pro fi le of microalgal lipids substantially varies with the species, its life cycle 

and its cultivation conditions (medium composition, temperature, illumination 

intensity, ratio of light and dark cycle, aeration rate)  [  61  ] . As shown by the lipid 

pro fi les of three microalgal species ( Nannochloropsis oculata ,  Pavlova lutheri , 

 Isochrysis  sp.) in Fig.  2 , microalgal cells harvested during stationary phase have 

higher TG contents and correspondingly lower polar lipid contents than the same 

species obtained during the logarithmic phase  [  20  ] . When deprived of aeration, 

some microalgal species have been shown to increase their lipid content from 

10 wt.% to almost 20 wt.%. Due to these inter- and intra-speci fi c variations, the 

suitability of microalgal lipids for biodiesel production cannot be generalized and 

will have to be examined on a case-by-case basis.   

 Microalgal lipids, obtained during the stationary phase (Fig.  2 ), comprise 

51–57 wt.% polar lipid fractions and 43–49 wt.% neutral lipid fractions with TG 

serving as the most dominant neutral sub-class (20–41 wt.% of total lipid)  [  20  ] .

Since acylglycerols (TG, DG and MG) are the only lipid fractions that can be trans-

methylated using current industrial-scale biodiesel transesteri fi cation  [  14   ,    31  ] , 

  Fig. 1    Different lipid molecules: TG on the  left , PL in the  middle , and GL on the  right . R in each 

molecule represents a fatty acid chain. Bipolarity of PL is illustrated       
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  Fig. 2    Compositions of lipids extracted from three microalgal species during logarithmic and 

stationary phases.  Top :  Nannochloropsis oculata ,  middle :  Pavlova lutheri ,  bottom :  Isochrysis  sp. 

For neutral lipids,  TG  triacylglycerols;  HC  hydrocarbons,  ST  sterols;  K  ketones;  FFA  free fatty 

acids. Modi fi ed from Dunstan et al.  [  20  ]        
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 stationary-phased microalgal lipids containing relatively high levels of polar lipid 

and non-acylglycerol neutral lipid impurities will need to be substantially puri fi ed 

before they can be converted to usable biodiesel. It has to be noted that logarith-

mic-phased microalgal lipids (Fig.  2 ) contain minimal TG contents and appear 

highly unattractive for biodiesel conversion  [  20  ] . 

 Microalgal fatty acids range from 12 to 22 carbons in length and contain a mix-

ture of saturated as well as unsaturated fatty acids. The number of double bonds in 

the fatty acid chains never exceeds 6  [  39  ] . The fatty acid pro fi le of lipid extracted 

from a common green microalgal species ( Tetraselmis suecica ) during the early 

stationary phase is examined for biodiesel production (Fig.  3 )  [  61  ] . With C16:0, 

C18:1 and C18:2 being identi fi ed as the principal fatty acids, the microalgal lipid 

appears to have the fatty acid pro fi le required to produce good-quality biodiesel. 

The relatively low proportion of saturated fatty acids (~25.5 wt.%) together with the 

trace amount of trans-conjugated unsaturated fatty acids (C16:1t being the only one at 

0.8 wt.%) in the lipid is desirable. The crystal packing ability of these fatty acid classes 

produces biodiesel with detrimental cold  fl ow properties (high cloud point and high 

pour point)  [  14,   31  ] . Additionally, the relatively modest amount of polyunsaturated 
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  Fig. 3    Fatty acid composition of lipid extracted from species  Tetraselmis suecica  at the end of 

logarithmic phase (beginning of stationary phase): ( top ) in terms of fatty acid chain, ( bottom ) in 

terms of number of double bonds in the fatty acid chain. Modi fi ed from Volkman et al.  [  61  ]        
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fatty acids (PUFA) with four or more double bonds (C16:4 being the highest at 

7.9 wt.%) in the lipid is desirable as these acids are known to produce volatile biod-

iesel with low oxidation stability  [  31  ] .   

    3   Suitability of Microalgal Biochemical Composition 

for Bioethanol Production 

 With roughly 61% of global bioethanol production, sugar crops such as sugar beet, 

sugar cane and molasses are the most widely used feedstocks for fermentation 

(Fig.  4 ). Corn comes second with roughly 20% of global production. However, 

production of bioethanol from these sources competes with the limited agricultural 

lands needed for food production  [  58  ] . Also both crops require more herbicides or 

nitrogen-based fertilizers than any other crop, thus have a high soil erosion potential 

 [  49  ] . High costs of pre-treatment, harvesting and transportation of these materials 

are some of the problems encountered with their utilization as raw materials for 

bioethanol production.  

 Lignocellulosic materials are alternative feedstocks that are being intensely 

explored for bioethanol production currently. The three major components of ligno-

cellulose are cellulose, hemicellulose and lignin. Cellulose is a long-chain highly-

uniform polymer of glucose monomers joined by  b -linkages. Hemicellulose is 

another polysaccharide composed of many different sugar monomers, including 

xylose and mannose. Unlike cellulose, hemicellulose is not uniform in structure and 

tends to be more reactive. Both cellulose and hemicellulose can be fermented once 

their sugar monomers have been released through a process known as saccari fi cation 

 [  52  ] . On the other hand, lignin is a polymer of phenylpropylene subunits and cannot 

be fermented. Lignin forms a crystalline protective structure around cellulose and 

  Fig. 4    Various feedstocks for ethanol production in 2006, modi fi ed from Global Fuel trends, 

  www.earthtrends.com     (accessed on 31/01/2010)       

 

http://www.earthtrends.com
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hemicellulose in the biomass and is very dif fi cult to be biologically degraded. Such 

formation interferes with the saccari fi cation, and hence fermentation, of cellulose 

and hemicellulose  [  36  ] . Therefore, lignocellulosic materials are more challenging to 

be used in fermentation. Moreover, the cost of ethanol production from these mate-

rials has been reported to be relatively higher compared to other feedstocks  [  58  ] . 

 Microalgal biomass is currently being explored as a potential feedstock for bio-

ethanol production. Microalgal cells contain carbohydrates that can be used as car-

bon sources for bioethanol production during fermentation, and this varies from 

strain to strain. Selection of the right strain is necessary in order to achieve the high-

est bioethanol yield. Table  1  shows the carbohydrates and protein contents of differ-

ent microalgal strains. The production of bioethanol from microalgae provides 

many advantages: (1) Microalgal cells have a very short harvesting cycle (~1–10 

days) compared to other feedstocks (harvest once or twice a year)  [  54  ] , thus poten-

tially providing enough supplies to meet bioethanol production demands in the 

future. (2) Compared with microalgal biodiesel, the process for producing microal-

gal bioethanol is more energy effective due to the utilization of simpler equipment 

or machinery to start up. (3) No deligni fi cation process is required since microalgae 

contain no lignin, thus reducing the production cost of bioethanol  [  13  ] . (4) The CO 
2
  

by-product after the fermentation process can be recycled to the microalgal cultiva-

tion system, thus emitting minimal amount of carbon dioxide to the environment. 

(5) The leftover biomass (containing protein residue) after the fermentation process 

can be utilized as a fertilizer or an animal feed  [  27  ] . As such, the process of bioetha-

nol production from microalgae is sustainable, environmentally friendly and cost 

ef fi cient. The production of bioethanol from microalgae consists of four main 

stages: pre-treatment of microalgal biomass, hydrolysis, fermentation and product 

recovery. A more detailed outline of each stage is discussed in Sect.  6 .  

    4   From Bioreactors to Biodiesel: Overview 

of Downstream Processes 

 Figure  5  shows the downstream processing steps required to produce biodiesel from 

microalgae, while Table  2  provides a list of different technologies currently avail-

able for each step. After the microalgal culture is harvested from the bioreactor, it is 

concentrated in the dewatering step to yield a wet paste. The microalgal pellets then 

undergo a pre-treatment step for preparation towards lipid extraction where lipids 

are extracted and separated from the cellular materials. The extracted lipids are then 

puri fi ed in the fractionation step before they are converted to biodiesel in the methy-

lation step.   

 Large scale cultivation of microalgae is generally performed in either a raceway 

pond or a photobioreactor  [  11  ] . Even though there are numerous systems for 

microalgal cultivation, they can generally be classi fi ed into outdoor or indoor 

systems. In an outdoor system, the microalgae are grown in the open environment 

with variable culturing conditions, such as temperature and light intensity, and can 
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potentially exhibit inconsistent growth rate and unpredictable biochemical evolu-

tion. On the other hand, the microalgae grown in an indoor system are placed in a 

greenhouse-type structure where cultivation conditions and biochemical evolution 

of the microalgal biomass can be tightly controlled. Even though the indoor system 

provides a more sound protection against local species invasion, it is not preferred 

due to its high operating cost. In either system, the culture must be aerated with CO 
2
  

supply and replenished with growth medium consisting of essential elements such 

as nitrogen, phosphorous and iron  [  11  ] . 

 Once the microalgal culture is harvested from its cultivation system, it exists as 

a very dilute aqueous suspension (between 0.1 and 1 wt.%). Since such large vol-

umes of water are undesirable for downstream processing, the culture needs to be 

substantially concentrated  [  15,   45  ] . Different solid–liquid separation techniques, 

such as centrifugation,  fi ltration,  fl occulation, are used to dewater the microalgal 

  Fig. 5    Process  fl ow diagram 

showing the upstream and 

downstream process steps 

needed to produce biodiesel 

and bioethanol from 

microalgae       
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culture up to a solid concentration of 10 wt.% (Table  2 ). A cost-viable and energy-

ef fi cient concentrating technology is a current research endeavour. 

 After dewatering, the semi-wet microalgal paste undergoes pre-treatment steps 

before lipid extraction. Even though this pre-treatment step can be omitted, it is 

generally undertaken since the alteration of biomass conditions occurring in this 

step could lead to enhanced ef fi ciency of subsequent lipid extraction  [  32,   33  ] . The 

treatment can be performed in multiple steps or as a single process. As one alterna-

tive, residual water which is known to prohibit effective lipid mass transfer during 

the extraction step is completely removed from the paste through simple drying. 

The desiccated cells can then be milled into powder before being extracted with 

eluting solvents. In a different scenario, the paste can be exposed to disruption 

methods which disintegrate cellular structures and force the release of intracellular 

lipids to the surrounding medium, thereby easing the lipid extraction process. 

Effects of cell pre-treatment on lipid extraction are further discussed in Sect.  5.3 . 

 After pre-treatment, the microalgal biomass undergoes a lipid extraction step 

that results in the separation of lipids from the cellular matrix. The principles and 

   Table 2    Different technologies available for each process step required to produce 

biodiesel from microalgae   

 Process step  Technologies 

 Cultivation  Raceway ponds 

 Photobioreactors 

 Dewatering  Tangential  fl ow  fi ltration 

 Pressure dewatering 

 Flocculation 

 Agglomeration 

 Centrifugation 

 Ultrasound separation 

 Pre-treatment: cell disruption  Ultrasonication 

 Homogenization 

 French pressing 

 Bead beating 

 Chemical lysis (acids and enzymes) 

 Osmotic shock 

 Pre-treatment: drying  Oven drying 

 Freeze drying 

 Spray drying 

 Pre-treatment particulate size  Milling with speci fi c sieve 

 Lipid extraction  Organic solvent extraction 

 Supercritical  fl uid extraction 

 Modi fi ed organic solvent extraction (soxhlet, 

ultrasound-assisted, microwave-assisted, 

accelerated) 

 Fractionation  Liquid chromatography 

 Urea crystallization 

 Transmethylation  Acidic methylation 

 Basic transmethylation 



610 R. Halim et al.

processes involved in lipid extraction are discussed more thoroughly in Sect.  5 . The 

isolated lipids are fractionated in order to remove unwanted non-lipid contaminants 

(such as carbohydrates, proteins and chlorophylls) and unusable lipid fractions 

(such as polar lipids and non-saponi fi able neutral lipids) from the acylglycerols. 

Even though experimental methods, such as liquid chromatography and urea crys-

tallizations, are available to perform this step on a bench scale  [  39  ] , none of them is 

yet economically feasible to be retro fi tted to a commercial scale. 

 In the transmethylation (also known as transesteri fi cation) step, the acylglycerols 

in the lipid extract are converted to fatty acid methyl ester (FAME) or biodiesel. 

Although a laboratory method to transmethylate polar lipids to biodiesel exists 

using toxic boron tri fl uoride or BF 
3
   [  14,   61  ] , the industrial applicability of this 

method has not been tested. The method described here employs an alkaline catalyst 

(either NaOH or KOH) speci fi c to acylglycerols, and is used to industrially transm-

ethylate plant and animal oils which consist mainly of TG. The lipids are reacted 

with methanol and the select alkaline catalyst in a speci fi c ratio depending on the 

concentration of TG and the presence of free fatty acids. The  fi nal FAME conver-

sion is a function of reaction temperature and duration. During the transmethyla-

tion, the alkaline catalyst cleaves the ester bonds holding the fatty acids to the 

glycerol backbone (Fig.  6 )  [  11  ] . The liberated fatty acids are then reacted with 

methanol to form new molecules with lower viscosity (FAME). The by-products 

(glycerol, reformed catalyst and excess methanol) are separated from the desired 

FAME via gravity settling as well as repeated water washings  [  17,   19,   31  ] .  

 In order for biodiesel from microalgae to be environmentally sustainable, the 

total CO 
2
  emitted in the downstream processes to produce usable biodiesel needs to 

be lower than or at least equal to the total CO 
2
  originally captured by the microal-

gae. Therefore, processes selected in each step should aim at minimizing energy 

consumption.  

    5   Lipid Extraction for Biodiesel Production 

 Depending on the degree of drying during the pre-treatment step, the state of the 

microalgal cells during lipid extraction can be either a wet paste (approximately 

10–30 wt.% solid) or dried powder. During lipid extraction, lipid molecules 

are extracted out of the microalgal cells and separated from the cellular matrix. 

  Fig. 6    Transesteri fi cation of acylglycerol (triacylglycerol is used as an example) with methanol 

and basic catalyst to produce biodiesel, extracted from Chisti  [  11  ]        
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The  isolated lipids are often referred to as extracts or analytes. The selected lipid 

extraction method has to be lipid-speci fi c in order to minimize the co-extraction of 

non-lipid contaminants (proteins, carbohydrates) and be able to exhibit some degree 

of selectivity towards biodiesel-convertible neutral lipid fractions (acylglycerols) in 

order to minimize the downstream removal of unusable lipid components (polar 

lipids and non-saponi fi able neutral lipids)  [  39  ] . Additionally, the method should be 

ef fi cient (both in terms of time and energy), non-reactive with the lipids, and rela-

tively safe  [  30  ] . The practice of completely drying microalgal wet paste prior to 

lipid extraction is energetically prohibitive and needs to be avoided. As a conse-

quence, the selected lipid extraction method needs to be effective when applied 

directly to microalgal wet paste. Two of the most commonly used microalgal lipid 

extraction technologies are reviewed: traditional organic solvent extraction and 

emerging supercritical  fl uid extraction. 

    5.1   Organic Solvent Extraction 

    5.1.1   Basic Principles 

 During lipid extraction, microalgal cells (either as a wet paste or dried biomass) are 

exposed to a non-polar organic solvent, such as hexane or chloroform, which inter-

acts with the neutral lipid molecules and overcomes their weak hydrophobic inter-

actions with other biomolecules. As a result, the neutral lipid molecules desorb 

from their cellular matrix and dissolve in the solvent  [  30,   39  ] . The remaining cell 

residue is then separated from the solvent via solid–liquid separation methods. The 

solvent is evaporated to yield dry lipid extract. 

 However, some neutral lipids are strongly linked via hydrogen or electrostatic 

bonds to other biomolecules, such as proteins and polar lipids, in the cell membrane. 

These bonds are too tough to be disrupted by the non-polar solvent alone and require 

the presence of a more reactive solvent for their destruction  [  30,   39  ] . A small amount 

of polar solvent (such as methanol or isopropanol) is thus added together with the 

non-polar solvent (such as hexane or chloroform) to facilitate the extraction of these 

membrane-associated neutral lipids. Unfortunately, the addition of a polar co-solvent 

also leads to the increased co-extraction of undesirable polar lipids. 

 When using a non-polar/polar solvent mixture (such as hexane/isopropanol or 

chloroform/methanol), both solvents are added to the microalgal cells (either as a 

wet paste or dried biomass) in the desired ratio at the same time. Upon removal of 

cell debris via solid–liquid separation, biphasic separation of the solvent mixture is 

induced by equivolume addition of the non-polar solvent (hexane for hexane/isopro-

panol mixture and chloroform for chloroform/methanol mixture) and water. Once 

the solvent mixture separates into two layers, the lipids (both neutral and polar frac-

tions) will partition in the organic phase (a mixture of non-polar solvent and polar 

solvent), while the aqueous phase (a mixture of water and polar solvent) will contain 

co-extracted non-lipid contaminants (proteins and carbohydrates)  [  30,   39  ] . The 

organic phase is collected and the solvent is evaporated to obtain dry lipid extract.  
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    5.1.2   Selection of Organic Solvents 

 In addition to satisfying the aforementioned criteria for the lipid extraction method, 

the selected organic solvents must be relatively cheap, relatively non-toxic, able to 

form two-phase with water for the removal of co-extracted non-lipids and volatile 

for recovery from the lipid extract  [  22,   39  ] . Furthermore, the solvent molecules 

must be suf fi ciently small so that permeation through the microalgal cell wall can 

be easily achieved. 

 Chloroform/methanol (2:1 v/v) is the most commonly used solvent mixture for 

laboratory-scale lipid extraction from any living tissue. The system uses residual 

endogenous water as a ternary component to enhance the extraction of polar lipids 

and does not require cells to be completely dried. Upon removal of the cell debris, 

the solvent mixture equilibrates with the dissolved lipids and separates into 2 phases 

upon addition of chloroform and water. The lower organic phase (chloroform with 

some methanol) contains most of the lipids while the upper aqueous phase (water 

with some methanol) contains most of the non-lipids  [  39  ] . Even though the extrac-

tion process using this solvent mixture is fast and quantitative, chloroform is a 

highly toxic solvent whose large-scale usage is environmentally unattractive. Since 

the method was originally developed by Folch et al.  [  23  ]  for the isolation of total 

lipids from brain tissues, its effectiveness in extracting lipids from microalgal cells 

still needs further assessment. 

 Hexane/isopropanol (3:2 v/v) works in a similar fashion as the chloroform/meth-

anol mixture. Upon biphasic separation, the upper organic phase (hexane with some 

isopropanol) contains most of the lipids while the lower aqueous phase (water with 

some isopropanol) contains most of the non-lipids. This solvent mixture is quickly 

replacing chloroform/methanol as a laboratory favourite due to its lower toxicity 

and its higher selectivity towards neutral lipids  [  26,   33,   46  ] . However, the hexane/

isopropanol mixture has been reported to yield a lower lipid recovery than the chlo-

roform/methanol mixture when applied to microalgal cells  [  33  ] . 

 Even though alcohols, such as butanol and ethanol, are cheap and highly volatile, 

their use as pure lipid extraction solvents is limited due to their lower af fi nities 

towards neutral lipids. In a study conducted by Lee et al.  [  33  ] , the performances of 

 fi ve different solvent mixtures during lipid extraction from bead-beaten  Botryococcus 

braunii  were evaluated (Fig.  7 ). Chloroform/methanol was found to be the best 

solvent mixture with a lipid yield of ~0.29 g/g dried microalgae, while all dichloro-

ethane-based mixtures seemed rather ineffective.   

    5.1.3   Operating Parameters 

 Apart from cell pre-treatment and the selection of solvent mixtures, there are other 

variables which affect the performance of organic solvent lipid extraction. The tem-

perature at which extraction is performed has been reported to in fl uence lipid yield 

 [  22  ] . Even though increasing temperature from 30 to 60°C was initially observed to 

enhance lipid extraction rate from animal tissues, a rise beyond 70°C led to the 
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degradation of thermo-labile components and adversely affected the lipid yield 

 [  23  ] . Other variables that in fl uence organic solvent extraction include degree of 

agitation, solvent-to-biomass ratio, and the number of equilibrium establishments. 

 Even though organic solvent extraction has been in use for many decades for 

microalgal lipid recovery  [  48  ] , the variables affecting its performance have not been 

thoroughly assessed and its application seems to have serious limitations. Not only 

does the process use large amounts of expensive and toxic solvents, organic solvent 

extraction requires energy-intensive evaporation for lipid recovery. Finally, the 

extent of lipid dissolution in a batch of organic solvent is thermodynamically lim-

ited by the lipid transfer equilibrium  [  62  ] . Once the solvent and the cellular matrix 

obtain their lipid partition equilibrium, no further extraction takes place.  

    5.1.4   Modi fi cations to Organic Solvent Extraction 

 The organic solvent extraction described above is generally performed as a batch 

process. Even though lipid extraction in a batch mode is limited by the establish-

ment of lipid partition equilibrium, a continuous organic solvent extraction which 

overcomes this limitation is not a viable option due to the high cost associated with 

supplying the increased solvent volume, even with an integrated solvent recovery 

system. As such, a system that is somehow able to continuously replenish cells with 

fresh solvent (hence avoiding equilibrium limitation) while simultaneously mini-

mizing solvent consumption is desirable. The Soxhlet apparatus achieves this dual 

objective through its ingenious cycles of solvent evaporation and condensation 

 [  35,   62  ] . The apparatus has three compartments as shown in Fig.  8 : the continuously 

heated solvent  fl ask to store the extracting organic solvent, the Soxhlet extractor to 

hold the microalgal cells (existing as either a wet paste or dried biomass), and the 

continuously cooled condenser. The evaporated organic solvent from the heated 

  Fig. 7    Effect of solvent 

mixtures on lipid yield of 

organic solvent lipid 

extraction from microalgal 

species  Botryococcus braunii.  

A: chloroform/methanol 

(2:1 v/v), B: hexane/

isopropanol (3:2 v/v), C: 

dichloroethane/methanol 

(1:1 v/v), D: dichloroethane/

ethanol (1:1 v/v), E: acetone/

dichlomethane (1:1 v/v), 

extracted from Lee et al.  [  33  ]        
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solvent  fl ask enters the condenser. As the recondensing solvent is channelled into 

the Soxhlet extractor, it comes in contact with the microalgal cells to extract lipids. 

Once the rising solvent in the extractor reaches the over fl ow level, a syphon unloads 

the lipid-saturated solvent in the extractor back into the solvent  fl ask. The solvent 

evaporates again while the extracted lipids remain in the solvent  fl ask, and the cycle 

repeats. The operation continues until no more lipids are isolated in the Soxhlet 

extractor. Even though the semi-continuous Soxhlet apparatus solves the equilib-

rium limitation of a batch organic solvent extraction without any increase in solvent 

consumption, its high energy requirement for continuous distillation prevents its 

large-scale application  [  35,   62  ] .  

 Three other modi fi cations of organic solvent extraction have been reported: ultra-

sound-assisted, microwave-assisted and accelerated organic solvent extraction. Each 

of these modi fi cations makes use of an auxiliary process to enhance lipid extraction 

by organic solvents  [  35,   62  ] . Ultrasound-assisted organic solvent extraction obtains 

higher extraction kinetics by using mechanical vibrations from sound waves not only 

to disrupt cellulosic cell walls but also to induce greater penetration of solvent mole-

cules into the cellular structures. Microwave-assisted organic solvent extraction uses 

electromagnetic radiations within speci fi c frequency to impart large amount of ther-

mal energy into the cells, thereby disrupting their cellulosic cell walls and promoting 

lipid extraction. During accelerated organic solvent extraction, lipid extraction is 

  Fig. 8    The Soxhlet 

apparatus, extracted from 

Wang and Weller  [  62  ]        
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performed at elevated pressures and temperatures, but below critical conditions, in 

order to accelerate extraction kinetics. Even though all three of these modi fi cations 

seem to show some promises, they have not been successfully transferred to the 

industrial scale due to their high energy requirements. Their effectiveness in extract-

ing lipids from microalgal cells still needs further demonstration  [  35,   62  ] .   

    5.2   Supercritical Fluid Extraction 

 Supercritical  fl uid extraction (SFE) is an emerging green technology that is a poten-

tial substitute to traditional organic solvent extraction. 

    5.2.1   Basic Principles 

 When the temperature and pressure of a  fl uid is raised over its critical values ( T  
c
  and 

 P  
c
 ), the  fl uid is transformed to a supercritical state and exhibits properties similar to 

both a liquid and a gas (Fig.  9 )  [  50,   59  ] . The intermediate properties of this state 

(Table  3 ) are found to signi fi cantly enhance the propensity of the  fl uid to extract 

lipids from living tissues. In comparison to organic solvent extraction, SFE is known 

to have the following advantages  [  40–  42,   59  ] :  

   Tunable selectivity • 

   The solvating power of a supercritical  fl uid is a function of its density which can 

be continuously adjusted by changing pressures and temperatures. Therefore, its 

selectivity can be tuned such that it interacts only with neutral lipids.  

  More favourable mass transfer • 

   High diffusion coef fi cient (similar to a liquid) and low viscosity (similar to a gas) 

enable a supercritical  fl uid to penetrate through cellular matrices much more 

rapidly than an organic solvent, leading to a higher extraction rate and a shorter 

extraction time.  

  Fig. 9    Pressure ( P )-temperature ( T ) phase diagram for carbon dioxide, showing the supercritical 

region       
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  Production of solvent-free lipids • 

   Since the lipids obtained at the end of SFE are free from any solvent, no energy 

needs to be expended for solvent removal. 

 CO 
2
  is used as the primary solvent in most SFE applications for numerous reasons. 

Its moderate critical pressure (72 bar) enables a modest compression cost, while its 

low critical temperature (32°C) avoids possible degradation of thermally sensitive 

lipids. Its low toxicity, low  fl ammability and lack of reactivity also facilitate for a 

safer SFE operation  [  37,   59  ] . In cases where microalgal cells are cultivated in 

synergy to a coal power station, the CO 
2
  for extraction can be conveniently supplied 

from the scrubbed  fl ue gas of the station. 

 Figure  10  shows the schematics of a laboratory-scale supercritical carbon 

dioxide (SCCO 
2
 ) extraction system  [  3  ] . A mixture of microalgal cells (either as a 

wet paste or dried biomass) and packing materials (normally diatomaceous earth) in 

a speci fi c ratio is packed into the extraction vessel equipped with a heating element. 

A feed pump delivers the CO 
2
  from its reservoir to the extraction vessel at a pressure 

greater than  P  
c
 . Once the vessel is heated ( T  >  T  

c
 ), the compressed CO 

2
  is trans-

formed to its supercritical state and performs lipid extraction on the microalgal 

cells. Lipid molecules are dissociated from the cellular structure and transferred into 

the eluting SCCO 
2
  in a diffusion-driven mechanism. The lipid-saturated SCCO 

2
  

then leaves the extraction vessel and enters the collection vessel. The micrometering 

   Table 3    Physical properties of a typical  fl uid in different states  [  59  ]    

 Density (kg/m 3 )  Viscosity ( m Pa s)  Diffusion coef fi cient (mm²/s) 

 Gas  1  10  1–10 

 Supercritical  fl uid  100–1,000  50–100  0.01–0.1 

 Liquid  1,000  500–1,000  0.001 

  Fig. 10    Schematic diagram of a laboratory-scale SCCO 
2
  extraction system, modi fi ed from Applied 

Separations website  [  3  ]        
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valve at the entry to the vessel is opened to rapidly depressurize the incoming 

SCCO 
2
 . Once completely decompressed, the SCCO 

2
  returns to its gaseous state and 

evaporates to the ambience, thereby forcing the extracted lipids to precipitate in the 

collection vessel. Even though SCCO 
2
  extraction can be operated as either a batch 

(static) or a continuous (dynamic) process, the dynamic operation is preferred as it 

generally leads to an improved yield  [  59  ] . Even though SCCO 
2
  process has been 

used to extract lipids from microalgal cells in a laboratory scale  [  1,   2,   7,   10,   28, 

  40–  42,   53  ]  its energy ef fi ciency still needs to be assessed and is a subject of future 

research endeavour.      

    5.2.2   Operating Parameters 

 In addition to cell pre-treatment, as discussed in Sect.  5.3 , the operating parameters 

that in fl uence SCCO 
2
  lipid extraction include pressure, temperature, modi fi er addi-

tion, extraction time,  fl uid  fl ow rate and packing density  [  50  ] . 

 The solvent power and the selectivity of SCCO 
2
  are known to be direct functions 

of the  fl uid density  [  59  ] . Since pressure elevation at a constant temperature com-

presses the  fl uid to a higher density, it inevitably leads to an increase in the solvent 

power of the  fl uid. However, increasing pressure is often not desirable as it leads not 

only to a higher compression cost but also to a lower selectivity and to the co-

extraction of unwanted cellular components. Since temperature increase at a given 

pressure leads to two simultaneous competing phenomena, its net effect on extrac-

tion kinetics is more dif fi cult to predict. The decrease in  fl uid density reduces SCCO 
2
  

solvent power while a concurrent increase in the lipid volatility enhances solute dif-

fusion into the supercritical  fl uid  [  10,   59  ] . Table  4  compiles results from previous 

studies that investigated the effects of pressure change and temperature change on 

SCCO 
2
  lipid extraction from microalgae.  

 Due to its non-polar nature, SCCO 
2
  is unable to interact with either polar lipids or 

neutral lipids that form complexes with polar structures. Addition of a polar modi fi er, 

such as methanol, ethanol, toluene and methanol–water mixture, facilitates for total 

lipid extraction not only by enhancing the af fi nity of the  fl uid towards the aforemen-

tioned fractions but also by decreasing the  fl uid viscosity, thereby allowing the super-

critical solvent to rapidly penetrate through the cellular matrices  [  50,   59  ] . In their study, 

Mendes et al.  [  42  ]  showed that the addition of methanol signi fi cantly increases the 

extraction of  g -linolenic acid (from 0.05 wt.% of dry microalgae biomass to 0.44 wt.%) 

from the species  Spirulina maxima . However, an increase in the extraction of polar 

lipids needs to be avoided as these fractions are not currently biodiesel convertible. 

 In a study conducted by Andrich et al.  [  1  ] , the rate of lipid extraction from a 

 Nannochloropsis  sp. was found to decrease with extraction time (Fig.  11 ). Most of 

the available lipids (> 80%) were extracted within 5,000 s and continuing the extrac-

tion beyond 10,000 s did not seem to considerably increase the lipid yield. This 

asymptotic behaviour con fi rms the diffusion-driven characteristics of SCCO 
2
  

extraction where the rate of lipid evolution is known to be directly proportional to 

the amount of unextracted lipids remaining in the cellular structures  [  1  ] .  
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   Table 4    Effects of pressure and temperature changes on SCCO 
2
  lipid extraction from algae   

 Study  Algae 

 Pressure 

or P (bar) 

 Temperature 

or T (°C)  Results 

 Sajilata 

et al.  [  53  ]  

  Spirulina 

platensis  

 316, 350, 400, 

450, 484 

 40  Yield increased with  P  

 Maximum lipid yield = 8.63% 

of dry weight 

 Andrich 

et al.  [  1  ]  

  Nannochlo-

ropsis  sp .  

 400, 550, 700  40, 55  At constant  T , extraction rate 

increased with  P . At constant  P , 

extraction rate slightly increased 

with  T . Overall yield was the 

same at any  T  and  P  

 Maximum lipid yield = 25.00% of 

dry weight 

 Mendes 

et al.  [  41  ]  

  Spirulina 

maxima  

 100, 250, 350  50, 60  At constant  T , yield increased with  P  

 At constant  P , yield slightly 

increased with  T  

 Maximum lipid yield = 3.10% of 

dry weight 

 Cheung  [  10  ]    Hypnea 

charoi-

des  

 241, 310, 379  40, 50  At constant  T , yield increased with  P  

 At low  P  (241 bar), yield decreased 

with  T . At medium to high P 

(310 and 379 bar), yield 

increased with  T  

 Maximum lipid yield = 6.71% of 

dry weight 

 Mendes 

et al.  [  40  ]  

  C. vulgaris   200, 350  40, 55  At constant  T , yield increased with 

 P . At low  P  (200 bar), yield 

decreased with  T . At high  P  

(350 bar), yield increased with 

 T . Maximum lipid 

yield = 13.00% of dry weight 

  Fig. 11    Effect of pressure and extraction time on lipid yield of SCCO 
2
  lipid extraction from a 

 Nannochloropsis  sp. All extractions were performed at a constant temperature of 40°C:   fi lled circle  

70 MPa,   fi lled square  55 MPa,   fi lled diamond  40 MPa. Extracted from Andrich et al.  [  1  ]        
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 The  fl ow rate of SCCO 
2
  through the cellular matrix affects the lipid extraction 

kinetics. Even though increasing SCCO 
2
   fl ow rate facilitates for a more rapid 

diffusion of lipid molecules into the extracting  fl uid phase, higher  fl ow rate often 

results in uneven  fl uid penetration within the matrix as well as elevated pressure 

requirement  [  50  ] . 

 The manner in which cells are packed to form a  fi xed bed inside the extraction 

vessel plays a pivotal role in in fl uencing extraction ef fi ciency  [  50  ] . In the case of 

extraction from dried microalgal powder, packing density is a direct function of 

both microalgal powder particulate size and the amount of packing materials (nor-

mally diatomaceous earth) added per unit mass of powder. Although higher packing 

density increases the amount of total extractable lipids in the vessel, it often leads to 

 fl uid channelling effects, prevents the eluting solvent from performing homogenous 

extraction, and results in a lower overall lipid yield. Differences in packing density 

and packing uniformity have been found to be the reasons why some SCCO 
2
  extrac-

tions conducted under identical parameters achieve variable yields  [  50  ] .   

    5.3   Effect of Cell Pre-treatment on Lipid Extraction 

 The effects of cellular pre-treatment on microalgal lipid extraction kinetics still 

need to be investigated. Using a combination of technologies shown in Table  2 , the 

pre-treatment step can alter the following cellular conditions: degree of cell disrup-

tion, degree of intracellular water contents and, in the case of dried microalgal 

biomass, particulate size. 

 The ef fi ciency of lipid extraction is known to increase with the degree of cell 

disruption. When intact cells are disintegrated during cell disruption process, some 

of the intracellular lipids are liberated from the cellular structures and released to 

the surrounding medium  [  12,   32,   43  ] . During the subsequent lipid extraction, the 

eluting solvent can directly interact with these free lipids without permeating into 

the cellular cytoplasm. As such, the extraction kinetics is enhanced due to decrease 

in mass transfer limitation and the process becomes completely dependent on the 

lipid solubility in the solvent. Lee et al. (1999) investigated the effects of prior cell 

disruption on chloroform/methanol (2/1 v/v) lipid extraction from the species  B. 

braunii . Completely ruptured microalgal cells were found to yield almost twice the 

amount of lipids from intact cells. Also, among all the cell disruption technologies 

that were tested (sonication, homogenization, high pressure French press, bead 

beater and lyophilization), mechanical shearing with bead beater appears to be the 

most effective in rupturing the microalgal cells. 

 The degree by which the presence of intracellular water affects microalgal lipid 

extraction still requires investigation. Since water is assumed to act as a barrier that 

prohibits effective lipid mass transfer to the extracting solvent, microalgal cells are 

almost always completely dried before undergoing lipid extraction. However, other 

microorganisms (bacteria, yeasts and viruses) have been successfully extracted 

straightaway in their wet state (~90 wt.% water) using chloroform/methanol solvent 

mixture which requires the presence of residual water as a ternary component to 
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swell the cells, to enable better solvent access and to improve the extraction of polar 

lipids  [  30,   39  ] . For SCCO 
2
  extraction, the presence of intracellular water is known 

to result in freezing which causes  fl ow impedance problems such as extraction ves-

sel blockage and restrictor plugging  [  50,   55  ] . Among the different drying technolo-

gies available for microalgal biomass, freeze drying is preferred for its mild operating 

conditions. Thermal drying needs to be avoided as it leads to possible degradation 

of thermolabile analytes, results in evaporative loss of volatile analytes and yields 

cellular biomass with non-uniform particulate size as end-products. It should be 

noted that drying is different from dewatering. Dewatering removes extracellular 

water molecules by concentrating the dilute microalgal culture to a wet paste, 

whereas drying is the subsequent step that eliminates intracellular water molecules 

from the microalgal wet paste. 

 When extraction is performed on dried microalgal biomass, particulate size vari-

ation can signi fi cantly in fl uence extraction kinetics. Decreasing microalgal particu-

late size generally bene fi ts lipid extraction as it increases the surface area available 

for biomass-solvent contacts, and also improves solvent penetration into the matrix 

through shortening of diffusion pathways. However, exceedingly small particulate 

size often leads to  fl uid channelling effects in the extraction vessel and can reduce 

lipid yield as the extracted lipid molecules have a higher tendency to get re-adsorbed 

to the matrix surface  [  50  ] .  

    5.4   Comparison Between Organic Solvent and SCCO 
2
  Extraction 

 Table  5  provides a preliminary comparison between organic solvent extraction and 

SCCO 
2
  extraction for lipid extraction from microalgae. A more thorough under-

standing of mass transfer mechanism and kinetic parameters involved in lipid 

extraction from microalgae is needed for an extensive comparison. Large use of 

toxic solvents and energy-intensive solvent-lipid separation represent the main dis-

advantages with commercial use of organic solvent extraction, while expensive 

 fl uid compression and high installation cost of an extraction pressure vessel remain 

the primary obstacles for large-scale SCCO 
2
  extraction  [  50  ] . The theoretical advan-

tages of SCCO 
2
  extraction, such as tunable selectivity for speci fi c lipid fractions and 

enhanced kinetics due to the  fl uid intermediate physicochemical properties, still 

need to be veri fi ed for microalgal lipid extraction.    

    6   Fermentation of Microalgal Biomass 

for Bioethanol Production 

 As mentioned in Sect.  3 , the production of bioethanol from microalgae involves 

four main stages: (1) pre-treatment of the biomass to remove hemicellulose and to 

improve access to available cellulose, (2) hydrolysis of the cellulose (and potentially 
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the hemicelluloses) to form simple sugars, (3) fermentation of the simple sugars 

such as glucose (and potentially xylose) to form bioethanol, (4) product recovery 

where the bioethanol is puri fi ed for commercial applications. The overall process 

for bioethanol production is shown in Fig.  12 .  

    6.1   Biomass Pre-treatment 

 Microalgal biomass requires pre-treatment before fermentation to enhance bioetha-

nol production. Biomass pre-treatment process is a major contributing factor to bio-

ethanol production cost. The carbohydrates of microalgae are stored inside the cell 

walls and between the intercellular matrices  [  60  ] . Thus, it is necessary to rupture the 

microalgal cell walls so that the entrapped carbohydrates can be released and, if 

   Table 5    Comparison between organic solvent extraction and SCCO 
2
  extraction for microalgal 

lipid extraction   

 Criteria  Organic solvent extraction  SCCO 
2
  extraction 

 Lipid selectivity  Selectivity is not easily tuned. 

Costly post-extraction 

fractionation step may be 

needed 

 SCCO 
2
  tunable selectivity 

minimizes co-extraction of 

contaminants, hence reducing 

cost needed for downstream 

fractionation 

 Time  Solute transfer equilibrium 

limitation results in slow 

extraction rate and increases 

time needed for a complete 

extraction 

 Due to its intermediate liquid-

gaseous properties, SCCO 
2
  

extraction is much more rapid 

and can complete extraction 

within shorter period of time 

 Energy  It consumes little energy as 

extraction is conducted near 

ambient conditions. However, 

solvent needs to be removed in 

energy-intensive evaporation 

 It is highly energy-intensive as 

pressurization is needed in 

order to convert  fl uid to 

supercritical state 

 Installation and 

operating 

(non-energy 

and non-time 

related) cost 

 Expensive pure solvent is needed 

for extraction 

 Installation of large-scale pressure 

vessel needed for SCCO 
2
  

extraction is extremely 

expensive. CO 
2
  derived from 

the  fl ue gas of any power 

station has to be puri fi ed before 

it can be used for lipid 

extraction 

 Reaction to lipid  Solvent may react with lipid, 

especially during evaporation 

when it is removed from the 

lipids 

 SCCO 
2
  is non-reactive with lipids 

 Hazard and toxicity  Toxic solvent is used in a large 

volume 

 High-pressure hazard is possible 

though this should be easily 

avoided with good engineering 

design 
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necessary, broken down into simple sugars to be utilized in the fermentation process. 

Cell disruption methods can be classi fi ed as mechanical, chemical and biological 

 [  44,   47,   58  ] . Each of these methods is able to liberate the sugar molecules. 

    6.1.1   Physical Method 

 The physical methods include comminution (ball milling, hammer milling), irradia-

tion (electron beam, microwave), steam exploration (high pressure steam) and 

hydrothermolysis (liquid hot water). These methods have been successfully used to 

pre-treat other biomass for bioethanol production  [  58  ] . Physical methods of bio-

mass pre-treatment mostly result in decreasing biomass particle size and degree of 

depolymerisation of hemicellulose and cellulose, as well as in reducing cellulose 

crystallinity  [  29  ] . However, physical methods are energy intensive, and the rate of 

hydrolysis is slow.  

    6.1.2   Chemical Method 

 The chemicals involved in the pre-treatment of biomass can be divided into two 

types; acidic (sulphuric, hydrochloric, phosphoric) and alkaline (lime, sodium 

hydroxide ammonium sul fi te). Nguyen et al.  [  47  ]  reported that acid pre-treatment of 

Microalgal

cultivation

Pre-treatment

of microalgal

biomass

Fermentation

Product

Purification

Bioethanol

  Fig. 12    Process  fl ow 

diagram of bioethanol 

production from microalgae       
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 Chlamydomonas reinhardtii  biomass yielded around 58% (w/w) of glucose and 

resulted in an ethanol yield of 29.2% (w/w) at the end of the fermentation process. 

Aside the promising results obtained for microalgae, the ef fi ciency of this method 

has been widely veri fi ed for other feedstocks  [  4,   9  ] . The chemical methods are, by 

far, the most prevalent biomass pre-treatment method. This is due to the low cost of 

the process, and its effectiveness in hydrolysing the hemicelluloses and celluloses to 

sugars. They are often used in conjunction with an initial degree of physical pre-

treatment to reduce the biomass particle size. Also, the chemical methods are 

preferred due to their low operating costs when compared to the energy-intensive 

physical methods  [  29  ] . Since microalgal biomass does not contain lignin, the 

method is ef fi cient in converting complex carbohydrates to fermentable sugars. 

However, the utilization of hazardous chemicals in the process can cause severe 

corrosion to the fermentation vessel and the resulting irrecoverable salts may form 

part of the biomass, thus changing the  fi ne and speci fi c biomass structure and its 

biochemical composition.  

    6.1.3   Biological Method 

 This method involves the utilization of microorganisms such as fungi to reduce the 

cellulose and hemicellulose crystallinity of the biomass. It is an environmentally 

and energetically ef fi cient process because the pre-treatment occurs under mild con-

ditions (low temperature and pH around 6–7). However, the rate of hydrolysis using 

this method is too slow for industrial application, and some fermentable materials 

are consumed in the process. Whilst this method is unlikely to be used as a sole 

treatment of microalgal biomass, it could serve as the  fi rst step of a multi-step pre-

treatment method  [  24  ] .   

    6.2   Hydrolysis 

 Microalgal biomass can be pre-treated via hydrolysis using the cellulosic enzymes 

obtained from fungi, protozoa or bacteria. Widely used cellulosic enzymes are cellu-

lase from  Thrichoderma reseei  and cellulase from  Aspergillus niger . The cellulase 

enzyme consists of three main components  [  63  ] ; (1) 1,4- b - d -glucan glucanohydro-

lases (endoglucanases); break down the cellulose crystallinity, (2) 1,4- b - d -glucan 

cellobiohydrolases and 1,4- b - d -glucan glucanohydrolases (exoglucanases); the exog-

lucanases hydrolyse the individual cellulose  fi bres into simple sugars and cellobiohy-

drolases attack the chain ends producing cellobiose, (3)  b - d -glucoside glucohydrolases 

( b -glucosidases); release glucose monomers by hydrolysing the disaccharides and 

tetrasaccarides of cellulose and form glucose that is ready to be used in the fermenta-

tion process. Even though it is a common practice for biomass to be pre-treated prior 

to enzymatic hydrolysis, microalgal biomass can undergo the hydrolysis process 

directly without any pre-treatment due to its non-lignin composition. This makes 

production of bioethanol from microalgal biomass more economical.  
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    6.3   Fermentation 

 Amongst the many microorganisms used for bioethanol production,  Saccharomyces  

sp .  remains the prime species. Currently, both alcoholic beverages and ethanol fuels 

are produced through fermentation performed by  Saccharomyces  sp .  The species 

are resistant to high temperatures and provide a high ethanol tolerance level, allow-

ing fermentation to continue at ethanol concentrations of 16–17% (v/v)  [  8  ] . Bacteria, 

particularly  Zymomonas mobilis  and  Escherichia coli , have been successfully used 

to ferment biomass for bioethanol production  [  34  ] . However, bacteria are less robust 

than yeast and their growth requires a narrow pH range (6.0–8.0), thus less prefer-

able to be used in the fermentation process. Table  6  shows some wild-type of micro-

organisms commonly used for industrial ethanol production. Most of the listed 

microorganisms fail to ferment xylose even though it is one of the sugars obtained 

from the hydrolysis process. In order to overcome the hurdle, genetically-modi fi ed 

microorganisms have been cultivated and tested to ferment xylose  [  25,   65  ] . To date, 

the successful use of genetically-modi fi ed strains for fermentation has been reported 

only at a laboratory scale.  

 The fermentation of simple sugars into bioethanol involves a glycolytic pathway 

which occurs in two major stages. The  fi rst stage is the conversion of the various 

sugar molecules to a common intermediate, glucose-6-phosphate. The second phase 

is the metabolism of each molecule of glucose-6-phosphate to yield two molecules 

of pyruvate  [  38  ] . The products from the glycolysis steps are further metabolized to 

complete the breakdown of glucose. Under anaerobic conditions, the pyruvate is 

further reduced to ethanol with a simultaneous release of CO 
2
  as a by-product.  

    6.4   Bioethanol Recovery 

 In order to obtain high-purity bioethanol, solids and other aqueous components 

associated with the bioethanol need to be removed by clari fi cation and distillation 

respectively. This separation process, however, has not yet been demonstrated for 

   Table 6    Microorganisms commonly used for industrial ethanol production   

 Organism 

 Natural sugar utilization pathways  Major products 

 O 
2
  needed  pH  Glu  Man  Gal  Xyl  Ara  EtOH  Other 

 Anaerobic bacteria  +  +  +  +  +  +  +  −  Neutral 

  Escherichia coli   +  +  +  +  +  –  +  −  Neutral 

  Zymomonas mobilis   +  −  −  −  –  +  –  −  Neutral 

  Saccharomyces 

cerevisiae  

 +  +  +  −  –  +  –  −  Acidic 

  Pichia stipitis   +  +  +  +  +  +  –  +  Acidic 

 Filamentous fungi  +  +  +  +  +  +  –  –  Acidic 
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microalgal-bioethanol broth. The residual biomass produced after the separation 

process can theoretically be concentrated and converted to other products, such as 

animal feeds or fertilizers. The purity of bioethanol must satisfy international stan-

dards for fuel speci fi cations, ASTM D5798—09B. The produced bioethanol can be 

either blended with gasoline to form E10 (10% bioethanol) and E85 (85% bioetha-

nol) or used directly in vehicles as a substitute for gasoline. Each of the blends has 

its own speci fi cations which vary from one country to another. The overall cost of 

bioethanol production from microalgae should be made low enough to compete 

with existing commercial fuels. Due to the lack of any existing pilot-scale produc-

tion facility of bioethanol from microalgae, practical information on operating and 

production costs is not readily available.       

  Acknowledgement   This work was supported by an Australian Research Council (ARC) Linkage 

grant between Bio-Fuel Pty Ltd (Victoria, Australia) and Monash University Department of 

Chemical Engineering (Victoria, Australia).  

   References 

    1.    Andrich G, Nesti U, Venturi F, Zinnai A, Fiorentini R (2005) Supercritical  fl uid extraction of 

bioactive lipids from the microalgae  Nannochloropsis  sp. Eur J Lipid Sci Technol 107:

381–386  

    2.    Andrich G, Zinnai A, Nesti U, Venturi F, Fiorentini R (2006) Supercritical  fl uid extraction of 

oil from microalga S pirulina (Arthrospira) platensis . Acta Aliment 35(2):195–203  

    3.   Applied separations website (2009)   http://www.appliedseparations.com/Supercritical/Lab_

Inst/Analytical/SFE_2.asp    . Accessed 30 June 2009  

    4.    Ballesteros I, Ballesteros M, Manzanares P, Negro MJ, Oliva JM, Sailez F (2008) Dilute sul-

furic acid pretreatment of cardoon for ethanol production. Biochem Eng J 42:84–91  

    5.    Becker EW (1994) Microalgae: biotechnology and microbiology. In: Baddiley J, Carey NH, 

Higgins IJ, Potter WG (eds) Cambridge studies in biotechnology. Cambridge University Press, 

New York, p 178  

    6.    Brown MR, Jeffrey SW, Volkman JK, Dunstan GA (1997) Nutritional properties of microalgae 

for mariculture. Aquaculture 151:315–331  

    7.    Canela APRF, Rosa PTV, Marques MOM, Meireles MAA (2002) Supercritical  fl uid extraction 

of fatty acids and carotenoids from the microalgae  Spirulina maxima . Ind Eng Chem Res 

41:3012–3018  

    8.    Casey GP, Ingledew WM (1986) Ethanol tolerance in yeasts. Crit rev microbiol 13:219–280  

    9.    Chen M, Zhao J, Xia L (2009) Comparison of four different chemical pretreatments of corn 

stover for enhancing enzymatic digestibility. Biomass Bioenerg 33:1381–1385  

    10.    Cheung P (1999) Temperature and pressure effects on supercritical carbon dioxide extraction 

of n-3 fatty acids from red seaweed. Food Chem 65:399–403  

    11.    Chisti Y (2007) Research review paper: biodiesel from microalgae. Biotechnol Adv 25:294–306  

    12.    Chisti Y, Moo-Young M (1986) Review: disruption of microbial cells for intracellular prod-

ucts. Enzyme Microb Technol 8:194–204  

    13.    Choi S, Nguyen MT, Sim SJ (2010) Enzymatic pretreatment of  Chlamydomonas reinhardtii  

biomass for ethanol production. Bioresour Technol 101:5330–5336  

    14.   Christie WW (2007) Methylation of fatty acids—a beginner’s guide.   http://www.lipidlibrary.

co.uk/topics/methests/index.htm    . Accessed 5 Apr 2009  

http://www.appliedseparations.com/Supercritical/Lab_Inst/Analytical/SFE_2.asp
http://www.appliedseparations.com/Supercritical/Lab_Inst/Analytical/SFE_2.asp
http://www.lipidlibrary.co.uk/topics/methests/index.htm
http://www.lipidlibrary.co.uk/topics/methests/index.htm


626 R. Halim et al.

    15.    Danquah MK, Gladman B, Moheimani N, Forde GM (2009) Microalgal growth characteristics 

and subsequent in fl uence on dewatering ef fi ciency. Chem Eng J 151:73–78  

    16.    De Angelis L, Rise P, Giavarini F, Galli C, Bolis CL, Colombo ML (2005) Marine macroalgae 

analyzed by mass spectrometry are rich sources of polyunsaturated fatty acids. J Mass Spectrom 

40:1605–1608  

    17.    Demirbas A (2008) Comparison of transesteri fi cation methods for production of biodiesel 

from vegetable oils and fats. Energ Convers Manage 49:125–130  

    18.   Demirbas A (2009) Biofuels from agricultural biomass. Energ Source Part A, 31:1573–1582  

    19.    Demirbas A, Karslioglu S (2007) Biodiesel production facilities from vegetable oils and ani-

mal fats. Energy Sources Part A 29:133–141  

    20.    Dunstan GA, Volkman JK, Barrett SM, Garland CD (1993) Changes in the lipid composition 

and maximisation of the polyunsaturated fatty acid content of three microalgae grown in mass 

culture. J appl phycol 5:71–83  

    21.    Dunstan GA, Volkman JK, Jeffrey SW, Barrett SM (1992) Biochemical composition of 

microalgae from the green algal classes Chlorophyceae and Prasinophyceae. 2. Lipid classes 

and fatty acids. J Exp Mar Biol Ecol 161:115–134  

    22.    Fajardo AR, Cerdan LE, Medina AR, Fernandez FGA, Moreno PAG, Grima EM (2007) Lipid 

extraction from the microalga  Phaedactylum tricornutum . Eur J Lipid Sci Tech 109:120–126  

    23.    Folch J, Ascoli I, Lees M, Meath JA, Lebaron FN (1951) Preparation of lipide extracts from 

brain tissue. J Biol Chem 191(2):833–841  

    24.    Galbe M, Zacchi G (2007) Pretreatment of lignocellulosic materials for ef fi cient bioethanol 

production. Adv Biochem Eng Biotechnol 108:41–65  

    25.    Garcia Sanchez R, Karhumaa K, Fonseca C (2010) Improved xylose and arabinose utilization 

by an industrial recombinant  Saccharomyces cerevisiae  strain using evolutionary engineering. 

Biotechnol Biofuels 3:13  

    26.    Guckert JB, Cooksey KE, Jackson LL (1988) Lipid solvent systems are not equivalent for 

analysis of lipid classes in the microeukaryotic green alga,  Chlorella . J Microbiol Methods 

8:139–149  

    27.    Harun R, Singh M, Forde GM (2010) Bioprocess engineering of microalgae to produce a 

variety of consumer products. Renew Sustain Energy Rev 14:1037–1047  

    28.    Herrero M, Cifuentes A, Ibanez E (2006) Sub- and supercritical  fl uid extraction of functional 

ingredients from different natural sources: plants, food-by-products, algae and microalgae, a 

review. Food Chem 98:136–148  

    29.    Hu G, Heitmann JA, Rojas OJ (2008) Feedstock pre-treatment strategies for ethanol from 

wood, bark and forest residues. Bioresour Technol 3:270–294  

    30.    Kates M (1986) De fi nition and classi fi cation of lipids. In: Bordon RH, Knippenberg PH (eds) 

Techniques of lipidology: isolation, analysis, and identi fi cation of lipids. Elsevier, Amsterdam  

    31.    Lang X, Dalai AK, Bakhshi NN, Reaney MJ, Hertz PB (2001) Preparation and characteriza-

tion of bio-diesels from various bio-oils. Bioresour Technol 80:53–62  

    32.    Lee JY, Yoo C, Jun SY, Ahn CY, Oh HM (2010) Comparison of several methods for effective 

lipid extraction from microalgae. Bioresour Technol 101:S75–S77  

    33.    Lee SJ, Yoon BD, Oh HM (1998) Rapid method for the determination of lipid from the green 

algae  Botryococcus braunii . Biotechnol Tech 7:553–556  

    34.    Lin Y, Tanaka S (2006) Ethanol fermentation from biomass resources: current state and pros-

pects. Appl Microbiol Biotechnol 69:627–642  

    35.    Luque de Castro MD, Garcia-Ayuso LE (1998) Soxhlet extraction of solid materials: an out-

dated technique with a promising innovative future. Anal Chim Acta 369:1–10  

    36.    Lynd LR (1996) Overview and evaluation of fuel ethanol from cellulosic biomass: technology, 

economics, the environment, and policy. Annu Rev Energ Environ 21:403–465  

    37.    Macias-Sanchez MD, Mantell C, Rodriguez M, de la Ossa EM, Lubian LM, Montero O (2007) 

Supercritical  fl uid extraction of carotenoids and chlorophyll a from  Synechococcus  sp. 

J Supercrit Fluid 39:323–329  

    38.    Madigan MT, Martinko JM, Parker J (2000) Nutrition and metabolism. In: Madigan MT, 

Martinko JM, Parker J (eds) Brock biology of microbiology. Prentice-Hall, New Jersey  



62725 Bioprocess Engineering Aspects of Biodiesel…

    39.    Medina AR, Grima EM, Gimenez AG, Ibanez MJ (1998) Downstream processing of algal 

polyunsaturated fatty acids. Biotechnol Adv 16(3):517–580  

    40.    Mendes RL, Coelho JP, Fernandes HL, Marrucho IJ, Cabral JM, Novais JM, Palavra AF 

(1995) Applications of supercritical CO 
2
  extraction to microalgae and plants. J Chem Technol 

Biotechnol 62:53–59  

    41.    Mendes RL, Nobre BP, Cardoso MT, Pereira AP, Palavra AF (2003) Supercritical carbon diox-

ide extraction of compounds with pharmaceutical importance from microalgae. Inorg Chim 

Acta 357:328–334  

    42.    Mendes RL, Reis AD, Palavra AF (2006) Supercritical CO 
2
  extraction of gamma-linolenic 

acid and other lipids from  Arthrospira  ( Spirulina )  maxima : comparison with organic solvent 

extraction. Food Chem 99:57–63  

    43.    Mendes-Pinto MM, Raposo MFJ, Bowen J, Young AJ, Morais R (2001) Evaluation of differ-

ent cell disruption processes on encysted cells of  Haematococcus pluvialis : effects of astaxan-

thin recovery and implications for bio-availability. J appl phycol 13:19–24  

    44.    Moen E (2008) Biological degradation of brown seaweeds. The potential of marine biomass 

for anaerobic biogas production. Scottish Association for Marine Science, Oban, Scotland  

    45.    Molina Grima E, Belarbi E-H, Acien Fernandez FG, Robles Medina A, Chisti Y (2003) 

Recovery of microalgal biomass and metabolites: process options and economics. Biotechnol 

Adv 20:491–515  

    46.    Nagle N, Lemke P (1990) Production of methyl ester fuel from microalgae. Appl Biochem 

Biotechnol 24:355–361  

    47.    Nguyen MT, Choi SP, Lee J, Lee JH, Sim SJ (2009) Hydrothermal acid pretreatment of 

 Chlamydomonas reinhardtii  biomass for ethanol production. J Microbiol Biotechnol 19(2):161  

    48.    Ota M, Kato Y, Watanabe H, Watanabe M, Sato Y, Smith R, Inomata H (2009) Fatty acid pro-

duction from a highly CO 
2
  tolerant alga,  Chlorocuccum littorale , in the presence of inorganic 

carbon and nitrate. Bioresour Technol 100:5237–5242  

    49.    Pimentel D, Patzek TW (2008) Ethanol production: energy and economic issues related to U.S. 

and Brazilian sugarcane. In: Pimentel D (ed) Biofuels, solar, wind as renewable energy sys-

tems. Springer, Netherlands, pp 357–371  

    50.    Pourmortazavi SM, Hajimirsadeghi SS (2007) Supercritical  fl uid extraction in plant essential 

and volatile oil analysis—review. J Chromatogr A 1163:2–24  

    51.    Ramadan MF, Asker MHS, Ibrahim ZK (2008) Functional bioactive compounds and biologi-

cal activities of  Spirulina platensis  lipids. Czech J Food Sci 26(3):211–222  

    52.    Saha BC, Iten LB, Cotta MA, Wu YV (2005) Dilute acid pretreatment, enzymatic 

sacchari fi cation and fermentation of wheat straw to ethanol. Proc Biochem 40:3693–3700  

    53.    Sajilata MG, Singhal RS, Kamat MY (2008) Supercritical CO 
2
  extraction of  g -linolenic acid 

(GLA) from  Spirulina platensis  ARM 740 using response surface methodology. J Food Eng 

84:321–326  

    54.    Schenk P, Thomas-Hall S, Stephens E (2008) Second generation biofuels: high ef fi ciency 

microalgae for biodiesel production. BioEnerg Res 1:20–43  

    55.    Schwartzberg HG (1997) Mass transfer in a countercurrent, supercritical extraction system for 

solutes in moist solids. Chem Eng Commun 157:1–22  

    56.   Sheehan J, Dunahay T, Benemann J, Roessler P (1998) A look back at the US Department of 

Energy’s Aquatic Species Program – biodiesel from algae. In: Close-Out Report by National 

Renewable Energy Laboratory, Golden, Colorado. Report no.: NREL/TP-580-24190.   http://

www.nrel.gov/docs/legosti/fy98/24190.pdf    . Accessed 10 April 2009  

    57.    Shenk P, Thomas-Hall S, Stephens E, Marx U, Mussgnug J, Posten C (2008) Second genera-

tion biofuels: high-ef fi ciency microalgae for biodiesel production. BioEnerg Res 1(1):20–43  

    58.    Sun Y, Cheng J (2002) Hydrolysis of lignocellulosic materials for ethanol production: a review. 

Bioresour Technol 83:1–11  

    59.    Taylor LT (1996) Supercritical  fl uid extraction. Wiley, New York  

    60.    Usov AI, Smirnova GP, Klochkova NG (2001) Polysaccharides of algae: 55 polysaccharide 

composition of several brown algae from Kamchatka Russian. J Bioorgan Chem 27:395–399  

    61.    Volkman JK, Jeffrey SW, Nichols PD, Rogers GI, Garland CD (1989) Fatty acid and lipid com-

position of 10 species of microalgae used in mariculture. J Exp Mar Biol Ecol 128:219–240  

http://www.nrel.gov/docs/legosti/fy98/24190.pdf
http://www.nrel.gov/docs/legosti/fy98/24190.pdf


628 R. Halim et al.

    62.    Wang L, Weller CL (2006) Recent advances in extraction of nutraceuticals from plants. Trends 

Food Sci Tech 17:300–312  

    63.    Wayman M (1969) Cellulases and their applications. American Chemical Society, 

Washington, DC  

    64.    Widjaja A, Chien C-C, Ju Y-H (2009) Study of increasing lipid production from fresh water 

microalgae  Chlorella vulgaris . J Taiwan Inst Chem Eng 40(1):13–20  

    65.    Zhang X, Shen Y, Shi W (2010) Ethanolic cofermentation with glucose and xylose by the 

recombinant industrial strain  Saccharomyces cerevisiae  NAN-127 and the effect of furfural on 

xylitol production. Bioresour Technol 101:7104–7110  

    66.    Zhu JY, Pan XJ (2010) Woody biomass pretreatment for cellulosic ethanol production: tech-

nology and energy consumption evaluation. Bioresour Technol 101(13):4992–5002      



629J.W. Lee (ed.), Advanced Biofuels and Bioproducts, DOI 10.1007/978-1-4614-3348-4_26, 
© Springer Science+Business Media New York 2013

  Abstract   A variety of high value products have so far been produced with algae 

and the transition to algae mass cultures for the energy market currently arouses the 

interest of research and industry. The key to ef fi cient cultivation of microalgae is 

the optimization of photobioreactors that does not only allow for ef fi cient light cap-

ture but also takes account of the speci fi c physiological requirements of microalgae. 

Three fundamental reactor designs (bubble columns,  fl at plate reactors, and tubular 

reactors) are common and are discussed together with some elaborate derivatives in 

the following. Every concept excels with speci fi c advantages in terms of light distri-

bution,  fl uid dynamics, avoidance of gradients, and utilization of the intermittent 

light effect. However, the integration of all bene fi cial characteristics and simultane-

ously the compliance with energetic and economic constraints still imposes demand-

ing challenges on engineering.      

    1   Products from Microalgae 

 A wide range of valuable substances have so far been produced with microalgae. 

Commercial applications partially aim at high value products, e.g., carotenoids or 

poly-unsaturated fatty acids (PFUAs) for the pharmaceutical and cosmetics indus-

tries. Microalgae biomass, rich in unsaturated fatty acids, is also a valuable source 

for food supplements and suitable for feed in aquacultures. Recent efforts explore 

the production of  fi ne chemicals and energetic utilization of microalgae biomass 

and their products, e.g., biodiesel, ethanol, biogas, and hydrogen. 
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 One of the most persuasive bene fi ts for the energetic utilization of microalgae is 

their capability of ef fi ciently converting incident solar radiation to biomass. In terms 

of ef fi ciency phototrophic organisms and also entire cultivation systems can be 

evaluated by their photoconversion ef fi ciency (PCE). This value represents the 

percentage of incident solar radiation which is ultimately stored as chemical energy 

of the biomass. In theory, microalgae can attain PCE values of 12.6%  [  51  ] . However, 

in practice a PCE value of only 5% is achievable  [  30  ] . The difference can be traced 

to physiological and physical causes. With regard to physiology, high oxygen 

concentrations induce respiration and therewith loss of biomass. Moreover, excess 

incident light energy is dissipated as  fl uorescence and heat. Physical causes com-

prise, amongst others, mutual shading of cells and re fl ectance of radiation at the 

surface of reactors. However, photobioreactor improvement aims at optimizing 

conditions, such as gas concentrations and illumination in order to minimize losses 

and to approach a generally assumed technical upper limit of 9% PCE  [  26,   30  ] . 

In temperate climates, PCE values for terrestrial plants are reported to be in the 

range of or even below 1%  [  6,   29  ] . 

 For each individual application and valorization of products a certain price limit 

for the biomass is given and fundamentally in fl uences the process design itself. 

Prices for pharmaceutical products are certainly higher than for biodiesel and there-

fore justify expensive processes. In this case, energy balances and process costs are 

not crucial for the overall pro fi tability. In the aquaculture sector, production costs of 

dry microalgae biomass range from 50 to 150 US$/kg. Maximal values were even 

speci fi ed to reach 1,000 US$/kg  [  32  ] . Prices for biomass targeting the animal feed 

market need to decline to less than 10€ (circa 13 US$). Production cost for biomass 

targeting the energy market need to be even below these values  [  35  ] . 

 Cultivation of microalgae for the energy market imposes challenging restraints 

for bioreactor design. Even though prices on the energy market are expected to 

continually increase in the next years and even decades, the continuing exploitation 

of fossil resources con fi nes the upper price limit for alternative and sustainable 

energy sources. Gross margins earned with low-price products, such as hydrogen or 

biodiesel, are very small. Learning curve effects in microalgae cultivation and cost 

reduction of large scale implementation (economies of scale) are not only expected 

to reduce costs but are also necessary for price-competitive applications  [  5  ] . 

Moreover, an integrated utilization of products serving the energy market and the 

simultaneous valorization of side-products might be a promising approach to meet 

the challenge and increase the overall added value. 

 Nevertheless, price-competitive bioprocesses must be focused on and engineer-

ing must aim at providing low-cost bioreactors which attain high productivities. 

Moreover, a positive net energy balance is crucial for a competitive bioprocess and 

also fundamentally determines the ecologic bene fi t of the process. In order to meet 

both economic and energetic demands, development of novel photobioreactors 

requires the consideration and permanent assessment of the three indicators produc-

tivity, cost, and net energy gain. 
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    1.1   Photobioreactors—General Considerations 

 The physiological requirements of microalgae determine the basic design of a 

photobioreactor. Phototrophic microorganisms capture sunlight or arti fi cial light 

and transform light energy into chemical energy in the form of ATP and reduced 

NADPH which are essential for carbon  fi xation. A photobioreactor needs to supply 

cells with suf fi cient light and at the same time with enough carbon dioxide to build 

up carbon hydrates for anabolism and storage purpose. The generation of oxygen is 

stoichiometrically linked with carbon dioxide consumption. Accordingly, excess 

oxygen needs to be removed from the system. Furthermore, microalgae need inor-

ganic nutrients and trace elements for growth. The stoichiometric demand of nitro-

gen and phosphorous, for example, can be deduced from the elemental composition 

of the microalgae. 

 In terms of hydrodynamics, a photobioreactor represents a three phase system 

with the liquid system providing the inorganic nutrients which are dissolved in the 

broth. The gaseous phase supplies carbon dioxide and excess oxygen is removed 

from the system via gas bubbles. Eventually, the solid phase consists of cells. 

A fourth interacting component is the superimposed light radiation  fi eld. 

 The major challenge, and the function of a bioreactor, is to provide favorable 

conditions which allow for high productivities and avoidance of inhibiting or limiting 

effects. However, considerable gradients of CO 
2
  and O 

2
  can affect growth. Light that 

impinges on the reactor surface ( I  
0
 ) is absorbed and scattered and thus not all cells 

in the reactor receive light with the same intensity. Even local differences in concen-

trations of inorganic nutrients can occur (Fig.  1 ). No photobioreactor concept 

provides optimal mass transfer and light distribution in a manner that the occur-

rence of gradients is completely avoided.  

 Improvements of photobioreactor designs mainly focus on three key areas, 

namely light transfer, reaction (related to aeration), and hydrodynamics. It is not 

suf fi cient to address these aspects all separated from each other but there are 

signi fi cant interferences which mainly in fl uence physiology, growth, and productivity 

in photobioreactors (Fig.  2 ). Yet in order to reduce complexity, experimental scale-

down approaches try to separate interdependent in fl uences to unravel underlying 

mechanisms in fl uencing productivity  [  37  ] .  

 These key aspects and their interdependency are further addressed in the follow-

ing sections.  

    1.2   Light Distribution 

 Light impinges on the reactor surface, is absorbed by cells, scattered and re fl ected 

and thus light intensities necessarily decrease with increasing distance from the 

surface. Consequently, light cannot be provided with equal intensities for all cells 
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  Fig. 1    Inhomogeneities affect behavior of single cells in a reactor. Light, CO 
2
  and nutrients are 

required for cell growth. O 
2
  and excess heat need to be removed from the reactor. Local differences 

in concentrations cause inhomogeneous conditions for growth.  I  
0
  (I): incident (/local) light inten-

sity; dCO 
2
  (/dO 

2
 ): dissolved CO 

2
  (/O 

2
 ); pCO 

2
 , in (/pO 

2
 , out): partial pressure of CO 

2
  (/O 

2
 ) entering 

(/leaving) the reactor; Topt (/Tlocal): optimal (/local) Temperature;  D  dilution rate,   m  : speci fi c 
growth rate       

  Fig. 2    Interdependency of biochemical reaction, light transfer, and  fl uid dynamics in a photobio-
process  [  37  ]        
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within the reactor at the same time. Furthermore, the incident light intensity is sub-

ject to daily and seasonal changes, as well as weather in fl uences. Even increasing 

cell concentrations strongly alter light distribution in the time course of a single 

cultivation due to absorption, scattering, and mutual shading. 

 All photobioreactor concepts apply the same common design principle of a lim-

ited light path length (Table  1 ). Light gradients in the reactor are inevitable. 

Nevertheless, a plate or tubular thickness that signi fi cantly exceeds the light path 

length, leads to an increased dark volume. This generally impairs the overall pro-

ductivity because microalgae shift to respiratory metabolism when photosynthesis 

is stopped. The signi fi cance of respiratory losses can be deduced from respiratory 

maintenance metabolism during night hours. Respiration can cause a biomass loss 

of up to 25% of biomass produced during the day  [  11,   23  ] .  

 Many attempts to simulate growth of algae cultures assume an exponential 

decline of light intensity with increasing distance from irradiated reactor surface 

 [  44  ] . High cell densities tremendously limit the light path length. Exemplary mea-

surements show that at a cell concentration of 10 g/L ( Arthrospira platensis ), about 

95% of incident light ( I  
0
  = 1,925  m E/m²/s) is absorbed or scattered along the  fi rst 

2 mm of the light path  [  46  ] . 

 However, high cell concentrations are desirable because downstream processing 

(DSP) usually requires high energy input, e.g., for centrifugation or spray drying. 

High cell concentrations increase ef fi ciency of DSP by reducing energy input and 

cost per biomass yielded. Cell densities of about 5 g/L were reached with  Chlorella  

in semicontinuous cultivation experiments in airlift-photobioreactors  [  12  ]  and max-

imal dry weight concentrations of  Phaeodactylum tricornutum  cultures under out-

door conditions of around 7–8 g/L were attained in a Flat-Panel-Airlift reactor 

(Subitec, Germany)  [  35  ] . 

   Table 1    Adjustment of reactor geometries to light utilization   

 Reactor type  Annular columns 
 Flat plate 
reactor 

 Tubular 
reactor 

 Plate 
reactor 

 Reactor volume (m³)  0.12  0.25  7  6 

 Light path length (cm)  4.5  7  4  3 

 Illuminated surface 
area (m²) 

 5.3  7.5  600  500 

 Aperture area (m²)  1.47 (mutual shading)  –  110  100 

 1.23 (without shading) 

 Surface: aperture area 
ratio (−) 

 3.61 (mutual shading)  –  5.45  5.00 

 4.31 (without shading) 

 Surface: volume ratio (m)  44  30  86  83 

 Biomass concentration 
(DW) (g/L) 

 0.6–1.71  –  5–8  5–8 

 Productivity (DW) 
(g/L/day) 

 0.46  –  0.8–1.2  0.8–1.3 

 References   [  9,   53  ]    [  42  ]    [  33  ]    [  33  ]  
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 Provided that the light path length exceeds the plate thickness in  fl at plate reac-

tors, exponential growth of the culture can generally be achieved. Transmitted light 

is not necessarily “lost” but can be captured by other compartments of the facility, 

e.g., when parallel reactors are arranged in fence-like structures (Fig.  4 ). Otherwise, 

all photons will be absorbed thus leading to linear growth on condition that no sub-

strates become limiting. 

 The tremendous implication on scale-up is that the rule of geometric similarity 

on different scales cannot be applied to photobioreactors. Instead, one dimension is 

more or less  fi xed. Scale-up is limited to the remaining dimensions. 

 The assumption that exposure of microalgae cultures to high irradiances neces-

sarily increases productivity would be misleading. 

 A look at Fig.  3  reveals that growth rates show a linear increase with light inten-

sities only in a very narrow range. As shown here for the model organism, 

 Porphyridium purpureum  cultures are light limited when light intensities impinging 

on the reactor surface range up to ca. 100  m E/m²/s. Higher intensities have almost 

no advantageous effect on growth kinetics since dark reactions in the CO 
2
   fi xing 

Calvin–Benson cycle become kinetically limiting and therefore the availability of 

NADP+ and ADP for any further conversion of the H +  gradient across the thylakoid 

membrane to NADPH and ATP is restricted. Excess light that is harvested by the 

algae is dissipated as heat or  fl uorescence by pigments  [  51  ] . Cells are said to be light 

saturated. Growth rates do not increase linearly when light intensities are raised but 

rather stay constant over a wide range. Such inef fi cient utilization of light will 

necessarily result in low PCE values.  

 Further increase in light intensities can even damage proteins involved in the 

photosynthetic apparatus and inhibit cell growth. This phenomenon is called 

  Fig. 3    Effect of light intensities on growth kinetics of  P purpureum  in turbidostat cultivation mode 
under homogenous light conditions (  fi lled circle  growth rates resulting from continuous illumina-
tion;   fi lled square  growth rates when cells are exposed to light/dark cycles)       
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light inhibition. It is characterized by reduced growth rates when light intensities 

are further increased  [  2  ] . 

 The reaction of microalgae to various light intensities is affected by adaptation 

processes over the day cycle and also dependent on the speci fi c strain. The latter should 

already be taken account of in screening programs for isolation of new strains. 

 An optimized operating point for photobioreactors lies in a range where light is 

limiting and saturation is avoided (as indicated by the vertical, dashed lines in 

Fig.  3 ). These conditions fundamentally determine photobioreactor geometry. 

 A high surface to aperture area (or ground area) is attributable to the fact that 

high midday summer light intensities need to be avoided and thus light is spread 

over a larger surface area. Otherwise, cultures would be exposed to the high light 

intensities that lead to saturation or even inhibition. This generally applied concept 

is referred to as “light dilution.” Furthermore, limited light penetration depth 

con fi nes reactor geometry in one dimension. Consequently, reactors are  fl at or con-

sist of tubes with small diameters. Finally, a high surface to volume ratio is attribut-

able to the other two demands on geometry. 

 The Green Wall Panel reactor is one example for light dilution in practice  [  45  ] . 

Vertical reactor compartments of  fl at panels in fence like arrangements collect light 

rays at large angles and therewith achieve a dilution effect (Fig.  4 ). In particular, high 

areal productivities and ef fi cient light utilization can be obtained since the modules 

can be placed in relatively short distances (e.g., 1 m high modules, 0.9 m distance 

 [  36  ] ) and even light-averted surfaces collect re fl ected and diffuse light  [  46  ] .  

 Table  1  gives an overview of different reactor concepts and their corresponding 

surface to aperture area ratios. 

  Fig. 4    Green wall panel in the Negev desert ( [  4  ] )       
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 Although individual reactor and scale-up concepts signi fi cantly vary, it becomes 

clear that all reactors provide high surface areas to collect the incident light 

(surface:volume ratios of 30–86 are shown) and small depths (3–7 cm) account for 

limited light path length. Moreover, all reactors dilute light that is collected from a 

certain area at least by a factor 3.6 (surface:aperture area ratios: 3.61–5.45) in order 

to avoid excess light intensities. 

 Midday light intensities of about 1,000  m E/m²/s are not uncommon in Europe in 

the summer season (2,000  m E/m²/s in equatorial regions)  [  10,   30  ] . Therewith, a 

surface to aperture area ratio of 10 or even more would be reasonable if the speci fi c 

algal strain reacted similarly to high photon  fl ux densities like  P. purpureum , as 

depicted in Fig.  2 . 

 Adjustments for every individual facility to the requirements and characteristics 

of the speci fi c algae as well as the location, latitude, and climatic conditions need to 

be considered.  

    1.3   Fluid Dynamics 

 Appropriate mixing is the basis for suf fi cient mass transfer in bioprocesses and 

simultaneously prevents cell sedimentation. On the reactor scale, homogenous con-

ditions in terms of equal supply with all nutrients and CO 
2
  is mainly determined by 

convection while on a cellular scale, mainly turbulent dispersion and diffusion 

in fl uence mass transfer. Turbulences in the liquid phase reduce diffusion barriers 

around gas bubbles and therewith enhance not only carbon dioxide supply for pho-

tosynthetically active cells but also oxygen removal  [  23,   34  ] . Stoichiometric CO 
2
  

demand of microalgae is strain-dependent and in fl uenced by the physiological state 

as well as product formation (e.g., lipid accumulation) but can be considered to be 

in the range of 1.65 g/g biomass up to 3 g/g biomass for oil rich algae  [  26  ] . Low 

volumetric productivities of phototrophic cultures together with their related CO 
2
  

demand imply that the intensity of mass transfer is generally less problematic than 

in heterotrophic bacterial cultures (up to two magnitudes smaller). Nevertheless, 

signi fi cant gradients along the way of gas bubbles through the reactor can occur. 

This is mainly caused by the fact that the light path length and therewith depth of a 

reactor is limited (see above). Consequently, scale-up is restricted to extension in 

the two other dimensions. Reactor geometries are not inherently comparable 

between different conceptual design approaches. The occurrence of CO 
2
  and O 

2
  

gradients is particularly signi fi cant for reactors with long distances between several 

aeration and degassing points like in tubular reactors  [  39  ] . 

 Therefore, hydrodynamics have to be carefully considered to make sure that high 

local oxygen concentrations, and thus a shift towards photorespiration, are avoided. 

For some species, oxygen concentrations higher than 120% air saturation can already 

cause inhibition. High oxygen concentrations can also cause  [  30  ]  photooxidative 

damage when algae cultures are exposed to intense sunlight at the same time  [  10  ] . 

 Similarly, a balanced distribution of CO 
2
  shall ensure that the local CO 

2
  partial pres-

sure does not drop below 0.1–0.2 kPa in any region of the photobioreactor (Fig.  5    )  [  54  ] . 
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If partial pressure drops below that level growth kinetics can be limited  [  15,   49  ] . 

Gradients of CO 
2
  are also related to gradients of pH in the reactor since pH and CO 

2
  

concentration are interconnected by the chemical equilibrium of carbon dioxide, 

hydrogen carbonate, and carbonate  [  39  ] . These coherences are shown in Fig.  2  by 

the intersection of the key areas, “hydrodynamics” and “reaction.”  

 Mixing times of 100 s (at super fi cial gas velocities usually below 0.05 m/s) are 

not unusual for bubble column reactors. Upward liquid movement is induced by 

aeration; downward movement occurs close to the reactor wall. Axial dispersion 

coef fi cients are in fl uenced by the super fi cial gas velocity and are typically in the 

range of 0.01–0.02 m 2 /s. Radial dispersion coef fi cients, however, are one to two 

orders of magnitudes lower than axial dispersion coef fi cients, yet gain special 

importance in photobioreactors  [  8  ] . With regard to the superimposed light  fi eld and 

considering the fact that photosynthesis occurs especially close to the reactor wall, 

where enough light is available, an equalized gas distribution at the edge of the col-

umn is desirable. In addition, radial dispersion fundamentally determines the resi-

dence time of cells in dark and illuminated volume elements. Radial dispersion 

coef fi cients (especially in volume elements close to the edge of the reactor) can be 

increased with higher super fi cial gas velocities, yet shear stress imposed on the cells 

and high costs of increased auxiliary energy input considerably limit aeration rates. 

 The interdependency between “hydrodynamics” and “light distribution” (Fig.  2 ) 

is further addressed in the following section.  

    1.4   Intermittent Light Effect 

 In addition to the aforementioned efforts to ensure deep penetration of light into the 

culture, it must be constituted that the presence of dark volume elements in a pho-

tobioreactor does not necessarily decrease volumetric productivity of the system. 

On the contrary, the circulation of algal cells between suf fi ciently illuminated and 

  Fig. 5    CFD simulation of a 
plate bioreactor (height 1 m, 
width 0.5 m, thickness 
0.1 m). The  red lines  indicate 
trajectories of volume 
elements, representing the 
axial dispersion       
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dark volume elements can increase the overall volumetric productivity in reactors at 

saturating light intensities. This phenomenon is referred to as intermittent (or 

“ fl ashing”) light effect  [  22  ] . As long as microalgae are located in illuminated areas, 

photons are captured and the photosynthetic apparatus generates ATP and NADPH 

(light reactions). Light reactions stop when cells are located in a dark volume ele-

ment. Nevertheless, dark reactions, that are driven by ribulose bisphosphate car-

boxylase (Rubisco) and that are kinetically limiting for the overall CO 
2
   fi xation 

process, can proceed. The overall productivity can eventually be increased in a reac-

tor if light intensities exceed saturation levels and frequencies of circulation between 

dark and illuminated volume elements are bene fi cial for the algae cells. 

 Experiments with  Dunaliella  have shown that photosynthetic ef fi ciency can be 

increased in comparison to continuous illumination for light/dark cycles of 5.32 Hz 

but ef fi ciency is lower under slow cycles of 0.17 Hz  [  21  ] . Reasons for reduced 

ef fi ciency when slow light/dark cycles are prevalent are not clear, yet. One possible 

reason might be interference with intracellular control loops on the epigenetic level 

 [  30  ] . Cycle frequencies of >1 Hz are recommended for  P. tricornutum   [  24  ] . Optimal 

cycle frequencies are certainly strain-dependent and also strongly in fl uenced by 

photon  fl ux densities and spatial distribution of light in the liquid volume. 

 Usually, favorable light/dark cycle frequencies can be attained when prevalent 

 fl ow regimes in reactors are turbulent so that suf fi cient radial mixing along the light 

path is guaranteed. However, this demand imposes two restrictions. Firstly, some 

algae species are sensitive to shear stress. Microeddies with dimensions comparable 

to cell size should be avoided. This restriction can be crucial for scale-up when 

speci fi c light/dark cycles should be obtained but the high energy input required gener-

ates cell damaging  fl ow regimes  [  25  ] . Secondly, high levels of auxiliary energy input 

are usually required to attain light/dark frequencies in a desirable order of magnitude. 

These energy inputs signi fi cantly exceed values necessary for suf fi cient mass transfer. 

Especially for energetic utilization of biomass the energy balance requires that energy 

input is minimal. Energy content of algae can range from 20 to 30 MJ/kg for oil rich 

algae  [  30  ] . Unfortunately, little information is available about the correlation between 

energy input and frequencies of light/dark cycles in different reactor geometries. 

 Computational  fl ow dynamics (CFD) simulations can be implemented to estimate 

radial mixing velocities and therewith residence times in dark or illuminated volume 

elements. Biomass concentration, pigment composition, and light intensities at the 

surface of a reactor strongly in fl uence the spatial light distribution and the associated 

ratio of dark and illuminated volume elements. Exemplary simulations for tubular 

reactors show that static helical mixers could increase light/dark cycle frequencies in 

a tubular reactor with a factor higher than 20 compared to plain tubes  [  27  ] .   

    2   Closed Photobioreactor Designs 

 Closed photobioreactors enable axenic cultivation of microalgae, maximal control 

of culture parameters, e.g., pH and temperature, and prevent water loss due to evap-

oration, one major drawback of open pond cultivation systems  [  33  ] . 



63926 Closed Bioreactors as Tools for Microalgae Production

 Their solar light capturing surfaces consist of transparent materials with long 

shelf lives, e.g., poly(methyl methacrylate) (PMMA)  [  14,   41  ] , borosilicate glass 

 [  28  ] , or simply compartments of plastic  fi lm  [  31  ] . 

 In general, three basic designs were developed on the basis of the aforemen-

tioned considerations. These are bubble columns,  fl at plate, and tubular reactors 

(Fig.  6 ). Mainly implementation of a short light path length and the principle of 

light dilution determine the fundamental geometries of these reactors.  

 With regard to economic considerations, investment costs should not exceed 50 

US$/m² for biofuel production  [  30  ]  and operating costs equally need to be mini-

mized. The energy input is one important cost factor and likewise signi fi cantly 

in fl uences the net energy gain. Table  2  gives an overview of power input of several 

reactors in outdoor experiments.  

 The main characteristics of three common reactor types are outlined in the fol-

lowing sections. Furthermore, some variants, adapted to the extended demands, 

such as low cost and high productivity, are shown. 

    2.1   Bubble Columns 

 Bubble columns generally consist of cylindrically shaped transparent vessels that 

are aerated by a gas distributor feeding gas bubbles with limited diameter and thus 

high gas/liquid exchange area into the system. Aeration does not only supply cultures 

   Table 2    Power input (excluding light) of different reactors in outdoor experiments   

 Reactor type  Power input (W/m³)  Productivity (g/L/day)  References 

 Helical tube reactor (outdoor)  3,200  1.4   [  18  ]  

 Tubular photobioreactor  300  0.3–0.7   [  1  ]  

 Bubble column (outdoor)  109  0.4 (10 days average)   [  41  ]  

 Flat panel airlift  100–200  Circa 0.76 (average)   [  35  ]  

  Fig. 6    Basic reactor geometries: ( a )  fl at plate reactor; ( b ) bubble column (here represented by an 
annular column); ( c ) tubular reactor       
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with carbon dioxide but also induces liquid movement and dispersion and thus 

contributes to a more equalized distribution of dissolved gasses and also prevents 

cells from settling. The super fi cial gas velocity (typical values between 0.01 and 

0.05 m/s (e.g.,  [  53,   9  ] ) affects the radial dispersion coef fi cient and together with the 

diameter of gas bubbles determines the interfacial area for mass transfer. In an 

attempt to improve mass transfer and radial dispersion a system with two different 

gas distributors was tested. A  fi rst gas sparger provides bubbles with a smaller diam-

eter mainly for carbon dioxide supply. The second gas distributor provides bubbles 

with a larger diameter that induce turbulences for improved radial mixing and 

increased radial dispersion coef fi cients. At the same time this system should dimin-

ish wall adhesion  [  16  ] . 

 With regard to the geometrical structure of a bubble column photobioreactor 

there are several degrees of freedom. The ratio of length to diameter varies 

signi fi cantly. With regard to scale-up the diameter is limited by the light path length. 

The length of the column, in contrast, is limited by mass transfer and energetic con-

siderations because a high hydrostatic pressure requires high power input for the 

aeration system  [  40  ] . A scale-up approach, in this case numbering-up, was demon-

strated by the placement of several columns in speci fi c distances and taking into 

consideration that column reactors mutually shade each other depending on the 

angle of incident light  [  9,   53  ] . 

 A second cylinder can be installed in the center of the column to form an annular 

reactor  [  9  ] . Therewith, the dark liquid volume that does not contribute to the overall 

productivity is reduced. Simultaneously, the thickness of the column is adjusted to 

the short light path length and the scalability of the diameter is less restricted. 

Moreover, if the material chosen for the inner cylinder is transparent, this surface 

can additionally contribute to illumination of cultures. If energy input is not decisive 

for the economy of a process, additional light sources could be installed to illumi-

nate cultures even from the inside of the annular reactor. However, this approach 

should not be taken into account for algae cultivation for the energy market. 

 The airlift principle can be applied to column reactors to improve axial transport. 

In this case, two interconnected compartments are separated in longitudinal direc-

tion. Aeration in just one compartment, the riser, induces and upward  fl ow, while the 

liquid volume with a lower gas hold up  fl ows down in the downcomer section  [  41  ] . 

 Depending on the speci fi c design of the reactor, illumination and dimension of 

riser and downcomer one should keep in mind that light/dark cycles can be induced. 

Especially unfavorable slow cycles should be avoided  [  30  ] .  

    2.2   Flat Plate Reactors 

 The special design of  fl at plate photobioreactors with small distances between 

their translucent rectangular covers allows for cultivation with small layer thick-

ness in response to the limited light path length (Figs.  4  and  6 ). Flat plate reactors 

can be compared with bubble columns with regard to aeration and mixing. 
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Movement of gas bubbles through the reactor induces mixing mainly along the 

vertical axis. The main difference is given by the short thickness of  fl at plate 

reactors which generally amounts only a few centimeters (e.g.,  [  42  ] ). If biomass 

concentrations during operation, absorbance and incident light intensities can be 

reasonably estimated during the planning process, adjustment to the light path 

length can widely prevent the occurrence of dark volumes. The relatively simple 

geometry facilitates scale-up tremendously, e.g., when several reactor modules are 

placed in north–south oriented “fences” (Fig.  4 ). 

 Instead of using glass plates, in some applications plastic bags are  fi xed in a 

metallic frame (Green Wall Panel  [  45  ] , see also Fig.  4 ). The replacement of glass by 

much cheaper, transparent, disposable plastic bags is particularly interesting for 

commercial application. In this case, the reaction vessel can be exchanged when 

fouling or contamination makes a further utilization unfavorable. 

 The company  Solix Biofuels  (Fort Collins, CO, USA), for example, cultivates 

algae in submerged  fl at plastic bags. In principle, the concept can be traced back to 

the basic design of  fl at plate reactors. The fundamental setup of the third generation 

reactor concept (3G) is depicted in Fig.  7 . Major advantage of the submerged reac-

tion compartments is the fact that additional temperature control is not necessary in 

the system because the surrounding water acts as temperature buffer. Moreover, 

construction costs for the reactor are reduced as there is no need for a special scaf-

fold supporting the  fl at reaction compartments. The demonstration facility (south-

western Colorado) utilizes wastewater from coal-bed methane production. The 

innovative gas sparger system is integrated in the seam of the plastic bags and dis-

tributes CO 
2
  enriched gas of a nearby amine plant. Therewith, the concept aims at 

an integrated environmental-friendly biomass production connected with CO 
2
  captur-

ing. According to the information given by the of fi cial website  Solix  produces 

5,000–8,000 gallons of algal oil per acre, per year (circa 42–67 t/ha/a, assuming an 

  Fig. 7    Solix Biofuels’ demonstration facility: schematic representation of the 3G reactor setup 
and photography of the production facility  [  43,   48  ]        
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oil density of 900 kg/m³)  [  43  ] . A fourth generation reactor is currently under devel-

opment. Investigations on the replacement of the spargers by an integrated mem-

brane aeration system are undertaken by the company  [  7,   47,   48  ] .  

 Another commercially applied advancement of classic  fl at plate reactors was 

realized by  Proviron  (Hemiksem, Belgium) (Fig.  8 ). Their major focus was set on 

development of an ef fi cient low-cost reactor suitable for large-scale outdoor appli-

cations. Their approach comprises the incorporation of  fl at growth compartments 

(less than 1 cm thick) within water- fi lled plastic bags without any rigid structure. 

The major part of the setup is represented by water- fi lled chambers that are sepa-

rated from reaction compartments. Water diffuses the impinging solar radiation, 

which should result in an equalized light distribution within the water- fi lled chamber. 

At the same time, temperature is regulated without any additional energy input. 

Moreover, the water- fi lled chambers themselves constitute the scaffold of the reac-

tor. In the future, the low auxiliary energy demand of 20 kW/ha should be further 

reduced with control strategies that aim at adaption of aeration to light. According 

to the company’s outlook investment cost is expected to drop from currently 

200,000€/ha to 100,000€/ha  [  31  ] .  

 A straightforward approach to improve  fl at plate reactor productivity and enforce 

bene fi cial light/dark cycles was implemented in the  fl at-panel-airlift reactor  [  14  ] , a 

concept that was further improved for large-scale outdoor applications by the 

company  Subitec  (Fig.  9 ). This reactor works according to the airlift principle. 

Compressed air is injected in the riser which induces an upward  fl ow of liquid. 

Speci fi c  fl ow regimes are induced by the elaborate arrangement of interconnected 

chambers that are separated by baf fl es alternatively located at the front- and back-

side of the reactor. Therewith radial mixing is substantially improved and cells circu-

late between darker and more illuminated regions of the reactor. The speci fi c design 

with indentations (acting as baf fl es) provides additional surfaces for light capturing 

and certainly contributes to light availability within the culture. After reaching the 

top of the  fl at plate reactor, the liquid volume descends in a downcomer with small 

diameter, so that the culture circulates repeatedly through the compartments.  

  Fig. 8    Submerged  fl at panels in a  Proviron  photobioreactor  [  31  ] .  Left : Floating reaction 
compartments in the inside of the reactor contain the algae suspension while the surrounding 
water serves mainly as temperature buffer and is equally important for the structure.  Right : Exterior 
view at the reactor designed for outdoor applications       
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 According to information given by the company, the energy input ranges in 

between 100 and 200 W/m³. Total energy consumed in the process referred to bio-

mass produced is speci fi ed to be below 20 MJ/kg dry mass and thus below the aver-

age energy content of algae biomass (see above). Efforts are undertaken to further 

decrease this value  [  35  ] . 

 To sum up, the  fl at-panel-airlift reactor concept integrates three bene fi cial char-

acteristics: a short light path length, ef fi cient mixing, and utilization of the intermit-

tent light effect.  

    2.3   Tubular Reactors 

 The straight, looped or coiled transparent glass or plastic tubes of tubular reactors 

are usually arranged in horizontal or vertical arrays  [  18,   28  ] . Liquid  fl ow is induced 

by pumping of the liquid volume or by airlift circulators  [  24  ] . 

 Scale-up by increasing the tube diameter is limited with respect to light penetra-

tion depth into the culture. However, light is focused in radial direction to the center 

of the tube. This effect partially compensates for exponential decrease in light inten-

sity due to absorption which is described by Lambert–Beer’s law. Diameters in the 

range of 3–6 cm are common  [  18,   24  ] . The occurrence of dark volumes in the center 

of the reactor does not necessarily lower productivity. Induction of favorable light/

dark cycles can be achieved by high liquid velocities or installation of static mixers 

and thus increase volumetric productivity  [  27  ] . Molina et al. suggested identical 

light/dark cycle frequencies on different scales as a suitable scale-up criterion for 

achieving similar productivities  [  24  ] . 

 Since scale-up potential with regard to tube diameter is restricted, tube lengths 

are increased and modular units are multiplied, e.g., mounted on vertical scaffolds 

(Fig.  10 ).  

 Gas exchange is crucial for this type of reactor. Aeration and oxygen removal 

usually take place in speci fi c gassing and degassing compartments, whereas gassing 

  Fig. 9    Flat panel airlift reactor developed by  Subitec  (Stuttgart, Germany).  Left : Outdoor cultivation 
with the  fl at panel airlift reactor.  Middle : Forefront and backside of the reactor with characteristic 
slots and baf fl es.  Right : Circular liquid  fl ow through illuminated and dark zones is induced by the 
speci fi c design with static mixers       
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at several points along a tubular track is a conceivable option. The  fl ow regime 

within the tubes can be regarded as plug  fl ow regime with minimal backward and 

forward mixing. Therefore, considerable spatial gradients of oxygen and CO 
2
  along 

tubular axis occur and gain importance with increasing lengths of tubes. Limited 

availability of carbon dioxide limits cell growth at some point. One should also keep 

in mind that pH gradients are concurrent with CO 
2
  gradients on account of the car-

bonic acid equilibrium  [  39  ] . Oxygen removal is another important aspect since oxy-

gen supersaturation inhibits growth or even causes oxygen-induced cell damage  [  3  ] . 

Therefore, dimensions of the degassing section, length of tubes, liquid  fl ow rates, 

and mass transfer must be reasonably adjusted in order to avoid detrimental oxygen 

concentrations and CO 
2
  limitation as well. 

 Tubular reactors can attain high productivities, e.g., 1.4 g/L/day in a helical reac-

tor  [  18  ]  or 1.9 g/L/day in an airlift-driven tubular reactor with  fl at arrangement of 

solar collecting tubes  [  25  ] . However, power supply for tubular reactors is usually 

much higher compared to the aforementioned alternative design concepts. Power 

supply in magnitudes ranging from 800 to 3,200 W/m³  [  18,   42  ]  is unfavorable for 

production of biodiesel and hydrogen. Therefore, tubular reactors should rather be 

used for cultivation of high value products, e.g., for the pharmaceutical market. 

 Most prominent commercial application of tubular photobioreactors is probably 

the biggest indoor tubular reactor, set up by the company  Bisantech  in Klötze, 

Germany (Fig.  10 ). 

 About 500 km of tubes with a total volume of circa 700 m³ are located in a green-

house where tubes are arranged in vertically oriented scaffolds to attain maximum 

areal productivity. 

  Fig. 10    Tubular photobioreactor in Klötze, Germany (meanwhile belonging to the  Roquette 

group )       
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 The tubes are not all interconnected because gradients resulting from such an 

arrangement would necessarily lead to inhibiting accumulation of oxygen and 

simultaneously to carbon dioxide limitation. Before being recirculated through the 

tubular system, the culture suspension intermittently enters degassers. In the facil-

ity, temperature is actively regulated to adjust to optimal culture conditions  [  30  ] . 

The facility’s output targets the nourishment market sector with production costs 

of circa 15€/kg [approximately 20 US$/kg] biomass. Productivities of 100 t/ha are 

attained under mixotrophic growth conditions (Prof. Steinberg, personal 

communication).   

    3   Concepts for Future Reactor Improvement 

 With regard to the aforementioned restrictions, an increase in PCE of more than a 

factor two cannot be expected. Process costs need to be drastically reduced by lower 

investment cost and lower demand for auxiliary energy to target a price range of less 

than 5 US$/kg biomass. 

 Aeration with membranes can be one major improvement for future reactor 

developments  [  13,   17  ] . The interfacial area for CO 
2
  input and O 

2
  removal from the 

culture in case of membrane gas exchange is de fi ned by the surface area of the 

membrane itself and no longer by the surface of gas bubbles. This concept could 

drastically reduce the overall input of auxiliary energy since there is no longer the 

need to generate bubbles, and energy loss when bubbles fuse with the top headspace 

gas phase is avoided. However, gentle agitation will still be required for gas disper-

sion. A proof of concept is missing in photo-biotechnology but implementation of 

membrane systems are considered by  Solix Biofuels   [  26,   47  ] . 

 If bene fi cial light/dark cycles cannot be attained with low inputs of auxiliary 

energy, laminar  fl ow patterns can be accepted if diffusion paths from gas membranes 

to all volume elements are small enough to supply all cells with CO 
2
  solely by 

diffusion. In this case, additional power input for dispersion could be spared and the 

overall energy balance tremendously improved. However, this approach requires 

large surface areas for membranes and a drastic reduction of diffusion path length 

and thus simultaneously light path length. Such a short light path length could, by 

contrast, allow for high cell concentrations which is favorable for DSP. This 

approach also lacks a proof of concept. 

 Future development will show if membrane gassing will be established on a 

large scale. 

 With regard to the current high demand of auxiliary energy for photobioreactors, 

reduction of the height of reactors could signi fi cantly contribute to increased energy 

ef fi ciency. “Low ceiling” concepts aim at reducing the hydrostatic pressure and 

therewith the energy demand for aeration systems. Additional improvements in 

control engineering can certainly facilitate further energy saving in the future. 

Requirements of carbon dioxide and therewith removal of oxygen is dependent on 

cell concentration and on light availability in the culture. Therewith, carbon dioxide 
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supply and energy input for mixing should be adjusted to photosynthetic activity, 

photon  fl ux-density respectively, and cell concentration. Proviron, for example, 

claims that the auxiliary energy input can be halved in the future by adapting aera-

tion to light availability  [  31  ] . 

 Infrared radiation is not photosynthetically convertible into chemical energy but 

contributes to heating of algae culture. Infrared re fl ecting materials or coatings 

could additionally improve the overall energy balance by reducing the energy 

required for cooling. Transparent materials with selective transmittance are avail-

able and were developed for the installation in buildings, cars, and greenhouses 

 [  19,   38,   50  ] . 

 A different approach to the dif fi culty of light capturing and distribution aims at 

harvesting the light in a module that is spatially separated from the reactor itself. 

The Green Solar Collector  [  52  ]  harvests light by moving lenses whose orientation 

is guided by a computer that calculates position and altitude of the sun in order to 

capture maximum amount of photons. The light is then focused and transported via 

plastic light guides where light is totally re fl ected. A change in refraction index 

releases the photons in the microalgae suspension. It is suggested that light redis-

tributing plates are integrated in small distances from each other in airlift-photobio-

reactors. According to the authors biomass concentrations of up to 20 g/L could be 

maintained in such a setting with good light distribution and induction of bene fi cial 

high frequency light/dark cycles  [  20  ] . 

 Spatially separated light harvesting and reactor modules can have bene fi cial 

advantages because parameters like temperature can be controlled more easily. 

Furthermore, in fl uences of unfavorable weather conditions, such as hail, will be 

con fi ned only to the light collector. That will positively in fl uence maintenance costs. 

 Spatial separation of light harvest and cultivation differs from all other concepts 

presented here, but the basic principles of other reactor designs can also be retrieved 

here. In order to optimize light utilization and productivity, light path length is also 

limited in this reactor, as the reactor contains  fl at panel compartments with short 

light path lengths. Moreover, turbulent  fl ow patterns, induced by aeration, ensure 

rapid circulation of microalgae between dark zones and illuminated volume ele-

ments in order to bene fi t from the intermittent light effect  [  20  ] .  

    4   Conclusion 

 Many efforts in the  fi eld of photo-biotechnology have not brought out the “perfect” 

photobioreactor, yet. All basic concepts show speci fi c advantages and disadvan-

tages that  fi nally lead to the development of more sophisticated reactors. These 

should be characterized by outstanding light utilization and mass transfer, yet be 

operated with minimum energy input. Moreover, diverse algae strains show different 

behavior in terms of light saturation, robustness towards shear stress, and other cul-

ture conditions. Therefore, bene fi ts and drawbacks of different reactor concepts 

should be taken into account in terms of producing biomass or energy rich products 
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for the energy market. At the same time, adjustment of the particular system to the 

speci fi c algae strain will be unavoidable. Nevertheless, high productivities and 

photoconversion ef fi ciencies give rise to high expectations in this  fi eld of research.      
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  Abstract   Lipid extraction is a critical step in the development of biofuels from 

microalgae. The use of toxic and polluting organic solvents should be reduced and 

the sustainability of the extraction procedures improved in order to develop an 

industrial extraction procedure. This could be done by reducing solvent amounts, 

avoiding use of harmful solvents, or eliminating the solvent at all. Here we describe 

two new processes to extract hydrocarbons from dried and water-suspended samples 

of the microalga  Botryococcus braunii . The   fi rst  one is a solvent-based procedure 

with switchable polarity solvents (SPS), a special class of green solvents easily 

convertible from a non-ionic form, with a high af fi nity towards non-polar compounds 

as  B. braunii  hydrocarbons, into an ionic salt after the addition of CO 
2
 , useful to 

recover hydrocarbons. The two SPS chosen for the study, based on equimolar mixtures 

of 1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU) and an alcohol (DBU/octanol and 

DBU/ethanol), were tested for the extraction ef fi ciency of lipids from freeze-dried 

 B. braunii  samples and compared with volatile organic solvents extraction. The 

DBU/octanol system was further evaluated for the extraction of hydrocarbons 

directly from algal culture samples. DBU/octanol exhibited the highest yields of 

extracted hydrocarbons from both freeze-dried and liquid algal samples (16 and 8.2%, 

respectively, against 7.8 and 5.6% with traditional organic solvents). The  second  

procedure here proposed is the thermochemical conversion of algal biomass by 

using pyrolysis; this process allowed to obtain three valuable fractions, exploitable for 

energy purpose, fuel production, and soil carbon storage: a volatile fraction (37% on 

dry biomass weight), a solid fraction called biochar (38%) and, above all, a liquid 

fraction named bio-oil (25%), almost entirely composed by hydrocarbon-like 

material, thus directly usable as fuel.      

    C.   Samorì   (*) •     C.   Torri  
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 University of Bologna ,   via S. Alberto 163 ,  48123   Ravenna ,  Italy    
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    Chapter 27  

  Alternative Methods for the Extraction 
of Hydrocarbons from  Botryococcus braunii        

      Chiara   Samorì       and       Cristian   Torri         



652 C. Samorì and C. Torri

    1   Introduction 

 The need to replace fossil fuels with fuels derived from renewable biomass is cur-

rently focused on biodiesel from oleaginous plant seeds and ethanol from sugar-

cane/corn; however, this  fi rst-generation biofuels, primarily produced from food 

crops and mostly oil seeds, are limited in their ability to achieve targets for biofuel 

production, climate change mitigation, and economic growth; moreover, the recent 

dramatic increase of food stocks prices has become a worldwide emergency. 

Because of these environmental and social concerns, the attention is recently shift-

ing towards the development of next-generation biofuels mainly produced from 

non-food feedstock  [  1  ] , by converting for example the highly abundant and wide-

spread non-edible lignocellulosic fraction of plants. A further exploitable source of 

biofuels relies on the aquatic environment, speci fi cally on micro and macroalgae; 

lipids, which include acylglycerols and hydrocarbons, represent the most valuable 

fraction of microalgal biomass as their high energy content per mass unit is similar 

to conventional fuels. Several oleaginous microalgae (with lipid content exceeding 

20% of their dry weight) have been exploited to this purpose  [  2  ] , and the biodiesel 

obtained has been claimed to be more convenient than conventional biodiesel from 

plant seeds  [  3,   4  ] . Bene fi ts rising from the utilization of aquatic over terrestrial bio-

mass include: (1) higher sunlight use ef fi ciency (about 5% vs. 1.5%  [  5  ] ), (2) utiliza-

tion of marginal areas (e.g. desert and coastal regions), (3) possible coupling with 

other activities (e.g. wastewater treatment, CO 
2
  sequestration)  [  6–  9  ] , (4) minor 

dependence on climatic conditions, (5) availability of a larger number of species, 

and (6) easier genetic manipulation to modify chemical composition (e.g. lipid con-

tent)  [  10  ] . However, the industrial development of fuels from microalgae is still 

hampered by higher overall costs with respect to both fossil fuel and  fi rst generation 

of biofuels counterparts: operating open ponds and bioreactors are expensive and 

the harvesting of algal biomass is energy costly  [  11  ] . For this reason, the net energy 

balance from microalgae cultivation is still debated  [  12,   13  ] . Moreover, besides the 

cost of growing and collecting microalgae, downstream processes are to be taken 

into account to evaluate the overall productivity.     Botryococcus braunii  is a freshwa-

ter colonial green microalga proposed as a future renewable source of fuels because 

it is capable of producing high levels of liquid hydrocarbons  [  14  ] . There are three 

main  B. braunii  races, each one synthesizing different types of ole fi nic hydrocar-

bons: the A, B, and L races. The A race (Fig.  1 ) accumulates linear ole fi ns, odd 

numbered from C 
23

  to C 
31

 , chie fl y C 
27

 , C 
29

 , and C 
31

  dienes or trienes; some studies 

have revealed that oleic acid is the direct precursor of these speci fi c ole fi ns  [  15  ]  and 

that decarboxylation of very long chain fatty acid derivatives, activated by a  b -sub-

stituent, is the  fi nal step which leads to the formation of the terminal unsaturation 

 [  16  ] . The B race produces polyunsaturated triterpenes (botryococcenes), while the 

L race synthesizes one single tetraterpenoid hydrocarbon named lycopadiene  [  17, 

  18  ] . Both A and B races contain similar amounts of lipids (approximately 30% on a 

dry weight basis), but with a very different composition: in the A race hydrocarbons, 

non-polar lipids and polar lipids are, respectively, 25, 60, and 15% of the total  lipids, 
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whereas in the B race the percentages are 71, 9, and 20%, clearly indicating that one 

quarter of the dried biomass of the B race is composed by hydrocarbons  [  19  ] .  

 Speci fi cally for  B. braunii,  the bulk of hydrocarbons is located in external cellular 

pools and it can be recovered from algal biomass by means of physical process, named 

cold press and typically used to extract more traditional food oils as olive oil, and by 

means of chemical process (extraction with solvents) or both  [  20  ] . The chemical pro-

cess, mainly used for the extraction of industrial oils such as soybean and corn oils, is 

generally based on an extraction with  n -hexane, to obtain vegetable oil in higher yields 

and with a faster and less expensive process  [  21  ] . However, the existing solvent 

approach is characterized by several problematic aspects, such as the high solvent/

biomass ratio, solvent hazard (including solvent toxicity, volatility, and  fl ammability) 

and large solvent losses (e.g. in the extraction process of soybean oil,  n -hexane losses 

are 1 kg per tonne of beans processed  [  22  ] ). Because of this general lack of “green-

ness” in the chemical extractive processes, in the last years different efforts have been 

made to reduce the use of toxic and polluting organic solvents and to improve the 

sustainability of the extraction procedures from aquatic and terrestrial biomass, for 

example by using supercritical  fl uids  [  23,   24  ] . 

 Here we present two novel methods for the extraction of lipids from  B. braunii , 

comparing the extraction ef fi ciency of the new processes with those of traditional 

organic solvents. The   fi rst method   [  25  ]  is a solvent-based process, more sustainable 

than the traditional solvent extraction because it involves the use of switchable polar-

ity solvents (SPS)  [  26,   27  ] , a “new” class of green solvents, considerable as reversible 

ionic liquids, with the unique and advantageous feature of having switching solubility 

behaviour, correlated with reversible polarity. This feature can be successfully 

exploited in practical applications as extraction procedures or chemical reactions, 

bypassing the cumbersome need to change solvent in each step of the process itself. 

 The  second method  is based on the thermochemical conversion of  B. braunii  

biomass by using pyrolysis  [  28  ] , in order to obtain, directly and in one step process, 

a liquid fraction rich in lipids, a gaseous fraction useful for energy purposes, and a 

soil-amending co-product called biochar  [  29  ] .  

  Fig. 1     Botryococcus braunii , 
A race       
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    2    Botryococcus braunii  Characterization 

 Microalgae are in general characterized by a high content of three main groups of 

biomolecules, proteins, polysaccharides, and lipids, according to the species and to 

the environmental growth conditions. Figure  2  reports the chemical composition of 

 B. braunii  strain used in the present study  [  30,   31  ] ; the protein concentration and the 

polysaccharides content were determined by using the Lowry procedure  [  32  ]  and 

the Dubois method  [  33  ] , respectively; the lipid content was determined by weight 

after a solvent extraction procedure ( n -hexane and chloroform/methanol mixture) 

 [  34  ] , the ashes were determined by 5 h calcination at 550°C, and the intracellular 

water amount of the samples was evaluated by Karl-Fischer titration.  

 Figure  2  shows that  B. braunii  is characterized by a high amount of lipids (29%) 

and carbohydrates (22%), and a minor but relevant amount of proteins (7%); this 

composition is typical of this alga in its late growth phase (stationary phase) when 

the accumulation of lipids becomes much more relevant than cellular duplication. 

 The amount of ashes (22%) is in line with the typical ash content of microal-

gae  [  35  ] . 

 In addition to hydrocarbons,  B. braunii  also produces classic non-polar lipids as 

fatty acids, triacylglycerols, sterols, and polar lipids, as polyaldehydes, polyacetals, 

and non-polysaccharide biopolymers of very high molecular weight  [  36  ] . Thus, the 

oil extracted with  n -hexane and chloroform/methanol mixture was initially analysed 

by GC-MS to qualitatively and quantitatively determine free fatty acid (after silyla-

tion), triacylglycerol (after transesteri fi cation), and hydrocarbon (Tables  1  and  2 ) 

contents; then it was fractionated on a chromatographic column, thus separating 

hydrocarbons, non-polar, and polar lipids (Fig.  3 ).    

7.5%
22.5%

28.8%

22.3%

8.9%
10%

Proteins

Polysaccharides

Lipids

Ashes

Water

Others

  Fig. 2    Chemical composition of  B. braunii  A race after 50 days of growth       

   Table 1    Free fatty acid and bounded fatty acid yields on a dry weight basis in 
the lipid extract of  Botryococcus braunii    

 Fatty acids  Free fatty acids yield (%)  Bounded fatty acids yield (%) 

 16:0  0.23 ± 0.1  0.69 ± 0.09 

 18:2  –  0.17 ± 0.06 

 18:1  0.16 ± 0.2  1.8 ± 0.1 

 18:0  0.24 ± 0.04  0.07 ± 0.05 

 Total  0.64 ± 0.3  2.7 ± 0.3 

 



65527 Alternative Methods for the Extraction of Hydrocarbons…

 According to the literature  [  19  ] , the lipid oil of the A strain of  B. braunii  is 

mainly composed by non-polar lipids (62%) and hydrocarbons (29%), whereas 

polar lipids represent only a minor part (9%) of the composition. 

 By comparing the total amount of hydrocarbons calculated by GC-MS (7.8% on 

dry weight basis) and the percentage of the  fi rst fraction of the lipid oil (8.4% on dry 

weight basis), it is clear that the  fi rst fraction is entirely composed of hydrocarbons. 

This correspondence is not true in the case of non-polar lipids; the amount of fatty 

acids calculated by GC-MS (3.3% on dry weight basis) is much lower than the 

percentage of the second fraction of the lipid oil (17.8% on dry weight basis), 

indicating that bounded fatty acids and free fatty acids represent only a very small 

fraction of all the non-polar lipids. As reported in the literature, the main part of the 

non-polar fraction is in fact composed by a class of high molecular weight ether 

lipids, not GC-MS detectable  [  37,   38  ] . These compounds are closely related to 

hydrocarbons, differently from what observed among the other vegetable ether lipids 

mainly based on glycerol (Fig.  4 )  [  14  ] ; the structures identi fi ed in the past years 

include alkadienyl- O -alkatrienyl ethers with an oxygen bridge between two C 
27

  

hydrocarbon chains  [  37  ] , ether lipids with alkenylresorcinol linked by phenoxy 

bonds to one or two unsaturated hydrocarbon chains  [  39  ] , or botryals,  a -branched 

aldehydes originating from aldol condensation  [  38  ] .  

 Thanks to their hydrocarbon nature, these non-polar ethers could be processed 

by cracking to obtain biofuels, analogously to hydrocarbons, increasing the exploit-

able fraction of  B. braunii  oil for energy and fuel purposes.  

   Table 2    Hydrocarbon yields on a 
dry weight basis in the lipid extract 
of  B. braunii    

 Hydrocarbons  Yield (%) 

 C 
27

 H 
52

   0.65 ± 0.2 

 C 
29

 H 
56

   2.8 ± 1 

 C 
29

 H 
54

   0.57 ± 0.3 

 C 
29

 H 
54

   1.4 ± 0.7 

 C 
31

 H 
60

   2.5 ± 1 

 Total  7.8 ± 3 

29.5%

61.8%

8.7%

Hydrocarbons

Non-polar lipids

Polar lipids

  Fig. 3    Composition 
of  B. braunii  lipids       
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    3   Lipids Extraction Methods 

    3.1   Switchable Polarity Solvents SPS 

 The concept of “switchable compounds” and in particular of “switchable solvents” 

has been proposed for the  fi rst time by Jessop et al. few years ago  [  26  ] ; this smart 

idea is based on the possibility to reversibly switch on and off some properties of a 

substance when a “trigger” is applied, from one version, with a speci fi c set of 

properties, to another one, with very different properties. For solvents, such properties 
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can be polar/apolar, volatile/non-volatile, protic/aprotic. For the practical application 

of SPS, their switching solubility behaviour is a fundamental feature, correlated 

with their reversible polarity; an equimolar mixture of DBU (1,8-diazabicyclo-[5.4.0]-

undec-7-ene) and an alcohol, for example, behaves as a slightly polar solvent, similar 

to chloroform, enabling to dissolve apolar compounds such as hydrocarbons, 

whereas the salt DBU alkylcarbonate, after CO 
2
  treatment, is a polar liquid, very 

similar to dimethylformamide and immiscible with hydrocarbons (Fig.  5 )  [  26  ] .  

 The major “greenness” of SPS respect to volatile organic solvents as  n -hexane 

relies mainly on the possibility to develop safer, more economic and more sustainable 

processes. Chemical processes often involve many steps which can require many 

speci fi c solvents; after each step, the solvent has to be removed and replaced with a 

new one, more suitable for the following step, increasing the economic costs and 

environmental impact of the process itself. Switchable solvents represent a valid 

answer to these cumbersome procedures, because their properties can be adjusted 

for the following step, enabling the same solvent to be used for several consecutive 

reactions or separation steps. Moreover, the recyclability of a SPS is based on the 

principle of adding and removing CO 
2
 , and not on the recovery of the solvent by 

distillation; this means that the process of recycling is less expensive, less energy 

costly, and more environmentally friendly. Because of the peculiar recycle method, 

the solvents in the SPS formulation do not need to be volatile and this feature 

reduces the risks of  fi re and explosion, the release in the atmosphere, and the 

exposure for the operators. 

 Given the chemical nature of  B. braunii  lipid oil, the concept of “SPS”  fi ts very 

well with the development of a new “greener” process of extraction  [  25  ] : the lipophi-

licity of the non-ionic form of SPS is suitable to extract apolar materials as algal 

hydrocarbons, whereas the ionic form of SPS, obtainable by a simple bubbling of 

CO 
2
 , has a low af fi nity for these molecules, guaranteeing an easy recovery (Fig.  6 ).  

 The   fi rst  important point in the development of the suitable SPS extraction process 

is the choice of the alcohol because it strictly in fl uences the formation of the proper 

liquid carbonate anion. Previous works  [  40–  42  ]  have demonstrated that bicarbonate 

and methyl carbonate DBU salts have melting points lower than room temperature, 

whereas DBU salts with longer alkyl chains are liquids  [  43  ] , therefore suitable for 
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the extraction process. For this reason in our extraction process of  B. braunii,  DBU 

ethyl carbonate (melting points of 35°C) and DBU octyl carbonate (melting points 

of 30°C) were investigated as suitable candidate solvents (Table  3 ). In particular, 

the choice of an alcohol as octanol, hydrophobic and low volatile, should guarantee 

a good af fi nity with the apolar matrix which has to be extracted, and a scarce solubility 

in water, useful in the case of liquid samples.  

 The kinetics of the extraction process (Fig.  7 ) clearly shows that DBU/octanol 

and DBU/ethanol exhibit approximately the same behaviour, with similar hydrocar-

bons’ amount extracted after 240 min (14 and 13% yields, respectively). Moreover, 

the hydrocarbons extraction with DBU/octanol is quite ef fi cient from the beginning, 

with a yield of 9% after 20 min (65% of the yield at the end of the extraction time 

after 240 min).  

 A  second  important factor for the development of the extraction process with 

SPS is related to the chemical features of the process itself, and speci fi cally to the 

eventuality that the presence of speci fi c chemical compounds could prevent the 

switching of the system and the formation of the right DBU alkylcarbonate salt, 

affecting the separation process. Free fatty acids in the algal oil for example could 
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form an ion pair with DBU, thus preventing the formation of a two-phases system 

when CO 
2
  is added and altering the stoichiometry of the SPS. In the case of 

 B. braunii,  the percentage of free fatty acids is 0.6–0.7% on a dry weight basis 

(Table  1 ), thus an irrelevant amount (about 0.18 mg) if compared with the amount 

of DBU used for the extraction (1 g) eventually able to react with free fatty acids. 

However, this eventuality could be a problem for the extraction of other kinds of oil 

with a high content of free fatty acids (as waste cooking oils  [  44  ] ) and should be 

taken into account in the development of the extraction system. 

 A  third  relevant factor is the recyclability of the system, in terms of feasibility, 

contaminations of the algal oil, and losses. The ef fi ciency of a non-ionic/ionic cycle 

with the SPS DBU/octanol in recovering pure hydrocarbons is about 81% of the 

total amount of hydrocarbons extracted, with 8.1% of hydrocarbons retained in 

the ionic SPS phase in the second half of the cycle, and about a 10% mechanical 

loss probably due to small samples size (in our work the extraction procedures were 

   Table 3    Hydrocarbons and fatty acids extraction yields on dry weight basis with the SPS DBU/
octanol and DBU/ethanol from freeze-dried samples of  B. braunii   [  25  ]    

 Hydrocarbons  DBU/octanol extraction yield (%)  DBU/ethanol extraction yield (%) 

 C 
27

 H 
52

   1.5 ± 0.5  1.2 ± 0.3 

 C 
29

 H 
56

   5.6 ± 2  4.8 ± 1 

 C 
29

 H 
54

   1.5 ± 0.8  0.10 ± 0.02 

 C 
29

 H 
54

   3.1 ± 0.3  2.8 ± 0.1 

 C 
31

 H 
60

   4.4 ± 0.5  3.6 ± 0.7 

 Total  16 ± 2  12 ± 2 

  Fatty acids  

 16:0  0.17 ± 0.01  0.11 ± 0.08 

 18:2  –  0.10 ± 0.04 

 18:1  0.39 ± 0.03  0.34 ± 0.2 

 18:0  0.11 ± 0.08  0.04 ± 0.02 

 Total  0.67 ± 0.1  0.59 ± 0.2 
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accomplished on 30 mg of freeze-dried algal samples  [  25  ] ). These results clearly 

indicate that the recovery of the hydrocarbons is very good, since the ionic form of 

SPS retains a rather small amount of the hydrocarbons in the extraction phase; 

moreover, this amount can be still reduced by scaling up the process and increasing 

the size of the samples. 

 The GC-MS evaluation of oil quality after the  fi rst cycle of extraction indicates 

that the oil still contains small amounts of octanol (0.3%) and DBU (0.4%), but bubbling 

extra CO 
2
  for 1 h at 40°C decreases the levels of contamination to undetectable 

values because of the precipitation of all the ionic liquid from the oil  [  25  ] . 

    3.1.1   SPS for the Extraction of Liquid Algal Culture 

 Nowadays, algae industry is mainly focused on high value specialty products related 

to nutritional industry, sold from $10,000 to $100,000 per tonne; however, com-

modity products, as fuels, are usually sold for less than $1,000 per tonne. This 

means that, in order to obtain algae commodity products, the production costs of the 

current technologies have to be reduced of almost one order of magnitude. In particu-

lar, operating open ponds and processes as the harvest and the dewatering of algal 

biomass have a large impact on overall costs and energy balance. Thus, the develop-

ment of a method in which algal metabolites, as hydrocarbons, can be directly 

extracted from the algal culture without energy costly steps can make the process 

more bene fi cial, economical, and sustainable. 

 The extraction of  B. braunii  hydrocarbons through a “liquid/liquid” method has 

been already accomplished by using  n -hexane  [  45  ] ; in our work, the SPS DBU/octanol 

was used analogously (Fig.  8 ), by exploiting the fact that octanol is a water-immiscible 

alcohol and that DBU, in spite of its water solubility, can be shifted into the organic 

phase through an adjustment of the pH to alkaline conditions (Fig.  9 )  [  25  ] .   

 Analogously to the obstacle represented by the presence of free fatty acids which 

could react with DBU hindering the switch of the non-ionic form of the SPS into the 

ionic one, also residual water in the system can be a problem. Spectroscopic data for 

the reaction between DBU and CO 
2
  in presence of water are in fact consistent with 

the formation of the salt DBU bicarbonate ([DBUH + ][HCO  
3
  −  ])  [  40  ] . 

 In our liquid/liquid extraction system after the adjusting of the pH of the aqueous 

phase with KOH, the water content in the upper organic phase (DBU/octanol) was 

7%  [  25  ] . However, the residual water could be easily removed from DBU/octanol 

by bubbling N 
2
  in the system for 30 min at room temperature; after this time, the 

residual water was less than 0.1%, without any signi fi cant loss of the organic com-

ponents (Fig.  10 ).  

 The extractions of  B. braunii  cultures were performed at room temperature, cen-

trifuging the samples at different speeds and simulating a high (3,000 rpm) and a 

low energy (300 rpm) liquid/liquid extraction process from the growth medium 

(Table  4 ). Centrifuging was chosen as the best procedure to obtain a clearer separa-

tion (useful for small samples operation) of the aqueous and organic phases. This 

method allows to avoid vigorous stirring that should end up into an untreatable 

foaming, still maintaining a good extraction ef fi ciency.  
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  Fig. 8    Strategy for the extraction of hydrocarbons from  B. braunii  cultures by means of the 
switchable polarity solvent DBU/octanol       

  Fig. 9    Liquid/liquid 
extraction system of  B. braunii  
culture with the SPS DBU/
octanol       

 Although the extraction process is somewhat sluggish, the SPS DBU/octanol 

after 24 h at 300 rpm gives 8.2% hydrocarbon yield, almost an half of the yield 

achieved with DBU/octanol on freeze-dried samples (16%). Moreover, at higher 

rate (3,000 rpm) the extraction results faster, obtaining in 4 h approximately the 

same yields obtained at 300 rpm in 24 h. This can be explained by the fact that by 

raising the centrifuge rate, less dense algae (with higher hydrocarbon content) move 

quickly to the top of the water phase and release the hydrocarbons in the upper 

organic layer by contact.   
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  Fig. 10    Residual water removal from the SPS DBU/octanol after the extraction process of 
 B. braunii  cultures       

   Table 4    Hydrocarbon extraction ef fi ciency with the SPS DBU/octanol on liquid culture samples   

 Hydrocarbons 

 Yield (%) 

 Extraction conditions 

 300 rpm, 2 h  300 rpm, 24 h  3,000 rpm, 4 h 

 C 
27

 H 
52

   0.12 ± 0.05  0.60 ± 0.05  0.51 ± 0.3 

 C 
29

 H 
56

   0.91 ± 0.3  2.9 ± 1  2.2 ± 0.1 

 C 
29

 H 
54

   –  0.25 ± 0.1  0.25 ± 0.1 

 C 
29

 H 
54

   0.72 ± 0.3  2.3 ± 0.9  2.0 ± 0.4 

 C 
31

 H 
60

   0.75 ± 0.6  2.3 ± 0.8  2.3 ± 0.1 

 Total  2.5 ± 0.6  8.2 ± 1  7.0 ± 0.8 

    3.2   Pyrolysis 

 The thermochemical conversion of biomass through pyrolysis allows to convert dry 

biomass into a liquid, and to perform, at the same time, both the extraction of hydro-

carbon-like material and the cracking of high molecular weight compounds (Fig.  11 ). 

The main advantages of this approach are: (1) avoiding the use of any solvent, thus 

increasing the “greenness” of the process and (2) producing useful co-products, like 

a combustible gas, usable as process energy source, and a biochar, suitable as soil-

amending material as well as stable carbon sink. Thus, this strategy allows to exploit 

in different ways all the biomass constituents, the liquid bio-oil, and the residues 

(gas and biochar), increasing the net energy/CO 
2
  balance of a hypothetical algal 

cultivation (Fig.  12 ).   

 In the present work,  B. braunii  pellets were treated through a  fi xed bed pyrolysis 

at 500°C following the same experimental procedure described in the literature 

 [  46  ] . The yields of the three major pyrolysis fractions (bio-oil, biochar, and vola-

tiles) and their composition are shown in Table  5 .  
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  Pyrolysis gas  yield is 37%, corresponding to 28% yield after feedstock water 

subtraction. 

 Gas composition is evaluated by pyrolysis coupled with dynamic solid-phase 

micro-extraction (Py-SPME) followed by GC-MS analysis  [  47  ] . This technique is 

capable of giving information on the composition of gaseous and semi-volatile 

pyrolysis products, useful to obtain an overall picture of the most volatile compounds. 

The analysis reveals the presence of light hydrocarbons, aromatic hydrocarbons 

  Fig. 11    Bio-oil obtainable 
from the pyrolysis of 
 B. braunii        
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  Fig. 12    Pyrolysis 
of  B. braunii  to obtain fuels, 
energy, and a stable carbon 
sink       
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(mainly toluene), and some nitrogen-bearing aromatics (pyridine, indole) probably 

originated from pyrolysis of proteins. 

  Biochar  yield is 38%, of which almost half of weight is composed by inorganic 

compounds; in fact, it retains almost all biomass ashes and for this reason biochar is 

not suitable as solid fuel, although usable as carbon stock. In order to evaluate the 

structural conformation of biochar, the material is visually characterized by scan-

ning electronic microscopy (SEM) and the obtained pictures are shown in Fig.  13 .  

 SEM image shows that biochar from 500°C pyrolysis is formed by a randomly 

aggregated sponge-like material. The dimension of particles is about 10–100  m m. 

  Bio-oil  (25% on dry weight basis) is almost composed by a  n -hexane soluble 

material; after hexane evaporation, this liquid fraction results in a black-reddish ash-

free liquid (ashes less than 0.1%), relatively low viscous, of which only a very small 

part (1%) is insoluble in  n -hexane. Moreover, the bio-oil is characterized by a negli-

gible amount of water. This  fi nding is quite surprising because the presence in the 

 B. braunii  feedstock of a signi fi cant amount of proteins (7%) and polysaccharides 

(20%), since the polar and oxygenated nature of these macromolecules, should give 

an expected larger amount of reaction water and of oil insoluble in  n -hexane. 

   Table 5    Yield on dry weight basis and percentage composition of pyrolysis 
fractions obtainable from  B. braunii    

 Fractions  Yield (%)  Composition (%) 

 Biochar  38 ± 2  Carbonaceus  48 

 Ash  52 

 Bio-oil  25 ± 1   n -hexane-soluble  99 

  n -hexane-insoluble  1 

 Volatiles  37 ± 1  Pyrolysis gas  76 

 Feedstock water  23 

  Fig. 13    SEM image of biochar obtained from  fi xed bed pyrolysis of  B. braunii  pellets       
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Reasonably, we can assume that the “vaporization” and hydrocarbon cracking 

processes are more effective than carbohydrate/proteins pyrolysis, and that the 

presence of non-lipid materials determines a low yield of pyrolysis products respect 

to hydrocarbon material. Nevertheless, if we consider the large carbohydrates content 

(20% of feedstock), usually able to produce a signi fi cant amount of organic tar (33% 

yield from cellulose using the same reactor  [  48  ] ), such low amount of  n -hexane-

insoluble matter is noticeable. When a hydrocarbon-rich microalga as  B. braunii  is 

submitted to pyrolysis, proteins and polysaccharides form only a minor amount of 

bio-oil. From a practical point of view, this means that pyrolysis can be seen as a 

suitable “solvent-less extraction method” highly selective for hydrocarbons. 

 The chemical characterization by GC-FID and GC-MS of the  n -hexane-soluble 

bio-oil reveals the presence of typical  B. braunii  linear dienes and trienes (C 
27

 H 
52

 , 

C 
29

 H 
56

 , C 
29

 H 
54

  and C 
31

 H 
60

 ) and, in addition, a series of random hydrocarbon fragments 

consisting in C 
11

 –C 
27

  alkanes and alkenes (Fig.  14 ). From a quantitative point of 

view, almost the whole amount of the pyrolysis oil (around 90%) consists of GC 

detectable compounds, indicating that heavy cross-linked hydrocarbon polymers 

are depolymerised to smaller fragments during the pyrolytic treatment.  

 In order to have information on the volatilization properties of this potential new 

fuel, thermogravimetric analysis (TGA) was also done (Fig.  15 ).  

 TGA of pyrolytic oil shows four weight loss steps characterized by different 

extent. First, weight loss, probably generated by a gradual volatilization of small 

random length C 
11

 –C 
27

  hydrocarbons, starts gradually from 50°C and becomes 

important at 200–300°C. Around 300°C, a sharp weight loss derivatives peak, prob-

ably deriving from the boiling of the ole fi n C 
29

 H 
56

 , is observed. In addition, two 

smaller weight losses are recorded at 380 and 450°C, probably related to C 
31

 H 
60

  and 

residual high molecular weight matter in the oil. In general, TGA observation 

con fi rms the results obtained from GC analysis and gives an indication that 
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  Fig. 14    GC-FID chromatogram of  B. braunii  pyrolysis oil       
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 n -hexane-soluble pyrolysis oil obtainable from  B. braunii  is lighter than  B. braunii  

non-polar lipids and hydrocarbons from which it is produced (see Fig.  3 ). Moreover, 

whole  n -hexane-soluble fraction boils out almost totally (>90% weight loss) before 

400°C. This could be an indication that the liquid obtained could be directly used as 

fuel, without any further upgrading or modi fi cation.   

    4   Comparison of Different Lipids Extraction Methods 

    4.1   Solvent-Based Extraction Systems 

 The yields of linear ole fi ns obtained through traditional organic solvents extraction 

( n -hexane, chloroform, and methanol) and SPS-based systems (DBU/octanol and 

DBU/ethanol) are compared in Fig.  16 .  

 The SPS DBU/octanol is the best solvent in the extraction of freeze-dried sam-

ples (16 ± 2% total hydrocarbons yield on dry weight basis), followed by the SPS 

DBU/ethanol (12 ± 2% yield). The two SPS are both better than the extraction sys-

tem based on traditional organic solvents that gives the lowest yields (7.8 ± 3%) 

after an extraction process performed at the same temperature and after the same 

time interval (60°C and 4 h). 

 Also, in the direct extraction of algal cultures, the SPS DBU/octanol affords bet-

ter results than traditional organic solvents, under both the speed and time condi-

tions we checked. It is important to underline that the SPS DBU/octanol gives an 

extractive yield of 8.2 ± 1% after 24 h at 300 rpm, which is slightly higher than that 

obtainable from freeze-dried sample with traditional organic solvents under re fl ux 

(7.8% yield). This is an indication that the extraction process can be improved from 

energetic, economic, and sustainability points of view, without the need of dewater-

ing biomass, consuming energy to evaporate the solvent, and adopting special safety 

measures to reduce the risk for operators.  
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    4.2   Comparison Between Chemical 

and Thermochemical Extractions 

 Pyrolysis produces a hydrocarbon fuel composed by a minor amount of polar pyrolysis 

products. For this reason, from an operative point of view, pyrolysis could be 

considered as an “extraction process” for hydrocarbon-like substances and thus 

comparable with traditional solvent extraction. 

 Comparing traditional organic solvent extraction (with  n -hexane, chloroform, 

and methanol) and thermochemical process, pyrolysis allows obtaining 90% of 

hydrocarbon-like materials of feedstock, as random length C 
11

 –C 
31

  alkanes and alkenes. 

As shown in Fig.  17 , pyrolysis “extracts” selectively hydrocarbon-like material and 

produces very apolar oil that could be probably used directly as fuel, thanks to a 

similar composition with diesel fuel. On the other hand, traditional solvents extract 

more algal oil than pyrolysis, but this oil is heavier, due to presence of high molecular 
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  Fig. 16    Hydrocarbon extraction yields on a dry weight basis from freeze-dried samples and algal 
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weight ether lipids. Moreover, the oil extracted with traditional solvents is richer in 

polar lipids, detrimental for fuel quality and solubility in standard fuels.  

 One of the most important drawbacks of pyrolysis process is that biomass has to 

be dried (up to 50% of moisture) before pyrolysis, whereas, as shown above, solvent 

extraction can be applied directly on wet materials. Nevertheless, pyrolysis results 

in an interesting solvent-less technique if microalgae can be easily collected and 

pelletized, as in the case of colonial  B. braunii  culture.   

    5   Conclusions 

 Different methods for extracting biofuel from  B. braunii  were tested. Both SPS and 

solvent-less thermochemical extraction resulted effective for the purpose. This is 

mainly due to  B. braunii  intrinsic properties. In comparison with traditional organic 

solvents, SPS have the interesting feature of being effective also on aqueous samples, 

without dewatering biomass. On the other hand, pyrolysis, in spite of the need to 

operate with relatively dry samples, maximizes the output of the process due to the 

co-production of biochar, energy, and a higher quality fuel than that obtainable 

through solvent extraction.      
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  Abstract   The increased demand for biodiesel and the dif fi culties in obtaining 
enough quantities of raw materials for its production are stimulating the search for 
alternative feedstocks. Among the various possibilities, the utilization of residual 
fatty materials, in particular waste frying oils and animal fat residues from the meat 
and  fi sh processing industries, are increasingly seen as viable options for biodiesel 
production. This work reviews the state of the art regarding the utilization of waste 
oils and animal fats as feedstocks for biodiesel production, which are characterized 
by the presence of high levels of impurities such as high acidity and moisture con-
tent. The relative advantages and disadvantages of the different routes for biodiesel 
production are presented and discussed in this chapter, focusing on their chemical 
and technological aspects. Also discussed are the questions related to the viability 
and potential economic advantages of using this type of feedstocks in biodiesel 
production for road transportation.      
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    1   Introduction 

 As energy demands increase and the fossil fuel reserves are limited or are becoming 
harder and harder to explore, research is being directed towards the development of 
renewable fuels. This aspect is particularly relevant in the transportation sector, 
where the dependence on fossil fuels is even more evident and any possible 
alternative (e.g. fuel cells and hydrogen) is harder to develop and implement in 
practice. In the short term, especially in Europe, biodiesel (mono-alkyl esters of 
long-chain fatty acids) derived from renewable biological sources such as vegetable 
oils or animal fats are attracting a lot of attention. Among its main key features one 
can point out its renewability, biodegradability, improved viscosity, better quality of 
exhaust gases, and also the possibility of being used, as a petroleum diesel substitute 
or combined with diesel fuels, in conventional combustion ignition engines without 
signi fi cant modi fi cations. 

 Biodiesel promises to supplement and even replace at a local/regional level fossil 
diesel while contributing to rural development and reducing the dependence on fos-
sil fuels. However, under current production technology, its use in transportation 
even blended with diesel has some pros and cons. First, biodiesel production costs 
are higher than those of petroleum diesel, mainly due to its production from expen-
sive edible vegetable oils that account for 88% of the total estimated cost for biod-
iesel production  [  90  ] . This is one of the major hurdles in biodiesel commercialization, 
making it dif fi cult to compete in price with fossil diesel and requiring in many cases 
subsidies or  fi xed prices policies to be competitive with current fossil fuels or to 
ful fi l speci fi c national or international targets for the incorporation of bio-based 
fuels. Second, the continued development, market growth, and market share of 
biodiesel, with the corresponding need of raw materials for its production, has risks 
of their own and is causing more harm than good. For example, some of the most 
relevant feedstocks, such as soybean oil and palm oil, are placing additional pres-
sure on food supplies during a period of great demand increase in developing coun-
tries and diverting valuable resources away from food production. Until new 
technologies and/or feedstocks unconnected with the human food supply chain are 
developed, the use of edible vegetable oils to produce biodiesel might further strain 
the already tight supplies of arable land and water all over the world, potentially 
pushing food prices up even further. Furthermore, biodiesel feedstocks are impacted 
by previous and current land use practices, and cultures are adapted to speci fi c cli-
mate and soil conditions available in restricted regions of the world. Thus, moving 
a culture from one region of the world to another will surely in fl uence the crop yield 
potential. For example, requiring the utilization of more fertilizers, having an impact 
on the local biodiversity as some of the species can be invasive and displace native 
species, or bringing pests with them, with potential direct consequences to local 
ecosystems. Also, a more intense agriculture normally increases the soil erosion due 
to carbon loss and nitrate and phosphorous loss  [  82  ] . 

 To circumvent the problems referred above, new feedstocks are needed what is 
currently an extensive area of research. An example includes microalgae that have 
the ability to grow under harsher conditions, in areas unsuitable for agricultural 
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purposes, and with reduced needs for nutrients. This way, the competition with 
other crops for arable soil, in particular for human consumption, is greatly reduced. 
Also, microalgae are easy to cultivate and can grow at low cost with little attention, 
using water unsuitable for human consumption. However, very high energy requirement 
for drying the algal biomass is a barrier to its commercialization at present  [  66  ] . 
Another example is  Jatropha curcas L ., currently at a very early stage of development 
for biodiesel production. Since the markets of the different products from this plant 
have not yet been properly explored or quanti fi ed, the optimum economic bene fi t of 
its production has not been achieved  [  57  ] . 

 From the currently available alternative feedstocks for biodiesel production, 
some attention is being given to residual oil and fat, such as waste frying oils from 
restaurants or food industry, and animal fats resulting from the meat or  fi sh process-
ing industries, which otherwise need to be disposed off with care and represents an 
operational cost. Even though the residual oil or fat are of lesser quality than virgin 
vegetable oils and more dif fi cult to process due to the presence of impurities or to 
their high acidity, they may be a good option for biodiesel production, allowing one 
to use a waste and treating it appropriately in the production of a product (biodiesel) 
with value that can be used internally by the company or sold out. Moreover, these 
fatty materials are available at a lower cost (in many cases even for free) and can be 
used as feedstock for biodiesel production. Araujo et al.  [  8  ]  evaluated the biodiesel 
production from waste frying oil concluding that it can be economically feasible 
provided that logistics are well con fi gured. 

 The most common animal fats that can be processed into biodiesel are beef tallow, 
pork lard, and poultry fat. Fish oils are also possible to be converted into biodiesel, 
although research in this area is not so advanced as for the animal fats. In most of these 
cases, the oil or fat are not readily available for use in biodiesel production, but need to 
be  fi rstly extracted from the fatty residues. It is estimated that about 38% of the bovine, 
20% of the pork, and 9% of the poultry are fatty material for rendering (e.g. bones, fat, 
head, other non edible materials, etc.) from which can be obtained about 12–15% of 
tallow, lard, or poultry fat that can be used for biodiesel production  [  25,   36  ] . 

 The lipid content in  fi sh varies a lot depending on the type of  fi sh and by-product. 
For example, Gunasekera et al.  [  45  ]  reported the lipid content of 17% in carp offal, 
13% in carp roe, 57% in trout offal, 31% in  fi sh frames, and 13% in “surimi” pro-
cessing waste and  fi sh meal. Oliveira and Bechtel  [  74  ]  reported 11.5% of lipids in 
pink salmon heads and 4% in salmon viscera. Kotzamanis et al.  [  55  ]  reported 12% 
of lipids in trout heads. 

 In the European Union, about one million tonnes of tallow is rendered each year 
 [  69  ] . The United States generates in average about 4 kg/person of yellow grease per 
year, and based on this statistic, Canada should produce about 120,000 tonne/year 
of waste fats of various origins  [  100  ] . Brazil generates about 1,382,472 tonne/year 
of beef tallow and 194,876 tonne/year of lard from slaughterhouses, which is nor-
mally used for producing meal and oil for animal feed  [  25  ] . The world  fi sh capture 
and aquaculture production was in 2004 about 140 million tonnes of  fi sh, from 
which about 25% was for non-food uses, in particular for the manufacture of  fi sh oil 
and animal meal  [  34  ] . The amount of waste frying oil generated annually in 
several countries is also huge, accounting for more than 15 million tonnes, varying 
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according to the amount of edible oil consumed. For example, the United States 
generates around 10 million tonnes of waste frying oils, followed by China with 4.5 
million tonnes and by the European Union with a potential amount ranging from 
0.7 to 1.0 million tonnes  [  44  ] . However, the worldwide amount of waste oils generated 
should be much larger than that and it is expected to increase in the near future. 

 Some studies available in the open literature show some potential for these feed-
stocks. For example, Chua et al.  [  30  ]  performed a LCA to study the environmental 
performance of biodiesel derived from waste frying oils in comparison with low sul-
phur diesel and concluded that biodiesel is superior in terms of global warming poten-
tial, life cycle energy ef fi ciency, and fossil energy ratio. Godiganur et al.  [  41  ]  tested 
biodiesel from  fi sh oil in compression ignition engines, showing overall good com-
bustion properties and environmental bene fi ts. In particular, there are no major devia-
tions in diesel engine’s combustion and no signi fi cant changes in the engine 
performance. Moreover, there is a reduction of the main noxious emissions in com-
parison with fossil diesel, with the exception on the nitrogen oxide (NOx) emissions. 
Wyatt et al.  [  97  ]  produced biodiesel from lard, beef tallow, and chicken fat by alkali-
catalyzed transesteri fi cation. The biofuel obtained from these animal fats were tested 
and the NOx emissions determined and compared with soybean biodiesel as 20% 
volume blends (B20) in petroleum diesel. Results show that the three animal fat-based 
B20 fuels have lower NOx emission levels (3.2–6.2%) than the soy-based B20 fuel. 

 Animal fats and vegetable oils differ on their physical and chemical properties. 
While vegetable oils have a large amount of unsaturated fatty acids, animal fats have 
in their composition a large amount of saturated fatty acids  [  20  ] . Animal fats such 
as tallow or lard are solid at room temperature. An exception is the poultry fat which 
is liquid at room temperature and has in its composition a low percentage of satu-
rated triglycerides, comparable to soybean oil. Fish oils contain a wide range of 
fatty acids, some of them with more than 18 atoms in their carbon chain and even 
some with an odd number of carbons  [  37  ] . Chiou et al.  [  28  ]  analysed and compared 
the methyl esters derived from salmon oil extracted from  fi sh processing by-prod-
ucts with methyl esters derived from corn oil, concluding that, although there are 
some differences in the fatty acid composition, salmon and corn oil methyl esters 
have similar physical properties. 

 The physical and chemical properties of waste frying oil and the corresponding 
fresh edible oil are almost identical, but differ from source to source depending on 
the oil source. Waste oils have normally higher moisture and free fatty acids (FFA) 
contents than fresh edible oil, particles of different composition, and also polymer-
ized triglycerides are formed during frying due to the thermolytic, oxidative, and 
hydrolytic reactions that may occur  [  44  ] . Additionally, during frying, the oil is 
heated at temperatures of 160–200°C in the presence of air and light for a relatively 
long period of time, what contributes to increase its viscosity, speci fi c heat, and 
darkens its colour. 

 For processing these fatty waste materials and to improve the quality of biodiesel 
produced, different solutions can be employed. For example, Guru et al.  [  46  ]  stud-
ied biodiesel production from waste animal fats in a two-step catalytic process and 
adding organic-based nickel and magnesium compounds as additives in order to 
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achieve a reduction in the biodiesel pour point. Canoira et al.  [  22  ]  evaluated biodiesel 
obtained from different mixtures of animal fat and soybean oil using a process simu-
lation software (Aspen Plus™), concluding that a mix of 50% (v/v) of both raw 
materials is the most suitable to obtain a  fi nal product with a quality according to the 
standards and with the minimum costs. This is relevant to optimize the production 
processes and ensure that the costs of disposal should be higher than the costs of 
making biodiesel corrected by the potential economical gains, for example reducing 
the consumption of fossil fuels. 

 As most of the biodiesel feedstocks have similar characteristics, any improvement 
in the way how the pre-processing, reaction, and  fi nal processing are done, in particu-
lar related to the reaction time and  fi nal product quality, will have a profound impact 
in the production capacity and in the overall process. As two phases are formed and 
the diverse reactants are presented in different phases, the effects of  mixing are 
signi fi cant to the process. The interfacial area between phases increases with high 
mixing intensity, facilitating the mass transfer between phases and naturally increas-
ing the reaction rates  [  10  ] . Noureddini and Zhu  [  73  ]  con fi rm these conclusions and 
have shown that, depending on the reaction stage, both the mass transport and the 
reaction kinetics are dominant aspects controlling the process performance. 

 In this work, the various steps for biodiesel production are described, depending 
on the characteristics of the waste oil or animal fat, having in mind the process 
improvement.  

    2   Biodiesel Production Processes 

 Processes for producing biodiesel from fatty waste materials should be similar to 
those from vegetable oils, the dominant feedstock according to the European point of 
view. Nevertheless, the special characteristics of these feedstocks, in particular their 
high content in FFA, moisture, and other contaminants, such as dirt and other chemi-
cals that appear during processing and/or utilization of these fatty materials, requires 
that additional processing steps are employed, such as pre-treatment operations. 

 Currently, the process most widely used industrially for biodiesel production is 
the alkali-catalyzed transesteri fi cation of triglycerides, with low molecular weight 
alcohols and operated in batch mode. This process is more ef fi cient and less corro-
sive than the acid-catalyzed transesteri fi cation, the reaction is faster, and requires 
lower amount of catalyst to carry out the reaction, presenting only problems in the 
glycerol separation. Also, the alkaline catalysts (NaOH, KOH, NaOCH 

3
 , etc.) are 

the most commonly preferred and are cheaper than the ones employed in the acid-
catalyzed process (H 

2
 SO 

4
 , HCl, etc.). However, the alkali-catalyzed process has 

several drawbacks, in particular it is very sensitive to the lipidic feedstock purity, 
mainly operating in batch mode and needing large reaction times to obtain a com-
plete conversion of oil, and has complex biodiesel puri fi cation steps after the reac-
tion. For waste fats, these factors have to be considered explicitly to ensure a proper 
conversion of the fats to biodiesel, meaning that in most cases pre-treatment steps 
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are required. Figure  1  shows a simpli fi ed process  fl owsheet for biodiesel production 
from waste oil or animal fat with high acidity by alkali-catalyzed transesteri fi cation 
preceded by a pre-treatment by esteri fi cation.  

    2.1   Extraction of Oil or Fat from Fatty Waste Materials 

 Depending on the characteristics of the fatty waste materials, normally three main 
steps are performed:

   Extraction of the oil or fat from the fatty feedstock.  • 
  Filtration and removal of contaminants.  • 
  Neutralization or esteri fi cation of the FFA.    • 

 The extraction process is relevant in the meat and  fi sh processing industry, as 
most types of fatty waste materials are normally associated with other materials, for 
example meat residues and bones or  fi sh’s heads and viscera. Thus, it is necessary to 
separate the oil or fat from the remaining materials. Depending on the fatty residues 
to separate, the process varies, involving for example heating or solvent extraction. 

 At the laboratory scale, the waste animal fats (e.g. tallow, lard, or poultry fat) 
collected from slaughterhouses or food processing companies can be melted and 
 fi ltered in order to obtain the fat and remove gums, protein residues, and suspended 
particles  [  67  ] . For extracting the  fi sh oil from the  fi sh’s residues,  fi rstly  fi sh’s viscera 
and heads can be cooked thoroughly in boiling water. The supernatant oil is taken 
from the top of the boiling vessel and placed in a separatory funnel, where the oil is 
washed (with distilled water at about 60°C) and separated from the water and solid 
residues. The  fi sh soapstock is squeezed and as a result the crude  fi sh oil containing 
some solid impurities is separated from the cake of  fi sh dregs. The resulting crude 
oil is centrifuged and placed in a separatory funnel where it is washed. Finally, the 
oil is vacuum- fi ltered to remove any remaining impurities. 

 Industrially, the bulk of the material to be rendered consists of the leftover parts 
of a slaughtered animal (fats, bones, and other parts). The  fi rst step in the rendering 
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  Fig. 1    Process  fl owsheet for biodiesel production from waste oil or animal fat with high acidity       
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process is the milling and grinding of a mixture of materials to generate a mass that 
is screw-conveyed to a batch digester where it remains for 4–5 h to be cooked with 
saturated vapour at about 110°C, until it loses about 70% of its moisture content. 
Then the digester is opened and its contents are discharged into a percolator tank, 
heated by steam, where the liquid fat separates from solids by percolation and siev-
ing. After percolation, the fat is centrifuged and/or  fi ltered and sent to a decanter 
tank for storage and eventual  fi nal separation from the aqueous phase present. The 
solid material removed from the fat in this operation is added to the solid material 
from percolation. The solid material is hot-pressed generating more fat that is added 
to the one percolated for puri fi cation. The pressed material is milled in a hammer 
mill, and then sent for screening to obtain the particle size of  fl our. The material 
retained in screening returns to the mill. Passing through the screening the meat/
bone meal is bagged and stored for shipping and using in pet food  [  25  ] . 

 The industrial process for extracting oil from  fi sh by-products (e.g. heads, viscera, 
 fi sh bones, and skin) operates in a continuous mode. Thus, after milling and grinding 
the  fi sh, by-products are screw-conveyed to a continuous steam cooker with a resi-
dence time of about 15 min. After cooking, the coagulated mass is pre-strained in a 
strainer conveyor before entering a screw press that separates the press cake from the 
press liquor. The press cake is disintegrated in a tearing machine (a wet mill) and 
dried in an indirect steam dryer with internal rotating blades. The meal passes through 
a vibrating screen furnished with a magnet to remove extraneous matter-like pieces 
of wood and metal (e.g.  fi sh hooks) before entering the hammer mill. The ground 
meal is automatically weighed out in bags that are closed and stored. The press liquor 
then passes through a buffer tank before separation into oil, “stick” water, and  fi ne 
sludge in a centrifuge. The oil passes through a buffer tank before water and sludge 
impurities are removed (polishing) in the oil separator. After polishing, the oil often 
passes through an inspection tank before storage in the oil tank  [  35  ] . 

 Another possibility for extracting lipids from fatty waste materials is by using an 
organic solvent, such as  n -hexane. For example, Nebel and Mittelbach  [  72  ]  tested nine 
solvents for extracting fat from meat and bone meal, obtaining about 15% fat with all 
solvents, but  n -hexane was found to be the most suitable solvent to perform the extrac-
tion, because it is relatively cheap and has a low boiling point. The fat was then con-
verted to methyl esters via a two-step process, whose quality was according to the 
European speci fi cation for biodiesel (EN 14214) except the cold-temperature behav-
iour and the oxidation stability. Oliveira and Bechtel  [  74  ]  described a solvent extraction 
procedure using a 2:3 solution of isopropyl alcohol/hexane (99.9% purity) for extract-
ing lipids from salmon’s by-products including heads, viscera, frames, and skin.  

    2.2   Pre-treatment of Waste Oils and Fats 

 When dealing with high acidity feedstocks, in particular waste frying oils or animal 
fats from the meat or  fi sh processing industry, one needs to perform a pre-treatment 
to guarantee that the transesteri fi cation reaction is performed in an ef fi cient way and 
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that the quality of the biodiesel obtained follows all the applicable norms such as the 
EN 14214. Also, it is important to know their characteristics and the presence of 
contaminants that reduce the ef fi ciency and effectiveness of the alkali-catalyzed 
transesteri fi cation. 

 For the removal of contaminants, of special concern is the presence of moisture 
that has a strong negative in fl uence in the transesteri fi cation reaction. Water content 
of waste oils and animal fats may vary considerably depending on the origin. Rice 
et al.  [  81  ]  reported a range of 1–5% (w/w) of water contents in waste frying oils. 
The presence of water inhibits the esteri fi cation and transesteri fi cation reactions, 
favours the hydrolysis of triglycerides and FFA, lowers the esters yield, and renders 
the ester and glycerol separation dif fi cult  [  7,   18  ] . If the water concentration is greater 
than 0.5%, the ester conversion rate may drop below 90%  [  19  ] . Water also promotes 
soap formation in the presence of the alkali catalysts, increasing catalyst consump-
tion and diminishing its ef fi ciency. The water content in the feedstock should be 
lower than 0.06% (w/w)  [  64,   81  ] . Heating the waste frying oil or tallow over 100°C, 
to about 120°C, can boil off any excess water present in the feedstock. For other 
contaminants, other strategies should be employed in a case-by-case scenario. 

 The waste frying oils may have other impurities such as solid particles resulting 
from the food frying and sodium chloride that is added to the fried food. Depending 
on the feedstock characteristics, the separation of these solid particles may be 
accomplished by  fi ltration, pressing, or centrifugation. The presence of chlorides 
may cause corrosion problems in the process equipment and piping system. 

 The acid value of oil is another important parameter to be determined, since it 
allows one to evaluate which is the most adequate method to produce biodiesel. For 
example, depending on the oil acidity, one- or two-step process can be used, where 
in a  fi rst step, the level of FFA is reduced to below 3% by acid-catalyzed esteri fi cation 
with methanol as reagent and sulphuric acid as catalyst and, in a second step, trig-
lycerides in product from the  fi rst step are transesteri fi ed with methanol by using an 
alkaline catalyst to produce methyl esters and glycerol  [  94  ] . 

 The FFA content of waste frying oil and animal fats vary widely. Waste oils typi-
cally contain 2–7% (w/w) of FFA  [  95  ] , while animal fats may contain 15% FFA but 
can be as high as 40%  [  18,   93,   94  ] . In order to maximize the methyl esters yield, 
Freedman et al.  [  39  ]  proposed to use vegetable oils with a FFA content lower than 
0.5% (w/w) in order to not affect the yield of transesteri fi cation reaction. Rice et al. 
 [  81  ]  reported that a reduction of FFA from 3.6 to 0.5% increased yields from 73 to 
87%. Canakci and Van Gerpen  [  19  ]  referred that a FFA level above 5% can lower 
the ester conversion rate below 90%. A study from the Sustainable Community 
Enterprises  [  85  ]  concluded that due to its high acidity, salmon oil requires an 
esteri fi cation pre-treatment to be possible to perform the transesteri fi cation 

 In the presence of FFA and moisture, saponi fi cation reactions occur because the 
fatty acids react with the catalyst to produce soaps, decreasing the methyl esters 
yield, or even inhibiting the transesteri fi cation reaction. Even in small amounts, 
these contaminants can reduce the reaction rate by orders of magnitude  [  18  ] . 
Moreover, the formation of soap consumes catalyst and causes emulsions to be 
formed, which limits the mass transfer between phases, signi fi cantly reducing the 
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chemical reaction rate and the selectivity to biodiesel. This further complicates the 
separation of phases after the reaction completion and makes it dif fi cult to recover 
and purify biodiesel  [  7  ] . 

 The equations ( 1 ) and ( 2 ) represent, respectively, the saponi fi cation of FFA and esters.

     

2
heatR COOH  NaOH  R COONa H O

FFA    Metalic alkoxide                 Salt          Water

− + → − +

   (1)  

     

waterR COOR  NaOH  R COONa  OH R

Ester     Metalic alkoxide                  Salt            Alcohol

− ′ + → − + − ′

   (2)   

 Aryee et al.  [  9  ]  used FTIR and titrimetric analytical methods for FFA determina-
tion in  fi sh oils extracted from salmon skin, concluding that the FFA content of 
Atlantic salmon skin lipids increased linearly from 0.6 to 4.5% within the 120 days 
it was stored at 20°C, as a result of auto-oxidation. Wu and Bechtel  [  96  ]  also found 
that the FFA level in salmon heads and viscera increases with the storage time and 
temperature. From a practical point of view, this results show that at least the  fi sh 
oils should be used immediately after their extraction, limiting somehow the utiliza-
tion at a local scale or when the logistical networks are ef fi cient. 

 Re fi ned vegetable oils normally do not need a pre-treatment in order to produce 
biodiesel. However, the waste frying oils and the animal fats with high acidity (more 
than 2.5% w/w of FFA) need a pre-treatment to reduce their FFA content. This is nor-
mally done by acid-catalyzed esteri fi cation, using H 

2
 SO 

4
  as catalyst and methanol as 

reagent in the proportions of 2.25 g of methanol and 0.05 g of sulphuric acid per each 
gram of FFA in oil. From the several approaches proposed in literature such as 
esteri fi cation and distillation re fi ning method  [  99  ] , Bianchi et al.  [  14  ]  concluded that 
esteri fi cation is the most attractive to lower the FFA content of waste animal fat to 0.5% 
(from a typical range of 10 to 25%) using a solid acid ion-exchange resin as catalyst. 

 During esteri fi cation, the FFA are converted to methyl esters, but the triglycer-
ides remain essentially unconverted to esters for low methanol to oil molar ratios 
and short reactor residence times  [  7,   29,   51,   60  ] . The esteri fi cation reaction can be 
represented as follows

     

− + → − +3 3 2
acid catalystR COOH  CH OH R COOCH H O

FFA               methanol                          esters         water    (3)   

 Since water is formed as a by-product during esteri fi cation, it needs to be removed 
or the reaction will be quenched prematurely. One possible approach is to remove 
water while the reaction occurs, for example, using a membrane reactor. Another 
approach is to perform the reaction in two rounds with the removal of methanol, 
sulphuric acid, and water phase in between, followed by the addition of more fresh 
reactant to perform a second-round reaction driving it closer to completion  [  19–  21,   94  ] . 
Zhang et al.  [  100  ]  suggested the addition of glycerine after the second-round reac-
tion to remove all the water from the oil stream, having the advantage of removing 
the acid catalyst which may cause neutralization of the alkali-catalyst during the 
transesteri fi cation reaction.  
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    2.3   Biodiesel Production Processes 

    2.3.1   Alkali-Catalyzed Process 

 The alkali-catalyzed transesteri fi cation of triglycerides ( 1 ) is the process normally 
used for low amounts of FFA present in triglycerides (less than 2.5% w/w) since this 
reaction is very sensitive to the oil or fat purity, requiring in many cases pre-treatment 
steps. The pre-treated oil can then be transesteri fi ed with an alkali-catalyst to con-
vert triglycerides into methyl esters. 

 As shown in (4), transesteri fi cation is a multiple reaction including three revers-
ible steps in series, where triglycerides are converted to diglycerides, then diglycer-
ides are converted to monoglycerides, and monoglycerides are converted to fatty 
acid alkyl monoester (biodiesel) and glycerol (by-product). Although several alco-
hols can be used in this reaction, such as ethanol, methanol, or butanol to obtain 
respectively, methyl, ethyl, or butyl esters, it is methanol that is most commonly 
used due to its low cost by comparison with the other alcohols. An excess of alcohol 
needs to be used (normally an alcohol to oil molar ratio of 6:1) at a reaction tempera-
ture of about 60°C, if methanol is used, or 70°C for ethanol  [  39  ] . The amount of 
catalyst used in the mixture is in the range of 0.5–1.0% (w/w), a higher amount may 
have as consequences gel formation and dif fi culty in separating glycerol. Generally, 
the transesteri fi cation reaction is affected by operating conditions such as alcohol/
oil molar ratio, kind of alcohol (e.g. methanol, ethanol, propanol, or butanol), type 
and amount of catalysts, reaction time and temperature, and purity of reactants.

 Triglycerides

3 CH3OH

Alkali-

catalyst

OCOR1

OCOR2

OCOR3

Alcohol EstersGlycerol

OH

OH

OH

R1OCOCH3

R2OCOCH3

R3OCOCH3

         (4) 

 After the chemicals are mixed for the transesteri fi cation, two essentially immis-
cible phases are formed: one non-polar containing triglycerides and esters, and the 
other polar containing glycerol and alcohol. As two immiscible phases are formed, 
the reactor vessels are intensely stirred to promote mass transfer  [  10  ] . Some 
emulsi fi cation also occurs due to saponi fi cation reaction since the alkalis catalyst is 
used  [  11  ] . For temperatures of 60 or 70°C, the conversion of the oil is complete in 
few hours  [  1  ] . 

 Tashtoush et al.  [  91  ]  performed experiments to determine the optimum condi-
tions for converting animal fats into ethyl and methyl esters, concluding that abso-
lute ethanol performs better than absolute methanol and that 50°C is the optimum 
temperature to perform the transesteri fi cation reaction, during 2 h maximum. Other 
authors have also devised different ways of using residual oils or fats with high FFA 
and moisture contents, for biodiesel production. For example, Alcantara et al.  [  3  ]  



68128 Valorization of Waste Frying Oils and Animal Fats for Biodiesel Production

calculated the cetane index of waste frying oil and concluded that it is similar to that 
of fossil diesel fuel. Ma et al.  [  64  ]  studied the effect of catalyst, FFA, and water in 
the transesteri fi cation of beef tallow, concluding that the presence of water has the 
most negative effect on the reaction conversion and should be kept beyond 0.06% 
(w/w), while FFA should be kept beyond 0.5% (w/w). 

 Piu  [  77  ]  studied the production of biodiesel from waste animal fats, including the 
oil pre-treatment, biodiesel production, puri fi cation, and its  fi nal combustion in a 
diesel-powered generated for emissions determination, concluding that using 20/80 
(v/v) of biodiesel/diesel blends has the better results in terms of NOx, CO, HC, and 
smoke emissions. 

 Alptekin and Canakci  [  5  ]  studied the production of biodiesel from chicken fat 
extracted from chicken wastes (feathers, blood, offal, and trims) after the rendering 
process. These authors investigated the variables affecting the FFA level of chicken 
fats such as alcohol molar ratio, amount of acid catalyst, and reaction time by using 
a chicken fat with 13.45% FFA. The optimum esteri fi cation condition was found to 
be 20% (wt/wt) sulphuric acid and 40:1 of methanol:oil molar ratio, for a reaction 
time of 80 min at 60°C of temperature. For these conditions, the methyl ester yield 
was 87.4% after transesteri fi cation. 

 The alkali-catalyzed process suffers from some signi fi cant drawbacks, in par-
ticular the pronounced adverse effects of water, high acidity, and long reaction time 
in batch mode. Many options are being suggested and some are under development 
and even implementations to improve the process, in particular to be able to operate 
in continuous mode with reduced reaction time, and trying to reduce the operating 
costs, especially associated with the feedstocks consumption and with the biodiesel 
puri fi cation steps  [  11  ] . Some examples are listed bellow and some applications to 
waste fats are discussed in the next sub-sections

   Acid-catalyzed transesteri fi cation  [  • 56  ] .  
  Non-catalytic supercritical methanol or ethanol for the transesteri fi cation reac-• 
tion  [  26,   58,   59,   65  ] .  
  Heterogeneous or Biological catalyzed process (inorganic chemical, enzymes, • 
and living organisms) to avoid the need for the removal and recycling of the 
catalyst  [  16,   31,   54,   79  ] .  
  Transesteri fi cation with co-solvents to enhance the solubility of reactants, by • 
diminishing the mixture polarity and increasing the reaction rate  [  15,   43  ] .  
  In situ transesteri fi cation  [  • 47  ] .  
  Microwave-assisted transesteri fi cation  [  • 61  ] .  
  Catalytic cracking  [  • 50  ] .  
  Ultrasonic reactors and cavitation reactors  [  • 32,   42  ] .     

    2.3.2   Acid-Catalyzed Process 

 The usage of a strong acid instead of a strong base is better suited for high acidity 
feedstocks, a situation normally found in waste oils and fats, making it possible to 
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avoid the oil pre-treatment operation and providing high conversion rates with no 
soap formation  [  19,   49  ] . Nevertheless, it is seldom used due to its longer reaction 
times and higher temperatures required, when compared to the alkali-catalyzed pro-
cess, and it is more corrosive to the process equipment  [  1,   19  ] . For example, Kulkarni 
and Dalai  [  56  ]  report 88 and 95% conversion obtained, respectively, for 48 and 96 h 
reaction time. 

 Also, a higher methanol to oil molar ratio is needed to promote high equilibrium 
conversions of triglycerides to esters, which generally increases the production 
costs, due to an increase in the volume needed for the reactor and the separation of 
glycerol that becomes more dif fi cult. Kulkarni and Dalai  [  56  ]  report that 98% con-
version is obtained for a methanol:oil molar ratio of 30:1 by comparison with a 87% 
conversion for a molar ratio of 6:1. 

 Among the several acid catalysts (e.g. sulphuric, sulfonic, phosphoric, or hydro-
chloric acid) that can be used, sulphuric acid is the most common. Zhang et al.  [  101  ]  
evaluated economically both the alkali-catalyzed and the acid-catalyzed process, con-
cluding that though the  fi rst one, using virgin vegetable oil, has the lowest  fi xed capital 
cost, the second one, using waste frying oil, is more economically feasible overall. 

 Kulkarni and Dalai  [  56  ]  present the effect of various parameters on the acid- 
catalyzed transesteri fi cation, showing that the FFA and moisture content of oils are 
the parameters that most affect the reaction conversion. For instance, with less than 
0.5% water the conversion is above 90%, and for 3 or 5% of moisture the conversion 
is, respectively, 32 and 5%. The FFA effect is not so accentuated allowing one to 
obtain 90, 80, and 60% conversion for 5, 15, and 33% of FFA content, respectively. 

 Bhatti et al.  [  13  ]  studied the effect of various parameters in the production of 
biodiesel from animal fats, concluding that the optimum conditions for 5 g of 
chicken and mutton tallow are, respectively, a temperature of 50 and 60°C, 1.25 and 
2.5 g of H 

2
 SO 

4
 , and an oil:methanol molar ratio of 1:30 and 1:30, yielding 

99.01 ± 0.71% and 93.21 ± 5.07% of methyl esters, after 24 h, in the presence of 
acid. Gas chromatographic analysis showed a total of 98.29 and 97.25% fatty acids 
in chicken and mutton fats, respectively.  

    2.3.3   Non-catalytic Supercritical Processes 

 Other interesting option for producing biodiesel from feedstocks with high concen-
tration of impurities such as water and FFA is the transesteri fi cation of triglycerides 
with supercritical methanol, which is receiving a lot of attention  [  17,   58,   59  ] . This 
process is catalyst-free and it is able to obtain full conversion of the triglycerides in 
a matter of minutes  [  58  ] , with the possibility of continuous operation mode  [  26  ] . 

 The operation is also simpler, as the transesteri fi cation of triglycerides and 
methyl esteri fi cation of fatty acids occurs simultaneously without using any cata-
lyst. Because no catalyst is used and has to be recovered, the downstream process-
ing is much simpler, and soap-free glycerol can be obtained  [  89  ] . Other advantage 
this process presents is the insensitivity to the presence of impurities in the vegeta-
ble oil, such as water and FFA  [  59  ] . The presence of moisture is not only negligible, 
but it can also be advantageous in this process  [  6  ] . 
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 The reaction is carried out in supercritical methanol (or ethanol), in which 
feedstocks react with the alcohol under conditions of high pressure (above 100 atm) 
and high temperature (more than 276°C). At these conditions, the alcohol is in a 
supercritical gaseous state and the triglycerides are somewhat dissolved in a single 
phase. The reasons for this behaviour are not yet fully understood, but are certainly 
related to the high solubility of triglycerides in supercritical alcohol and solvent 
effects  [  65  ] . Also, some authors have observed a dependence on the type of alcohol 
and triglyceride used  [  4  ] . 

 Notwithstanding its clear advantages over other processes, signi fi cant hurdles 
remain for the full scale implementation of supercritical production units. First of all, 
high temperatures and pressures are necessary to ensure that the alcohol is in super-
critical state, requiring the utilization of special equipment designed to support these 
conditions. This will lead to high equipment and operational costs, making the pro-
cess economics not so attractive when compared to other options. Also, the excess of 
methanol used in the reaction is much larger when compared to the conventional pro-
cess; normally an alcohol/oil molar ratio of 42:1 is used, which needs to be recovered 
and recycled back to the reactor this way complicating the process design  [  58  ] . 

 Alternatively, Cao et al.  [  23  ]  proposed the supercritical methanol process, using 
propane as co-solvent, which decreases the reaction temperature and pressure, as 
well as the alcohol to oil molar ratio. This is because propane decreases the critical 
point of methanol allowing the supercritical reaction to be carried out under milder 
conditions than those of 424 atm and 350°C reported by Kusdiana and Saka  [  58  ] . In 
this case, the optimal reaction conditions are a temperature of 280°C, a pressure of 
126 atm, an alcohol to oil molar ratio of 24:1, and propane to oil molar ratio of 
0.05:1. At these conditions, 98% of oils are converted to biodiesel for a reaction time 
of 10 min. Kasteren and Nisworo  [  53  ]  performed an economic analysis of this pro-
cess, considering the industrial production of biodiesel from waste frying oil and 
concluded that it can compete with the existing alkali and acid-catalyzed processes.  

    2.3.4   Heterogeneous Catalyzed Process 

 A natural evolution in process development is the replacement of the homogeneous 
catalysis with a solid base catalyst, change that simpli fi es extensively the post-
processing process. In particular, it makes it easier to operate in continuous mode, 
eases the catalyst separation and recycling after reaction, avoids the saponi fi cation 
problem, and yields a cleaner biodiesel product, a purer glycerol that can be more 
easily marketed. 

 Various types of heterogeneous catalysts are being considered and studied for 
biodiesel production, including titanium silicates, ion-exchange resins, and zeolite 
metal-supported catalysts, among others. Extensive reviews of the current status on 
the use of solid base catalysts can be found in Liu et al.  [  63  ]  and Di Serio et al.  [  33  ] . 
Peng et al.  [  75  ]  prepared, characterized, and studied a solid acid catalyst for its 
activity in the production of biodiesel from several feedstocks with a high FFA 
content, showing that heterogeneous catalysis is a worthy option to process those 
types of raw materials. 
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 Heterogeneous catalysts such as zeolites and metals may also allow for the use 
of feedstocks with a high FFA content  [  16,   31,   54  ] . However, some scienti fi c and 
technical barriers persist relatively to their application at industrial-scale. For 
instance, Albuquerque et al.  [  2  ]  concluded that the catalyst activity strongly depends 
on the metal composition of the oxides used, and new materials with well-de fi ned 
structures, high surface area, and adequate basic or acid properties have yet to be 
developed. Although many of the solid catalysts proposed in literature for biodiesel 
production have good catalytic performances, they require high temperatures and 
pressure to work properly. Also, it is necessary to address the questions of deactiva-
tion, reusability, and regeneration of the catalysts in practical conditions to assess 
their real potential for using in commercial applications. As heterogeneous cata-
lyzed processes have advantages over homogeneous catalyzed and are easier to 
operate, more commercial applications will certainly be introduced in the near 
future with important impact on the biodiesel production.  

    2.3.5   Biological Catalyzed Process 

 Biological catalysts for biodiesel production, including both enzymes and living 
organisms, are considered to be one of the most promising alternatives for future 
use in biodiesel production  [  38,   79  ] . They can be implemented either in solution or 
supported (e.g. in biological  fi lms or in packed beds). An advantage of enzymes is 
that they do not require the utilization of nutrients. An advantage of living organisms 
is that they can be genetically engineered to improve their performance, resilience, 
and capacity to operate in harsher conditions. 

 Lipases obtained from different biological sources are examples of enzymes that 
can be used to perform the transesteri fi cation reaction and that have shown a good 
tolerance to the oil FFA content  [  95  ] . Kaieda et al.  [  52  ]  show that different enzymes 
have different capacities and report that certain lipases can be used for biodiesel 
production even if the oil has high water and methanol contents. 

 Although extensive research has been devoted to this area, the use of bio-catalysts 
for biodiesel production is still at the laboratory stage  [  1,   79,   86,   87  ] . They can be 
more ef fi cient, selective, require a lower reaction temperature, and produce less 
side products or wastes, when compared with other types of catalyzed processes, 
but the reaction rates are much lower than for the conventional process, normally 
taking several hours (8–12 h) for similar conversions. 

 Some of the main problems include the dif fi culty in determining:

   What are the best enzymes or microorganisms to perform the reaction, depend-• 
ing on the feedstocks characteristics and on the impurities that may exist?  
  What are the optimum reaction conditions, in particular what are the optimal • 
molar ratio of reactants, solvents to be used, temperature, and water content?  
  How the enzymes will be used, if supported or in solution?  • 
  How to recover and reuse the enzymes?  • 
  How to avoid the enzymes’ deactivation, or the living organisms’ death?    • 
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 Some studies can be found in literature addressing some of the problems listed 
above. For example, Shimada et al.  [  87  ]  concluded that the best way to avoid the 
inhibition or deactivation of enzymes and maintain the enzyme activity for longer 
periods of time is their stepwise addition to the reaction mixture, in order to main-
tain the oil/methanol ratio at certain optimal levels.    Although the addition of 
co- solvents appears in some cases to have a positive effect on the enzyme stability 
 [  1  ] , there is still some work to be done in order to identify the most adequate solvents 
and how they in fl uence the ongoing reaction.  

    2.3.6   Transesteri fi cation Reaction Using Co-solvents 

 The use of co-solvents such as dimethyl ether (DME), diethyl ether (DEE), methyl 
tert-butyl ether (MTBE) and tetra-hydro-furan (THF) has attracted much attention 
since they allow one to increase the reaction rate, under milder conditions, by dimin-
ishing the mixture polarity  [  15,   43  ] . 

 For example, the use of co-solvents and high mixing intensity for the reaction 
reduces the need to use higher temperatures to enhance the solubility among reac-
tants and the mass transfer between both phases  [  11  ] . Moreover, transesteri fi cation 
in supercritical methanol, employing propane and CO 

2
  as co-solvents, was also 

developed  [  23,   48,   84,   98  ] . Nevertheless, the selection of the appropriate co-solvent 
and the mixing intensity are critical factors contributing to the correct operation and 
performance of the reaction system. 

 Sabudak and Yildiz  [  83  ]  studied biodiesel production from waste frying oils by 
applying three different processes: a one-step alkali-catalyzed transesteri fi cation, a 
two-step alkali-catalyzed transesteri fi cation, and a two-step acid-catalyzed 
transesteri fi cation followed by alkali-catalyzed transesteri fi cation. For each reac-
tion, these authors added THF as a co-solvent concluding that the effect of THF on 
reaction yield is not signi fi cant, and instead of using the co-solvent, it is more eco-
nomical to improve the mixing ability of the reactor.  

    2.3.7   In Situ Transesteri fi cation 

 In situ transesteri fi cation is another possibility that simpli fi es or even eliminates the 
need to perform the pre-processing of feedstocks, in particular the oil extraction and 
re fi ning steps. The transesteri fi cation reaction is directly performed in the macer-
ated oil seeds, such as soybeans  fl akes or animal fats containing the lipidic material 
 [  24,   40,   70,   88,   102  ] . 

 Although the in situ transesteri fi cation was proposed some years ago, it has not 
yet been used extensively. Reasons for this may be the large molar ratios between 
oil and alcohol that are necessary to obtain full oil conversion and the dependence 
on the seeds characteristics and on its oil content  [  88  ] . This process may seem 
simple, but it is still not fully worked out for practical applications and it is not 
economically ef fi cient. 
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 Haas et al.  [  47  ]  investigated biodiesel production by in situ transesteri fi cation 
using as feedstocks corn dried grains (a by-product of ethanol production) and meat 
and bone meal (a by-product of animal rendering). As a result, these authors achieved 
almost the maximum theoretical transesteri fi cation conversion (91.1%) at ambient 
pressure and 35°C of temperature. For a higher temperature of 55°C, no signi fi cant 
increase in the conversion was achieved. Partial drying of the corn grains contrib-
uted to reduce the methanol requirements to achieve a high degree of 
transesteri fi cation. For meat and bone meal, drying was not required to achieve a 
high degree (93.3%) of transesteri fi cation.  

    2.3.8   Microwave-Assisted Transesteri fi cation 

 Microwave-assisted transesteri fi cation is another possibility for biodiesel produc-
tion from lipidic feedstocks with high acidity  [  61  ] . Refaat et al.  [  80  ]  compared both 
microwave-assisted and the conventional process for producing biodiesel from high 
acidity feedstocks, concluding that reaction time is reduced by about 97% and sepa-
ration time by about 94% using microwave irradiation. 

 Perin et al.  [  76  ]  compared the acid-catalyzed and alkali-catalyzed trans-
esteri fi cation assisted by microwave irradiation concluding that the best results are 
obtained under basic conditions, i.e. the reaction takes place in 5 min, and 95% 
conversion is obtained. Azcan and Danisman  [  12  ]  have considered microwave heat-
ing to perform the transesteri fi cation of rapeseed oil, showing that increased yields 
and reduced reaction times are possible.  

    2.3.9   Catalytic Cracking 

 A variant of thermal cracking is the catalytic cracking, extensively used in the 
petrochemical industry to produce a signi fi cant percentage of the fossil-derived fuel 
currently used. This possibility has also been pursued for the production of biofuels from 
a wide variety of feedstocks, especially from low-value triglyceride-based biomass. 
The reaction takes place in  fl uid catalytic cracking (FCC) units where triglyceride mol-
ecules are transformed into water, CO 

2
 , CO, and a mixture of hydrocarbons, some of the 

aromatic type  [  68  ] . The employment of a catalyst permits the utilization of milder con-
ditions of temperature and pressure, with a better control of the  fi nal products  [  27,   92  ] . 

 Hua et al.  [  50  ]  studied the catalytic cracking transformation of vegetable oils and 
animal fats in the laboratory. The results show that they can be used as FCC feed 
singly or co-feeding with vacuum gas oil, which can give high yield (by mass) of 
lique fi ed petroleum gas (LPG), C2–C4 ole fi ns, for example, 45% LPG, 47% C2–C4 
ole fi ns, and 77.6% total liquid yield produced with palm oil cracking. Co-feeding 
with vacuum gas oil gives a high yield of LPG (39.1%) and propylene (18.1%). 

 Different combinations of reactors and catalysts can be used, as for example pil-
lared clays, alumina metal-supported catalysts, zeolites, among others. Also, the 
huge experience gathered in the petrochemical industry can be relevant in the devel-
opment and implementation of cracking processes for biodiesel production.   
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    2.4   Post-processing 

 After the transesteri fi cation reaction, the post-processing steps needed to purify 
biodiesel according to the existing regulations and norms are the same as those 
involved in the biodiesel production from currently edible vegetable oils. Although 
the  fi nal product composition in terms of esters may be different depending on the 
feedstocks used, their physical properties are similar and no signi fi cant differences 
are expected between the two variants. 

 After the reaction is  fi nished, the mixture is allowed to separate into an upper 
layer of methyl esters and a lower layer of glycerol diluted with methanol. Glycerol 
is removed by allowing the two phases to form and settle. Then, any unreacted alco-
hol is air-stripped or vacuum-distilled away from the esters phase and recycled back 
to the reactor. 

 Depending on the process, water can be used to wash catalyst residues and 
sodium soaps from the methyl esters. Moreover, small amounts of concentrated 
phosphoric acid (H 

3
 PO 

4
 ) can be added to the raw methyl esters to break down cata-

lyst residues and sodium soaps. Predojevic  [  78  ]  studied different puri fi cation steps 
of biodiesel obtained from waste frying oils, by a two-step alkali-catalyzed 
transesteri fi cation reaction, concluding that the best results are obtained when using 
silica gel and phosphoric acid treatments (with a yield of 92%) and the lowest yields 
(89%) are obtained using hot water. Also, Sabudak and Yildiz  [  83  ]  applied three 
different puri fi cation methods to biodiesel produced from waste frying oils (water 
washing with distilled water, dry wash with addition of magnesol, and an ion-
exchange resin) concluding that the most effective one is the ion-exchange resin. 

 The same situation occurs for the storage of biodiesel, where potential problems 
of decomposition may occur. For example, Lin and Lee  [  62  ]  studied the oxidative 
stability of marine  fi sh-oil biodiesel showing that the addition of antioxidant 
signi fi cantly retards the fuel deterioration over time, although it increases the kine-
matic viscosity and carbon residue at the beginning of the storage period. These 
authors also concluded that the operating temperature is a dominant factor in the 
deterioration of the fuel characteristics.   

    3   Economic and Environmental Considerations 

 As stated above, the conversion to biodiesel of waste oils and fats from the meat and 
 fi sh processing industries represents an opportunity to valorize a residue and obtain 
a higher value product (biodiesel). In many situations, the adequate disposal of 
residual oils and fats represents an operational cost, as they cannot be burnt directly 
in a boiler without special equipment. Thus, from this point of view, there is an 
economic incentive to valorize those residues. 

 However, depending on the total quantity of residual oils and fats generated, dif-
ferent approaches have to be considered. If the total amount is small, as it is the case 
of the waste frying oils generated in restaurants, it will be easier to make the selective 
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collection of those materials to be processed in a centralized production facility. If a 
good logistic system is developed and properly implemented, and incentives are 
available for the residue producers, this is proved to be a good option  [  8  ] , applicable 
even for the small- and medium-sized companies of the meat and  fi sh processing 
industries. This situation may change if small and compact units for the production 
of small quantities of biodiesel from a wide variety of feedstocks become available, 
although the costs of energy and raw materials, and the hazards involved in the 
manipulation of dangerous chemicals may render this possibility impracticable. 

 However, if the quantity of residues generated is large, the option of having an 
in-house facility for the production of biodiesel may be viable from an economic 
point of view. In any case, the reduction in the consumption of fuel by the company, 
either by the utilization of biodiesel or by burning of the glycerol produced in the 
process, must be compared with the investment in equipment and operational costs 
due to the consumption of materials and energy necessary to produce biodiesel. With 
the increase in price of fossil fuels, this option is expected to become more and more 
attractive. It is also relevant for companies operating close by or even interconnected, 
that generate large quantities of residual fats, and that may be interested on a com-
mon processing plant to take care of all the fat residues generated in their activities. 

 From an environmental point of view, the valorization of residual oils and fats to 
biodiesel production makes sense. This corresponds to the reutilization of a waste 
material originated from a renewable source, thus reducing the consumption of non-
renewable fossil fuels. Although at a  fi rst glance there is a reduction in greenhouse 
gas emissions, in particular of carbon dioxide  [  71  ] , the actual reduction depends on 
how the residues are collected and transported to the production site. To minimize 
those emissions, the logistical network should be properly optimized, for example, 
by giving the residue generators special containers for storing the waste fats and 
de fi ning the more adequate collection routes. Although for in-house biodiesel pro-
duction facilities this problem does not occur, additional savings may be accom-
plished through an adequate process optimization and integration. 

 Moreover, with the advent of more stringent limits for greenhouse gas emissions 
and the development of trading schemes for carbon emissions, the production of 
biodiesel from residual oils and fats can be a good form to combine the environmen-
tal and the economical aspects to one’s advantage. However, the current legislation 
and regulations still need to be improved or even created to be able to have a clear 
vision of the trade-offs involved on these decisions.  

    4   Conclusions 

 This article presents and discusses the main questions regarding the utilization of 
residual oils and fats for biodiesel production. Some key aspects are identi fi ed and 
strategies to deal with them are presented. Among them, the high content of FFA 
and moisture in waste frying oils and animal fats, as compared to fresh edible oils, 
makes the alkaline-catalyzed transesteri fi cation reaction to be less ef fi cient for 
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biodiesel production. A pre-treatment method suitable to handle this type of 
feedstocks is presented. Also, more ef fi cient and robust production processes are 
presented that are able to use feedstocks with the characteristics normally encoun-
tered in waste fats. 

 As the global demand for biodiesel increases and the pressure to be more envi-
ronmental friendly, yet maintaining market competitiveness, increases, more and 
more waste residues will be seen as valuable raw materials. Besides helping compa-
nies to ful fi l their goals, policy targets de fi ned at governmental and regional levels 
may be easier to reach.      
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  Abstract   We describe a new procedure for conversion of algal biomass into biodiesel 

using a single step process through the use of tetramethylammonium hydroxide 

(TMAH). The dried algae is placed in a laboratory-scale reactor with TMAH reagent 

(25% in methanol) under a blanket of  fl owing nitrogen gas and converted to a con-

densable gas-phase product (biodiesel) at temperatures ranging from 250 to 550°C. 

The condensed biodiesel is freed of methanol and analyzed by gas chromatography/

mass spectrometry. Fatty acid methyl esters (FAME) are the main products of the 

reaction at all temperatures studied. Residues from the one-step conversion exhibit 

varying levels of transformation which may likely affect their end use.      

    1   Introduction 

 Because of increases in crude oil prices, limited resources of fossil fuels, and the 

growing concern of greenhouse gases, there has been a renewed interest in convert-

ing biomass, vegetable oils, and animal fats to biodiesel fuels  [  5,   9,   19  ] . There are 

many forms of biodiesel from biomass, but one form is commonly produced from 

vegetable, plant, and animal-based oils that are converted to fatty acid methyl esters 

(FAMEs) by a transesteri fi cation process  [  8,   22  ] . The traditional biological sources 

of biomass oils are soybean, sun fl ower, and rapeseed. A drawback to using these 
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biomass sources for producing biofuel is that they compete for land with agricultural 

crops used as food sources. Algae as a renewable biomass, however, eliminate many 

of the problems associated with traditional biomass sources. 

 The use of microalgae as a source of biodiesel is not a new concept and was a 

focus of the Department of Energy’s “Aquatic Species Program” commenced in 

1978  [  28  ] . Although great progress was made, the program was discontinued in 

1996 because of decreasing federal budgets and low petroleum costs  [  25  ] . With cur-

rent higher petroleum costs and overall interest in biodiesel, the interest in algal-

derived biofuel has increased signi fi cantly. Algae are an attractive form of biomass 

for biodiesel because they do not compete for land needed for food crops. They are 

an inexpensive and vast renewable resource, and some species are highly enriched 

with lipids  [  5  ] . The main advantage of microalgae is that they can exhibit doubling 

rates of once or twice a day, making them among the most ef fi cient organisms at 

converting sunlight and atmospheric CO 
2
  into biomass. They can grow photosyn-

thetically so that no carbon source other than CO 
2
  is required for growth. The com-

bustion of any fuel from this biomass source will yield CO 
2
  previously  fi xed from 

existing atmospheric CO 
2
  so that the energy supply will be regarded as CO 

2
  neutral 

 [  27  ] . In comparison with other more traditional biomass fuel sources, algae have the 

potential to yield more energy per acre per unit time and appear to be the only 

source of biodiesel that has the potential to replace fossil diesel if used exclusively 

 [  5  ] . Weyer et al.  [  29  ]  calculated the theoretical maximum for algal oil production to 

be on the order of 354,000 L·ha −1 ·year −1  of unre fi ned oil, with best cases examined 

ranging from 40,700 to 53,200 L·ha −1 ·year −1  of unre fi ned oil. 

 Finding an economical process to convert algae to biodiesel is one of the major 

challenges of producing algal biofuel on an industrial scale. The transesteri fi cation 

of oils to FAMEs through a base-catalyzed process is a common commercial tech-

nique known for about 100 years     [  4  ] . This chemical process converts the triglycer-

ides from vegetable oils and animal fats into FAMEs via a multistep synthesis at 

temperatures less than 60°C  [  22  ] . There have been recent attempts to develop cata-

lysts and processes to perform this conversion of the oil through a single-step pro-

cess; however, we are unaware that anyone has demonstrated direct conversion to 

FAMEs by a one-step treatment of the biomass  [  4 ,  24,   30  ] . We report here a pro-

posed method in which the conversion of algae to biodiesel involves only a one-step 

methylation/transesteri fi cation and simultaneous distillation of FAMEs at high 

 temperature (e.g., 250°C) using the alkylation reagent Tetramethylammonium 

hydroxide (TMAH) and shown in (1)  [  7,   16,   17  ] .

          (1) 
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 This reagent has previously been used for conversion of cooking oils to FAMEs 

at temperatures of less than 60°C as its strongly alkaline properties make it ideal for 

the conventional transesteri fi cation process  [  1,   4  ]  in the presence of methanol. 

 The one-step thermal conversion of algae to biodiesel with TMAH was carried 

out in a reactor we consider only as a prototype for larger, more commercial units. 

Analysis of the collected liquid product was carried out using GC-MS to con fi rm 

the presence of FAMEs and other products. The unconverted residue was analyzed 

for use as a potential fertilizer by elemental analysis and solid-state  13 C nuclear 

magnetic resonance (NMR) to evaluate the extent of the transformation brought 

about by elevated temperatures in the reactor.  

    2   Methods 

 Sample Collection and Preparation: Both  fi ltration and centrifugation were used to 

obtain highly concentrated samples of algae from various sources. Algae were col-

lected from the ef fl uent of the sewage treatment plant Virginia Initiative Plant (VIP), 

close to Old Dominion University (ODU), Norfolk, VA, from May, 2007 to February, 

2008. The dominant algae at the VIP were  Centric diatoms  (10–30  m m), 

 Scenedesmus / Desmodesmus  spp., and  Chlorella  sp. Water from the wastewater facil-

ity with entrained algae was passed through a tangential  fl ow ultra fi ltration system 

(Millipore Pellicon) with 0.2  m m  fi lter, and the retentate, as condensed algal concen-

trate, was collected. Total cell concentration and algae speci fi cation for each sample 

was examined under microscope  [  21  ] . To remove salts, the algal concentrate was 

centrifuged (6,500 RPM, 250 mL rotor, 30 min), and the supernatant was decanted 

and replaced with MilliQ water. This procedure was repeated twice. The  fi nal con-

centrate was freeze-dried before chemical treatment. Algae were also collected from 

the ODU Algae Farm located in Spring Grove, VA. This farm, established in 2008, 

is an open pond design in which mainly  Scenedesmus / Desmodesmus  spp. algae are 

being grown and harvested. Algae at the ODU algal farm were concentrated by use 

of a continuous  fl ow centrifuge (Lavin Centrifuge Model 12–413 V). The concen-

trated algae, collected as a paste, were removed and lyophilized to dryness. 

 Conversion of Algae to Biodiesel in a Prototype Reactor: The TMAH method 

was adapted for the conversion of algae to biodiesel in a horizontal tube furnace 

reactor  [  16,   17,   26  ] . Approximately 1–2 g of algae sample was used in the prototype 

reactor (Fig.  1 ). Algae samples were placed in a 30-mL glass culture tube with 

1–2 mL of a TMAH in methanol solution (25 wt%). The methanol was evaporated 

to dryness under N 
2
  and placed in the Thermo Scienti fi c Lind-berg ®  Blue M reactor 

tube oven. The temperature was programmed to increase from 25°C to the desired 

temperature (250°C up to 550°C) over 15 min. The sample was held at  fi nal tem-

perature for 45 min and the reactor was cooled to room temperature. An oxygen-

free environment was created by using nitrogen gas  fl owing at a rate of approximately 

100 mL/min. Gaseous vapors were collected and condensed in an ice bath. These 

condensed vapors were analyzed for FAME content by GC-MS.  
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 Identi fi cation by GC-MS: Samples were analyzed by an Agilent 6890 gas 

chromatograph interfaced to a Leco III mass spectrometer. The temperature was 

programmed from 50 to 300°C at a rate of 15°C/min. The mass spectrometer 

was repeatedly scanned in the low-resolution mode from 45 to 500 mass (u) at a rate 

of 20 spectra/s. Compounds were identi fi ed by their mass spectra. Most peaks were 

identi fi ed by comparison with the Wiley/NBS library and some were con fi rmed by 

comparison with standards. Quantitative measurements of the concentrations of 

individual peaks were made using an internal standard  n -tetracosane as well as with 

external fatty acid methyl ester (FAME) standards. FAME standards were GLC-40, 

50, and 90 standard mixtures (Supelco Analytical) containing fatty acid mixtures of 

C 
16:0

 , C 
18:0

 , C 
20:0

 , and C 
22:0

 ; C 
16:1

 , C 
18:1

 , C 
20:1

 , and C 
22:1

 ; and C 
13:0

 , C 
15:0

 , C 
17:0

 , C 
19:0

 , and 

C 
21:0

 ; respectively. 

 Elemental Carbon (C) and Nitrogen (N) Analysis of Algae Residue: The carbon 

(C) and nitrogen (N) contents of algae residues were determined by a Thermo 

Finnigan Flash 1112 Elemental Analyzer using a nicotinamide standard for calibra-

tion. Approximately 1–2 mg of each solid sample was placed in a 3.3 × 5-mm tin 

capsule for combustion. The method used for analysis was a furnace at 900°C, oven 

at 75°C, and carrier gas helium at 91 mL/min. 

 Solid-state  13 C NMR: The NMR cross-polarization magic angle spinning 

(CPMAS)  13 C experiments, with a recycle delay time of 1.0 s and 2,048 scans, were 

performed using a Bruker Avance II 400 spectrometer operating at 100 MHz for  13 C 

and 400 MHz for  1 H  [  18  ] . All the experiments were conducted using a 4-mm triple 

resonance probe. Dry algae and conversion residues were packed into a 5-mm 

Zirconia NMR rotor  fi tted with a Kel-F cap for analysis.  

  Fig. 1    Schematic diagram of the prototype reactor. Reactor is designed for use with TMAH in a 

batch mode       

 



69929 One-Step Conversion of Algal Biomass to Biodiesel…

    3   Results 

 The biodiesel in this study is produced by conversion of dry microalgae biomass 

from the VIP using a one-step thermochemolysis reaction into an open pyrolysis 

prototype reactor. The biomass may be used partially wet, but Hatcher and Liu rec-

ognized that drying increases the yield of FAMEs  [  15  ] . During this reaction, the 

transesteri fi cation occurs at a temperature suf fi cient to hydrolyze and alkylate trig-

lycerides in the biomass  [  15  ] . This process is possible because the association of 

TMAH and methanol provides a single step high-temperature saponi fi cation and 

methylation of the ester functional groups of the triglycerides  [  11  ] . It is also likely 

that a transesteri fi cation occurs at lower temperatures (approximately 100°C) to 

produce the FAMEs, much like what is observed with alkali like sodium hydroxide 

 [  12  ]  as long as there is residual methanol to act as a transesteri fi cation reagent. 

Using temperatures above 100°C and evaporating the methanol before insertion of 

the reaction mixture into the reactor created conditions that minimized the 

transesteri fi cation product at low temperatures. The produced FAMEs become vola-

tile at reaction temperatures above 250°C and can be condensed at the exit of the 

reactor. To establish the optimum reaction temperature, multiple assays at tempera-

tures ranging from 250 to 550°C were used. The volatile products trapped in an ice 

bath were collected and analyzed by GC-MS in order to identify and quantify the 

individual FAMEs and other products for each assayed reactor temperature. 

 The total ion chromatograms (TIC) for VIP algae assayed at 250 and 450°C are 

shown and peak identi fi cations and their concentrations are reported (Fig.  2  and 

Table  1 ). Mostly linear saturated and unsaturated FAMEs are detected in the chro-

matogram. The dominant peaks are fatty acids, typical of biodiesel, containing C 
14:0

 , 

C 
16:0

 , C 
16:1

 , and C 
18:1

  corresponding to peaks 1, 6, 5, and 9a, b in the table  [  8  ] .   

 It is also worth noticing that both chromatograms of biodiesel produced at 250 

and 450°C are very similar showing that the conversion of triglycerides to biodiesel 

using TMAH/MeOH reagent does not change its selectivity for FAMEs with respect 

to temperature. A similar pattern was observed at all assay temperatures. Minor 

amounts of other compounds are observed in the products. 

 All of the peaks correspond to FAMEs except peaks 4, 8, and 11 which are 

respectively ascribed to a C 
20

  isoprenoid hydrocarbon, a lactone, and dodecanamide. 

The isoprenoid hydrocarbon probably is produced from chlorophyll and the dode-

canamide from reaction of ammonia with triglycerides in the reaction chamber. 

 The yields of FAMEs are summed for each assay temperature along with an 

estimate of the standard deviation of the analysis for multiple assays at each tem-

perature (Fig.  3 ). A yield of approximately 3% (±0.3%) is achieved at 250°C for the 

VIP algae. The highest yield of FAMEs, approximately 4% (±0.8 and 0.6%) of the 

dry biomass, is achieved at 350 and 450°C. At higher temperature, a slight decrease 

in yield of FAMEs is observed with a yield below 3% (±0.2%) at 550°C. Total lipid 

content obtained by Bligh-Dyer extraction was found to be on average 12% (±3.6%) 

from  Scenedesmus  spp., which is the dominant species from the VIP algae, and 

similar to reported values  [  3,   6,   31  ] . The lipid extract is determined by gravimetric 
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   Table 1    Major peaks identi fi ed from GC-MS TIC for VIP algae run in the reactor   

 ID  Compound name 

 1  Methyl tetradecanoate  C14:0 

 2a  Iso-pentadecanoic acid, methyl ester  Iso-C15:0 

 2b  Anteiso-pentadecanoic acid, methyl ester  Anteiso-C15:0 

 3  Pentadecanoic acid, methyl ester  C15:0 

 4  Unsaturated C 
20

  isoprenoid hydrocarbons  C20 

 5  11-hexadecenoic acid, methyl ester  C16:1 

 6  Hexadecanoic acid, methyl ester  C16:0 

 7  Hexadecadienoic acid, methyl ester  C16:2 

 8  Unidenti fi ed lactone product 

 9a,b  Octadecenoic acid (Z)-, methyl ester  C18:1 

 10  Octadecanoic acid, methyl ester  C18:0 

 11  Dodecanamide 

 12  5,8,11,14,17-eicosapentaenoic acid, methyl ester, (Z)-  C20:5 

 13  13-docosenoic acid, methyl ester  C22:1 

 14  Docosanoic acid, methyl ester  C22:0 

  Fig. 2    Total ion chromatograph of Virginia initiative plant (VIP) algae run at ( a ) 250°C and ( b ) 

450°C in a batch mode prototype reactor       

yield and includes triglyceride lipids as well as other extractable organic and inorganic 

materials. The TMAH procedure only converts the triglycerides and free fatty acids 

to methyl esters, and we can determine that approximately 30–40% of the total 

extract is converted to FAMEs. Samples run at each temperature range show standard 
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deviation overlap of percent yield. Though a slightly higher yield is observed for 

algae run at 350 and 450°C, they are not signi fi cantly different from those run at the 

lower temperature of 250 and higher temperature of 550°C. The effect of tempera-

ture difference, however, is apparent in the algae residue after biodiesel collection.  

 The algal residue obtained following the thermochemolysis may potentially be 

useful as a fertilizer and even as an animal feed. Our initial goal was to examine its 

chemical composition for possible future evaluation as these end uses. Raw algae in 

coastal regions, such as seaweeds, have a long history of use as soil conditioners and 

fertilizers  [  14  ] . Seaweed composting, however, presents some problems such as 

high salinity and excessive sand content that can limit plant growth and develop-

ment  [  10  ] . Using algal residue produced in our thermochemolysis reactor from 

freshwater algae would potentially eliminate these problems. The carbon and nitro-

gen content of algae and algal residues are collected at different temperatures 

(Table  2 ). The algal residue collected at 250°C had an average carbon of 46.67% 

and nitrogen of 5.83%. Both carbon and nitrogen values decreased slightly with 

increasing temperatures. The C/N ratios, however, were highest at a temperature of 

450°C with a value of 9.41. Further testing is being conducted to verify the use of 

algae and algae residue as an organic fertilizer.  

 The solid-state CPMAS  13 C NMR spectra for whole algae and residue collected 

at various temperatures are displayed (Fig.  4 ). Whole algae samples collected both 

  Fig. 3    Fatty acid methyl 

ester (FAME) yield in weight 

(%) from biofuel collected 

over a temperature range of 

250–550°C. Yield is 

estimated from GC-MS data 

and fatty acid standards. 

Standard deviations are 

denoted by error bars 

(±0.3, 0.8, 0.6, and 0.2)       

   Table 2    Elemental composition of algae residues collected from Virginia initiative plant (VIP) 

algae run in the prototype reactor at different temperatures   

 Temperature  Average C%  Std dev. C  Average N%  Std dev. N  C/N ratio 

 No heating  44.92  2.85  6.18  1.14  7.27 

 250°C  46.67  1.76  5.83  0.8  8.01 

 350°C  41.35  1.61  4.81  0.56  8.60 

 450°C  35.56  1.38  3.78  0.66  9.41 

 550°C  36.63  1.43  4.31  0.31  8.50 

  Whole algae (no heating) were analyzed prior to heat treatment in a reactor. Std dev. is the standard 

deviation for replicates  
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  Fig. 4     13 C solids NMR ( a ) whole algae VIP, ( b ) whole algae  Scenedesmus / Desmodesmus  spp. 

from algae farm Spring Grove, VA, ( c ) VIP algae residue from reactor at 250°C, ( d ) VIP algae resi-

due from reactor at 450°C       

from the VIP and the algal farm are shown. Dominant species in the VIP samples 

were microscopically identi fi ed as pennate diatoms and in the algae farm samples 

as  Scenedesmus / Desmodesmus  spp. The NMR spectra of the two algal collections 

are quite similar, being dominated by strong signals in the 0–60 ppm region, repre-

senting lipid-like aliphatic carbons and proteins. Carbohydrates, characterized by 

signals between 60 and 105 ppm, are subordinate components of the spectra indicat-

ing that they constitute a small fraction of the algal biomass. Peaks in the region for 

aromatic/ole fi nic carbons (105–160 ppm) are also subordinate, re fl ecting aromatic 

amino acids comprising proteinaceous components of the algae and ole fi nic struc-

ture contained in the lipids. The large peak at 175 ppm is assigned to amide and 

carboxyl groups, structural components of both lipids and proteins.  

 When the algal samples are treated with TMAH at different temperatures, some 

signi fi cant changes are observed in what remains as a residue. The spectrum shown 

has many of the same signals as the original algae, but contains signi fi cantly more 

ole fi nic/aromatic carbon (Fig.  4c ). This is most likely an indicator that the 250°C 

heating has transformed the algae such that increased aromatization occurs. The 

transformation, however, is not overly drastic, suggesting that this residue probably 

has suf fi ciently preserved structures to be used as a fertilizer. It is well known that 
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heating materials containing carbohydrates and proteins (algae) together produces 

furanosic materials often referred to as melanoidins  [  2,   20  ] . 

 The diminution of carbohydrates (60–105 ppm) and portions of the proteina-

ceous signals (NCH at 50 ppm) observed in this residue is consistent with the 

involvement of carbohydrates and proteins to form these aromatic substances. The 

presence of a peak at 160 ppm (assigned to the O-bearing aromatic carbons), along 

with a broad signal in the range between 105 and 150 ppm, is suggestive of furans, 

but also could be derived from heterocyclic N rings such as indoles or pyrroles. 

Usually, a signal at 160 ppm is assigned to phenolic substances that are commonly 

found in lignin. We know that lignin is not present within algae, so the emergence 

of this peak at 160 ppm can only be rationalized as that derived from furans or 

heterocyclic N. Heating to a temperature of 450°C causes drastic changes in the 

structure of the residue, which shows signals mainly like charred material. The high 

aromatic content and minor aliphatic content is suggestive of extensive polymeriza-

tion into condensed aromatic moieties. We can speculate that the furans forming 

from carbohydrates might undergo cyclization and aromatization and eventual for-

mation of dibenzofurans. The protein-derived heterocyclic N might probably 

undergo increased aromatization to structures similar to carbazoles. Interestingly, 

the C/N ratio for this material (9.41) coupled to the high aromatic content are 

suggestive of the fact that a signi fi cant amount of N-containing structures are 

embodied within aromatic units. Use of this material as a fertilizer where the N can 

be released via decomposition is unknown at this time.  

    4   Discussion 

 The results presented in this study indicate that in an oxygen-free environment at a 

temperature between 250 and 550°C, the methylating reagent TMAH directly con-

verts algae biomass into the fatty acid methyl esters found in biodiesel. While algae, 

high in lipid content and rapid in growth, are an ideal biomass for biodiesel produc-

tion, we suggest that this direct conversion process can be used with various forms 

of other types of biomass. For example, soybeans have been treated with TMAH/

methanol and shown to give similar fatty acid methyl esters  [  15  ] . This process is 

also unique among biodiesel conversion technology in that the biomass introduced 

may be used wet, partially dried, or dried. Removing water from algal biomass is 

viewed as an important challenge to making conversion to biofuels feasible. The 

traditional transesteri fi cation process, in which sodium hydroxide is used to cata-

lyze the reaction, requires the exclusion of water  [  12,   23  ] . There is also a require-

ment to remove free fatty acids in the transesteri fi cation process, mainly because the 

free fatty acids are converted to fatty acids salts which do not undergo 

transesteri fi cation. Grasset et al. have shown that the TMAH process can convert 

free fatty acids to their methyl esters  [  13  ] . Thus, we expect that removal of free fatty 

acids from algal oils would not be necessary. This, combined with the fact that com-

plete water removal would be unnecessary, suggests that one could streamline any 
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commercial production of biodiesel using our proposed TMAH thermochemolysis 

methodology. 

 Although high temperatures of 450°C produce the highest yield of biodiesel, the 

ideal temperature for this TMAH process is 250°C or lower. Because the residual 

biomass char is not signi fi cantly altered, it is likely to be more useful as a fertilizer 

than would be a more highly charred product that one obtains at higher reaction 

temperatures. In addition, maintaining the reactor at a low temperature consumes 

less energy.      
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  Abstract   With the current global drive towards a low-emission economy, countries 

need to take a stance. For example, Australia, which is one of the world’s largest 

polluters, has made a commitment that before 2020 its overall emissions would be 

reduced by 5–15% below the levels registered in the year 2000. To realise these 

targets, processes which capture carbon dioxide will prove critically important. One 

of such emerging processes is carbon dioxide capture for microalgae cultivation and 

subsequent downstream biomass processing for biodiesel production. This chapter 

will entail engineering scale-up, economic analysis and carbon audit to ascertain the 

viability of an industrial scale microalgal biodiesel production plant. This will 

involve the development of an industrial scale model to determine the feasibility of 

a real large-scale plant. Data from each process step (cultivation, dewatering, lipid 

extraction and biodiesel synthesis) will be presented individually and integrated into 

the overall process framework.      

    1   Introduction 

 Lack of sustainable energy resources currently threatens the survival of an increas-

ingly globalised world economy. Due to the heavy dependence on limited fossil fuel 

resources, renewable alternatives which are able to compete with conventional 

energy options must soon be developed. Steady increases in the price of crude oil, 

for instance, are being observed, due to rising demands and the escalating scarcity 

of reserves. In addition, the increasing accumulation of CO 
2
  in the atmosphere and 
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its impact on climate change have provided a signi fi cant driver for change. Amid 

growing concerns, global agreements to limit greenhouse gas (GHG) emissions, such 

as the Kyoto Protocol, have been formed. Directly resulting from such agreements, 

many developed countries have adopted the “cap-and-trade” carbon trading schemes 

in efforts to curb emissions. Thus projects which capture CO 
2
  to prevent release into 

the atmosphere will play a signi fi cant role in combating climate change. 

 Biofuels such as biodiesel and bioethanol are possible alternative fuels. Current 

biofuel production requires increasing amounts of arable land for biomass cultiva-

tion, which compete with terrestrial fuel crops, thus heightening concerns over food 

affordability. Microalgae offer a unique alternative as it does not compete for culti-

vation logistics with agricultural food crops. Microalgae could harbour a substantial 

amount of lipids for biodiesel production and carbohydrates for bioethanol 

production. 

 This chapter entails the engineering scale-up, economic analysis and carbon 

audit to ascertain the viability of an industrial scale microalgal biodiesel production 

plant. This will involve the creation of an industrial scale model that can be used to 

determine the feasibility of a large-scale plant. Four major stages are considered 

here: microalgal cultivation, dewatering, lipid extraction and transesteri fi cation 

(biodiesel production). 

    1.1   Design of Microalgal Processing Plant 

for Biodiesel Production 

 This section will explore the process engineering design for an industrial scale 

microalgal production plant for biodiesel production. The design will focus on four 

key process steps: biomass cultivation, dewatering, extraction and biodiesel produc-

tion. Various unit operations for each process step are designed to compare their 

appropriateness, and recommendations are made to clearly de fi ne the unit opera-

tions that best optimise the process.  

    1.2   Cultivation Systems for Microalgae 

 Two most common cultivation systems for microalgae are open ponds and closed 

photobioreactors. Open ponds come in many different shapes and forms, each hav-

ing certain advantages and drawbacks. The types of ponds that are currently used in 

research and industry include raceway ponds, shallow big ponds, circular ponds, 

tanks and closed ponds. The location of the pond is a critical factor in determining 

the type of pond, microalgal strain and intensity of available light for photosynthe-

sis. Due to the lack of control associated with open systems, the pond ef fi ciency is 

a function of the local climate  [  19  ] . They are limited by key growth parameters 
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including light intensity, temperature, pH and dissolved oxygen concentration. 

Contamination by predators is another issue involved with open ponds. Local cli-

mate and contamination can limit the cultivation system to unwanted algal strains 

which grow under severe conditions  [  13  ] . The cultivation system cost is a vital fac-

tor when comparing open and closed cultivation systems. It is well known that the 

cost involved with cultivation ponds are signi fi cantly less than that of closed sys-

tems. The construction, operating and maintenance costs of cultivation ponds are 

lower than photobioreactor options, the design of open ponds is technically less 

challenging, and they are more scalable  [  15  ] . Although cultivation ponds result in a 

relatively lower biomass concentration, the aforementioned features of the pond 

system make it a competitive cultivation option. 

 Tubular reactors are considered to be more appropriate for outdoor cultivation. 

The large illumination surface of the reactor which is created by translucent tubing 

is the main factor behind its outdoor suitability. The tubing can be arranged in vari-

ous con fi gurations and the appropriateness of the con fi guration depends on the 

speci fi cations of the system. Common con fi gurations include straight line and coiled 

tubing  [  35  ] . The geometry of the reactor is also important, as tubular reactors can be 

con fi gured in a vertical, horizontal or inclined plane. Harun et al.  [  13  ]  states that the 

major difference between the con fi gurations is that the vertical design allows greater 

mass transfer and a decrease in energy usage, while the horizontal reactor is more 

scalable, but requires a large area of land. Tubular reactors make use of either airlift 

or air pump aeration for culture mixing. The airlift system is more preferred, espe-

cially for scale-up purposes. Previous studies have shown that the scale-up of a 

tubular photobioreactor can play havoc with the mass transfer of the culture  [  22  ] . 

Large build-up of dissolved oxygen may occur within the tubing during scale-up 

and this can inhibit cell growth. Figure  1  shows a schematic diagram for open ponds, 

horizontal tubular reactor (HTR) and external loop tubular reactor (ELR).   

    1.3   Design Considerations for Tubular Reactors 

    1.3.1   Airlift Pump 

 For the algae to grow optimally, the mass transfer characteristics of the photobiore-

actor must be optimised to suit the speci fi c strain of algae. Mass transfer is achieved 

by pumping compressed air and carbon dioxide into the reactor, thus creating  fl ow 

through the culture that is dispersed within the solar tubing  [  22  ] . It is preferred that 

the aeration and mixing of the cultures in tubular photobioreactors are carried out by 

an airlift pump  [  35  ] . The airlift pump must provide an adequate velocity to circulate 

the culture through the solar receiver so that the dissolved oxygen build up within 

the culture can be stripped by the degassing section before it accumulates. Airlift 

pumps are typically used in algal cultivation instead of standard mechanical pumps. 

Airlift pumps have been found to cause less damage to algal cells and are less 

expensive to instal than mechanical pumps  [  5  ] .  
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    1.3.2   Degassing Column 

 The degassing section of the reactor plays an integral role in the success of the cul-

tivation. The degasser is designed to remove accumulated dissolved oxygen and 

extricate gas bubbles from the culture. An excessive amount of bubbling within the 

tubing can hinder light absorption. Therefore, gas–liquid separators are employed 

 [  5  ] . It is required that the culture spends the least amount of time in the dark regions 

of the reactor. The degassing zone is considered to be optically deep in comparison 

with the solar receiver. It is a dark zone and hence it is unsuitable for growth. It is a 

necessity that the degassing section’s volume is much lower than the volume of the 

solar receiver to allow the culture to spend longer periods in the section of the reac-

tor that is optimal for biomass proliferation. The airlift pump controls the liquid 

  Fig. 1    Different con fi gurations of microalgae cultivation system. ( a ) Raceway pond (RP)  [  5  ] . 
( b ) External loop tubular reactor (ELR)  [  21  ] . ( c ) Horizontal tubular reactor (HTR)  [  5  ]        

 



71330 Process Economics and Greenhouse Gas Audit for Microalgal Biodiesel Production

velocity in the solar tubing. The velocity required by the system will depend on the 

con fi guration of the tubing and gas holdup in the riser and downcomer regions 

within the airlift operation. Once the tubing geometrics are selected, the height of 

the airlift section and the appropriate areas for the downcomer and riser portions of 

the airlift can be determined.  

    1.3.3   Reactor Tubing 

 The solar receiver tubing must have a speci fi ed length so that photosynthetic growth 

can be optimised. It has been shown that the maximum tube length relies on three 

parameters: liquid velocity, dissolved oxygen concentration and the rate of oxygen 

production by photosynthesis. Generally, a tube run in a photobioreactor should not 

surpass 80 m. However, the maximum length of tubing is dependent on solar inten-

sity, biomass concentration, liquid  fl ow rate and initial oxygen concentration at the 

tubing entrance  [  22  ] . Molina Grima et al.  [  23  ]  states that “other than “scale up” by 

multiplication of identical tubular modules, the only way to increase volume is by 

increasing length and/or diameter”. Ten years on, the debate over scale-up is still 

prevalent, with no clear solution readily available. A possible solution to scale-up is 

to make use of current cultivation designs and employ several cultivation units to 

produce a signi fi cant amount of biomass. However, the process must produce 

enough biomass such that it will offset extensive equipment costs.  

    1.3.4   Solar Irradiance 

 To enhance biomass productivity, irradiance on the surface of the solar receiver 

tubes must be maximised. Solar irradiance is the power of electromagnetic radiation 

on the tubular surface which varies with location and weather conditions. The solar 

receiver tubes must be con fi gured to maximise the irradiance on the surface tubes; 

thus the appropriate con fi guration should be chosen for the designated location. 

 The surface on which the tubes are located can be painted or covered with white 

sheeting to take advantage of the albedo effect. The albedo effect refers to improved 

irradiance by means of re fl ection  [  1  ] . In retrospect, the design of the photobioreac-

tor is not as signi fi cant as the source of illumination. Generally, light is always the 

limiting factor with regard to algal cultures  [  7  ] .  

    1.3.5   Dissolved Oxygen Accumulation 

 The cultivation process relies on photosynthesis. One of the major products from 

photosynthesis is oxygen; thus as the algae consumes carbon dioxide and photosyn-

thesise, the culture experiences a signi fi cant increase in dissolved oxygen concen-

tration. As mentioned above, excess dissolved oxygen within the culture can inhibit 

photosynthesis and cause photo-oxidative damage to cells. Molina Grima et al.  [  22  ]  
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found that the maximum dissolved oxygen concentration within the culture should 

not exceed the standard air saturation of the culture by more than 400%. This param-

eter constraint is one key issue involved with the scale-up of photobioreactors. 

Dissolved oxygen cannot be removed within the solar receiver, thus limiting the 

length of the tubular receiver.  

    1.3.6   Culture Velocity 

 The culture velocity within the solar receiver is very important, as the cells must be 

evenly distributed throughout the tubing to avoid extended periods within the dark 

zones located at the centre of the tubing. The maximum velocity obtained within the 

system is dependent on the size of micro-eddies in comparison to the algae cell 

dimension. Acién Fernández et al.  [  1  ]  found that the maximum velocity in an exter-

nal loop reactor (ELR) for  Phaeodactylum tricornutum  strain was 1 m/s. This veloc-

ity was obtained by a speci fi c power input of 170 W/m 3 . However, the actual velocity 

used in the ELR was 0.5 m/s due to issues associated with the mechanical properties 

of the solar receiver. The velocity must be high enough to ensure turbulence, thus 

preventing bio-sedimentation. However, the liquid velocity cannot be applied at 

gratuitous speeds, as this could potentially cause damage to the algal cells. Generally 

the liquid velocity must comply with two constraints: a turbulent Reynolds number 

and a micro eddy length that is signi fi cantly larger than the cell dimensions  [  1  ] .  

    1.3.7   pH 

 The pH of the cultivation system increases as the algal cells photosynthesise. The 

consumption of carbon dioxide and the production of dissolved oxygen from pho-

tosynthesis can signi fi cantly alter the pH thereby impeding growth. The cultivation 

system requires a relatively neutral environment, usually maintained at pH ~8  [  34  ] . 

To prevent variations in culture pH, appropriate control systems are incorporated to 

monitor the pH. Another technique to control variations in pH is to employ carbon 

dioxide injection points along the tube run. This prevents excessive culture pH and 

any carbon limitation that may occur  [  23  ] . However, this is not economically viable 

when considering large algal plants.   

    1.4   Cultivation System: Design Basis 

 The strain of microalgae considered for the design is  P. tricornutum , which is a type 

of marine algae from the class  Bacillariophyceae   [  31  ] . Figure  2  shows the proximate 

biochemical composition of  P. tricornutum . The design basis for the cultivation sys-

tem is 50,000 tonnes of dry biomass per year. The cultivation system will operate 

330 days per year with the number of batches dependent on the type of cultivation 
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system employed, as well as the speci fi c yields and productivities. Seawater is used 

as the major source of water due to the marine nature of the algal specie. The life 

span of the plant is  fi xed at 10 years. It is assumed that 80% of the biomass is 

removed from the cultivation system at the end of each batch. After 330 days of 

cultivation, the facility will shutdown for major maintenance. Dominant strains of 

algae and unwanted parasites can often enter the reactor and destroy the culture  [  5  ] ; 

thus it is pivotal that the cultivation system is shutdown for scheduled maintenance 

periodically. The cultivation system will rely on carbon dioxide from a power sta-

tion, and this will be the only source of carbon dioxide for photosynthesis. The car-

bon dioxide from the power station is assumed as a mixture with compressed air 

such that the mass fraction of carbon dioxide entering the cultivation system is 

10%.  

    1.4.1   Cultivation System Sizing 

 The sizes of both photobioreactors (HTR and ELR) and the raceway pond are esti-

mated based on the capacity to produce 50,000 tonnes of dry weight biomass annu-

ally. The volume and area of the horizontal photobioreactor were scaled up from 

the data presented by Chisti  [  6  ] , the external loop bioreactor was scaled up from the 

design by Acién Fernández et al.  [  1  ] , and the raceway pond was scaled up from 

the Outdoor Test Facility design in Roswell, NM  [  31  ] . Table  1  contains the annual 

production of biomass for each cultivation system and the biomass produced and 

harvested per batch.    

    1.5   Dewatering 

 Methods such as centrifugation, pressure  fi ltration, vacuum  fi ltration and tangential 

 fl ow  fi ltration (TFF) are used unaided to dewater microalgal biomass. This section 

explores the use of different dewatering methods either alone or as a preceding step 

to the aforementioned unit operations for microalgae dewatering.  

  Fig. 2    Proximate composition of the marine algae  P. tricornutum   [  33  ]        
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    1.6   Flocculation 

 Flocculation is used to amass microalgae cells from the broth. Flocculation can be 

used as an initial dewatering step that will signi fi cantly enhance the ease of further 

processing. Microalgae carry a negative charge which prevents them from self 

aggregation within suspension. The surface charge on the algae can be countered by 

the addition of chemicals known as  fl occulants. These cationic moieties  fl occulate 

the algae without affecting the composition and toxicity of the product. Types of 

 fl occulants include Al 
2
 (SO 

4
 ) 

3
  (aluminium sulphate), FeCl 

3
  (ferric chloride) and 

Fe 
2
 (SO 

4
 ) 

3
  (ferric sulphate). These multivalent salts are commonly used and vary in 

effectiveness, which is directly related to the ionic charge of the  fl occulant. 

 The other types of  fl occulants used are polyelectrolytes, which are cationic poly-

mers. Polymer  fl occulants have the advantage of physically linking cells together. 

The extent of aggregation by the polyelectrolyte depends on the speci fi c properties 

of the polymer. Key polymer characteristics include charge, molecular weight and 

concentration. Increasing the molecular weight and charge on the polymers has 

been shown to increase their binding capabilities. 

 Lubian  [  18  ]  showed that at a pH of approximately 4.5 and 6.5, the algal species 

 Rhodomonas baltica  achieved  fl occulation ef fi ciencies of 68 and 77% at chitosan 

concentrations of 80 and 160 mg/L respectively.  Tetraselmis suecica  attained 42% 

ef fi ciency at 80 mg dosage. When the pH of the cultures was pre-adjusted to 8, the 

algal species displayed ef fi ciencies above 75%. At the moment, there is no reliable 

   Table 1    Annual microalgal biomass production design data for different cultivation systems   

 Variable  HTR  ELR  RP 

 Annual biomass production (tonnes)  50,000  50,000  50,000 

 Biomass required per BATCH (tonnes)  757.5  568.75  947.5 

 Biomass extracted per batch (tonnes)  606  455  758 

 Biomass concentration (kg/m 3 )  4.525  3.8  0.585 

 Dilution rate (1/d)  0.25  0.33  0.2 

 Area required per cultivation unit (m 2 )  947  12  1,050 

 Area per unit (m 2 )  1,263  16  1,400 

 Total cultivation area (m 2 )  5,284,365  8,980,263  8,098,291 

 Total area (m 2 )  7,047,680  11,973,684  10,797,721 

 Total cultivation area (ha)  528  898  810 

 Total area (ha)  705  1,197  1,080 

 No. of units required  5,580  748,355  7,713 

 Total tubing length (m)  58,925,967  59,868,421  N/A 

 Cultivation areal productivity (kg/m 2  × d)  0.036  0.021  0.023 

 Total areal productivity (kg/m 2  × d)  0.027  0.016  0.018 

 Volumetric productivity (kg/m 3  × d)  1.131  1.267  0.117 

 Volume per cultivation unit (m 3 )  30  0.2  210 

 Total volume (m 3 )  167,403  149,671  1,619,658 

 Approximate annual CO 
2
  consumption (tonnes)  92,000  92,000  92,000 

 Energy dissipation (W/m 3 )  60–170  60–170 

 Energy dissipation (kWh/per unit)  3.24~ 
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correlation between algal taxonomic groups and the concentration of chitosan 

required for effective  fl occulation  [  14  ] . Lubian  [  18  ]  observed that pH control is very 

critical to the performance of microalgal  fl occulation.  

    1.7   Centrifugation 

 Centrifugation is the preferred method for harvesting algal cells  [  2,   20,   21  ] . However, 

centrifugation can be extremely energy intensive, especially when considering large 

volumes. Centrifugation involves the application of centripetal acceleration to sepa-

rate the algal culture into regions of greater and lesser densities. Once separated, the 

algae can be removed from the culture by simply decanting the supernatant spent 

medium. Filters can also be used during centrifugation to enhance the separation of 

the supernatant from the medium. Mohn  [  20  ]  compared the appropriateness of dif-

ferent makes and brands of centrifuges for dewatering of microalgae. Key parame-

ters included in the study consisted of the concentration factor produced, energy 

consumption, relative cost, operation mode and reliability.  

    1.8   Filtration 

 There are many different forms of  fi ltration. These include dead-end  fi ltration, 

micro fi ltration, pressure  fi ltration, vacuum  fi ltration and TFF. Filtration involves 

running the algal culture through  fi lters with de fi ned pore characteristics on which 

the algal cells accumulate, allowing the medium to pass through. The culture runs 

through the  fi lters until the  fi lter accumulates a thick algae paste  [  8  ] . It has been 

recognised that the use of  fi lter presses under pressure or vacuum are effective 

methods to concentrate microalgal species that are considered to be large in hydro-

dynamic size such as  Spirulina plantensis . The recovery of small dimensioned algae 

species such as  Dunaliella  and  Chlorella  with size similar to that of bacteria is 

dif fi cult to perform with pressure or vacuum  fi ltration methods. Recent studies show 

that TFF and pressure  fi ltration can be considered as energy-ef fi cient dewatering 

methods, as they consume optimum amounts of energy when considering the output 

and initial concentrations of the feedstock  [  8  ] . Simple  fi ltration methods such as 

dead-end  fi ltration are not effective dewatering methods on their own due to issues 

with back mixing. However, simple  fi lters can be used in conjunction with centrifu-

gation to create better separation  [  15  ] .  

    1.9   Multiple Step Dewatering 

 Unit operations such as centrifugation and micro fi ltration may be preceded by 

 fl occulation to improve the ef fi ciency of recovery  [  21  ] . Flocculants can improve 

dewatering characteristics during centrifugation and  fi ltration because of their 
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binding capabilities. Flocculants can help to maintain cellular properties when the 

culture experiences high shear forces during processes such as centrifugation  [  3  ] . 

Multi-stage dewatering processes have the potential to signi fi cantly reduce the 

energy consumption involved with large-volume cultures. It is estimated that bio-

mass recovery contributes up to 20–30% of the total biomass production cost  [  12  ] . 

Therefore, multi-stage dewatering processes have the potential to reduce the eco-

nomics involved with biomass production.  

    1.10   Design of Algal Dewatering Systems 

 For design purposes, a basis of 50% weight by volume (w/v) of biomass is used as 

the minimum requirement from the dewatering stage. The design outlines the best 

dewatering con fi guration in terms of energy consumption and economics. It is 

assumed that the initial cultivation within the bioreactors will be staggered so that 

dewatering equipment costs can be reduced. The staggering of the cultivation is 

entirely dependent on the bioreactor con fi guration and the dilution rate employed. 

    1.10.1   Flocculation 

 The  fl occulation design is based on the use of chitosan, polyelectrolyte LT-25 with 

sodium hydroxide and polyelectrolyte LT-25 with ferric chloride as  fl occulants. The 

 fl occulant ef fi ciency is dependent on dosage and the type of algal strain. Flocculation 

as a stand-alone option cannot achieve the 50% w/v basis required. However, its use 

as a preceding step to other unit operations could improve the dewatering process. 

Speci fi c information on doses and ef fi ciencies of different  fl occulants can be found 

in Table  2 . From the design calculations, both chitosan and polyelectrolyte LT-25 

with sodium hydroxide achieved the highest concentration factors and signi fi cantly 

reduced the culture volume. Table  3  shows data on the  fl occulation performances of 

the different  fl occulants investigated.    

   Table 2    Design speci fi cations for  fl occulant dosages and ef fi ciencies   

 Flocculation method  Ef fi ciency  Ef fi ciency (%) 
 Speci fi c 
 fl occulants added 

 Amount of 
 fl occulant added 

 pH and polyelectrolyte  High  90  LT-25 and NaOH  0.5 mg/L and 1M diluted 
1:2 (per 500L batch) 

 Ferric chloride and 
polyelectrolyte 

 High  80  LT-25 and 
FeCl 

3
 .6H 

2
 O 

 0.5 mg/L and 1M diluted 
1:2 (per 500 L batch) 

 Chitosan  High  95  Chitosan  150 mg/L 

 Chitosan  High  90  Chitosan  400 mg/L 

 pH and polyelectrolyte  Low  30  LT-25 and NaOH  0.5 mg/L and 1M diluted 
1:2 (per 500L batch) 

 Ferric chloride and 
polyelectrolyte 

 Low  30  LT-25 & 
FeCl 

3
 .6H 

2
 O 

 0.5 mg/L and 1M diluted 
1:2 (per 500L batch) 

 Chitosan  Low  70  Chitosan  80 mg/L 
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  Fig. 3    Energy consumption for stand-alone dewatering by centrifugation       

    1.10.2   Centrifugation 

 In the centrifugation method, the comparison data between Mohn  [  20  ]  and the 

cultivation system design showed Westfalia self-cleaning disc-stack centrifuge and 

the Westfalia nozzle discharge centrifuge as centrifuges that meet the design basis 

requirements. Figure  3  shows energy consumption data from the centrifugation 

design for both HTR and ELR. Energy consumption associated with centrifugation of 

cultures from raceway ponds is found to be signi fi cantly higher than HTR and ELR.   

    1.10.3   Filtration 

 Danquah et al.  [  8  ]  and Mohn  [  20  ]  have presented data on the concentration factor and 

energy consumption of speci fi c  fi ltration units. These data, in conjunction with data 

from the cultivation section, enabled the determination of the most ef fi cient  fi ltration 

units, namely the Netzsch Chamber Filter, Dorr Olliver Vacuum Drum Filter, 

Dinglinger Suction Filter and Pellicon cassette TFF system. Figure  4  illustrates the 

energy consumptions of the different  fi ltration systems investigated in this study. 

Although  fi ltration methods appear to be an attractive dewatering option, they are 

associated with extensive running costs and hidden pre-concentration requirements.   

    1.10.4   Multi-Step Dewatering 

 Figure  5a, b  compares the energy consumptions for different dewatering options 

with and without  fl occulation as a preceding step. It was found that a preceding 

 fl occulation step can decrease the energy consumption of the overall dewatering 
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  Fig. 4    Filtration energy consumption as a stand-alone dewatering option       
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process by up to 98%. Flocculation is particularly critical when the culture volumes 

are extremely large. Heasman et al.  [  14  ]  stated that a  fl occulation ef fi ciency of 80% 

in a 24-h period is about the average standard requirement for a typical large-scale 

 fl occulation work. This study assumes no further processing requirement due to 

residual accumulation of  fl occulants, as shown by Lubian  [  18  ]  that  P. tricornutum  

achieved approximately 90% ef fi ciency from diminutive  fl occulant dosages.    

    1.11   Lipid Extraction 

 Lipid extraction from microalgae can be performed in several ways. Some com-

monly used technologies include supercritical  fl uid extraction, oil press extraction, 

solvent extraction and ultrasound-assisted extraction. Oil press extraction involves 

the use of machinery to literally squeeze cells until they rupture to liberate intracel-

lular lipid contents. The types of oil presses used for extraction include the ram 

press, screw press and expeller press. Solvent extraction, which is the most com-

monly used, involves the use of chemicals such as benzene, acetone and hexane. 

The interaction between the algal cells and the solvent causes cell wall rupture, thus 

causing equilibrial dissolution and liberation of intracellular lipids. Supercritical 

extraction makes use of  fl uid high pressures and temperatures (above the critical 

levels) to rupture the cells and liberate intracellular lipids. This method of extraction 

has proven to be time ef fi cient but requires high operating cost  [  13  ] . The ultrasound 

technique makes use of cyclic sound pressure to rupture algal cells, and the resulting 

free intracellular lipid is harnessed using solvents. The advantages and disadvan-

tages of each method are summarised in Table  4 .   

   Table 4    Comparison of various extraction methods  [  13  ]    

 Extraction 
methods  Advantages  Limitations 

 Oil press  Easy to use, no solvent involved  Large amount of sample required, 
slow process 

 Solvent 
extraction 

 Solvent used are relatively 
inexpensive; reproducible 

 Most organic solvents are highly 
 fl ammable and/or toxic; solvent 
recovery is expensive and energy 
intensive; large volume of solvent 
needed 

 Supercritical 
 fl uid 
extraction 

 Non-toxicity (absence of organic solvent 
in residue or extracts), “green solvent” 
used; non- fl ammable, and simple in 
operation 

 High capital cost; lack of necessary 
technology for successful 
continuous systems 

 Ultrasound  Reduced extraction time; reduced solvent 
consumption; greater penetration of 
solvent into cellular materials; 
improves the release of cell contents 
into the bulk medium 

 High power consumption; 
dif fi cult to scale-up 
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    1.12   Solvent Extraction 

 Molina Grima et al.  [  24  ]  have shown that lipid extraction from  P. tricornutum  can 

be achieved on wet biomass. The study achieved 90% fatty acid yield on wet bio-

mass in comparison to a 96% fatty acid yield from lyophilised biomass. The wet 

biomass was extracted at approximately 20% (w/v). The wet biomass leaving the 

dewatering stage from this study is at 50% (w/v). Therefore, the extraction method 

described by Molina Grima et al.  [  24  ]  should provide enhanced interaction between 

the solvent and the cells. However, this extraction method involved three steps: (1) 

direct saponi fi cation of biomass oil, (2) extraction of unsaponi fi able lipids and (3) 

extraction of puri fi ed free fatty acids (FFA)  [  24  ] ; hence, it was compared to a simi-

lar method conducted by Ramirez Fajardo et al.  [  27  ] , which was a two-step solvent 

extraction process. The two-step method involved lipid extraction using ethanol and 

lipid puri fi cation using a two-phase system of hexane and water. The crude lipid 

extraction involved a reaction between ethanol (96% v/v) and the biomass in an 

agitated tank for ~20 h. The crude lipid contains both saponi fi able and unsaponi fi able 

lipids. The saponi fi able lipids include glycolipids and acylglycerols which are use-

ful for biodiesel, whereas unsaponi fi able lipids contain components such as amino 

acids and chlorophyll pigments which must be removed from the extract  [  27  ] . Water 

is added to the ethanol/crude-extract mixture to create a hydroalcoholic solution, 

and hexane is added to create a biphasic extraction system that separates the exploit-

able and unusable lipids thus purifying the extract. The majority of the saponi fi able 

lipid will be found in the hexane phase, whereas the more polar components will 

remain in the hydroalcoholic phase  [  24  ] . It is assumed that hexane puri fi cation 

reaches 80% recovery after four continuous extractions.  

    1.13   Lipid Extraction Process Design 

 A basis of 90% total lipid recovery is assumed for design calculations. Using the 

proximal composition in Fig.  3 , the annual yield of oil from  P. tricornutum  with 

90% recovery is ~9,000 tonnes. However, this amount could reduce when the extract 

is puri fi ed and all unsaponi fi able components are removed. The design is focussed 

on the use of solvent extraction on wet biomass with no cell lysis unit operation. Lee 

et al.  [  17  ]  demonstrated that cell lysis before solvent extraction does not signi fi cantly 

affect lipid yield. This extraction method is employed due to its high lipid yields and 

minimal extraction steps. It also involves the use of low-solvent quantities. The total 

amount of saponi fi able lipids extracted from  P. tricornutum  is approximately 6.4% 

of biomass (dry weight)  [  27  ] . Therefore, the daily yield of puri fi ed lipid from the 

extraction is approximately 7.78 tonnes. Figures  6  and  7  show the product yields 

from the crude lipid extraction and puri fi cation processes.    
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    1.14   Biodiesel Production 

 Biodiesel is generally composed of several fatty acid esters including C12:0, C14:0, 

C16:0, C16:1, C18:0, C18:1, C18:2, C18:3, C20 and C22:1. After oil extraction and 

puri fi cation, the exploitable fatty acid chains from the lipid undergo transesteri fi cation 

to produce fatty acid methyl esters (FAME). The transesteri fi cation reaction involves 

the use of an acidic or alkali catalyst mixed with methanol  [  36  ] . The methanol group 

attaches itself to the fatty acid chains via the bond cleaving activity of the catalyst 

to produce FAME and glycerol. The methyl ester (biodiesel) produced from this 

reaction after glycerol separation is crude, hence must be washed, dried and decon-

taminated so that all water and particulates within the biodiesel are removed. The 

puri fi ed biodiesel must comply with the regulatory standards set by the Fuel Quality 

Standards Act 2000.  

  Fig. 6    Input and output  fl ows from algal biomass lipid extraction       

  Fig. 7    Inputs and output  fl ows from algal crude lipid puri fi cation       
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    1.15   Transesteri fi cation Process Design 

 This design study uses a potassium hydroxide (KOH) catalyst and methanol to syn-

thesise FAME based on Sakai et al.’s  [  29  ]  biodiesel production model, which states 

that 100 parts of oil and 40 parts of methanol with a KOH catalyst will produce 92 

parts of FAME and 21.5 parts of crude glycerol. The study makes use of partially 

recycled methanol feedstock whose composition is 24 parts of recycled methanol 

and 16 parts of fresh methanol. Figure  8  shows the transesteri fi cation model. 

Applying this model to the oil yields from the solvent extraction gives a daily biod-

iesel production of ~7,158 kg/day and an annual production of ~2,360 tonnes. The 

yield of glycerol as a byproduct is ~1,673 kg/day.   

  Fig. 8    Transesteri fi cation model modi fi ed from Sakai et al.  [  29  ]        
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    1.16   Process Economics 

 Whilst the production of biodiesel from microalgae has been shown to be technically 

feasible, the viability of microalgal biodiesel as a practical alternative will be ulti-

mately determined by its ability to become cost competitive with the current fuels.  

    1.17   The Economic Model 

 The economic analysis undertaken in this report puts the process technology into 

four major production stages: cultivation, dewatering, extraction and transesteri fi cation. 

The integration of these individual production stages was used to determine the total 

production cost of biodiesel from microalgae. To allow a greater comparability 

between the results of the analysis, the economic model applied a consistent approach 

to each production stage. This approach estimated the total production cost using a 

number of components, which included major equipment costs; individual  fi xed 

capital costs and  fi xed capital investment (FCI); annual costs; and running costs.  

    1.18   Major Equipment Costs 

 The  fi rst element necessary in estimating the total cost of each alternative unit opera-

tion technology was to determine the major equipment costs of each scaled-up pro-

duction option. The primary source of costing information regarding standard process 

equipment such as pumps, tanks and compressors was provided in Peters et al.  [  26  ] , 

whilst similar economic studies were employed to estimate the costing of more 

 specialised equipments such as the raceway ponds  [  4  ] , HTRs  [  10  ]  and ELRs  [  21  ] . 

 In the dewatering stage, the major equipment cost of centrifuge was based on 

information provided in Peters et al.  [  26  ] , whilst the costs of the chamber, suction 

and vacuum  fi lters were each estimated as a proportion of the centrifuge cost, using 

the ratios reported in Mohn  [  20  ] . In the esteri fi cation stage, costing for all equip-

ment was scaled-up from a study completed by Sakai et al.  [  29  ] . All major equip-

ment costs were scaled to current prices using appropriate indexing from the 

Chemical Engineering Plant Cost Index (CEPCI).  

    1.19   Individual Fixed Capital Costs and Fixed Capital 

Investment 

 Following the process recommended in Peters et al.  [  26  ] ,  fi xed costs including pip-

ing, electrical systems and contractor’s fees were each estimated as a proportion of 

the total major equipment costs, using the factors adopted in the cost estimation of 
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a similar algae production facility by Molina Grima et al.  [  21  ] . This approach in 

estimating  fi xed costs as a proportion of the total major equipment costs is consid-

ered to typically yield results with accuracy within a ±10%. One major exception to 

this method was the estimation of land costs, which was examined in the cultivation 

stage of production. The system is assumed to be co-located with a power genera-

tion station. This location is selected to ensure adequate supply of free carbon diox-

ide, readily available in the form of  fl ue gas. Taking this into consideration, the land 

cost of each system was modelled based on the cost of two large agricultural proper-

ties situated in the area; a 32 ha property in Moe South and a 36 ha property in Tyers 

(REA Group, 2009) in Australia. Based on the total reactor volume required and the 

area required for each reactor type (Table  1 ), the overall land requirement and cost 

for each system was estimated. The FCI was obtained by summing all  fi xed capital 

costs and the total major equipment costs.  

    1.20   Annual Costs 

 The annual costs represent a range of expenses incurred in the running of the plant 

from payroll charges to maintenance costs. The most signi fi cant of these costs is 

depreciation, which is calculated using the FCI based on 10-year plant life as rec-

ommended in Peters et al.  [  26  ] . All other annual costs were calculated using the 

methods speci fi ed in Molina Grima et al.  [  21  ]  with the exception of labour, supervi-

sion, wastewater treatment, and goods and services tax. Labour was assumed to be 

constant, with 12 employees working during the day and 3 working at night, each 

charged at the standard labour hourly rate given in ENR (US $34.16). Supervision 

was also assumed to be constant, with two managers working during the day and 

one at night, charged at the skilled labour hourly rate again outlined in ENR (US 

$44.99). Wastewater treatment cost was also estimated based on the costing data 

reported by Molina Grima et al.  [  21  ] . Finally, goods and services taxes were charged 

at a rate of 10%, re fl ecting the tax codes applicable to Australia.  

    1.21   Running Costs 

 Electricity consumption and raw materials usage were the major running costs 

resulting from biomass production. Electricity consumption was of particular 

importance in this analysis as this contributes directly to carbon emissions. All car-

bon dioxide consumed by the system was assumed to be supplied free of charge 

through  fl ue gas from the nearby power station. The analysis of electricity con-

sumption centred on the pumping and mixing of  fl uids in each of the production 

stages, and the electricity consumed by the centrifuge or  fi ltration equipment in 

dewatering the culture. 

 In the cultivation stage, the electricity consumed in pumping carbon dioxide and 

water throughout the system was estimated using electricity consumption data from 
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Sazdanoff  [  30  ] . Sazdanoff’s consumption data were scaled-up volumetrically to 

meet the requirements outlined in Table  1 . Also considered in the cultivation section 

was the electricity consumed in mixing the algal culture: by airlift pump in the 

reactor-style systems or paddle wheel in the raceway ponds. Electricity consumed 

by the airlift pumps and the paddle wheels was estimated using data from previous 

studies by Acién Fernández  [  1  ]  and Sazdanoff  [  30  ] , respectively. The only major 

raw material considered in the cultivation section was the cost of culture medium, 

where unit costs were based on Molina Grima et al.  [  21  ]  and the quantity required 

was developed using information provided in Danquah et al.  [  8  ] . 

 All pumping to the dewatering unit operation were assumed to be associated 

with the cultivation section, thus the only running costs involved in a single-stage 

dewatering process was the operation of the different dewatering systems. The 

energy consumption of the single-stage dewatering options was estimated primarily 

using data provided in Molina Grima et al.  [  21  ] . For the dual-stage process, other 

running costs such as the  fl occulant and the mixing of algal broth in the  fl occulation 

tanks were also considered. Chitosan was the preferred  fl occulant, with costs esti-

mated at US $11/kg  [  9  ] . The electricity consumption in the mixing during  fl occulation 

was determined using the data provided in Sinnott  [  32  ] . 

 A number of materials and solvents were required to extract saponi fi able lipids 

from the dewatered biomass including ethanol, hexane and water. The quantities of 

the raw materials required were based on work by Ramirez Fajardo et al.  [  27  ] , 

whereas costs were based on Molina Grima et al.  [  21  ] .  

    1.22   Stage-Wise Economics Evaluation 

    1.22.1   Cultivation Economics 

 The economic model, as shown in Fig.  9 , identi fi ed the raceway pond as the cheap-

est production system ($2.77/kg) followed by the HTR ($9.91/kg). The ELR was 

the most expensive option ($12.98). The greater complexity of the reactor-style 

systems was found to require a much greater level of FCI, $2.7 billion for the HTR 

system and $3.6 billion for the ELR system compared with only $0.73 billion for 

the raceway ponds. This FCI was represented in annual cost terms as the deprecia-

tion of the cultivation system, expressed in Fig.  9 , by the black equipment cost por-

tion of the graph. Figure  9  shows these higher equipment costs are the major 

contributors to the greater overall production cost. Furthermore, the magnitude of 

FCI required to build the reactor-style systems makes investment in these alterna-

tives unlikely, at least on such a vast scale.  

 The running cost of each cultivation system is represented by the grey segment in 

Fig.  9  and is examined in greater detail in Fig.  10 , which divides the costs into 

speci fi c components. Notably, the major contributors to the annual running costs 

shown in Fig.  10  were found to vary greatly between the raceway pond and the 

reactor-style systems. Major contributors to the annual running costs of the raceway 
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pond were found to be the culture medium and the wastewater treatment, while in the 

reactor-style systems’ electricity consumption and maintenance costs were the great-

est contributors to running costs. The larger volume of  fl uid processed in the raceway 

pond system, due to its lower volumetric productivity, led to greater culture medium 

and wastewater treatment costs. In contrast, the larger maintenance costs of the HTR 

and ELR systems resulted from the greater complexity of the system operation.  

 The considerably larger electricity consumption of the reactor-style systems 

could be attributed to the use of an airlift pump to mix the culture, which used 

signi fi cantly larger amounts of energy to operate than the simple paddle wheel used 
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  Fig. 9    Algae cultivation cost comparison for different cultivation systems       
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  Fig. 10    Breakdown of annual running costs for different cultivation systems       
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in the raceway pond system. Despite the lower production costs of the raceway pond 

system, it is necessary to account for the risk of additional costs resulting from con-

tamination of the algal culture. This risk is a signi fi cant drawback in the use of 

raceway ponds for cultivation compared to the use of reactor-style systems. 

Contamination results from a lack of control and exposure to the external environ-

ment, and can lead to lower growth rates of biomass unsuitable for downstream.  

    1.22.2   Dewatering Economics 

 The major processes investigated as dewatering alternatives in this study include 

single-stage dewatering using centrifugation, chamber  fi ltration, vacuum  fi ltration, 

suction  fi ltration and a dual-stage process using  fl occulation followed by centrifuga-

tion. In comparing the dewatering of different cultivation options, the raceway pond 

was approximately 15 times more expensive to dewater using a single-stage process 

than the reactor-style systems. This is primarily due to a combination of the 

signi fi cantly larger volume of the raceway pond and its much lower concentration 

of biomass, which requires the dewatering equipment to run for a greater length of 

time to process comparable amounts of dry biomass, leading to exorbitant energy 

costs. The costs of dewatering biomass from the raceway pond cultivation system 

using the four options investigated can be seen in Fig.  11 . The capital costs neces-

sary in the dewatering stage were found to be very low, whereas the contribution of 

running costs was found to be signi fi cantly larger. Of the alternatives shown in 

Fig.  11 , the chamber and suction  fi ltration options were found to be signi fi cantly 

cheaper than the single and dual-stage centrifuge systems, chie fl y due to their lower 

electricity consumption.  
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 However, the large consumption of electricity demanded by single-stage 

centrifugal recovery has other major environmental and economic impacts, which 

makes the dual-stage dewatering process the preferred option. As previously noted, 

the costs in dewatering biomass from the reactor-style cultivation systems were 

considerably less than the cost in dewatering raceway pond culture. In Fig.  12  

 fi ltration again appeared to be the cheapest dewatering option; however, there were 

a number of aforementioned hidden costs associated with fouling which were not 

included in the model. Signi fi cantly, as shown by the dot shaded bar in Fig.  12 , the 

higher capital costs relative to running costs made dual-stage dewatering uncom-

petitive at this smaller reactor volume and higher concentration of algae. Thus, due 

to its greater reliability and cost effectiveness, a single-stage centrifugal dewatering 

process would be the optimal production selection in the dewatering of reactor-style 

cultivation systems.   

    1.22.3   Extraction and Transesteri fi cation Economics 

 The cost of the extraction and transesteri fi cation stages was based on one biomass 

production process technology, with the results shown in Fig.  13 . The extraction 

stage was found to be signi fi cantly more expensive than the transesteri fi cation stage. 

The major contributors to the extraction costs were the large  fi xed capital costs and 

the cost of large quantities of solvents, respectively. The main components of the 

 fi xed capital costs were the costs of large mixing tanks and the pumping capacity 

required in  fi lling and emptying the tanks. The small cost incurred during 

transesteri fi cation resulted from the signi fi cantly reduced volume of materials that 

required processing, with only 7.8 tonnes of saponi fi able lipid estimated to pass to 

0

0.05

0.1

0.15

0.2

Horizontal Tubular
Reactor

External Loop Reactor

A
d
d
it
io

n
a

l 
A

n
n

u
a

l 
C

o
s
t 

($
/k

g
)

Centrifuge Chamber Filter Floc + Centrifuge Suction Filter

  Fig. 12    Biomass dewatering cost for HTR and ELR       

 



732 R. Harun et al.

the transesteri fi cation stage daily from the original 151 tonnes of biomass processed 

in the extraction stage. The electricity costs for both processes were minor, as shown 

in Fig.  13 .   

    1.22.4   Overall Production Costs 

 Overall, considering the economic outcome, a raceway pond coupled with a dual-

stage dewatering process would be the preferred method to produce biodiesel. 

Considering biodiesel as the only saleable product, production costs were estimated 

as approximately $74/L of biodiesel. The calculations are based on the assumptions 

that glycerol is allowed to be sold, residue from the process also sold as animal feed 

and carbon credits received as discussed in Sect.  7 . However, including these in the 

model only reduced biodiesel production costs to $72.60/L. With petroleum-based 

diesel currently retailing at ~ $1.10/L, though this analysis incurred a −50% error, 

biodiesel from microalgae still remains far too expensive, as compared with tradi-

tional fuel.   

    1.23   Carbon and Energy Audit of Microalgal Biodiesel 

 Climate change is a signi fi cant issue in today’s world. As accepted by the wider 

scienti fi c, political and social communities, climate change is unequivocally—a 

greater than 90% chance—due to global warming caused by the activities of humans 

since the 1750s (   IPCC 2007). Thus a project which absorbs CO 
2
 , a major contributor 
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to global warming, would play a signi fi cant role in combating climate change. 

The importance of the microalgal biodiesel production is underlined by the ability of 

microalgae to absorb carbon dioxide. Carbon capturing occurs in the cultivation 

phase of the algae biomass, where CO 
2
   fi xation occurs through the biological photo-

synthesis reaction. This CO 
2
  bio-sequestration has attracted attention due to the pos-

sibility of converting this harmful waste into a valuable product. 

 The carbon and energy audits are focused on Australia (but applicable else-

where), and used as a basis for all the discussions in this section. To reach the CO 
2
  

reduction targets, the Australian Federal Government has implemented two primary 

drivers: The National Greenhouse and Emission Reporting Act (NGER Act) which 

regulates and sets guidelines on how both Scope 1 (activity direct) and Scope 2 

(activity dependent) emissions should be reported; and the Carbon Pollution 

Reduction Scheme (CPRS) which is the “cap-and-trade” scheme where emitters are 

required to purchase permits for their emissions. 

 Under CPRS, emitters who exceed certain limits are required to obtain permits 

for their Scope 1 emissions. For example, if Company A emits 10 tonnes of CO 
2
 -e 

above a certain limit, the company is required to possess 10 permits (each permit is 

equivalent to 1 tonne of CO 
2
 -e) (NGER Guidelines, 2008). The permit is either allo-

cated to mitigate costs of the scheme to some key industries or auctioned to the 

highest bidder. There is a  fi xed amount of permits sold in line with the national emis-

sion cap, with an initial selling price of $25 per permit  [  37  ] . Companies would pur-

chase permits if their internal costs of abatement are higher than the price of permits, 

and would directly reduce their emissions if their internal costs of abatement are 

lower than the price of permits. It is expected that permit prices might rise to between 

$35 and 50 per permit by 2020  [  37  ] . The microalgal cultivation process which cap-

tures CO 
2
  will reduce the overall Scope 1 emissions of an industry and convert this 

harmful waste into valuable products. By undertaking a complete audit on the pro-

cess, the exact capturing ability of the process will be ascertained and analysed.  

    1.24   Method of Carbon and Energy Audit 

 In ascertaining whether the microalgal biodiesel production process is carbon neu-

tral or carbon negative (absorbs carbon dioxide) or carbon positive (releases carbon 

dioxide) a life cycle assessment (LCA) is carried out. The LCA is based on ISO 

14,040 standards  [  11  ] . 

    1.24.1   Life Cycle Assessment: Goal and Scope 

 The LCA is based on a solid understanding of the GHG neutrality of the process. 

The LCA will be conducted on the entire process, from the cultivation stage to the 

 fi nal processing stage (gate-to-gate assessment).  
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    1.24.2   Life Cycle Assessment: System Boundary 

 The LCA system boundary is based on the physical boundary of the entire plant. 

Basically, a cordon is placed around the entire plant and an audit is performed on the 

in fl ow and out fl ow of GHGs and any energy input and output. However, as the 

process is developed stage-wise, the boundary is enclosed around the individual 

stages to simplify the audit. By including all possible factors which may affect the 

carbon neutrality of the process, the goal is to ensure the carbon audit is a true rep-

resentation of the actual emissions from the process. Conducting such an extensive 

and in-depth audit allows an accurate analysis of whether such a process is feasible 

in reducing the GHG emissions.  

    1.24.3   Life Cycle Assessment: Inventory 

 Note that only Scope 1 and Scope 2 emissions are considered in this section. Scope 

1 emissions refer to the release of GHG as a direct result of an activity or series of 

activities (including ancillary activities) that constitute the facility. Scope 2 emissions 

refer to emissions caused by the activity of the facility but in this case the emissions 

are not directly released from the facility  [  37  ] . Even though Scope 2 emissions are 

not direct emissions from within the system boundary, the activity within the system 

boundary causes these emissions to occur at another facility; hence, Scope 2 emissions 

are considered as well. An example of a Scope 2 emission is the emissions from 

electricity usage. Even though the use of electricity does not directly increase GHG 

emissions from within the system boundary, it creates GHG emissions at another 

facility which is the power station. As per the NGER Act, both Scope 1 and Scope 

2 emission have to be reported; however, the  fi nancial liability of a corporation only 

rests with Scope 1 emissions as per CPRS. Scope 3 emissions (process unrelated 

emissions such as administrative and transportation emissions) are not be consid-

ered in this study, as there is insuf fi cient information to undertake an accurate analy-

sis. All GHGs and energy usage will be converted to tonnes of carbon dioxide 

equivalent (tonne CO 
2
 -e) to enable ease of comparison. It is assumed that the plant 

is operating at normal conditions when the audit takes place, and all equipments 

utilise electricity from the grid, unless otherwise stated.  

    1.24.4   Life Cycle Assessment: Impact Analysis 

 By conducting the audit on the entire process, we wish to quantify the GHG captur-

ing bene fi ts achievable from this process. The quanti fi ed GHG emission saving can 

be used to calculate the economic bene fi ts from the process and also its environ-

mental impact.   
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    1.25   Audit and Discussion for Cultivation 

 The boundary for each system includes a  fl ue gas pre-treatment phase which is com-

mon for all three cultivation options. The  fl ue gas pre-treatment phase involves the 

pumping requirement to blend CO 
2
  with compressed air. The majority of emissions are 

Scope 2 electricity emissions, as shown in Fig.  14 . The primary source of electricity in 

the chosen location is brown coal, and this is regarded as a high-emission intensive 

generator, thus the high emission factor of 1.22 CO 
2
 -e/kWh is used (NGER, 2008).  

 As seen in Fig.  14 , Scope 2 emissions for the HTR and ELR (primarily due to 

electricity consumption by the airlifts) are signi fi cantly higher than the Scope 2 

emissions for the RP (due to the low electricity consumption by the paddle wheel). 

The Scope 2 emissions for the HTR and ELR are 186,691.52 tonnes CO 
2
 -e/year and 

166,916.41 tonnes CO 
2
 -e/year, respectively; whilst for the RP the emissions are 

only 10,564.07 tonnes CO 
2
 -e/year. Scope 1 emissions are due to the capturing 

ef fi ciencies that exist in the cultivation system. For the HTR and ELP, the ef fi ciency 

of absorption was set at 95% whilst for the RP the capturing ef fi ciency was 90%  [  6  ] . 

Considering both emissions, it is clear that the RP is the best process option as it 

captures the highest amount of CO 
2
 -e (71,213.70 tonnes CO 

2
 -e/year). Note that in 

considering Scope 2 emissions, the audit considers emission produced in the gen-

eration of electricity—an emission from another independent facility. Thus RP is 

the most “truly” environmentally friendly option, as it considers all possible GHG 

emissions due to the process. However, under the CPRS requirements, only Scope 

1 emissions are considered. If the CPRS requirements are considered then the HTR 

and ELR capture the largest amount of CO 
2
  gases: 87,157.89 tonnes CO 

2
 -e/year. 

Thus if the algae cultivation process was part of an emission-intensive industry, the 

HTR and ELR would be the best option. However, it is important to consider eco-

nomic factors such as the cost of electricity usage by the HTR and ELR systems.  
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    1.26   Carbon Audit and Discussion for Dewatering 

 Two dewatering cases have been analysed in this section. The  fi rst study assumes that 

all cultivated biomass would either be produced solely by centrifugation or  fi ltration 

and the second analysis considers a two-stage dewatering technique based on 

 fl occulation followed by centrifugation or  fi ltration. The use of an initial  fl occulation 

step reduces the power usage in the subsequent centrifugation or  fi ltration stage. 

 For a single-stage process, the calculations indicate that the dewatering of the RP 

culture is more energy intensive than that of the HTR or ELR. This trend is consis-

tent across the majority of the centrifugation and  fi ltration options. This is due to the 

signi fi cant volume of culture produced per batch in the RP system, and the greater 

degree of processing required in concentrating the RP culture as opposed to that of 

HTR or ELR. For the dewatering of the HTR and ELR cultures, the emissions pro-

duced are comparable for both centrifugation and  fi ltration, as the total culture vol-

ume produced in these two cultivation options are about the same. 

 The second analysis was based on a two-step dewatering process:  fl occulation  fi rst 

step and a second step consisting of either centrifugation or  fi ltration. A number of 

different  fl occulants were considered. The use of a two-step process signi fi cantly 

reduces the overall emissions compared with a one-step process as represented by the 

HTR cultivation system in Table  5 . This trend is consistent for other types of cultiva-

tion systems. The percentage emission reduction from a one-step process to a two-

step process is around 90%, which is a signi fi cant drop in emissions. The study clearly 

shows that the combination of chitosan 1 (95% ef fi ciency of water removal) with a 

second-stage decanter bowl centrifugation has the greatest drop in emissions: 99.5% 

reduction for the HTR, 99.6% reduction for the ELR and 99.7% for the RP. The lowest 

net emission for the dewatering of the HTR culture was 1,690.73 tonnes CO 
2
 -e/year 

which was for the dewatering process combination of chitosan 1 with a secondary 

vacuum–suction  fi ltration method. The same combination of chitosan 1 and a suction 

 fi lter produced the lowest emission of 2,686.37 tonnes CO 
2
 -e/year for the dewatering 

of the ELR culture and 10,781.52 tonnes CO 
2
 -e/year for the RP culture. Thus, the 

most desired dewatering combination per NGER regulations would be a  fi rst-stage 

chitosan 1  fl occulation and a secondary stage suction  fi lter. However, it is interesting 

to note that in terms of percentage reduction due to the addition of a  fl occulant, this 

combination has the lowest percentage reduction (only 9% for the HTR and 14.9% for 

the ELR culture). This is due to the low-energy consumption of the suction  fi lter com-

pared with its concentration factor. To concentrate a sample by 80 times, the energy 

input is only 0.1 kWh/m 3 ; thus even though the volume is reduced, the energy required 

to dewater the culture by a single or double stage process is insigni fi cant.  

 NGER regulations consider both Scope 1 and 2 emissions, but there are no Scope 

1 emissions associated with the dewatering stage. Thus with respect to CPRS 

requirements, the selection of dewatering options could only be reliant on economic 

and design considerations. The combinations which were studied in detail are the 

two  fl occulants of chitosan 2 and LT-25/NaOH with a secondary dewatering stage of 

either: centrifugation (disc stack or nozzle discharge) and  fi ltration (chamber, 

suction, drum  fi ltration or TFF). The data for the HTR, ELR and RP are given in 

Table  6 . The results clearly indicate that chitosan 2 is the better option, as it creates 
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the least amount of emissions. This is obviously due to the higher dewatering 

ef fi ciency of chitosan 2: 90% compared with 30% for LT-25/NaOH. This reduces 

the energy requirements needed for the secondary centrifugation/ fi ltration stage.   

    1.27   Carbon Audit and Discussion for Lipid Extraction 

 The extraction process involves the separation and puri fi cation of lipids from the 

dewatered biomass. The extraction technology investigated in this study is solvent 

extraction, involving lipid extraction as well as ethanol and lipid puri fi cation with a 

two-phase system of hexane and water. The only energy inputs for the extraction 

stage are the mixing and pumping requirements. Emissions from the mixing and 

pumping requirements are all Scope 2. The emissions due to mixing (1,127.28 tonnes 

of CO 
2
 -e/year) are signi fi cantly larger than the emissions due to pumping 

(87.53 tonnes of CO 
2
 -e/year). Mixing emissions account for 92.7% of the emission 

from the extraction phase due to large mixing and retention times during solvent 

extraction. The dewatered biomass volume and concentration are consistent for all 

three cultivation systems (HTR, ELR and RP), thus the emissions due to the extrac-

tion of lipids from biomass generated from any of the cultivation systems are the 

same. This is 1,214.81 tonnes of CO 
2
 -e/year.  

    1.28   Carbon Audit and Discussion for Biodiesel Production 

 For biodiesel production, a transesteri fi cation process is used to convert the extracted 

and puri fi ed lipids into FAME. The process involves different unit operations. 

However, the emission sources can be categorised based on either steam or electric-

ity usage. Both emissions are Scope 2. For the modelled facility, 1,834 MJ/year of 

steam and 470,716.3 kWh/year electricity are required. For this study, it was 

assumed that a natural gas boiler is used to produce the required steam and the emis-

sions are calculated based on the amount of natural gas needed to produce the 

required energy. Net emissions from the production of biodiesel are 668.42 tonnes 

of CO 
2
 -e/year. 85% of the emissions are due to power requirements in running the 

pumps and the remaining 15% is due to the production of steam. The extraction 

design chosen has a signi fi cant amount of pumping and  fi ltration units, all of which 

are energy-intensive processes.  

    1.29   Process Recommendations 

 Based on economic and design considerations, the two-stage dewatering process of 

chitosan 2 and disc-stack centrifugation is recommended. The recommendation is 

based on an overall study of the process steps: cultivation, dewatering, extraction 

and biodiesel production. The net emission results for the complete process are 
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shown in Table  7 . The results from the Scope 2 emission audit indicate that the over-

all emissions from the HTR and ELR options are by a factor of 10 greater than that 

for the RP option. As seen in Fig.  15 , the majority of the emissions for the HTR and 

ELR are due to emissions from the cultivation stage (98 and 97% of total emissions, 

respectively), whilst the emissions from the cultivation stage for the RP only amounts 

to 33% of total emissions. If the cultivation emissions were ignored, as seen in 

Fig.  16 , the data indicate that to dewater, extract and produce biodiesel more emis-

sions are produced for the RP, than for the ELR or the HTR. This is due to the emis-

sion rating to dewater large volumes of less concentrated algae culture from the RP.    

 The fundamental importance of this project is CO 
2
  biosequestration. By captur-

ing CO 
2
 , the process reduces the overall emissions which would otherwise be 

released into the atmosphere. This would reduce the number of permits the facility 

or an industry is required to obtain. The  fi nancial savings analysis shows that the 

HTR and ELR options save $2.18 million (87,000 permits) whilst the RP saves 

$2.04 million (82,000) per year. The higher permit saving for the HTR and ELR 

   Table 7    The net results for scope 2 emissions for the total process 
based on two-step dewatering process   

 Process 

 HTR  ELR  RP 

 Tonne CO 
2
 -e/year 

 Cultivation  186,691.52  166,916.41  10,564.07 

 Dewatering  1,840.06  2,898.35  19,722.00 

 Extraction  1,214.81  1,214.81  1,214.81 

 Processing  668.42  668.42  668.42 

 Total  190,414.80  171,697.99  32,169.29 
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  Fig. 15    Breakdown of scope 2 emissions for the different cultivation systems       
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options is due to the lower Scope 1 emissions resulting from their higher CO 
2
  cap-

turing ef fi ciencies. In terms of an overall outcome, the best option is RP cultivation 

followed by the two-stage dewatering process. As seen in Fig.  17 , the HTR and ELR 

actually produce more emissions than the RP due to the high cultivation emission 

rating, whilst the RP has an overall negative emissions rating. As the use of HTR or 

ELR produces signi fi cantly more emissions than the RP, it has a greater negative 

environmental impact.    
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  Fig. 16    Breakdown of scope 2 emissions for algae dewatering, extraction and transesteri fi cation       
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    2   Conclusion 

 In terms of the design outcomes, the HTR and ELR appeared to be attractive options 

due to their ability to achieve high biomass concentrations during cultivation. 

However, the  fi xed capital cost involved with the HTR and ELR are up to 493% 

greater than that for the RP. The tubular reactors are dif fi cult to scale-up due to 

issues of dark zones and dissolved oxygen build-up. Therefore, the number of units 

required proved to be signi fi cant. The results of the carbon audit indicated that the 

overall emissions from the HTR and the ELR were greater than that for the RP by a 

factor of 10. This was largely due to energy consumptions associated with the use 

of airlift pumps. 

 In dewatering, a two-stage process involving  fl occulation preceding centrifuga-

tion heavily reduced energy consumption with high reduction in emissions, com-

pared with a single-stage process. The carbon study also indicated that dewatering 

using a two-stage process was more attractive as culture volume increased, even 

with a low-ef fi ciency  fl occulant. In the extraction and transesteri fi cation stages only 

one design alternative was investigated, and on the basis of 50,000 tonnes biomass 

processing, the results were identical for the different cultivation system. 

 The overall  fi ndings from this study indicate that a RP cultivation stage, followed 

by a two-stage dewatering process is the optimum alternative. However, the eco-

nomic study showed that this option is not feasible presently due to an excessively 

high cost of production of $74/L of biodiesel, which leads to an annual operating 

loss of $190 million. The carbon audit, however, indicates that the process is carbon 

neutral, capturing ~49,000 net tonnes of CO 
2
 -e. In terms of environmental impact, 

the project is attractive. However, it would not be  fi nancially viable, as the value of 

carbon permits is only $2.0 million.      
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  Abstract   This chapter describes how to perform a sustainability evaluation of 

microalgae biodiesel through its supply chain. A framework for selecting sustain-

ability indicators that take into account all three dimensions of sustainability: eco-

nomic, societal and environmental, is presented. Special attention is given to a 

useful de fi nition of the boundary for the system and to the identi fi cation of the rel-

evant impacts associated with the biodiesel supply chain stages. A set of sustain-

ability indicators is proposed for quantitative sustainability assessment, based on 

the impacts deemed relevant for each supply chain stage. Some qualitative arguments 
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are also presented to support the evaluation. Although microalgae appear to be 

superior in some respects to other currently used feedstocks, the development of 

large-scale microalgae production systems still needs further research.      

    1   Introduction 

 It is commonly accepted that our dependence on fossil fuel and the gradual rise of 

greenhouse gas (GHG) in the atmosphere are intimately coupled. Several strategies 

are being devised and currently implemented in the transportation sector of the 

economy to stem this GHG rise. Examples of Government and business strategies 

alike include the development of alternative fuels, more ef fi cient engines or trans-

portation means, transportation networks better  fi tted to the societal and economic 

needs of evolving human societies, among others. In the short term, biofuels, such 

as biodiesel or bioethanol, are seen as viable options to partially ful fi ll the objec-

tives of reducing the environmental impacts, in particular of global warming. 

 Biodiesel has some important advantages over other currently sought potential 

solutions. It can be produced from a wide range of vegetable oils from agricultural 

crops (e.g. rapeseed, soy, sun fl ower, palm oil, hemp, among many others) or even 

residual materials, in particular animal fats from the meat or  fi sh processing indus-

tries that are dif fi cult to dispose of. The technology and know-how needed to pro-

duce it ef fi ciently is already available, and setting up a production facility is 

relatively easy. The real challenge here is to have access to enough raw materials to 

meet the current demand, without compromising sustainable development. Although 

source-to-wheel assessments indicate that the use of biofuels in vehicles yields 

bene fi ts in terms of GHG and other pollutant emissions (e.g. sulfur and nitrous 

oxides) when compared to petroleum-based fuels, their impact on the biodiversity 

loss and competition for arable land can be deleterious if general sustainability cri-

teria are not met. Also, the precise amount of saved CO 
2
  emissions depends on the 

feedstocks used, the production processes, and on several other factors. 

 Thus, it is fundamental that the emerging biofuels sector is built on sound sustain-

ability principles. In that regard, the European Commission recently put forward a 

broad set of sustainability criteria for biofuels in the Directive 2009/28/EC  [  3  ]  for the 

promotion of renewable energy sources, which complement the targets already 

de fi ned by the European Union concerning the utilization of biofuels. Some of the 

sustainability criteria in this new directive include that no raw material should be 

provided from undisturbed forests with important biodiversity, no land with carbon 

stock (wetlands or continuously forested areas) should be converted for biofuels pro-

duction, the use of land for the production of biofuels must not be allowed to com-

pete with the use of land for the production of food, a minimum of 35% GHG savings 

has to be attained, and also, societal considerations must be taken into account. 

 However, the increase in production and even the announced targets for biodiesel 

has raised some problems of its own. Nowadays, vegetable oils (edible or non-edible) 

and animal fats are the main feedstock for biodiesel production. As vegetable oils 
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are also used for human consumption, the competition for arable land and the 

expected increase in food prices have become signi fi cant concerns. Additionally, it 

increases the biodiesel production costs, hindering its usage, even if the environ-

mental impact of biodiesel is smaller than that of fossil fuels. Production processes 

may not be most adequate and optimized for the available feedstocks. Also, to ful fi ll 

the EU target of 10% from domestic sources, the actual feedstocks supply and the 

domestic arable land available in Europe are not enough  [  17  ] . Moreover, extensive 

monoculture plantation, the conversion of high conservation-value forests, and other 

critical habitats for cultivation of biodiesel feedstocks are unacceptable. These habi-

tats and associated biological diversity can be lost forever, due to the cutting of 

existing forests and the utilization of ecologically important areas  [  14  ] . Also of 

concern are jeopardizing food supplies of people living in developing countries that 

still strongly depend on agriculture. 

 Therefore, new feedstocks are needed to complement the existing ones. Examples 

include the utilization of agricultural crops not used for human consumption, such 

as lignocellulosic materials and microalgae, among others, with higher biomass 

productivity when compared with the currently used feedstocks  [  18  ] . All options 

have their speci fi c advantages and drawbacks that have to be taken into account 

when selecting adequate feedstocks. As the majority of production processes asso-

ciated with alternative feedstocks are still under development, decisions concerning 

their development and practical implementation should be made considering all 

three dimensions of sustainability: economic, societal and environmental. 

 Among the potential feedstocks, microalgae are increasingly seen as a viable 

option for the production of biodiesel and even other types of biofuels. This work 

attempts to evaluate the relative sustainability of microalgae biodiesel when com-

pared with the currently used fuels, and to identify the key advantages and problems 

associated with their use for biodiesel production.  

    2   Sustainability Evaluation of Microalgae for Biodiesel 

Production 

    2.1   Framework for De fi ning Sustainability Indicators 

 The commonly understood three dimensions of sustainability as shown in Fig.  1  are 

largely interrelated, i.e. what is good for the environmental is also good for society, 

or what is good for the economy can be usually good for society, and so on.  

 As shown, sustainability exists at the intersection of the three domains represent-

ing the economy, environment, and society. We can state that a system becomes 

more sustainable when all three domains, as represented by the intersection of the 

three domains, show improvement as a result of a human intervention. This Venn 

diagram also facilitates identi fi cation of the dimensions of the metrics to be used to 

evaluate relative sustainability of a selected system. For instance, any indicator or 
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metric that represents all three dimensions, such as energy use, will be a 3D or 3D 

metric. Similarly other metrics could be 2D or 1D, depending on how many domains 

are represented. 

 When the task is to compare the relative sustainability of a system against alter-

natives, we need to consider the following actions in sequence: de fi ne the system, 

identify the metrics to be used and their dimensionality, prioritize them in terms of 

their signi fi cance, obtain values of those metrics for the competing alternatives, and 

compare them to arrive at a decision. A small set of indicators is ideally preferable 

because it simpli fi es analysis, and sometimes allows a decision by visual inspection 

of the values of the metrics. Though not always possible, it is advisable that the 

metrics are deemed to be necessary and suf fi cient, independent of each other, and 

are quanti fi able. 

 In this work the framework previously used by Martins et al.  [  10  ]  is applied for 

the sustainability evaluation of microalgae biofuels, taking into account the biofuel 

supply chain stages that include: microalgae cultivation and harvest, biomass pro-

cessing, oil extraction and pre-treatment, biodiesel production and blending, distri-

bution, and  fi nal use. In practice, one needs to  fi rst clearly de fi ne the system boundaries 

with identi fi ed supply chain. This process allows identi fi cation of the indicators to be 

used and the kinds of data to be collected for calculating their values. Then, all the 

relevant inputs and outputs (energy, water, materials, product, by-products, wastewa-

ter, gas emissions, solid wastes, etc.) should be identi fi ed and quanti fi ed, in order to 

be able to calculate the values of the selected metrics. Finally, when the values of the 

metrics for all possible alternatives are available, a decision on relative sustainability 

can be made either by inspection or by use of computational tools. 

 For deriving sustainability indicators and to evaluate microalgae biodiesel through 

its supply chain, the following sequential procedure (Fig.  2 ) can be applied: 

    1.    System boundary de fi nition, including inputs and outputs (energy and mass 

 fl uxes) through the supply chain.  

    2.    Identi fi cation of the most relevant environmental, economic and societal impacts 

that ought to be considered and explicitly included in the indicators to be selected, 

as well as the data required for their calculation.  

Economic

system

Environmental

system

Societal

system

Sustainability

region

  Fig. 1    Generally accepted 

model for sustainability       
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    3.    Selection and prioritization of an adequate set of sustainability indicators based 

on technical input and data availability. All the relevant inputs and outputs should 

be identi fi ed and quanti fi ed, in order to be able to calculate the indicators 

values.  

    4.    Calculation of the chosen indicator values for sustainability evaluation. The 3D, 

2D and 1D metrics are calculated based on the inventory analysis of the 

process.  

    5.    Interpretation and decision making. Decisions for improving the process are 

made based on the results of the indicators calculation and on the consideration 

of other issues, for example cost analysis.      

    2.2   System Boundary De fi nition for Microalgae Biodiesel 

Supply Chain 

 Microalgae are a class of microorganisms that number in thousands of species, 

which are present in a wide variety of ecosystems and live in a large variety of envi-

ronment and environmental conditions. Under particular conditions, certain species 

produce large amounts of lipids and free fatty acids, compounds that are the basic 

raw materials for the production of biodiesel. 

 Other biofuels, such as bioethanol or higher alcohols, can also be obtained 

through the hydrolysis and fermentation of the algal biomass. 

 Alternatively, microalgal biomass can be gasi fi ed or pyrolysed to produce a 

range of other biofuels (biomass-to-liquid), hydrocarbons, biogas, and even biohy-

drogen. Another possibility is the production of high value chemicals, such as pig-

ments, proteins, and nutraceuticals, simultaneously with the production of biofuels, 

thus diversifying the sources of income and improving the overall pro fi tability. 

 In addition to the aforementioned advantages, the cultivation of microalgae opens 

new possibilities for its integration within existing or future processes, such as 

wastewater and  fl ue gas treatments, removal and sequestration of GHG, in  particular 

4. Sustainability

evaluation

1. System boundary

definition

3. Indicators selection

and prioritization

2. Identification of

significant impacts
5. Interpretation and

decision making

  Fig. 2    Sequential procedure for de fi ning sustainability indicators       
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carbon dioxide, with the potential for reducing additional environmental impacts. 

In fact, various studies demonstrated the potential use of microalgae for pollution 

control, and production of useful products, such as commodity chemicals, and 

energy cogeneration combustion  [  5,   12  ] . Thus microalgae can be environmentally 

sustainable, cost-effective and pro fi table for the production of biofuels and other 

bio-products. In a broader sense, microalgae can be seen as an important part of a 

biotechnology supply chain that can produce many of the basic chemicals necessary 

for the development. 

 In this study the system boundary (Fig.  3 ) is de fi ned to include the supply chain 

stages of microalgae biodiesel  [  11  ] , from algal cultivation and further processing to 

biodiesel production, assuming that no additional products are obtained from the 

process. Please note that a consumption step is absent as it is the same as for other 

biofuels. Therefore, the main differences will occur in the  fi rst stages of each fuel 

supply chain.  

 Although microalgae have similar oil content to other seed plants, there are 

signi fi cant variations in the overall biomass productivity, the resulting oil yield, and 

biodiesel productivity, with a clear advantage for microalgae. Also, the growth and 

harvest of microalgae needs much less land area than other feedstocks of agricul-

tural origin, up to 49 or 132 times less when compared to rapeseed or soybean crops, 

respectively, for a 30% (w/w) oil content in algae biomass  [  11  ] . Also, they can 

reproduce themselves using photosynthesis to convert solar energy into chemical 

energy, completing an entire growing cycle every few days. 

 As different algae species have similar ef fi ciencies concerning fuels production, 

the selection of the most adequate species should take into account their character-

istics and other factors, such as the quantity of nutrients available, solar irradiation, 

as well as other environmental conditions  [  11  ] . From a practical point of view, 

microalgae are easy to cultivate, can grow with little or no attention, often using 

water unsuitable for human consumption, and it is easy to obtain the necessary 

nutrients  [  15  ] . They need not only nutrients (nitrogen and phosphorous), which are 

vital for the growth of algal biomass, but also adequate operating conditions (oxy-

gen, carbon dioxide, pH, temperature, and light intensity). By manipulating these 

operating parameters one can easily control algal biomass growth and the composi-

tion of the algal populations even at a larger scale. De Pauw et al.  [  2  ]  state that 

Algae
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Biomass processing
(dewatering,

thickening, filtering,

drying)
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production
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recycle
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recycle
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Oil extraction
(cell disruption

and oil
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  Fig. 3    System boundary including the supply chain stages of microalgae biodiesel       
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experience has repeatedly shown that properly managed algal cultures are quite 

resistant and that infections are often an indication of poor culture conditions. 

 Combined with their ability to grow under harsher conditions, and their reduced 

needs for nutrients, microalgae can be cultivated in areas unsuitable for agricultural 

purposes (on marginal or nonarable land), independently of the seasonal weather 

changes. This greatly reduces the competition for arable soil with other crops, in 

particular for human consumption, and can open up new economic opportunities for 

arid, drought, or salinity-affected regions  [  18  ] . Moreover, they are becoming an 

alternative oil source with favorable oil yields and much higher growth rates when 

compared to conventional biodiesel feedstocks. 

 Currently, much research effort is being focused on the algal production units, as 

in most cases it represents the key step that ultimately determines the economic 

viability of the process  [  11  ] . Microalgae cultivation units can be open or closed 

production systems, operated in multiple batch or continuous modes. These varia-

tions depend on the microalgae species selected, the expected environmental condi-

tions, nutrients available, and the possibility to combine the microalgae growth with 

a pollution control strategy of other industry, for example, for the removal of CO 
2
  

from  fl ue gas emissions or the removal of nitrogen and phosphorus from a wastewa-

ter ef fl uent. If closed cultivation systems with minimal evaporation are used, con-

siderable savings in water consumption can also be achieved. 

 Some limitations on second generation biofuels from microalgal culture systems 

have been identi fi ed in the harvesting process (representing 20–30% of the total 

production cost) and in the supply of CO 
2
  for a high ef fi ciency production  [  4  ] . 

A suitable harvesting method must be able to process large volumes of algal biomass 

and may involve one or more solid–liquid separation steps, such as sedimentation, 

centrifugation or  fi ltration. Sometimes, an additional  fl occulation step is required, 

due to the need to remove large quantities of water. Drying and cell disruption for 

release of the metabolites of interest also represents a major economic limitation to 

the production of low cost commodities (foods, feeds, fuels) and also of higher 

value products ( b -carotene, polysaccharides). Most common drying methods 

include spray-drying, drum-drying, freeze-drying and sun-drying, but the last one is 

not very effective because of the high water content of algal biomass. After drying, 

solvent extraction of lipids can be done directly from the lyophilized biomass using 

hexane or ethanol  [  11  ] . 

 Even though, biodiesel feedstock’s can vary signi fi cantly, the biodiesel produc-

tion process currently used at industrial scale is the alkali-catalyzed transesteri fi cation 

process where triglycerides and an alcohol (usually methanol) react in the presence 

of an alkali catalyst (e.g. NaOH or KOH) to obtain fatty acid methyl esters (biodie-

sel)  [  11  ] . Also, depending on the oil acidity one or two process steps have to be 

performed, where in a  fi rst step, the level of free fatty acids is reduced to below 3% 

by acid-catalyzed esteri fi cation, using methanol as reagent and sulphuric acid as 

catalyst, for a portion of the methyl ester biodiesel and, in a second step, triglycer-

ides in product from the  fi rst step are transesteri fi ed with methanol by using an 

alkaline catalyst to produce more of the same biodiesel and glycerol.  
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    2.3   Indicators for the Sustainability Analysis 

of Microalgae Biodiesel 

 After de fi ning the system boundary, all the relevant environmental, economic, and 

social impacts associated with the microalgae biodiesel supply chain stages have to 

be identi fi ed. These can be the following:

   Energy consumption  • 

  Net GHG emissions  • 

  Freshwater consumption  • 

  Wastewater treatment  • 

  Nutrients consumption (e.g. nitrates, phosphates, carbon source)  • 

  Chemicals for oil extraction (e.g. n-hexane) and biodiesel production • 

(e.g. CH 
3
 OH, NaOH)  

  Residual biomass management  • 

  Land use  • 

  Potential chemical risk  • 

  Net cash  fl ow generated  • 

  Employment    • 

 Then, the relative signi fi cance or insigni fi cance of these impacts are identi fi ed 

(for each supply chain stage) based on the authors current knowledge of the pro-

cesses involved. For example, energy consumption is a signi fi cant impact in many 

supply chain stages, since it is needed for algae cultivation, harvesting, biomass 

processing, oil extraction, and biodiesel production, while land use is more 

signi fi cant for microalgae cultivation than in the remaining stages. Freshwater con-

sumption is signi fi cant for the cultivation stage unless wastewater from another 

source, which can also be used as a source of nutrients, is used instead to cultivate 

microalgae. 

 After a careful analysis of the system under study, involving the identi fi cation of 

the impacts on the domains of sustainability that are signi fi cant for each supply chain 

stage, candidate indicators are selected for the sustainability analysis of microalgae 

biodiesel. The selected indicators have to ful fi ll the following conditions  [  10  ] :

   Form a coherent set of quanti fi able variables consistent with the principles of • 

sustainability  

  Be representative of the physical system under study  • 

  Be clear, simple, unambiguous, and not biased  • 

  Be independent of each other and form a small set  • 

  Be directly and easily calculated from system data    • 

 The dimensionality of metrics (3D, 2D or 1D) can then be determined  [  19,   20  ] . 

For example, “energy intensity” is a sustainability or 3D indicator, since it takes into 

account aspects of the three sustainability dimensions. The higher it is, the more 

negative the impact is for the environment, because of the waste generated in energy 

production. Yet, as it is positive for the economy, because it is essential for value 

creation and higher standards of living, it has both positive and negative societal 
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impacts, as future generations will be deprived of currently used sources of energy 

because of their depletion but lower emissions of pollutants will result from the 

consumption of biodiesel. Similarly, “land use intensity” contributes to soil degra-

dation and biodiversity loss with a negative impact in the environment. It is positive 

for the economy, because of the value creation from crops produced. Yet, it may 

have a positive or a negative societal impact depending on how it contributes respec-

tively to employment or land competition with other crops, in particular food crops. 

On the other hand “Contribution to Global Warming” also called as carbon foot-

print, can be seen as directly related to global warming and to the environmental 

effects of it. Also, it is expected that it will create an economic impact because of 

carbon trading or carbon taxes, if GHG control regulations are in place, this way 

being a 2D indicator. 

 After the candidate indicators have been selected, prioritization of the set of indi-

cators follows, based on technical input and data availability. Only if the informa-

tion exists it is possible to quantify the indicators and perform the sustainability 

analysis. The conclusions from the analysis will be more reliable if the data are of 

good quality. 

 The set of indicators that are of high priority for the sustainability evaluation of 

microalgae biodiesel are the following:

    1.    Life cycle energy ef fi ciency (dimensionless), 3D  

    2.    Fossil energy ratio (dimensionless), 1D  

    3.    Land use intensity (m 2 /MJ biodiesel/year), 3D  

    4.    Contribution to global warming (kg CO 
2
 -eq/MJ fuel), 2D     

 Table  1  synthesizes the sustainability indicators selected for evaluating the sus-

tainability of microalgae systems for biodiesel production.  

 Similar metrics have been proposed by other authors in a biofuels or conven-

tional fuels context. For example, Pradhan et al.  [  13  ]  compared four biodiesel 

energy balances using two indicators: the net energy ratio and the renewability fac-

tor. Zhou et al.  [  22  ]  proposed four indicators for a sustainability assessment of con-

ventional fuels during their life cycles. Kim et al.  [  7  ]  considered the land use change 

and GHG emissions associated with the production of biofuels. 

 The purpose of this article is to describe how to perform a sustainability analysis 

of microalgae biodiesel system comprising the entire supply chain, and also pro-

pose speci fi c sustainability indicators. To the authors’ knowledge, no full scale com-

mercial plant for microalgae biodiesel exists at present. So, in the absence of 

commercially relevant data, the reliability of the values of the metrics used at pres-

ent would be somewhat limited. 

 Although some suggestions can be found in literature  [  1,   6,   8,   9,   16,   21  ] , there 

are no complete LCA studies with reliable data on biodiesel produced from microal-

gae. Also, the majority of the published studies analyzed hypothetical scenarios. 

 For example, Kadam  [  6  ]  conducted an LCA to compare the environmental impli-

cations of electricity production via coal  fi ring vs. coal/algae co- fi ring, using 50% 

of the  fl ue gas from a 50 MW power station as the carbon source to grow microalgae. 

Results of this study show that when recycling CO 
2
  toward microalgae production 

it is possible to achieve an overall life cycle CO 
2
  saving of 36.7%. 
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   Table 1    Indicators for the sustainability evaluation of microalgae biodiesel   

 Indicator  De fi nition 

 Life cycle energy 

ef fi ciency (LCEE) 

(dimensionless) 

 It is the ratio of the total energy produced (energy output) to the total 

energy consumed (energy input) 

 Lifecycle energy ef fi ciency (LCEE) = energy output/energy input 

 The energy content of by-products may be accounted for in the energy 

output if they are used for energy production in substitution of fossil 

fuel or electricity. LCEE also called net energy ratio (NER) 

measures the relative amount of energy that ends up in the  fi nal fuel 

products 

 Fossil energy ratio 

(FER) 

(dimensionless) 

 It is the ratio between the amount of energy that goes into the  fi nal fuel 

product (fuel energy output) and the amount of fossil energy input 

(non-renewable energy) required for the fuel production 

 Fossil energy ratio (FER) = Fossil energy output/Fossil energy input 

 FER is also called the renewability factor (RF) since it measures the 

degree to which a given fuel is or is not renewable. Larger the value 

of FER less fossil energy is used (assumed to be non-renewable) for 

the same energy output. A FER greater than one can be used to 

replace the energy used in producing it. Also, theoretically FER can 

be in fi nite if no fossil energy is needed for the fuel production 

meaning it is “completely” renewable 

 Land use intensity 

(m 2 /MJ fuel/year) 

 It measures the area of land occupied per unit energy of product 

(e.g. the land needed for the biodiesel feedstocks cultivation, which 

affects biodiversity and life support functions) 

 Contribution to global 

warming 

(kg CO 
2
 -eq/MJ fuel) 

 It measures the potential contribution of different GHG emissions 

(e.g. CO 
2
 , CH 

4
 , N 

2
 O) to global warming (or greenhouse effect), 

expressed as equivalent CO 
2
  emission per unit energy of fuel 

product 

     
= ×∑Contribution to global warming GW ,P

i i

i

E
   

 where  E  
i
  is the mass of greenhouse gas  i  emitted to the air and 

GWP 
 i 
  is the Global Warming Potential of the substance  i  

 The total GHG emissions (    E   ) through the fuel life cycle are calculated 

as  [  3  ] 

    = + + + + − − −
ec l p td u ccs ccr ee

,E e e e e e e e e   

where  e  
ec

  are emissions from the extraction or cultivation of raw 

materials;  e  
l
  are annualized emissions from carbon stock changes 

caused by land use change;  e  
p
  are emissions from processing;  e  

td
  are 

emissions from transport and distribution;  e  
u
  are emissions from fuel 

usage;  e  
ccs

  are emission savings from carbon capture and sequestra-

tion;  e  
ccr

  are emission savings from carbon capture and replacement; 

and  e  
ee

  are emission savings from excess electricity from 

cogeneration 
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 Lardon et al.  [  8  ]  performed an LCA on the production of biodiesel from  Chlorella 

vulgaris , showing that when this algae is grown in nitrogen-deprived conditions and 

the oil is extracted directly from the wet biomass without the need for drying, the 

biodiesel would have a GWP lower than fossil diesel but higher than biodiesel 

produced from rape seed oil or palm oil. 

 Lehr and Posten  [  9  ]  estimated the energy needed for operating a photo-bioreactor 

compared to the possible chemical energy harvested. According to these authors the 

economical feasibility of biofuel production by algae cannot be obtained in the short 

term. The outstanding problems of cost and ef fi ciency of microalgae cultivation for 

biodiesel need critical attention. 

 Rodol fi  et al.  [  16  ]  evaluated the biomass productivity, lipid content, and lipid 

productivity of 30 microalgal strains cultivated in 250 mL  fl asks. They suggested 

that in order for microalgae cultures to become an economic, renewable, and car-

bon-neutral source of transportation fuel, biofuels production needs to be combined 

with that of production of higher value co-products. 

 Clarens et al.  [  1  ]  compared from a life cycle perspective, conventional crops 

(rapeseed, switch grass, and corn) with microalgae cultivation for biofuels production, 

concluding that microalgae have higher environmental impacts than these conven-

tional crops in terms of energy use, GHG emissions, and water consumption regard-

less of cultivation location. These authors suggested that to reduce the impacts,  fl ue gas 

could be used as a carbon source for producing algae near power plants and also waste-

water treatment could be combined with algae cultivation as a source of nutrients. 

 Stephenson et al.  [  21  ]  investigated the life cycle global warming potential (GWP) 

and the fossil energy requirements, for a hypothetical operation in which biodiesel 

is produced from the freshwater microalgae  C. vulgaris . These authors concluded 

that for a more environmentally sustainable cultivation of these algae in open ponds 

instead if closed photo-bioreactors, it should be possible to achieve a lipids produc-

tivity target of 40 tons/ha/year. This way the GWP of microalgae would be about 

80% lower than fossil diesel on a net energy content basis. 

 The utilization of microalgae, at least from a land use intensity point of view 

should be a viable option for substituting current feedstocks, as the former has much 

higher productivity when compared with existing feedstocks. However, the state of 

development at present precludes a more extensive utilization of microalgae for 

biodiesel production which could have a real impact in the fossil fuel market. 

 We can summarize the reasons for the delay of a more widespread usage of 

microalgae as a feedstock for biofuel production. First, there are still some hurdles 

to cross concerning their cultivation at large scale. Although some strains are already 

identi fi ed as promising for biofuel production, only a few of them have been 

attempted at an industrial scale. Critical information about the conditions in which 

microalgae give the highest yield of lipids or other components of interest is still 

lacking, especially the nutrient mix and sunlight necessary for inducing it  [  11  ] . 

Second, there are scaling problems when going from laboratory and pilot scale units 

to fully commercial plants. When growing microalgae in large open ponds, one has 

to ensure that all microorganisms receive an adequate amount of energy and nutri-

ents, a dif fi cult task when the cell concentration is very high. Third, other challenges 

are posed by the growth cycle of the microalgae, which should be better understood 
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in order to know when it is the best time for harvesting them, and that during the 

decline or death phase microalgae cultures are more susceptible to potential 

contaminations by other organisms that will compete for food and space. 

 Potential solutions for these problems include the selective growth of particu-

larly resistant strains or even their genetic engineering in order to produce species 

better  fi tted for biofuels production. Fourth, the microalgae harvesting and process-

ing steps, before the biodiesel production, are still under development. As described 

above, due to high water content of the algal biomass, some of the processes may 

require high quantities of energy, making the production of biodiesel from microal-

gae an energy intensive process, thus increasing its environmental impact  [  11  ] . 

 Notwithstanding the possible dif fi culties, microalgae are seen as one of the most 

viable options in the medium to far future. Some of the reasons are directly related 

to their physiology. As simple organisms, they can grow very fast and produce lipids 

among other metabolites of interest, only requiring water with a given salinity and 

pH, sunlight, carbon dioxide and a source of nitrogen and other nutrients. This is 

clearly an advantage over agricultural feedstocks and even future cellulosic raw 

materials, which normally require pesticides, fertilizers, tillage, and other treat-

ments for their production. Also, due to their diversity the probability of  fi nding or 

engineering the most adequate microalgae strain is high and is easier to do than with 

the more complex plants.   

    3   Conclusions 

 In this work a set of sustainability indicators is proposed in order to assess the 

utilization of microalgae as a feedstock for biodiesel production from a supply chain 

point of view, the supply chain stages being cultivation of microalgae, harvesting, 

and further processing for biodiesel production. Microalgae can be a sustainable 

option as a feedstock for biofuels production, combining high productivity with 

high oil content. In particular, the land use intensity is clearly smaller when com-

pared to other feedstocks, minimizing the questions directly linked with land use, 

and the loss of biodiversity. Also, microalgae have the potential to be used in the 

production of other chemicals of high added value or integrated in existing indus-

trial processes for other bene fi cial purposes, such as carbon sequestration or waste-

water treatment. However, more research is still needed to develop more economical 

industrial production systems and to fully explore the microalgae potentials.      
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  Abstract   Algae-derived bioenergy is being widely discussed as a promising alternative 

to bioenergy produced from terrestrial crops. Several life cycle assessment (LCA) 

studies have been published recently in an effort to anticipate the environmental 

impacts of large-scale algae-to-energy systems. LCA is a useful tool for understand-

ing the environmental implications of technology, but it is very sensitive to model-

ing assumptions and techniques. In this chapter, the methodological issues 

surrounding LCA of algae-to-energy systems are reviewed in the context of several 

of the recent papers with a particular focus on system boundaries, cultivation tech-

niques, metrics, coproduct allocation, and uncertainty. The issues raised here are 

useful in two regards: (1) they enable an understanding of the differences between 

the published studies and allow LCA practitioners and others to more directly inter-

pret the results and (2) they serve as a good starting point for future analysis of 

algae-to-energy technologies.      

    1   Introduction 

 The promise of using algae as a bountiful and renewable source of bioenergy has 

been attracting increasing attention over the last few decades  [  26  ] . This is because 

algae have a number of characteristics that make them appealing relative to other 

bioenergy sources. They are generally fast growing and produce more biomass per 

area of land than most terrestrial crops  [  19  ] . Certain species generate high concen-

trations of lipids so they can be used to produce liquid fuels, such as biodiesel, using 

existing conversion technologies  [  18  ] . And since they are grown in water, they could 
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also be cultivated in man-made ponds, which suggests their cultivation can be scaled 

up and operated in steady-state mode, greatly enhancing their potential for large-

scale energy production. Over the past few years, interest in algae-to-energy tech-

nologies has surged for a variety of reasons. Among them is the idea that algae 

could be used to sequester CO 
2
  from fossil fuel burning sources, thereby reducing a 

major contributor to climate change  [  3  ] . Increasing petroleum prices, concerns 

about our dwindling fossil fuel reserves, and the perceived competition between 

food and fuel uses for crops that can be consumed as food have also contributed to 

interest in algae as a fuel source  [  23  ] . 

 The heightened attention on algae-to-energy systems has resulted in a prolifera-

tion of academic and industrial publications describing these technologies. A num-

ber of these studies focus on quantifying the environmental impacts of algae-to-energy 

systems using life cycle assessment (LCA) techniques  [  8,   14,   24,   31  ] . LCA is a 

framework for assessing the environmental and energy implications of a process or 

product over its entire life cycle (LC), from resource extraction to  fi nal disposal. 

Over the past 10 years, LCA has emerged as a valuable tool for understanding the 

full environmental costs of complex engineering systems. It allows designers and 

engineers to avoid media shifting, whereby one environmental impact is avoided at 

the cost of some other, often hidden and worse, environmental burden  [  13  ] . LCA 

can also serve as a useful design tool that allows for a priori evaluation of different 

engineering decisions. By applying LCA in this way, it is possible that many tradi-

tional sources of pollution can be avoided upstream rather than remediated after 

they are generated. Even though LCA has been widely practiced for over a decade, 

only recently have the techniques been applied to algae-to-energy processes. 

 The algae-related LCA studies appearing in the academic literature to date offer 

multiple perspectives on how large-scale algae-to-energy systems might be deployed. 

These studies are largely speculative because there is a lack of empirical data for 

long-term operation of full-scale commercial algae cultivation systems. In general, 

the results of algae LCA studies published to date are dif fi cult to compare because 

of key modeling differences. The differences originate from several stages of the 

analyses. To begin with, the  scope , e.g., system boundaries and functional unit of 

the studies, is different. Second, the  data sources  used in the studies, the way in 

which the studies report their results (i.e.,  metrics ), and the manner in which they 

allocate burdens to different processes (e.g.,  coproducts ) also vary quite a bit. This 

variability is to be expected given that there are, as yet, no norms for the industry 

that would suggest the most reasonable set of assumptions. Finally, the unsatisfac-

tory way in which the studies handle  uncertainty  speaks to the lack of data in this 

 fi eld. Table  1  highlights the array of different modeling assumptions that have been 

used in some of the LCA studies of algae-to-energy systems that have been pub-

lished to date. It should be pointed out that each of these studies utilized a different 

functional unit and many use different modeling assumptions. Thus, it is no surprise 

that the results are dif fi cult to compare.  

 In general, it cannot be said that one particular study is more or less “correct” 

than any of the others. LCA challenges exist even for processes and products that 
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are well characterized and widely practiced. One widely cited, and related, example 

is the case of petroleum-based liquid fuels. Since the early 1990s, a substantial 

number of studies have been conducted describing the process of extracting the 

crude oil from the ground, transporting it, re fi ning it, distributing and selling it, then 

burning it in cars and trucks  [  25  ] . Different studies resulted in very different esti-

mates for the burdens of similar processes that are practiced in more or less the same 

manner around the world. To address these challenges, Argonne National Laboratory 

in the United States created the Greenhouse Gases and Regulated Emissions, and 

Energy Use in Transportation (GREET) model for estimating LC burdens associ-

ated with petroleum-based transportation fuels in 1996  [  33  ] . By synthesizing the 

results from various published LC models, and normalizing the system boundaries 

and allocation assumptions among analyzed cases, the creators of GREET produced 

a meta-model that is more representative of petroleum fuel production than any one 

given analysis. This occurs because the meta-model effectively neutralizes (i.e., 

washes out) some assumptions that can make any one particular study either over- 

or underestimate the true impacts of a given process. Since the algae-to-energy 

industry is currently undergoing such rapid development, it seems timely to con-

sider standardization of LC methodology to improve the accuracy of LCA for algae-

derived fuels. 

 This chapter is written for two primary audiences. The  fi rst is the algae-to-energy 

researchers wishing to model LC impacts of speci fi c products or processes. For 

these uses, the material presented here should serve as a useful primer into the lan-

guage of LCA as it relates to algae-to-energy processes. The second audience is the 

broader scienti fi c and journalistic community. This community has occasionally 

misinterpreted the results of several recent algae LCAs. The material presented here 

should help educate the science-literate reader who has no background in LCA so 

that they can better understand the implications and conclusions of algae LCA 

 studies. It is expected that successful engagement of both audiences should improve 

the quality of future algae LCA studies and contribute to discourse about the merits 

of algae-to-energy technologies.  

   Table 1    Select LC modeling assumptions for several studies appearing in the academic literature 

to date   

 Study  FU  Data sources  Coproducts  Uncertainty? 

 Stephenson et al.  [  31  ]   1 ton biodiesel  NREL US LCI  Digestion/electricity  No 

 Campbell et al.  [  5  ]   1-km diesel truck  Australian LCI  Digestion/electricity  No 

 Jorquera et al.  [  14  ]   1 ton dry solids  Literature review  None  No 

 Clarens et al.  [  8  ]   317 GJ  EcoInvent  None  Yes 

 Lardon et al.  [  17  ]   1 MJ fuel  EcoInvent  Glycerol  No 

   FU  functional unit;  NETL US LCI  National Renewable Energy Laboratory of the United 

States Department of Energy Life Cycle Inventory Database  [  20  ] ;  Australian LCI  Australian 

National Life Cycle Inventory Database;  EconInvent  Swiss National Life Cycle Inventory 

Database  [  34  ]   
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    2   Goal and Scope De fi nition 

 A life cycle analyst’s motives for carrying out an LCA can have important implications 

for the results of a study. These “zero order” assumptions are often rooted in the 

type of LCA being performed. LCAs fall broadly into one of two categories. 

 Attributional  LCAs are those in which all of the environmental impacts associated 

with a product or process are compiled and reported  [  1  ] .  Consequential  LCAs are 

those that evaluate the impacts of making a particular change to a process or prod-

uct, or compare two technologies with related functions. Consequential LCAs are 

often more straightforward to perform because they permit for the canceling of unit 

processes or systems that are common between the technologies of interest. In the 

case of algae, most published LCA studies are attributional since there are few tech-

nological systems existing to which algae-to-energy can be compared. There is, 

however, an important role for consequential LCA as this  fi eld moves forward; 

since they can help identify and quantify what impacts might arise from evolving 

algae technologies. The decision to undertake an attributional or a consequential 

LCA is manifest most notably in decisions about the system boundaries and func-

tional units of the study. System boundary decisions include all the elements associ-

ated with geographic areas, natural environments, time horizons, and others. The 

functional unit is the quantitative basis for the life cycle comparison and differs 

depending on the processes to be compared. Both are explored here. 

    2.1   System Boundaries 

 Most of the research on algae-to-energy systems carried out to date has been at the 

bench or demonstration scale  [  18  ] . This makes it dif fi cult to say with much certainty 

what a full-scale algae-to-energy industrial facility would look like and herein lies 

one of the fundamental challenges of developing reliable LC estimates for algae 

production. Using best engineering judgment, it is possible to design hypothetical 

algae-to-energy facilities, but naturally, there is variability among these designs 

(Fig.  1 ). For example, one modeler might assume that algae should be cultivated in 

ponds, while another could assume photobioreactors  [  6  ] . Similarly, a belt  fi lter press 

could be modeled as means to separate algae from the growth medium, whereas 

self-cleaning bowl centrifuges might be a viable alternative  [  24  ] . Both unit opera-

tions carry out the same dewatering function but with different requirements in 

terms of inlet and outlet concentration, demand for chemical  fl occulants used to 

accelerate the settling of the algae out of solution, and energy use pro fi les. Similarly, 

there are several technically viable options for extraction of oil from algae biomass, 

namely: sonication  [  28  ] , bead mills  [  7  ] , and enzymatic processes  [  11  ] . For conver-

sion of algae biomass into biodiesel, one might choose decarboxylation of fatty 

acids  [  29  ]  and digestion of non-fatty acid fraction  [  27  ]  or the conventional 

transesteri fi cation route. Finally, the end-product of the algae-to-energy facility can 
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also vary, because biodiesel is not the only energy carrier that can be produced from 

alga biomass  [  3  ] . It can be dried and combusted directly to generate electricity or it 

can be separated such that the carbohydrate fraction may be fermented to produce 

ethanol  [  24  ] . Naturally these two systems would have very different impacts.  

 As an example of the way in which systems boundaries selection can impact LCA 

results and conclusions, it’s informative to consider two of the more thoroughly 

documented algae LCA studies that have been published to date: Clarens et al.  [  8  ]  

and Stephenson et al.  [  31  ] . Clarens et al.  [  8  ]  used an energy-basis functional unit and 

only modeled cultivation-phase burdens for open pond systems. They did not account 

for the possibility that energy production from algae might also create valuable 

coproducts since they argue that it is still unclear whether there will be tenable mar-

kets for these coproducts. In contrast, Stephenson et al.  [  31  ]  utilized a functional unit 

of 1 ton algae biodiesel to compare between open pond cultivation systems and pho-

tobioreactor cultivation systems. These authors included two types of valuable 

coproducts: electricity, as produced via combustion of natural gas generated during 

anaerobic digestion of residual (non-lipid) algae biomass, and glycerin. In light of 

these dramatically different sets of systems inputs, it’s not surprising that each study 

reached different types of conclusions. Clarens et al. found algae-derived biomass 

energy to be generally more environmentally burdensome than corn, canola, or 

switchgrass alternatives. In contrast, Stephenson et al. found algae-derived biodiesel 

to be more environmentally bene fi cial than fossil-derived diesel. 

 Once an algae-to-energy process has been speci fi ed there is the additional uncer-

tainty associated with setting system boundaries. LCA is typically intended to cap-

ture all of the environmental impacts of an engineered system. Naturally, in a highly 

interconnected technical world, system expansion results in models that become 

impossibly large and complex. For example, to produce carbon dioxide for use in 

industrial processes, it is necessary to model ammonia production since most of the 

carbon dioxide in this country comes from the steam reforming of hydrocarbons to 

produce hydrogen, most of which is used to produce ammonia via the Haber–Bosch 

process  [  21  ] . This in turn requires that we understand something about the way 

  Fig. 1    In selected system boundaries for an algae LCA study, one must typically select from 

( a ) or capture all of ( b ) a large number of possible unit operations       
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natural gas is produced and transported in this country and the countless unit 

operations that allow us to purchase a canister of relatively pure carbon dioxide for 

the factory. To cope with this complexity, many LCA practitioners have set arbitrary 

boundaries around their processes of interest. For example, one study might state 

that any process contributing less that 5% of the total mass or energy or other impact 

to the  fi nal total is neglected. In this way the problem can be distilled down to some-

thing that is not computationally expensive and still yields good approximations of 

a process’ impact. 

 Beyond system design and boundary setting, LCA analysts may chose to focus 

on speci fi c pieces of a larger system to provide a desired level of resolution. For 

example, in their work, Clarens et al. considered only the cultivation of algae argu-

ing that the uncertainties with that  fi rst step in the algae-to-energy life cycle should 

be addressed  [  8  ] . By focusing only on cultivation, the authors were able to explore 

the full implications of that important LC stage including crucial upstream impacts 

such as fertilizer production and carbon dioxide generation and delivery. In fact, a 

sensitivity analysis included in this chapter suggests that these two impacts are 

among the most important factors driving the overall life cycle burdens of algae 

production. Many of the other studies assume that the upstream impacts of deliver-

ing fertilizers and carbon dioxide should not be included. In Sander and Murthy, a 

cut off of 5% was assigned to LC contributions that would be neglected in the analy-

sis  [  24  ]  (Fig.  2 ). This represented the most rigorous treatment of boundaries from 

any of the studies published to date. However, this study also made certain assump-

tions, notably, that the ef fl uent from a secondary wastewater treatment plant would 

contain enough nutrients to sustain a community of algae  [  4  ] . This assumption is 

not supported by stoichiometry or by the bench-scale research and as a result their 

estimates for algae life cycle impacts are most likely low.   

    2.2   Functional Unit 

 In all LC studies, a reference  fl ow is needed to which all other modeling  fl ows of 

the system will be related  [  13  ] . This  fl ow must be a quantitative measure and for 

some industries, e.g., steel, the choice is usually obvious like X kg steel at the 

foundry. In other cases, including algae-to-energy systems, this decision can be 

more complicated. Recent studies have selected a wide variety of functional units 

(FU) including volume of biodiesel, dry mass of algae produced, kilometers of 

truck transport, and total energy embedded in the algae assuming the biomass is 

burned (see Table  2 ). All of these FUs are valid bases from which to evaluate algae 

LC, but this diversity in FUs does not make for straightforward comparison 

between studies. The lack of consensus on a standard FU re fl ects the lack of indus-

try agreement on what the best products to make with the algae will be. Some of 

the assumptions about goal and scope setting carry over into the functional unit 

since a FU of liters of biodiesel will inherently exclude the value that could come 

from a by-product such as ethanol.  
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  Fig. 2    Many studies assume that the upstream impacts of delivering fertilizers and carbon dioxide 

should not be included. A cut off of 5% was assigned to LC contributions that would be neglected 

in the analysis (from Sander and Murthy  [  24  ] )       
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 In LCA more broadly, FUs sometimes require that a performance constraint be 

applied in order to normalize between dissimilar systems. A carpet, for example, is 

quieter than a wood  fl oor, even if the latter is more durable. Using a square meter of 

 fl ooring as the functional unit may overlook performance characteristics (noise 

buffering and durability) that will ultimately impact the analysis  [  1  ] . In the case of 

algae, performance constraints are certainly limiting in a few important ways. When 

benchmarking algae to other terrestrial crops, it is useful to apply an FU that is com-

monly accepted by the biofuels industry. Though bushels of corn or liters of ethanol 

do not apply directly, analogs are possible. For example, algae might be compared 

in terms of dried biomass generated per unit area or liters of biodiesel produced per 

unit area per time. Energy content can be used as an FU, though it can overlook 

important differences between biomass. Algae may have a high heating value com-

parable to switchgrass though in practice, converting algae to usable fuel is quite a 

bit more straightforward.   

    3   Metrics 

 After the goal and scope of a study have been speci fi ed, a life cycle inventory (LCI) 

is typically carried out. The LCI is the accounting stage in which all the physical 

 fl ows are reconciled with known emissions data to quantify the environmental bur-

dens and resource requirements over the entire life cycle  [  1  ] . The outcome from this 

process is typically an exhaustive list of emissions factors; many more than can be 

reasonably expected or necessary in a report. Therefore, an important step in devel-

oping an LCA is the process of simplifying raw LCI data into speci fi c metrics. 

Table  2  lists the impact metrics used in a few recent LCA papers of algae-to-energy 

systems. The differences in study endpoints contribute to the dif fi culties in compar-

ing the results. The decision to include some metrics and exclude others can have 

important implications for the results and interpretation of the study. Most LCA 

guidebooks divide impact categories into three principle categories: resource use, 

ecological consequences, and human health  [  1  ] . Each category is discussed brie fl y 

here in the context of algae-to-energy systems. 

   Table 2    Impact factors or metrics selected in several algae LCA studies   

 Study  Impacts 

 Stephenson et al.  [  31  ]    GWP, energy use, water use  

 Campbell et al.  [  5  ]    GWP, energy use, land use  

 Jorquera et al.  [  14  ]    Energy use  

 Clarens et al.  [  8  ]    GWP, land use,  eutrophication,  water use, energy use  

 Lardon et al.  [  17  ]      Abiotic depletion, acidi fi cation, eutrophication,  GWP , ODP, 

human toxicity, marine toxicity,  land use , ionizing radiation, 

and photochemical oxidation 

  Italicized metrics are common to multiple studies 

  GWP  global warming potential;  ODP  ozone depleting potential  
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    3.1   Resource Use 

 Resource use is the most straightforward of the impact factor categories because the 

metrics involved are typically simple sums of  fl ows from the environment. For 

example, total nonrenewable energy use, normalized by energy content, is a com-

monly encountered metric. Total land use is an important resource metric that has 

been hotly debated by the life cycle community because of the important upstream 

or indirect land use that is required to maintain the productivity of the agricultural 

region (e.g., land associated with production of fertilizer) or because of land could 

be used for alternative uses if not for agriculture (e.g., primary growth forest). 

Similarly, total water use is a resource that is relevant for most biofuel life cycle 

studies as shown in recent work  [  9  ] . An important distinction when it comes to 

water use is that of consumptive vs. nonconsumptive use. Most energy generation 

facilities use a large amount of water, primarily for cooling, so even though the 

amount of water needed for these systems is large, a comparatively small amount of 

the water is actually consumed  [  16  ] . 

 Most models of biofuels systems include, at a minimum, total net energy use as 

a metric. This is an obvious and important metric because many biofuels such as 

ethanol consume a considerable amount of fossil fuels to generate a certain amount 

of ethanol. Recognizing that biofuels are not worth pursuing if there is no energetic 

gain, many studies have explored the net energy balance associated with alternative 

energy options. Algae-derived energy is no exception, and several studies report on 

the energy that is required to produce energy carriers from algae. Whether these 

estimates are net positive or net negative depends on the modeling assumptions 

selected in the study. In addition to energy use, there are at least two other impact 

factors that should be considered when evaluating algae-to-energy systems. The 

 fi rst is land use. Algae grow more ef fi ciently than terrestrial crops, and so quantify-

ing this parameter is important as a means to highlight one of algae’s most pro-

nounced advantages. Similarly, water use is an important parameter since large-scale 

algae cultivation is likely to require large volumes of water. How much, and how 

this relates to the water use of terrestrial crops is likely to be an important factor in 

water-limited growing regions. Including water as a key metric is important.  

    3.2   Ecological Consequences 

 A number of common metrics to describe ecological consequences are included in 

most LCAs. The most common example is global warming potential (GWP) which 

normalizes greenhouse gas emissions into one number with units of mass emissions 

in carbon dioxide equivalents. Since several chemicals typically contribute to 

speci fi c ecological impacts, metrics are very useful for consolidating data. Other 

examples of common metrics in this class are ozone depleting potential, eutrophica-

tion potential, and acidi fi cation potential. 
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 The most obvious ecological consequence to include in algae-to-energy studies 

is GWP since many algae-based energy systems are designed to produce intrinsi-

cally low carbon neutral fuels. Because of this desire to produce low carbon fuels, 

many algae projects have used “sequestration” to describe their activities. In reality, 

algae-to-energy systems are not a sequestration technology. Sequestration implies 

that there is long-term storage of CO 
2
  either as a solid carbonate mineral or in the 

subsurface under high pressure. In theory, algae could be grown and the biomass 

buried to sequester carbon, but it would be necessary to carefully control the condi-

tions under which the carbon was buried such that the biomass was not simply 

digested by bacteria that could generate methane, effectively compounding the 

problem. What algae-to-energy systems can offer is a fuel that is closer to carbon 

neutral than conventional fossil fuels. That is, most of the carbon that will be emit-

ted from the combustion of the fuel is not new carbon removed from the ground as 

in the case of coal or petroleum. This won’t help mitigate the impacts of climate 

change by reducing atmospheric concentrations, but it will reduce the increase in 

this concentration by not contributing new carbon. How much carbon these pro-

cesses can keep out of the atmosphere is a current topic of investigation. It is impor-

tant for the industry to adapt norms with regard to the way it treats carbon dioxide 

for full transparency.  

    3.3   Human Health 

 Human health metrics are often overlooked in the analysis of alternative energy 

sources. Part of the reason for this is that, of the three classes of inputs surveyed 

here, these tend to have the highest embedded uncertainty. The exposure to hazard-

ous substances varies signi fi cantly, and this can greatly impact the results of an 

analysis. Further, since limited toxicological data is available for many compounds, 

developing reliable causal relationships is a challenge. When impacts can be 

quanti fi ed in a life cycle context, they are often reported in terms of disability-

adjusted life years. 

 Ignoring the contribution that human-health indicators may have on algae-to-

energy life cycle studies could be an important oversight for several reasons. The 

most dangerous substances on the United States Environmental Protection Agency 

list of carcinogenic chemicals reveals that many are agricultural chemicals. If algae 

are deployed as an alternative to terrestrial agriculture, which is heavily reliant on 

harmful herbicides, fungicides, and pesticides, there could be a net advantage to 

adopting aquatic species for biomass generation. Of course, the algae cultivation 

sector is too young to know whether it will require signi fi cant  fl ows of agricultural 

chemicals to cope with pests or other problems. Similarly, the water quality implica-

tions of large-scale algae cultivation could have mixed impacts. On the one hand, 

algae could remove contaminants from water sources, serving effectively like a 

large ecosystem-level “liver” for toxin removal. On the other hand, algae could 

excrete low levels of toxic chemicals as exempli fi ed by coastal red tides. In short, 
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any large-scale production of algae is likely to have some human health conse-

quence and even though it is dif fi cult to predict how those will manifest at this early 

stage, it is not dif fi cult to anticipate that better tools will be needed to understand 

these relationships as the technology matures and becomes deployed.  

    3.4   Metrics for Assessing Algae LC Impacts 

 Based on this discussion, there are at least four metrics that should be included in 

life cycle studies of algae-to-energy technologies:

   Net energy  • 

  GWP  • 

  Land use  • 

  Water use    • 

 Net energy is important because efforts to use algae for fuel production are predi-

cated on the assumption of a positive net energy balance. Similarly, GWP is impor-

tant because of the expectation that algae-to-energy systems will be no more carbon 

intensive than conventional fossil fuels. In addition, land use and water use should 

be considered because of algae’s high productivity relative to terrestrial crops and 

its unique requirements for water that set it apart from other sources of bioenergy.   

    4   Data Sources 

 A perennial problem with any LCA is identifying reliable and representative data 

sources. LCI data are available for many common raw materials (e.g., polyvinyl 

chloride) and manufacturing processes (e.g., extrusion), and, generally speaking, 

the more common a process, the better characterized it is from an LC perspective. 

Naturally, having multiple sources of data for a single process allows the user to 

evaluate the reliability of each source. In the production of algae, there are a large 

number of materials and processes that have been modeled from a life cycle stand-

point that are quite useful. For example, reliable inventory data for a number of 

fertilizers,  fl occulants, and other industrial chemicals is readily available from a 

number of sources as highlighted in Table  3 . Similarly, unit operations like pumping 

centrifugation can be easily modeled from  fi rst principles to derive energy use under 

conditions relevant to the speci fi c process of interest  [  22  ] .  

 As discussed earlier, current studies are somewhat limited by the fact that few 

full-scale algae-to-energy facilities are in operation. This makes it dif fi cult to esti-

mate the emissions from speci fi c applications. For example, fugitive emissions 

from open ponds are expected to be nontrivial, and loss of this nutrient-rich medium 

could impact nearby receiving waters. Estimating this potential for eutrophication is 

highly speculative until actual ponds are in place from which data can be collected. 
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Similarly, there is little data to support assumptions about how often tubular 

photobioreactors would crack and require replacement, or the extent to which 

geotextiles are needed at the bottom of an open pond to prevent seepage of growth 

medium into the subsurface. Most of these estimates will be generally unreliable 

until some pilot plants are built in the coming years. In the meantime, analogous 

processes can sometimes be used to approximate the emissions associated with 

algae-related unit operations. For example, belt  fi lter presses in wastewater treatment 

sludge handling can be used to approximate the impacts from an algae-to-energy unit 

operation, and as such, have been used by a number of authors  [  8,   31  ] .  

    5   Allocation 

 Allocation refers to the broad category of assumptions that are needed to disaggre-

gate highly interconnected industrial systems such that environmental impact can 

be assigned to speci fi c processes. Since these decisions often introduce subjectivity 

into the analysis, the ISO (International Organization for Standards) standard for 

LCA effectively recommend that whenever possible, allocation decisions should be 

avoided  [  13  ] . Allocation questions arise often in LCA for processes that are multi-

input (e.g., land fi lls), multi-output (e.g., oil re fi neries), or in which recycling occurs 

between processes (e.g., using coal  fl y ash from coal power production as a cement 

substitute) (Fig.  3 ). To study the LC of asphalt production, for example, it is possi-

ble to collect re fi nery-wide emissions estimates, but a question will remain about 

how to assign these impacts to asphalt as opposed to the other outputs from the plant 

such as gasoline, diesel, lubricants, and so on. The emissions can be allocated based 

on estimates of relative mass  fl ow rates or the relative economic value of the out-

puts. Frequently, neither of these seems particularly satisfactory, because neither 

allocation rule has particular physical signi fi cance. What ISO recommends instead 

is to increase the level of detail of the model to tease out physical relationships 

between processes or products and speci fi c environmental burdens. In the re fi nery 

   Table 3    Key data common to most algae-to-energy LC models and sources of data   

   Purpose  Data sources 

 Unit operation 

 Pumping (gas, liquid)  Move water and gases  Weidema  [  34  ] ; Perry and Green 

 [  22  ] ; Stephenson et al.  [  31  ]   Mixing (of medium)  Maintain suspension 

 Dewatering  Separate algae and medium 

 Homogenization  Cell lyses 

 Separations (of oil)  Separate oil from biomass 

 Transportation  Move products 

 Material/Energy     

 Electricity  Pumping, other unit ops.  NREL  [  20  ] ; Weidema  [  34  ]   

 Natural Gas  Drying 

 Fertilizer (N and P)  Cultivation 

 Flocculent  Separations 
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example, this would involve zooming in on the workings of the re fi nery to identify 

which speci fi c unit operations are required for asphalt production and then only 

include those. The ISO standard acknowledges that allocation decisions are a major 

source of subjectivity in most LCAs.  

 In the life cycle modeling of algae-to-energy systems, there are several multi-

input or multi-output processes that are likely to in fl uence the environmental burden 

calculations. For example, when modeling the life cycle burdens of using an algae-

derived fuel, it is likely that the fuel will be burned as a mixture with petroleum-

based fuels. To account for the burdens assigned speci fi cally to the algae content of 

the truck’s fuel will require allocation. Similarly, coproducts from algae cultivation 

have been widely discussed since there are signi fi cant life cycle (and economic) 

credits to be had for producing high-value by-products along with an algae-derived 

energy source. At present, there is no consensus on how to allocate the burdens of 

coproducts in algae production, in large part because the chemistry of these by-

products ranges greatly. A proposed algae-to-energy facility might ferment a por-

tion of the non-lipid fraction of the cells to produce ethanol and assign itself credit 

for this production. But should this facility receive credits for avoiding the produc-

tion of corn ethanol at some other location? Another plant might produce high-value 

pharmaceutical additives. Until normative assumptions are developed in the  fi eld it 

is imperative that researchers are transparent about their assumptions. 

 The delivery of large volumes of CO 
2
 , a waste product from many industries, to 

algae cultivation facilities requires some allocation judgments, which can impact 

the results. Most industrial carbon dioxide in developed countries is a by-product of 

ammonia production. An ammonia plant can be modeled and the emissions 

quanti fi ed, but how much of the burden should be assigned to carbon dioxide vs. 

ammonia? An idealized plan produces about the same amount of both, but ammonia 

is the higher economic value product. Carbon dioxide is captured as a valuable by-

product but without the ammonia, the plant would not exist. Some in the LC  fi eld 

argue that carbon dioxide should have burdens allocated to it using market price of 

the two commodities, even though this is an imperfect metric since prices change 

over time. Others suggest that the burdens should be allocated using a mass balance, 

but again here, this strategy neglects the fact that the facility exists to produce the 

more high-value product, ammonia.  

  Fig. 3    Allocation decisions in algae-related LCA analysis can be broadly categorized into 

processes where ( a ) there are multiple inputs, ( b ) there are multiple outputs, or ( c ) there is recycling 

occurring between multiple sectors. In all cases decisions are required about how to divide life 

cycle burdens and these can have large effects on the  fi nal results       
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    6   Uncertainty 

 There are at least three types of uncertainty associated with most LC studies. The 

 fi rst has to do with modeling inputs. Although many LCA practitioners utilize a 

single average value for modeling inputs, all parameters generally exhibit a range of 

values in the real world and all measurements are subject to some unknown error. 

Key examples of algae modeling parameters that may have wide ranges of values or 

unknown measurement errors include algae yield; algae lipid content; conversion 

ef fi ciency; and even life cycle impact factors (energy use, GWP, etc.) for material 

inputs such as electricity from the US grid, etc. The second type of uncertainty is 

associated with spatial and temporal differences in systems operation. These sys-

tematic differences in time and location can have important effects on LCA results; 

(e.g., it is reasonable to expect higher algae yields in sunnier parts of the country). 

The third and  fi nal type of uncertainty arises from extrapolation of bench-scale data 

to hypothetical full-scale systems. This type of uncertainty is largely unavoidable at 

present, in the absence of many full-scale algae-to-energy systems that have been in 

operation for any appreciable length of time. 

 Stochastic tools have become increasingly important for bounding uncertainty in 

LCA over the last few years (Fig.  4 ). Monte Carlo analysis is one of the common 

stochastic tools used by practitioners  [  30  ] . This method is useful for quantifying a 

range of probable output values from a series of input variables which have been 

assigned empirical or theoretical distributions. These distributions make it possible 

to encapsulate the three types of uncertainty referenced in the previous paragraph. 

Repeated sampling from the input distributions creates distributions of output val-

ues, which can be parameterized to give empirical estimates of mean or median. 

Empirical uncertainty for output parameters can also be quanti fi ed using standard 

deviations, standard errors, or percentiles  [  10  ] . Most life cycle software (e.g., 

SimaPro and GaBi) now include stochastic toolkits to perform Monte Carlo and 

related analyses. For LC practitioners using spreadsheet-based models, a number of 

commercial add-ins (e.g., Crystal Ball ®  and @Risk ® ) allow for  fl exible management 

of input and output distributions in models. It should be noted that few of the life 

  Fig. 4       Stochastic tools, such as Monte Carlo analysis, are receiving increasing attention from LC 

practitioners as means to systematically incorporate uncertainty into their analysis. Here, the pro-

cess by which uncertainty in inputs is propagated through a spreadsheet model into empirical 

estimates of probabilistic output is demonstrated using screen shots from the CrystalBall Monte 

Carlo tool. ( a ) input distributions, ( b ) model, ( c ) stochastic outputs       
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cycle studies published to date have included uncertainty, largely because data 

availability is a limiting factor and the computational complexities are nontrivial. 

Moving forward, it will be necessary for algae life cycle models to address this 

uncertainty in a systematic fashion.   

    7   Interpretation 

 The  fi nal step in performing an LCA is interpretation of the results to highlight 

principal themes emerging from the study. In the process of conducting an LCA the 

analyst should develop a deep understand of the relationship between the model 

structure, assumptions, inputs, and the model outputs. The analyst should highlight 

the most important relationships for readers who lack the time or expertise to repro-

duce the analysis. The analyst is also tasked with developing broad conclusions 

from the analysis. Clearly, this process lends itself to subjective interpretation of 

results and must be handled carefully to ensure the results are as transparent and 

useful as possible. 

 One of the most common methods for minimizing subjectivity in data interpreta-

tion is to perform a sensitivity analysis in which the connection between modeling 

inputs and outputs is quanti fi ed. For example, Clarens et al., used a sensitivity anal-

ysis to report the top  fi ve input parameters driving energy use and greenhouse gas 

emissions during algae cultivation  [  8  ]  (Fig.  5 ). The results, shown in Fig.  5 , illus-

trate how the model outputs respond to a change of ±10% on the input parameters 

in turn. From these results it is clear that algae high heating value (i.e., lipid con-

tent), fertilizer production and application, and CO 
2
  production and application are 

driving the burdens.  

 An important element of data interpretation is understanding how errors in the 

model could propagate and impact  fi nal results. Errors can be introduced into the 

model in several ways, including inaccurate or poorly transcribed data sources, 

inaccurate relationships in the model, or unrealistic modeling assumptions. A com-

mon source of error in LCA models is double counting in which one emission is 

  Fig. 5    In LCA sensitivity analysis allows for understanding both the sources of variability and for 

performing sensitivity analysis (adapted from Clarens et al.  [  8  ] )       
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incorporated into multiple metrics. Some reactive nitrogen species, for example, 

can contribute to eutrophication of surface waters and global warming. 

 One of the most effective ways to interpret the results of an LCA and understand 

whether there are sources of error is to benchmark the results to related studies. In 

the case of algae, this step has been largely ignored, probably because there was 

little prior literature until recently. This does not mean that comparing data to analo-

gous systems is not worthwhile. To illustrate this, Fig.  6  shows the energy use 

required to produce biodiesel from algae from four different studies (one paper has 

two cases). Following adjustment to a standardized functional unit of 1,000-L algae 

biodiesel (Fig.  6a ), the values are compared to the results from conventional soy 

biodiesel, a thoroughly characterized process (dotted line) as reported by Hill et al. 

 [  12  ] . A preliminary comparison of the results (Fig.  6a ) suggests that algae are either 

much better or much worse than conventional soy biodiesel. Based on this compari-

son alone, it would be dif fi cult to say anything de fi nitive about how favorable algae 

biodiesel may be relative to soy biodiesel.  

 Figure  6b  summarizes the same results following adjustment of functional unit 

and system boundaries. As expected, these adjustments make the results of the 

four algae LCA papers more consistent. This increase in uniformity among stud-

ies can be quanti fi ed using coef fi cients of variation (CV), where CV is de fi ned as 

the ratio or standard deviation to mean value. CV in Fig.  6a , re fl ecting only nor-

malization of the functional unit, is 1.39. From Fig.  6b , we see that CV is dramati-

cally reduced, to 0.46, following manual adjustment for system boundaries. This 

decrease emphasizes the substantial impact of systems boundaries selection, here 

standardization of upstream nutrient burdens and coproduct allocations, on the 

outcome of algae LCA studies. A third and  fi nal normalization can be carried out 

in which key model assumptions regarding algae attributes and separations/drying 

parameters are made uniform across all studies. These parameters have been 

identi fi ed by one or more authors as model inputs that are especially critical dur-

ing LCA of energy production from algae. Results from this  fi nal step of the 

assimilation analysis are presented in Fig.  6c . This increase in uniformity among 

selected studies enables more meaningful comparison between algae biodiesel 

and an external benchmark, as shown visually in the  fi gure. In Fig.  6c , the various 

estimates for algae biodiesel, derived independently, then normalized, are very 

close to the estimate for soy biodiesel. 

 During data interpretation, it is common to incorporate other elements that are 

exogenous to the LC model but which could inform analysis of the results. One 

common example of this is the incorporation of economic drivers into the model. 

Campbell et al., for example, performed a combined economic and environmental 

life cycle analysis of producing biodiesel from algae grown in near-shore salt-water 

ponds in Australia  [  5  ] . The results of this study suggest that, based on GHG emis-

sions alone, algae perform favorably relative to conventional terrestrial crops. This 

study is noteworthy because it is the only one to consider growing the algae in salt 

water. Given the tremendous potential to grow salt water species on marginal, near 

coastal waters, this is an approach that has been experimentally proposed in several 

papers by Chisti but for which little life cycle modeling results exist  [  6  ] .  



  Fig. 6    A comparison of several recent LCA analyses of algae-to-energy systems depicts the energy 

use needed to produce biodiesel from algae cultivated in raceway open ponds following standard-

ization of functional unit. ( a)  Depicts the raw data following adjustment of functional unit to 1,000 L 

biodiesel. ( b ) Depicts data from ( a ) following additional adjustment to system boundaries (i.e., 

upstream nutrient burdens and coproduct allocation). ( c ) Data from ( b ) following additional stan-

dardization of key drying assumptions.  Dotted line  represents energy use associated with produc-

tion of one functional unit (1,000 L biodiesel) from soybeans  [  12  ] .  CV  coef fi cient of variation       
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    8   Conclusions 

 This chapter surveyed some of the key challenges associated with utilizing LCA 

methodologies for studying algae-to-energy technology. These challenges have 

emerged over the last two years as a large number of systems-level life cycle studies 

of proposed algae-based energy technologies have appeared in the academic 

 literature. Before 2009, only a few algae-to-energy LCAs had been published and 

even these were only nominally LCAs  [  15  ] . The assumptions about cultivation 

and drying that were used in these studies were not highly representative of previ-

ously published reports. The recent work better re fl ects the way that the industry 

expects algae-to-energy systems will be deployed in the  fi eld, but the results are 

dif fi cult to compare directly because of the varied boundaries and assumption 

speci fi ed by the authors. This chapter has highlighted most of the normative judg-

ments faced by LC practitioners and discussed each in the context of algae-to-energy 

systems in order to support future work in this area. 

 From the existing literature, several themes begin to emerge that will assist in 

designing future analyses. One of the most common is that recent LCAs echo many 

of the conclusions of the  fi rst-generation algae research conducted in the 1980s and 

1990s. These studies suggested many of the system’s-level implications of large-scale 

algae deployment  [  35  ] . Benneman’s report to the United States Department of Energy 

concluded that open ponds would be the only economically viable way to grow algae 

for sequestering CO 
2
  from power plant  fl ue gases  [  2  ] . Similarly, Votolina and others 

have suggested that algae-based wastewater treatment would be a technically com-

petitive approach for conducting tertiary treatment of wastewater  [  32  ] . In both cases, 

these conclusions are well aligned with the results of more recent LCA studies, even 

though these early reports never use the term “LCA.” A second important theme is 

that algae-to-energy systems have a long way to go technologically before they are 

viable from an environmental burden standpoint. In this regard, LCA is a powerful 

design tool because it allows for a focus of R&D on those processes that will have the 

most signi fi cant impact on reducing the burdens of the processes as a whole. 

 In light of the large amount of investment in the algae-to-energy  fi eld, it is likely 

that LC tools will continue to be used to understand and assess the impacts of these 

emerging technologies. In order for these studies to be more immediately compa-

rable, it is important that the community develop nominal assumptions about how 

to handle algae systems. This chapter can serve as a  fi rst step toward developing 

these norms.      
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  Abstract   This chapter comments on fed-batch cultivation of  Arthrospira platensis  

under different carbon and nitrogen sources, pH, temperature, light intensity, type 

of photobioreactor and typical parameters of the fed-batch process, such as feeding 

time, addition protocol and  fl ow rate. Inexpensive nitrogen sources, such as urea, 

ammonium salts and nitrogen-rich wastewaters can be used for  A. platensis  cultiva-

tion, with results that can be comparable to those with classical nitrate sources. 

Closed photobioreactors are useful for preventing ammonia loss. The use of organic 

carbon sources needs to be carried out under aseptic conditions, and it is necessary 

to evaluate the best supplying conditions when using fed-batch process. The addi-

tion of CO 
2
  ensures the control of pH and, at the same time, supply of the carbon 

source into the culture medium. The fed-batch process can be useful for the produc-

tion of  A. platensis  using CO 
2
  from industrial plants, particularly from industrial 

alcoholic fermentation.      

    1   Introduction 

 The cultivation of microalgae and cyanobacteria is an important current issue 

because of the possibility of supplying human needs related to food production and 

removal of atmospheric or industrial carbon dioxide.  Arthrospira  ( Spirulina )  plat-

ensis ,  Dunaliella salina  and  Chlorella vulgaris  are among the most studied photo-

synthetic microorganisms, but several other cyanobacteria and microalgae have 

been investigated lately, mainly for biodiesel production. 
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 The increasing demand for protein sources and other high biological value 

products, such as polyunsaturated fatty acids and pigments, associated with the 

need of the development of new technologies that contribute to the mitigation 

of environmental pollution indicates that the market for microorganisms such as 

 A. platensis  is going to increase in the coming years. 

 The previous uses of photosynthetic microorganisms as food are related to events 

in China 2,000 years ago, where  Nostoc  was used in periods of food shortage. 

Additionally,  Spirulina  sp. was consumed by the Aztecs in the Mexico Valley and 

by people living near Chad Lake in Central Africa  [  54  ] . They have been consumed 

by Africans, where French researchers  fi rst reported in 1940 the use of  Spirulina 

platensis  as food  [  54  ] . 

 Currently, the correct scienti fi c designation for  S. platensis  is  A. platensis   [  95  ] . 

Despite this, in this chapter, it was maintained the denomination given by the authors 

of the cited works. The genus  Arthrospira  (family Cyanophyceae) encompasses the 

photosynthetic cyanobacteria with helically coiled trichomes along the entire length 

of the multicellular  fi laments and visible septa (Fig.  1 ). The last characteristic dif-

ferentiates this genus from true  Spirulina  which has invisible septa  [  16  ] .  

  Arthrospira  ( Spirulina )  platensis  is one of the most promising microorganisms, 

among microalgae and cyanobacteria, not only to be used as food but also for other 

industrial applications because of its composition. 

 It contains a great amount of polyunsaturated fatty acids and pigments such as 

phycocyanin and zeaxantine  [  24  ] . Palmitic, linoleic,  g -linolenic, and oleic acids are 

the predominant fatty acids in  S. platensis .  g -Linolenic is only found in signi fi cant 

amounts in breast milk, some fruits, species of fungi and cyanobacteria  [  25  ] . 

  S. platensis  is also an interesting source of chlorophyll, since this microorganism 

synthesizes only chlorophyll  a , which is more stable than chlorophyll  b , very com-

mon in vegetables. Moreover the cell wall is composed of mucopolysaccharides and 

therefore easily digested  [  44  ] , which is an advantage for the bioavailability of cell 

components. 

 This cyanobacterium shows low nucleic acid content in dry biomass (4–6%) in 

comparison with yeasts (8–12%) and other bacteria (20%)  [  3  ] , so the daily intake of 

this biomass would not cause any damage to the human body  [  73  ] . 

 Besides the high protein content in dry biomass,  S. platensis  shows a satisfacto-

rily balanced amino acid content, possessing even methionine, which is absent in 

most microalgae  [  35  ] . About 20% of the cellular protein is represented by the main 

pigments in this microorganism, called phycobilins  [  82  ] . 

 This biomass also contains important vitamins such as cyanocobalamin (B12), 

pyridoxine (B6), thiamin (B1), tocopherol (E), and phylloquinone or phytonadione 

(K)  [  12  ] . Moreover, recent studies indicate that some trace elements such as chro-

mium III  [  57  ]  and selenium  [  19  ]  can be accumulated in  S. platensis  biomass depend-

ing on the cultivation conditions. 

 In fact,  Spirulina  spp. are noted in the literature as an alternative protein source, 

due to the high protein content in dry biomass (reaching as high as 70%), good 

digestibility, low nucleic acid content, and presence of vitamins, polyunsaturated 

fatty acids, immunomodulatory polysaccharides, pigments, and antioxidants  [  24  ] . 
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  S. platensis  is mainly used as a food supplement. One of the applications is the 

use of this microorganism as a source of pigments for food industries  [  33,   69  ] . 

 S. platensis  was also shown to act as a prebiotic, improving the growth in vitro of 

lactic acid bacteria such as  Lactobacillus lactis ,  Lactobacillus delbrueckii  and 

 Lactobacillus bulgaricus   [  73  ] . For application in animal feed, some researchers have 

studied the use of  S. platensis  in aquaculture, to feed shrimp larvae, for instance  [  46  ] . 

 Another important aspect of this microorganism is the possibility of obtaining 

bioactive compounds  [  21  ] . Since the 1980s, several studies have evaluated the use 

of  S. platensis  as a dietary supplement for intestinal disorders  [  39  ] , diabetes melli-

tus, hyperglycemia  [  74  ] , hyperlipidemia  [  67,   85  ] , anemia  [  17  ] , and hypertension 

 [  102  ] . Moreover, it can act as an anti-in fl ammatory  [  101  ] . Recent studies also 

focused on the isolation of fatty acids, particularly the polyunsaturated ones, and 

pigments from photosynthetic microorganisms. Such characteristics indicate that 

this microorganism can be a source of molecules with potential use in pharmaceuti-

cal and cosmetic industries as well. Besides,  Arthrospira  ( Spirulina ) spp. have been 

  Fig. 1    Light microphotography of  Arthrospira platensis  (UTEX 1926). ( a ) Some trichomes (×100 
magni fi cation); ( b ) view of the helically coiled structure (×400 magni fi cation); (c) view of a 
trichome with visible septa (×400 magni fi cation)       

 



784 J.C.M. Carvalho et al.

used for the removal of heavy metals from wastewater  [  27,   45  ] , and it is important 

to emphasize its potential for CO 
2
  bio fi xation  [  114  ] , including CO 

2
  from ethanol 

production plants  [  15,   40,   63  ] . 

 In the large-scale production process,  S. platensis  can be easily cultivated due to 

the fact that it grows at high alkalinity and high salinity inorganic medium, with 

high content of carbonate and bicarbonate. These characteristics make it possible to 

inhibit or prevent contamination. Large-scale cultivation can thus be carried out in 

open ponds, which is very common in algae cultivation farms, where 5,000 m 2  

ponds are employed  [  93  ] , even though there are several studies about their cultiva-

tion in closed bioreactors.  A. platensis  biomass recovery is also facilitated due to its 

 fi lamentous morphology. 

 Tacon and Jackson  [  104  ]  list the following advantages for cultivation of  S. platensis : 

they are able to use both organic and inorganic carbon sources; they exhibit a short 

generation time under optimum growth conditions; and they are easily cultivated in 

small areas. Cyanobacterial strains are carefully selected among collections around 

the world, which are periodically sub-cultured in the laboratory in order to maintain 

actively growing cells. Major criteria in the selection of strains are growth rate, 

biochemical composition, and resistance to environmental stress at each production 

site. It must be emphasized, however, that a strain that shows a good performance 

in the laboratory does not always display the same behavior in an outdoor open 

pond operation  [  93  ] . 

 Even though microalgae and cyanobacteria have been used by humans for a long 

time, microalgal biotechnology has only begun in the middle of the last century. 

Currently, 5,000 tons of dry microalgal biomass is marketed per year, representing 

up to US$1.25B  [  99  ] . The production of photosynthetic microorganisms consider-

ably increased in the world due to the possibility of using this kind of culture for 

oxygen production and as a source of protein for food in space travels  [  9  ] . 

 At the end of the 1970s, Sosa Texcoco Co., in Mexico, was the  fi rst responsible 

for large-scale  Spirulina  production  [  23,   93  ] . Afterward, several countries such as 

Taiwan, India, USA and Japan also started producing this cyanobacterium in open 

ponds  [  93  ] . Among the different cyanobacterial species,  A. platensis  stands out due 

to its characteristics related to cell composition, cell growth and cell recovery.  

    2   Fed-Batch Process 

 Several kinds of processes for microorganism cultivation have been developed for 

different applications. These processes may be conveniently classi fi ed according to 

the chosen operation mode: batch, fed-batch, continuous, semi-continuous (repeated 

batch), and their variations. In a batch operation, neither substrate is added after the 

initial charge nor the product is removed until the end of the process. Some phar-

maceutical products are produced by this process, but generally, batch operation is 

not commercially attractive  [  50  ] , where its main application is in food and beverage 

production. Conventional batch process can lead to inhibitory concentrations of 
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substrate in reactors or even to formation of undesired products through direct 

 metabolic pathways of the organism, decreasing the yield and/or productivity of the 

system. 

 The fed-batch process has been used in the cultivation of baker’s yeast since 

1920  [  47  ] . However, Yoshida et al.  [  117  ]  were the  fi rst to use the term “fed-batch 

process” in cataloging. Whereas the whole substrate is added at the beginning of 

cultivation in a batch process, in the fed-batch process one or more nutrients are 

added to the fermentor during cell growth, while cells and products remain in the 

fermentor until the end of operation  [  14  ] . 

 The fed-batch process does not require any special piece of equipment in addi-

tion to equipment required for batch fermentation. It is only characterized by a little 

longer overall time cycle that is certainly acceptable by industrial practice where at 

present very effective procedures for sterilization and preventing contamination are 

commonly utilized  [  59  ] . 

 The better operating procedure for this system is to start with small amounts of 

biomass and substrate, and to add more substrate when the greatest part of the initial 

substrate is already consumed by the microorganism  [  42  ] . The inlet substrate feed 

should be as concentrated as possible to minimize dilution and to avoid process 

limitation caused by the reactor size. According to Lee et al.  [  56  ] , the feed control 

strategies are: simple indirect feed-back (single-loop) methods; nutrient feeding 

according to inferred substrate concentration or speci fi c growth rate; and predeter-

mined feeding strategies. 

 Two cases of fed-batch process can be considered: the production of a growth-

associated product and the production of a non-growth-associated product. In the 

 fi rst case, it is desirable to extend the growth phase as much as possible, minimizing 

the changes in the fermentor as well as the speci fi c growth rate, production of the 

product of interest, and avoiding the formation of by-products. For non-growth-

associated products, the fed-batch process would be carried out in two phases: a 

growth phase in which cells grow up to the required concentration and then a pro-

duction phase in which carbon source and other requirements for production are fed 

to the fermentor  [  59  ] . 

 In the fed-batch cultivation, volume variation may happen depending on the sub-

strate concentration added and the rate of evaporation in the system  [  14  ] . In the 

 fi xed volume fed-batch process, the limiting substrate is fed without diluting the 

culture. The culture volume can also be maintained practically constant by feeding 

the growth limiting substrate using a very concentrated solution. Alternatively, the 

substrate can be added by dialysis or, in a photosynthetic culture, radiation can be 

the growth limiting factor without affecting the culture volume  [  32  ] . Contrarily, the 

variable volume fed-batch process is one in which the volume changes throughout 

the cultivation time due to the diluted substrate feeding in the system. 

 Fed-batch culture has been widely employed for the production of various bio-

products including primary and secondary metabolites, proteins, and other biopoly-

mers. It is used aiming to overcome different dif fi culties in cell cultivation. When a 

nutrient with high viscosity is used, this process usually reduces the viscosity of 

the medium, and toxic effects of components can also be limited by dilution  [  113  ] . 
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The advantages of this process include: deviation of cell metabolism via the formation 

of the desired product; prevention of catabolite repression; prevention of formation of 

toxic substances in microbial metabolism; and control of the speci fi c growth rate 

 [  116  ] ; the main advantages are the possibilities of controlling both reaction rate and 

metabolic reactions by substrate feeding rate  [  36  ] . 

 The fed-batch process has been also used to prevent or reduce substrate-associ-

ated growth inhibition by controlling nutrient supply. Since both overfeeding and 

underfeeding of nutrient is detrimental to cell growth and/or product formation, the 

development of a suitable feeding strategy is critical in fed-batch cultivation. Fed-

batch fermentations can be the best option for some systems in which the nutrients 

or any other substrates are only sparingly soluble or are too toxic to add the whole 

requirement for a batch process at the start. This process is particularly important in 

 A. platensis  cultivation. In the next items, the factors that affect  A. platensis  growth 

are discussed, aiming to correlate them with the employment of the fed-batch 

process. 

    2.1   Light Intensity 

 Light intensity and duration of irradiation determine the growth rate and production 

yield, which is limited by the enzymatic mechanisms of the microorganism. This 

limit, referred to as light saturation point, is between 5 and 10 klux (60–120  m mol 

photons m −2  s −1 ) according to Balloni et al.  [  4  ] . 

 Vonshak et al.  [  110  ]  showed that the light/dark cycle, to which cells in the ponds 

are exposed during the day, is an important factor that in fl uences the growth rate and 

photosynthetic ef fi ciency and it can be completed in seconds. The light regimes to 

which the cultures are submitted are considered to be an important factor in the 

productivity and yield of photosynthetic reactions  [  94,   105  ] . Several studies have 

been carried out focusing on the effect of different photosynthetic photon  fl ux den-

sities (PPFDs) incident on photobioreactors, but there are few reports focusing on 

the effects of the duration of the day and night cycles  [  66,   78  ] . 

 The dark/light regime in the cells is in fl uenced by the agitation, turbulence, and 

cell density in the ponds  [  82  ] . When light intensity is very low, cell growth is limited 

or there is no cell growth  [  4  ] . On the other hand, high light intensity results in 

increasing cell growth up to a light intensity at which it stops with increasing light 

intensity. The light intensity at which cell growth begins is known as the light limit-

ing region, while the light intensity at which no further increase in growth takes 

place with increasing light intensity is known as the light saturation point. Further 

increase in light intensity neither increases the speci fi c growth rate, nor hinders 

growth. The point at which increased light intensity decreases the speci fi c growth 

rate is the point where photoinhibition begins  [  53  ] . A high-intensity light can induce 

photo-oxidative stress, resulting in photo-inhibition of photosynthesis, destruction 

of photosynthetic pigments and cell death  [  64  ] . 
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 Photo-inhibition is a reduction of the photosynthetic activities caused by the 

exposure to high PPFDs  [  119  ] . When the  fl ux of photons absorbed by chloroplasts 

is too high, the concentration of high-energy electrons inside the cell is excessive, 

and they cannot be consumed through the Calvin cycle. These excessive electrons 

lead to the formation of H 
2
 O 

2
 , which can damage cell structures  [  20  ] . Even in 

densely populated outdoor cultures of  Spirulina  spp., photo-inhibition can be 

observed when light intensity is 60–70% of full sunlight  [  111  ] . 

 Light intensity has a strong in fl uence on cell growth, nitrogen-to-cell conversion 

factor and cell productivity, as well as biomass composition. According to Rangel-

Yagui et al.  [  80  ] , the best  S. platensis  growth carried out in 5-L open tanks was 

observed with 500 mg L −1  urea, added for 14 days by a exponentially feeding pro-

tocol, at a light intensity of 5,600 lux (67.2  m mol photons m −2  s −1 ), whereas the 

highest concentration of chlorophyll in the biomass was observed at a light intensity 

of 1,400 lux (16.8  m mol photons m −2  s −1 ). The best chlorophyll productivity was 

observed with 500 mg L −1  urea at a light intensity of 3,500 lux (42  m mol photons 

m −2  s −1 ), providing the optimal balance between cell growth and biomass chloro-

phyll content. Under the best conditions for cell growth, maximum cell concentra-

tion using urea as a nitrogen source was higher than that obtained with the use of 

KNO 
3
 , irrespective to the cultivation process (batch or fed-batch) used for cell 

growth with the latter nitrogen source. As expected, these  fi ndings highlight that the 

fed-batch process conducted properly is not hampered by light intensity. Using a 

different strategy, Danesi et al.  [  34  ]  investigated the in fl uence of light intensity 

reduction on  S. platensis  cultivation, using urea and KNO 
3
  as nitrogen sources 

applying fed-batch and batch processes, respectively, reducing the light intensity 

from 5 to 2 klux (60–24  m mol photons m −2  s −1 ) on the 9th and the 13th day of culti-

vation. Increases of up to 29% in total chlorophyll production were observed for the 

cultivations with light intensity reduction, in comparison with the cultivations car-

ried out at  fi xed light intensities. Irrespective of the time for light reduction, the use 

of urea as nitrogen source by fed-batch process led to higher cell growth, obtaining 

maximum cell concentration of about 1,800 mg L −1 . 

 Soletto et al.  [  96  ]  showed that the photosynthetic ef fi ciency of  S. platensis  in a 

bench-scale helical photobioreactor reached its maximum value (PE 
max

  = 9.4%) at a 

PPFD of 125  m mol photons m −2  s −1 . The photo-inhibition threshold appeared to 

strongly depend on the CO 
2
  feeding rate: at high PPFD, an increase in the amount 

of fed CO 
2
  delayed the inhibitory effect on biomass growth, whereas at low PPFD, 

excessive CO 
2
  addition caused the photosynthetic microorganism to stop growing.  

    2.2   Temperature 

 Temperature is known to be a parameter of great importance for the growth of all the 

microorganisms, since it affects all metabolic activities as well as nutrient availabil-

ity and uptake  [  109  ] . 
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 Vonshak  [  109  ]  reported for  S. platensis  cultivation an optimum temperature 

ranging from 24 to 38°C, depending on the strain. However, satisfactory growth was 

shown starting at 20°C  [  81  ] . The usual optimal temperature for cultivation of 

 Spirulina  spp. is in the range 35–38°C  [  109  ] . However, it must be pointed out that 

this range of temperature is arbitrary. Many  Spirulina  strains will differ in their 

optimal growth temperature, as well as in their sensitivity to extreme ranges  [  109  ] . 

 It was previously proposed  [  28,   98  ]  that cell growth in different bioprocesses can 

be kinetically described assuming its direct dependence on the activity of one 

enzyme limiting the overall metabolism. Based on this supposition, the thermody-

namics of the system was described resorting to the so-called thermodynamic 

approach, according to which the speci fi c growth rate increases with temperature 

would be contrasted by a progressive activity decrease owing to “thermal inactiva-

tion”  [  87  ] . These authors, who worked with urea as a nitrogen source by a fed-batch 

process, demonstrated that the best growth temperature was 30°C, which is in 

accordance with previous results  [  48,   83  ] . Besides, Danesi et al.  [  33  ]  performed 

 S. platensis  cultivation at 36.8°C, where there was decline in cell growth, thus sug-

gesting possible thermal inactivation of this microorganism, as observed for other 

microorganisms  [  37,   90,   98  ] . Contrary to the use of nitrate as a nitrogen source 

 [  109  ] , this cyanobacterium grew reasonably well even at lower temperature (23.3°C) 

when urea was used as a nitrogen source  [  87  ] . It could have happened due to the fact 

that urea hydrolysis to ammonia has less energy requirements than the reduction of 

nitrate to ammonia; therefore, the thermal situation at this temperature may be 

suf fi cient to sustain nitrogen metabolism. Moreover, when using nitrogen sources 

that lead to the presence of ammonia in the cultivation medium, the availability of 

the nitrogen source in the  A. platensis  cultivation depends on temperature. In fact, 

when urea is used as a nitrogen source, it can be hydrolyzed to ammonia by urease 

 [  93  ]  and/or spontaneous hydrolysis in alkaline medium  [  33  ] , releasing ammonia, 

which may be lost by off-gassing  [  86  ] . The temperature would then have a dual 

in fl uence on the culture: besides the fact that higher temperatures can promote 

microorganism growth, it can also increase the off-gassing of ammonia to the envi-

ronment and may lead to a nitrogen limitation in the culture medium. Such fact is 

particularly important when working with open ponds.  

    2.3   Nutrients 

    2.3.1   Carbon 

 Since  S. platensis  is composed of approximately 50% carbon  [  30  ] , the use of carbon 

dioxide in the cyanobacterium cultivation may contribute signi fi cantly to reducing 

the cost of production and, at the same time, to reducing the emission of this green-

house gas. Photosynthetic microorganisms can ef fi ciently assimilate carbon dioxide 

from different sources, including the atmosphere, industrial exhaust gases, and 

 soluble carbonate salts  [  112  ] . In fact, carbon dioxide taken up by photosynthetic 
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microorganisms is among the most productive biological methods of treating 

 industrial waste emissions, and the yield of biomass per acre is three- to  fi vefold 

greater than in typical crops  [  2,   55  ] . The most important trace gases, which intensify 

the greenhouse effect, are carbon dioxide (CO 
2
 ), methane (CH 

4
 ), nitrous oxide 

(N 
2
 O), and ozone (O 

3
 ). Among all these emissions, carbon dioxide makes the great-

est contribution to global warming. For this reason, most of the measures for miti-

gating climate change target the reduction of carbon dioxide emissions to the 

atmosphere  [  77  ] . In this sense, there are several studies that point out the use of 

carbon dioxide in the cultivation of  Arthrospira  ( Spirulina )  platensis   [  8,   15,   41,   63, 

  79,   96,   114  ] . 

 Traditionally,  Arthrospira  spp. grow autotrophically in open tanks (Fig.  2 ) in the 

presence of high sodium carbonate and bicarbonate levels as carbon sources because 

they are relatively inexpensive and provide a high pH in the culture medium. 

Bicarbonate, the main carbon source, is actively transported into the cell, where the 

enzyme carbonic anhydrase, present intracellularly and/or in the periplasmic mem-

brane, promotes the release of carbon dioxide. This is incorporated in the Calvin 

cycle to produce organic molecules such as carbohydrates, proteins, and lipids  [  52  ] .  

 At low extracellular concentration of bicarbonate, cyanobacteria have the ability 

to accumulate bicarbonate intracellularly  [  30  ]  and use carbon dioxide as a carbon 

source for its metabolism. In medium containing only carbonate, there is no increase 

in cell concentration and the pH remains almost unchanged, emphasizing the impor-

tance of bicarbonate in cyanobacterial metabolism  [  8  ] . 

 Taking into account that cultivations in tubular photobioreactors (Fig.  3 ) lead to 

a high cell concentration, it is essential that CO 
2
  is added during cell growth to sus-

tain it  [  63  ] , thus justifying the fed-batch process for this carbon source. Soletto et al. 

 [  96  ]  evaluated the performance of a bench-scale helical photobioreactor in fed-batch 

  Fig. 2    Laboratory scale open tanks made of PVC sheets       
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cultures of  S. platensis  under different conditions of light intensity and CO 
2
  feeding 

rate. The optimum feeding rate of carbon dioxide for the microalgal growth was cor-

related with the light intensity to which it was exposed. In general, the behavior of 

 S. platensis  was more in fl uenced by the CO 
2
  feeding pattern at low PPFD. Irrespective 

of the light intensity studied, at a CO 
2
  feeding rate of 1.03 g L −1  d −1 , the excessive 

amount of CO 
2
  caused an inhibition of biomass growth due to excess carbon levels 

and likely due to pH reduction.  

 Matsudo et al.  [  63  ]  studied the use of CO 
2
  released from alcoholic fermentation, 

without any prior treatment, for carbon source replacement and pH control, in the 

continuous cultivation of  A. platensis , using urea as nitrogen source, in a bench 

scale tubular photobioreactor. Irrespective of the carbon source used in the cultiva-

tion of this cyanobacterium (pure CO 
2
  or from alcoholic fermentation), it was 

obtained similar behavior in cell growth. In both cases, the maximum cell concen-

tration in steady state condition ( X  
s
 ) occurred at dilution rate ( D ) of 0.2 d −1 , being 

  Fig. 3    Tubular 
photobioreactor. 
(1) Degasser; (2) condenser 
tube; (3) air pump; (4) 20 W 
 fl uorescent lamps; (5) airlift 
system       
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obtained  X  
s
  = 2,446 ± 75 and 2,261 ± 71 mg L −1  in cultivations carried out using pure 

CO 
2
  and CO 

2
  from alcoholic fermentation, respectively. It was not observed any 

difference in the protein content of the dry biomass when these two kinds of carbon 

sources were used. The higher the  D , the higher the protein contents of the dry bio-

mass, which were as high as about 50% when the cultivations were carried with 

 D  = 0.8 d −1 . These results indicated that the possibility of using such cost-free carbon 

source and a cheap nitrogen source like urea may contribute to reduce the cost of 

culture medium. Besides, this work suggests that the bio fi xation of CO 
2
  released 

from alcoholic fermentation of sugar raw materials, which represents about 33% of 

the whole CO 
2
  involved in the use of ethanol as fuel, may help to mitigate the green-

house effect. 

 Carvalho et al.  [  15  ]  have proposed methods for the recovery and puri fi cation of 

CO 
2
  from alcoholic fermentation and/or burning of lignocellulosic materials and 

feed it into the cultivation of photosynthetic microorganisms. Application of the 

fed-batch process would be particularly important for the  fi xation of CO 
2
  from 

industrial plants. Such statement can be evidenced by the fact that the ethanol pro-

duction in Brazil was as high as 27.5 billion liters in 2008/2009  [  107  ] , and it can be 

estimated that the release of CO 
2
  associated only with this fermentation process was 

about 20.8 billion kg. Moreover, considering that the all correspondent sugar cane 

bagasse was burned, an additional CO 
2
  production of about 83 billion kg would 

occur  [  108  ] . 

 Regardless of the importance of the fed-batch process when using CO 
2
  as a car-

bon source, organic carbon sources are the most cited cases in which the fed-batch 

process is employed in the cultivation of photosynthetic microorganisms. Despite 

the increase in the risk of contamination, which requires running the process in 

closed reactors under aseptic conditions, the use of an organic carbon source can 

provide readily usable energy and make it possible to reach a high  fi nal biomass 

concentration. It can be done under dark (heterotrophic) or light (mixotrophic) con-

ditions. Taking into account that the organic carbon source can lead to inhibition of 

the growth beyond a limit concentration  [  103  ]  or even repress the formation of a 

desired metabolite, several fed-batch processes have been used to improve cell or 

metabolite production by different microalgae and cyanobacteria  [  20,   103  ]  or even 

to remove organic pollutants from wastewater  [  58  ] . 

 Márquez et al.  [  61  ]  showed that  S. platensis  can grow heterotrophically in a 

medium containing glucose in aerobic and dark conditions but also mixotrophically 

under illuminated conditions. Chojnacka and Noworyta  [  20  ]  also observed  Spirulina  

sp. growth under heterotrophic conditions using glucose as carbon and energy 

sources. Chen et al.  [  19  ]  showed that acetate may be used as a carbon source, in 

mixotrophic  S. platensis  cultivations, for the production of several photosynthetic 

pigments. 

  S. platensis  can also use glycerol as the sole carbon source. Nevertheless, when 

this microorganism takes up glycerol for the  fi rst time, it forms aggregates of cells 

and a lag phase takes place. After the lag phase, however, it was possible to achieve 

a cell concentration higher than with cultivation using bicarbonate as the sole car-

bon source  [  68  ] . 
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 Three organic carbon sources differing in molecular complexity (glucose, acetate, 

and propionate) were tested by Lodi et al.  [  58  ]  in a fed-batch mixotrophic process 

with minimum volume variation. To avoid carbon source accumulation in the 

medium, acetate and proprionate were added by pulse feeding equimolar amounts 

about 12 h after their complete depletion, namely acetate every 3.4 days and propi-

onate every 4.0 days, whereas glucose was added once a day. The results of cultiva-

tions performed under continuous illumination show that glucose was metabolized 

for algal growth faster than acetate and proprionate. Besides, the values of nitrate 

and phosphate removals are near those observed with traditional biological treat-

ment plants  [  29  ] . This suggests that mixotrophic metabolism of  S. platensis  could 

be exploited in a tertiary treatment system for simultaneous removals of mixtures of 

organic pollutants, nitrate, and phosphate  [  58  ] . 

 The chlorophyll content in the biomass did not appreciably vary during the 

course of cultivations (2–5%), thereby indicating that most of the dry weight increase 

was the result of microbial growth. Besides, it was shown to be almost independent 

on the type of organic carbon source and about 17% lower than that determined by 

Danesi et al.  [  33  ]  under autotrophic conditions, thus con fi rming the underutilization 

of the photosynthetic apparatus when cyanobacteria are grown with an organic car-

bon source  [  58  ] . 

 Chen and Zhang  [  18  ]  reported that  S. platensis  cell concentration in a fed-batch 

culture with intermittent glucose feeding with a peristaltic pump was 4.25-fold 

higher than in the mixotrophic batch culture and 5.1-fold higher than in the photoau-

totrophic batch culture. The biomass output rate of the fed-batch culture was 3.1-fold 

higher than in the mixotrophic batch culture and 3.8-fold that of the photoautotrophic 

culture. Additionally, these authors demonstrated that a mixotrophic fed-batch cul-

ture of  S. platensis  with glucose is suitable for the production of high-value products, 

particularly the light-induced pigments such as phycocyanin.  

    2.3.2   Nitrogen 

 Nitrogen is the second most abundant element, representing approximately 10% of 

the cell  [  30  ] . It is a key element for cell growth and reproduction, since it is an 

essential building block of nucleic acids and proteins. 

 Piorreck et al.  [  75  ]  reported that higher nitrogen levels lead to an increase in 

biomass production. The high nitrogen concentration in cultures generates an 

upward trend in protein and chlorophyll levels in the cells. On the other hand, low 

nitrogen concentrations lead to a decrease in the level of these compounds, and also 

reduce the rate of cell division. There is also an increase in the percentage of total 

carbohydrates in the cells  [  89  ] , and phycocyanin is degraded and used as a nitrogen 

source  [  11  ] . Less chlorophyll and carotenoids are produced under these conditions, 

providing color changes in the culture medium which tends to become yellow 

 [  26,   60,   89  ] . 

 Numerous nitrogen-containing compounds can be used by different organisms 

as sources of nitrogen. These include, for instance, inorganic ions such as nitrate or 



79333 Cultivation of  Arthrospira  ( Spirulina )  platensis  by Fed-Batch Process

ammonium salts and simple organic compounds such as urea, amino acids, and 

some nitrogen-containing bases. Additionally, roughly half of the cyanobacteria are 

in principle capable of  fi xing N 
2
   [  100  ] , but in the genus  Spirulina , only  Spirulina 

labyrinthyformis  is able to  fi x atmospheric nitrogen. It is a thermophilic species, 

isolated from hot springs, and has been reported to be capable of carrying out facul-

tative anoxygenic photosynthesis at the expense of sul fi des  [  23  ] . 

 Studies in the literature have shown that the use of nitrate as a nitrogen source 

ensures high  A. platensis  concentrations, which justi fi es the wide use of the stan-

dard culture media of Zarrouk  [  118  ] , Paoletti et al.  [  72  ]  and Schlösser  [  92  ] , which 

employ potassium nitrate or sodium nitrate. 

 When using nitrate as a nitrogen source, the microorganism needs to reduce it to 

nitrite, in a reaction catalyzed by the enzyme nitrate reductase, and then to ammonia, 

in a reaction catalyzed by the enzyme nitrite reductase  [  43  ]  according to the needs 

of the cell. This reduction of nitrate to ammonia requires energy. In fact, comparison 

of the yield of growth on Gibbs energy obtained using either urea or KNO 
3
  in batch 

and fed-batch processes, respectively, pointed to the preference of  S. platensis  for 

the former nitrogen source, likely owing to more favorable bioenergetic conditions 

 [  88  ] . Such behavior was very evident at the end of cultivation, likely because pho-

tosynthesis ef fi ciency decreased with increasing biomass concentration suggesting 

that biomass had used energy, under limited growth conditions, preferentially for 

maintenance rather than for growth  [  106  ] , and consequently, it grows better with a 

nitrogen source that demands less energy. These facts point out that the fed-batch 

process carried out under optimal conditions does not hamper cell growth. 

 No negative effect of nitrate concentration during  A. platensis  cultivation has 

been reported.  S. platensis  cultivation using a fed-batch process with the addition of 

exponentially increasing mass  fl ow of KNO 
3
  as the nitrogen source was studied by 

Rangel-Yagui et al.  [  80  ] . These authors reported that cell growth was similar to that 

obtained with the batch cultivations using nitrate as the nitrogen source. Although 

lower cell concentrations were not observed for the cultivations with fed-batch addi-

tion of KNO 
3
 , there is no need for the use of this process as opposed to batch cultiva-

tion, since a batch process is easier to operate compared to a fed-batch process. It is 

worth mentioning that even nitrate nitrogen sources can be necessary to be added 

during the cell growth in cultivations with high  fi nal cell concentrations  [  41  ] . 

 Alternative sources of nitrogen such as urea and ammonium salts can also be 

used to reduce production cost, replacing sodium or potassium nitrate, since urea 

and ammonium salts such as ammonium sulfate are widely used in agriculture. 

 Ammonia in alkaline medium is easily assimilated by the microorganism, since 

ammonia uptake involves simple diffusion followed by trapping through protona-

tion, thanks to the membrane being permeable to ammonia but impermeable to 

ammonium ions  [  10  ] . 

 As noted before, urea is hydrolyzed to ammonia in alkaline culture medium  [  33  ]  

and/or by urease action  [  93  ] . Since ammonia can be toxic to microalgae and 

cyanobacteria at high concentrations, the addition of urea in a fed-batch process 

makes this nitrogen source a promising substitute for nitrate salts in photosynthetic 

microorganism cultivations. 
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 If ammonium salts and/or urea are added in large quantities at the beginning of 

cultivation, there is excessive formation of ammonia, leading to cell death. In fact, 

growth inhibition or even cell death can take place when using ammonium at rela-

tively high concentrations because of the toxic effect of ammonia  [  1,   6  ] . Moreover, 

batch cultivations of  A. platensis  in 500-mL Erlenmeyer  fl asks using ammonium 

chloride as a nitrogen source resulted in nitrogen limitation below 1.6 mM nitrogen, 

whereas above 6.4 mM there was excess ammonia, inhibiting cell growth  [  13  ] . The 

use of low starting levels of ammonium chloride for batch  Spirulina  sp. production 

proved to hinder growth because of nitrogen limitation, with consequent decrease in 

biomass yield compared to the use of nitrate  [  30,   91  ] . Con fi rming these  fi ndings, 

Faintuch  [  38  ] , studying different nitrogen sources in  Spirulina maxima  cultivation 

with a batch process, found that the use of alternative nitrogen sources instead of 

nitrate, such as ammonium chloride and urea, was limited to low concentrations of 

nutrient, resulting in low cell concentration. 

 Particularly in the use of ammoniacal nitrogen sources for  A. platensis  cultiva-

tion, the control of the nutrient  fl ow can prevent inhibitory concentrations of ammo-

nia in the culture medium  [  7,   13,   97  ] . The fed-batch addition of urea was shown to 

be an excellent protocol to ensure the optimum level of this compound in the growth 

medium, thereby allowing satisfactory  S. platensis  cultivation  [  33,   88,   106  ]  and 

ammonium salts  [  7,   13,   41  ] . Despite the above inhibitory effect of ammonia, the 

fed-batch addition of ammonium salts or urea did in fact prevent any inhibitory 

effect, allowing such a cyanobacterium to reach a concentration comparable to that 

obtained with nitrate  [  13,   33,   41,   80  ] . 

  A. platensis  can grow with either nitrate or ammonium salts as the sole nitrogen 

source, but the simultaneous use of both is advantageous. The use of ammonium 

chloride alone as the nitrogen source in  A. platensis  cultures can lead to slightly 

lower cell concentration and biomass with reduced  fi nal contents of chlorophyll, 

lipids and proteins. On the other hand, the combination of potassium nitrate and 

ammonium chloride provides a way to deal with these issues. The presence of nitrate 

likely prevents a de fi ciency of nitrogen in cultures with ammonia, and the presence 

of ammonia reduces the amount of nitrate to be added, helping to reduce production 

costs. Moreover, the residual nitrate level in cultures with both nitrogen sources was 

much lower than that detected with one source alone, hence reducing the salinity, 

the environmental impact, and the disposal and/or the reutilization of ef fl uent  [  84  ] . 

It would also be characterized as a fed-batch process with the use of two nitrogen 

sources, since one of them was fed during the microbial cultivation. These authors 

cultivated  A. platensis  in mini-tanks at 13 klux (156  m mol photons m −2  s −1 ) using a 

mixture of potassium nitrate and ammonium chloride as nitrogen source. The addi-

tion of the total amount of potassium nitrate was made entirely at the beginning of 

the runs and ammonium chloride was added by daily pulse-feeding, using an expo-

nentially increasing regime in order to avoid any inhibitory effect by ammonia or 

nitrogen de fi ciency. Higher maximum cell concentration was obtained in the culti-

vation with both nitrogen sources supplied in comparison to that obtained with cul-

tivations carried out with ammonium chloride or potassium nitrate, separately. 

Ammonia lost by volatilization during the cultivation  [  13  ]  leads to nitrate acting as 
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a reserve source of nitrogen when ammonia concentration in the culture medium is 

not suf fi cient, thus explaining the better results obtained with the two nitrogen 

sources combined. 

 Fed-batch process has also been employed to complement natural media. Costa 

et al.  [  31  ]  supplemented the Mangueira Lagoon water with 1.125 mg L −1  of urea 

when  S. platensis  had reached the stationary phase (approximately 312 h), and this 

operation resulted in a 2.67-fold increase in the  fi nal biomass concentration. 

 Wastewater can also serve as nitrogen source. Olguín et al.  [  70  ]  evaluated the 

annual productivity of  Spirulina  ( Arthrospira ) and its ability to remove nutrients in 

outdoor raceways treating anaerobic ef fl uents from pig farm wastewater, diluted in 

a mixture of sea and fresh water, under tropical conditions. The average productiv-

ity of semi-continuous cultures during summer was 15.1 g m −2  d −1  with a pond depth 

of 0.20 m. Under the conditions studied, NH 
4
 -N removal was in the range of 84–96% 

and  P  removal in the range of 72–87%, depending on the depth of the culture and 

the season. These  fi ndings show that the  Spirulina  can be used for ammonia removal 

from wastewater in processes in which the wastewater is fed periodically. 

 Aiming to remove nitrogen and phosphorus in shrimp cultivation, Chuntapa et al. 

 [  22  ]  evaluated the simultaneous cultivation of  S. platensis  and this crustacean. In the 

absence of  S. platensis , ammonium and nitrite concentrations ranged from 0.5 to 

0.6 mg L −1 , while nitrate concentrations ranged from 16 to 18 mg L −1  by day 44. 

Considerable variability in nitrogen concentrations occurred when the  S. platensis  

was not harvested from the ponds. Semi-continuous harvest of  S. platensis  reduced 

nitrate to 4 mg L −1 , while ammonium and nitrite ranged from 0.0 to 0.15 mg L −1 , 

respectively. Kamilya et al.  [  51  ]  observed that the same microorganism could 

remove up to 92 and 48% of nitrogen and phosphorus, respectively, thus contribut-

ing to the reduction of eutrophication of  fi sh farm ef fl uent. Olguín  [  71  ]  described a 

process using sea water together with pig farm wastewater for low-cost  S. platensis  

production and an animal wastewater treatment as well.   

    2.4   pH 

 Standard culture medium for  Arthrospira  spp. cultivation is rich in bicarbonate and 

carbonate. This medium is alkaline due to the presence of these ions. At pH values 

below 6.4, carbon dioxide is the predominant form of carbon source. At pH values 

between 6.4 and 10.3, the predominant form is bicarbonate. Above pH 10.3, the 

predominant form is carbonate. Miller and Colman  [  65  ]  reported that bicarbonate is 

the carbon form preferentially assimilated by cyanobacteria, which explains the 

decreasing of  Spirulina  biomass concentration in the pond at pH values above 10.2–

10.4  [  49  ] . 

 Considering ammonia from ammonium salts or urea, in the chemical equilib-

rium established at pH 9.3, both ammonium ions and ammonia are present. At pH 

values below 7.0, the predominant form is ammonium ion and above pH 12.0, only 

the ammonia is present in culture medium. 
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 Ammonia uptake by  S. platensis  is pH-dependent. In alkaline conditions, ammonia 

enters the cell by simple diffusion, driven by a pH gradient, and is intracellularly 

assimilated by the action of the enzyme glutamine synthetase  [  10  ] . 

 It should also be mentioned that ammonia, depending on its concentration and pH 

of the medium, is toxic to most microorganisms  [  1  ] , including  S. platensis   [  6  ] . These 

authors found that at pH 7.0,  S. platensis  LB1475/a and  Anabaena  sp. were not 

affected by ammonia. However, at pH 10.0 with ammonia concentrations of 10 mM, 

only 50% of photosynthetic activity remained for the  S. platensis  LB1475/a, while 

for  Anabaena  sp. photosynthetic activity has ceased. Thus, since the use of ammo-

nium salts or urea as nitrogen sources lead to a release of ammonia in the culture 

medium, it would be limited by process by which the cultivation is carried out. 

 Therefore, pH is a very important variable to be studied, since it may affect the 

form of the carbon reservoir, urea decomposition and how ammonia is presented in 

the culture medium (protonated or unprotonated). Sánchez-Luna et al.  [  87  ]  studied 

the effect of pH on  A. platensis  cultivation using urea as nitrogen source and found 

that  A. platensis  grows well at pH 9.0–10.0, with an optimum pH of 9.5. This pH 

range is in agreement with Belay  [  5  ] , who suggests maintaining the pH of the 

medium above 9.5 in outdoor cultivations aiming to avoid contamination by other 

microalgae.  

    2.5   Parameters of the Fed-Batch Process 

 Nutrient feeding during a fed-batch process can be done utilizing either constant or 

variable mass  fl ow rate. Additionally, the addition regime can be either intermittent 

or continuous  [  14  ] . Pulse feeding is easier and less expensive because of the absence 

of pumping costs. On the other hand, it could lead to lower cell growth, productivity 

and nitrogen-to-cell conversion factor. During the continuous addition, a feed pump 

is always used for the continuous addition of substrate during cell growth. With 

intermittent addition, the substrate is added by pulses and the time between two 

pulses is another variable to be studied. 

 Danesi et al.  [  33  ]  have evaluated the  S. platensis  growth using urea as a nitrogen 

source in a fed-batch process, and they tested different protocols for urea addition, 

namely:

    1.    Intermittent—exponentially increasing the amount added, every 24 h  

    2.    Intermittent—exponentially increasing the amount added, every 48 h  

    3.    Continuous—exponentially increasing the mass  fl ow rate  

    4.    Continuous—constant mass  fl ow rate, using a controlled  fl ow peristaltic pump     

 The addition of urea at intervals of 48 h led to the lowest maximum cell concentra-

tion, as a consequence of the lack of availability of the nitrogen to the microorganism 

between feeding times due to the lost of the nitrogen source in the ammonia form. 

 The best results, in terms of cell growth, show that the continuous form (protocol 

(iii)) is appropriate, bringing about better use of the nitrogen source and increasing 
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biomass growth. It was possible to achieve a gain of 37% in biomass and consequently 

larger total amounts of chlorophyll at a lower cost when compared with cultures grown 

with KNO 
3
 . The fact that the water is being continually replaced (and not just once a 

day) in such experiment is also favorable, because it avoids the build up of high salin-

ity conditions in the culture medium, that can hinder cellular growth. Nevertheless, 

comparing the results obtained at three temperatures studied (27, 30, and 33°C), the 

average maximum cell concentration was only 5.7% higher when urea fed continu-

ously instead of intermittent addition every 24 h. 

 On the other hand, Sánchez-Luna et al.  [  86  ]  compared the in fl uence of the proto-

col of urea addition (pulse or continuous), under variable conditions of temperature 

and total feeding time, in order to select the best feeding regime for  S. platensis  fed-

batch cultivation with constant  fl ow rate. Urea was added to the culture by a 

fed-batch process at constant mass  fl ow rate, following two different protocols: 

(a) intermittent addition every 24 h and (b) continuous feeding. Fed-batch cultiva-

tion of this cyanobacterium with constant urea feeding rate by pulse and continuous 

additions exhibited statistically coincident results. Because of the large solubility of 

this nitrogen source in water, it could be intermittently added avoiding the use of 

pumping equipments. Therefore, the addition of urea by daily pulse feeding at con-

stant  fl ow rates could be a useful protocol to be used in large-scale aquaculture 

facilities, implying lower costs for  A. platensis  biomass production. 

 An exponentially increasing feeding rate to supply urea is suitable for those cul-

tures in which microbial growth can be inhibited by this nutrient or its derivatives. 

In fact, the highest nutrient supply takes place just at the end of the run, when bio-

mass concentration achieves its maximum value. In this way, despite the inhibitory 

effect of ammonia coming from urea hydrolysis under alkaline conditions, the use 

of such a nitrogen source allowed  S. platensis  to reach a concentration comparable 

with that obtained with potassium nitrate in a batch run  [  33  ] . On the other hand, 

Sánchez-Luna et al.  [  87  ]  observed that fed-batch autotrophic  A. platensis  cultiva-

tions, carried out at 6.0 klux (72  m mol photons m −2  s −1 ) in 5.0-L open tanks at vari-

able pH, temperature, and urea molar  fl ow rate ( K ) resulted in a cell growth that 

followed a linear trend likely due to light limitation  [  13  ] , thus justifying the use of 

constant mass  fl ow rates. The use of urea as a nitrogen source prevented the inhibi-

tory effect observed with ammonium chloride, and the growth curves did not exhibit 

any lag phase. The yield of biomass based on nitrogen progressively decreased with 

increasing urea molar  fl ow rate. The statistical model pointed out pH = 9.5,  T  = 29°C, 

and  K  = 0.551 mM d −1  as the best conditions optimizing cell concentration and pro-

ductivity, which do not differ much from the experimental observations. 

 Ammonium sulfate and urea have been tested as nitrogen sources for  S. platensis  

cultivations, according to different batch and fed-batch protocols. The results showed 

that the use of urea in fed-batch culture led to better growth kinetics. Adoption of an 

appropriate slowly increasing urea feeding rate prevented the accumulation of 

ammonia in the medium as well as its well-known inhibition of biomass growth  [  97  ] . 

Preliminary batch cultivations were carried out to determine the actual nitrogen 

requirements of biomass as well as to establish the inhibition threshold of ammonia. 

Subsequent fed-batch runs, performed according to different feeding protocols, 
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allowed the selection of the best conditions for urea supply and demonstrated that 

growth kinetics may be comparable and even better than that obtained with the tra-

ditional nitrate-based culture media. Ammonia accumulation that usually inhibits 

biomass growth was in fact prevented following an appropriate pulse-feeding pat-

tern. Although the highest productivity during the start-up was obtained with linearly 

increasing feeding rate, the use of a more slowly increasing pattern, aimed at mini-

mizing ammonia accumulation, was shown to be the most suited for long-term culti-

vation. Therefore, the use of urea in a fed-batch process should be recognized as a 

possible way to decrease the costs of a large-scale plant for the production of this 

cyanobacterium. 

 In a recent study, Ferreira et al.  [  41  ]  cultivating  A. platensis  in a tubular photo-

bioreactor, which is useful in preventing ammonia loss by evaporation, observed 

that parabolic protocol for ammonium sulfate addition appeared to be the best one 

for biomass production comparable to those obtained using sodium nitrate as the 

conventional nitrogen source. Additionally, due to high cell growth observed in the 

cultivations, the demand for nitrogen was extremely high, reaching values around 

12 mM per day. Taking into account that the inhibitory levels of ammonia is around 

6 mM  [  13  ] , in this case, considering the whole period of cultivation, the addition of 

12 mM of ammonium sulfate per day in a single daily addition would probably lead 

to cell death. Thus, the daily addition was divided into eight times, which allowed a 

maximum cell concentration of approximately 14 g L −1 . In this work, a parabolic 

protocol for ammonium sulfate addition, in which the cells with 7% nitrogen was 

considered, led to biomass protein contents (35.6 ± 1.7%), comparable to that 

obtained in standard runs (35.5 ± 0.9%), thus demonstrating that the use of ammo-

nium salts does not modify the cell composition. 

 Feeding time is a variable of great importance in the fed-batch process, where it 

is responsible for nutrient availability for the microorganisms. Concerning urea and 

ammonium salts for  A. platensis  cultivation, it is also very important to avoid any 

toxic effect of ammonia. A strict control of the feeding time in fed-batch culture in 

open ponds, at the same time, prevented the toxic effect exerted by excess ammonia 

or its loss by off-gassing  [  13  ] . As ammonia is the predominant nitrogenous species 

in the medium when ammonium chloride is used as a nitrogen source, an appropri-

ate feeding time should be selected to maintain optimum ammonia levels through-

out the whole cultivation. In fact, longer times limited growth because of the shortage 

of the nitrogen source, while shorter times affected the growth due to the occurrence 

of a displacement between nitrogen source supply and utilization  [  7  ] . 

 Bezerra et al.  [  7  ]  reported that a short feeding time results in the partial loss of 

ammonia when using NH 
4
 Cl as nitrogen source and, consequently, growth limita-

tion can occur. As evidenced by the increase in maximum cell concentration ( X  
m
 ) 

from 1,111 to 1,633 mg L −1 , a longer feeding time favored  A. platensis  growth. In 

addition, the run with the longest time to achieve the stationary phase exhibited a 

lower value of  X  
m
  (1,561 mg L −1 ), likely due to growth limitation by nitrogen begin-

ning with the feeding step. This is in agreement with Carvalho et al.  [  13  ] , who 

reported the existence of an optimum feeding time for cell production, below and 

above which biomass growth was affected by nitrogen source accumulation and 

consequent loss in the form of ammonia (feeding time of 12 days) or limitation 
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(feeding time of 20 days) in the medium. Both situations led to decreases in  X  
m
  and 

suggested some discrepancy between biological demand and availability of the 

nitrogen source. 

 The fed-batch cultivation can be carried out as a repeated fed-batch process, in 

which once the cultivation reaches a certain stage after which it is not effective any-

more, a portion of the culture medium is removed from the bioreactor and replaced 

by fresh nutrient medium. It allows keeping part of the medium in the reactor at the 

end of cultivation, reusing the exponentially growing cells for subsequent runs, 

cheaply ensuring high starting cell levels, and avoiding long stopping of the process. 

Moreover, it is expected to increase cell productivity, ensuring high cell growth rate. 

These features could be usefully exploited to evaluate the possibility of using this 

process with urea as a nitrogen source in large-scale cultivations. This process is 

characterized by removing a constant fraction of volume of culture at  fi xed time 

intervals and can be maintained inde fi nitely, where the volume is replenished to its 

maximum value by adding medium culture with appropriate  fl ow rate  [  76,   115  ] . 

This type of process was employed by Matsudo et al.  [  62  ]  to evaluate if urea could 

be successfully employed when using repeated fed-batch cultivation of  A. platensis  

in open ponds. This study showed that the repeated fed-batch process using urea as 

a nitrogen source was suited for long-term  A. platensis  cultivation, during which the 

maximum cell concentration, the nitrogen-to-cell conversion factor and the kinetic 

parameters remained stable when using an appropriate ratio of renewed to total 

volume and experimental protocols of urea addition. Moreover, it should be noted 

that the biomass protein content was not in fl uenced by the experimental conditions. 

The maintenance of maximum cell concentration during three consecutive cycles 

and the absence of contamination probably take place due to the well-known ability 

of this microorganism to grow well in saline and alkaline inorganic environments. 

 In conclusion, the fed-batch process is a useful tool for supplying carbon and 

nitrogen in cultivations of  A. platensis  under different photobioreactor con fi gurations. 

For each speci fi c carbon and nitrogen source added, it is necessary to evaluate the 

experimental conditions that lead to both desired cell growth and composition. 

Besides classical factors that affect photosynthetic cell growth, such as carbon 

source, nitrogen source, other nutrients, pH, temperature, light intensity and salin-

ity, the typical parameters of the fed-batch process, such as feeding time, addition 

protocol and  fl ow rate, should be evaluated. The comments presented in this chapter 

demonstrate that the use of inexpensive nitrogen sources, such as urea, ammonium 

salts and nitrogen-rich wastewaters can be used for  A. platensis  cultivation, with 

results that can be comparable to those with classical nitrate sources. The results 

also show that closed photobioreactor is useful for preventing ammonia loss during 

 A. platensis  cultivation. The best form of supplying organic carbon needs to be 

evaluated, where different strategies are necessary for each organic carbon source 

employed. In cases of using organic carbon, the process needs to be carried out 

under aseptic conditions. Considering inorganic carbon sources, CO 
2
  has an impor-

tant role in the growth of such cyanobacteria, where it needs to be added to the 

medium to maintain the carbon source level as well as pH. Finally, the fed-batch 

process was demonstrated to be useful for the production of  A. platensis  using CO 
2
  

from industrial plants, particularly from industrial alcoholic fermentations.       
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  Abstract   Chlorophyll, a green pigment found abundantly in plants, algae, and 

cyanobacteria, plays a critical role in sustaining life on earth and has found many 

applications in pharmaceutical, food, as well as cosmetic industries. Because of 

their high intracellular chlorophyll accumulations (up to 10% of cell dry weight), 

green microalgae are recognized as promising alternative chlorophyll sources. 

Successful co-production of a high value product such as chlorophyll in a microal-

gal bio-re fi nery is desirable as it will alleviate the overall cost of producing microal-

gal biodiesel. This chapter evaluates the bioprocess engineering required to recover 

and to purify chlorophyll molecules from microalgae. The use of organic solvents 

and supercritical  fl uids to extract microalgal chlorophyll on a commercial scale is 

examined. The use of chromatographic techniques to purify the recovered chloro-

phylls is also reviewed. Finally, the chapter ends by presenting a case study which 

investigates the use of organic solvents (acetone and methanol) to extract chloro-

phyll from  Tetraselmis suecica  on a laboratory scale.      

    1   Introduction 

 Microalgae are microscopic unicellular organisms capable to convert solar energy 

to chemical energy via photosynthesis. They require carbon dioxide, light, water, 

and other nutrients which facilitate the photosynthetic process to grow and large-

scale production of microalgal biomass normally uses open-ponds. Growing con-

cern over the widespread exploitation of food crops for biodiesel production has 
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sparked an unprecedented level of commercial interests in exploring the use of 

microalgae as alternative biodiesel feedstocks. In addition to having high intracel-

lular contents of biodiesel-convertible neutral lipids, microalgae contain numerous 

high-value bio-products that can also be harnessed such as different isomers of car-

otenoids, polysaccharides, polyunsaturated fatty acids, and phycobiliproteins  [  40  ] . 

These bio-products have extensive applications in food and pharmaceutical indus-

tries and their successful co-production from microalgae will signi fi cantly alleviate 

the high cost associated with microalgal biodiesel production. Unfortunately, lack 

of process understanding for the recovery and puri fi cation of these bio-products 

from the microalgal biomass has prevented the realization of their full potential 

applications. 

 Chlorophyll is one of the high-value bio-products that can be extracted from 

microalgae. As a pigment that selectively absorbs light in the red and blue regions, 

chlorophyll emits a green colour  [  24  ] . It is used as a natural food colouring agent 

and has antioxidant as well as antimutagenic properties  [  24  ] . The process of produc-

ing chlorophyll from microalgae begins with concentrating the highly dilute 

microalgal culture (biomass concentration = 0.1–1% w/v). The resulting paste is 

then dried to form powder before the cells are exposed to either an organic solvent 

or a supercritical  fl uid during chlorophyll extraction. These steps are explained 

more thoroughly in Sect.  4 . 

 Chlorophyll is present abundantly in nature (plants, algae, and cyanobacteria) 

and plays a vital role in photosynthesis due to its “light harvesting” propensity. The 

speci fi c functions that chlorophyll performs during photosynthesis can be viewed 

elsewhere  [  11,   20,   21  ] . Photosynthesis is a process which uses harvested light 

energy together with water and carbon dioxide to produce oxygen and carbohy-

drates; as such, it converts solar energy into chemical energy. The direct product 

from this chemical process, carbohydrate, is used as the primary building block for 

plants and eventually all living organisms  [  21  ] . The importance of photosynthesis 

for life on earth is further highlighted by plants forming the basis of all food chains. 

It is estimated that 1.2 billion tons of chlorophyll/year are produced globally by 

both terrestrial and aquatic organisms  [  21  ] . 

 There are two types of chlorophyll, chlorophyll  a  and chlorophyll  b . However, 

these bio-molecules are highly susceptible to oxidation and their exposure to weak 

acids, oxygen, or light rapidly results in the formation of numerous degradation 

products  [  11,   20,   24  ] . Figure  1  shows the structures making up chlorophyll mole-

cules  [  21,   45,   51  ] . The skeleton of chlorophyll molecule is the porphyrin macrocy-

cle (Fig.  1a ), which comprises of four pyrrole rings. An attachment of a single 

isocyclic ring to one of the pyrrole rings gives rise to the phorbin structure (Fig.  1b ). 

Each pyrrole ring contains four carbon atoms and one nitrogen atom. All of the 

nitrogen atoms face inward to create a central hole where an Mg 2+  metal ion easily 

binds to form the chlorophyll structure (Fig.  1c ). In chlorophyll  b , the methyl group 

in ring II of chlorophyll  a  is replaced by a formyl group. This structural difference 

results in chlorophyll  a  being a blue/green pigment with maximum red absorbance 

at 660–665 nm and chlorophyll  b  being a green/yellow with maximum red absor-

bance at 642–652 nm  [  20  ] . Chlorophyll in plant cells is con fi ned within chloroplasts 
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where it is not only complexed with phospholipids, polypeptides, and tocopherols 

but also protected by a hydrophobic membrane  [  21  ] .  

 When chlorophyll is removed from this original environment, its magnesium ion 

becomes unstable and may easily be displaced by a weak acid. This reaction leads 

to a series of reactions which eventually degrade the entire molecule. To increase 

stability, the magnesium ion in a free-standing chlorophyll molecule is often 

arti fi cially substituted with a copper ion  [  21,   54  ] .  

    2   Uses of Chlorophyll 

    2.1   Commercial Applications 

 Chlorophyll is often used as a natural colouring agent due to its green colour. Its use 

in the food industries is becoming increasingly popular due recent legislation shifts 

which mandated the use of natural colouring agents in preference to arti fi cial agents 

 [  51  ] . There are, however, disadvantages associated with use of chlorophyll as a 

colouring agent. Not only is chlorophyll generally more expensive than arti fi cial 

colourings, but also tends to be unstable under the different pH conditions of the 

foods to which it is added. To resolve this instability, the chlorophyll molecule must 

undergo a chemical modi fi cation which replaces its magnesium centre with a 

copper ion before it is mixed with the food materials. Since the modi fi ed chloro-

phyll cannot be metabolically absorbed and is eventually removed from the body as 

an excretion product, this complex is considered safe to replace the original 

  Fig. 1    Chemical structures of chlorophyll and its constituents, modi fi ed from Humphrey  [  20  ] . 

( a ) Porphyrin macrocycle. ( b ) Phorbin. ( c ) Chlorophyll  a , chlorophyll  b  is a variant with the 

methyl group in position 3 being replaced by a formyl group       
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chlorophyll as a colouring agent in most developed countries. The concentration of 

free ionisable copper in the food must, however, be kept below 200 ppm under current 

regulations  [  20,   54  ] .  

    2.2   Medical and Pharmaceutical Applications 

 Chlorophyll and its derivatives have found wide applications in the medical and 

pharmaceutical industries. Chlorophyll stimulates tissue growth through the facili-

tation of a rapid carbon dioxide and oxygen interchange between the tissue and the 

blood stream  [  8,   19,   50  ] . Because of this tissue-growth stimulating propensity, chlo-

rophyll is able to prevent bacterial advancement in a wound and speeds up the 

wound-healing process  [  8,   50  ] . Some studies have found that chlorophyll can accel-

erate the rate of wound healing by more than 25%. Chlorophyll is used as a wound-

healing accelerator in the treatment of ulcers and oral sepsis. Chronic ulcer is a 

signi fi cant health problem in society, with lengthy periods required for its treatment. 

The application of ointments containing chlorophyll derivatives on the ulcer was 

found not only to rapidly eliminate pain but also to improve the appearance of the 

affected tissues. The ulcer discharge and characteristic odour also decreased 

signi fi cantly after a few days of chlorophyll treatment  [  7  ] . The antibacterial prop-

erty and deodorising nature of chlorophyll were found to be very helpful in the 

treatment of oral sepsis  [  15  ] . 

 Chlorophyll and its derivatives have recently been identi fi ed as a powerful thera-

peutic for cancer chemoprevention due to their high displays of antioxidant and anti-

mutagenic activities  [  12,   25  ] . Increasing consumption of fruits and vegetables that 

contains high levels of chlorophyll has been associated with reducing cancer risks.   

    3   Microalgae and Sustainability 

 Global warming can bring about extreme weather occurrences, rise in sea levels, 

extinction of species, retreat of glaciers, and many other calamities. The rise in 

global temperature is attributed to the high amount of carbon dioxide (CO 
2
 ) gases in 

the atmosphere  [  5,   13,   56  ] . CO 
2
  is emitted from the burning of fossil fuels for elec-

tricity, transport, and industrial processes  [  3  ] . The Kyoto Protocol in 1997 proposed 

a reduction of greenhouse gases by 5.2% based on the emissions in 1990. 

 Different CO 
2
  mitigation options have been considered to meet the proposed tar-

get  [  5  ] . The various strategies can be classi fi ed as either chemical-reaction-based 

approaches or biological mitigation. Chemical-reaction-based strategy captures CO 
2
  

by reaction with other chemical compounds before the CO 
2
  is released into the atmo-

sphere. The disadvantage of this method is that the chemical reactions can be very 

energy-intensive and costly. Furthermore, the wasted chemical compounds will need 

to be disposed of. On the other hand, biological mitigation seems more favourable as 

it not only captures CO 
2
  but also generates energy through photosynthesis  [  56  ] . 
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 Photosynthesis is carried out by all plants and any photosynthetic microorganism. 

Even though the use of plants to capture CO 
2
  is viable, it is inef fi cient due to their 

low photosynthetic rates. In contrast, owing to their structural and functional sim-

plicities, microalgae are able to photosynthesize and hence capture CO 
2
  with an 

ef fi ciency up to 10–50 times greater than that of higher-order plants  [  56  ] . Microalgae 

include both prokaryotic cyanobacteria and eukaryotic unicellular algal species  [  5  ] . 

In addition to CO 
2
  and sunlight, microalgae need nutrients, trace metals, and water 

to grow  [  2,   38,   46,   58  ] . In short, microalgal biomass is produced based on the fol-

lowing reaction:

     
+ + + → +

2 2 2
CO H O nutrients light energy biomass O

  
  

 Unlike plants, microalgae can be grown with waste or brackish water as their 

high adaptability enables them to survive in a hostile environment contaminated 

with excess nitrogen, excess phosphorous, and heavy metals. In fact, microalgae can 

directly metabolize the excess nitrogen and phosphorous in waste water as nutrients 

for their cultivation. As such, microalgal cultivation does not interfere with use of 

fresh water, a limited resource in many parts of the world  [  2,   34,   38,   46,   58  ] . 

 Among the 30,000 species of microalgae on Earth, many of them are known to 

contain a variety of high-value bio-products that can be commercially harnessed, 

such as biodiesel-convertible neutral lipids, different isomers of carotenoids, poly-

saccharides, polyunsaturated fatty acids, and phycobiliproteins  [  10  ] . In addition to 

being a CO 
2
  bio-sequester, commercial applications of microalgal biomass also 

include: (1) biodiesel through transesteri fi cation of its neutral lipids; (2) bio-ethanol 

through fermentation of its carbohydrates; (3) nutritional supplements for humans; 

(4) natural food colourants; (5) natural food source for many aquacultural species; 

(6) natural colourants in cosmetics; (7) bio-fertilizers through pyrolysis; (8) protein 

feed for farm animals  [  10,   14,   52  ] . Some of these applications require speci fi c compo-

nents of the biomass to be recovered while others utilize the entire cellular biomass.  

    4   Chlorophyll Production from Microalgae 

 Microalgae contain both chlorophyll  a  and chlorophyll  b . Intracellular chlorophyll 

 a  content can vary from 0.0041 g/g dried microalgae ( Synechococcus  sp.) to 

0.0185 g/g dried microalgae ( Nannochloropsis gaditana )  [  53  ] . In green microalgae, 

the ratio of chlorophyll  a /chlorophyll  b  ranges broadly from 0.64 to 5, in contrast to 

higher plants which have a narrower range from 1 to 1.4. The chlorophyll content 

and pro fi le of a microalgal species continuously change depending on its life cycle 

and cultivation conditions (medium composition, nutrient availability, temperature, 

illumination intensity, ratio of light and dark cycle, aeration rate). Certain green 

microalgae, such as  Chlamydomonas ,  Chlorella , and  Scenedesmus  sp., have mutants 

that can synthesize chlorophyll in the dark during heterotrophic growth  [  53  ] . 

 Figure  2  shows the downstream processing steps required to produce chlorophyll 

from microalgae, while Table  1  provides a list of different technologies currently 
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available for each step. After the microalgal culture is harvested from its cultivation 

system, it is concentrated in the dewatering step to yield a wet paste. Afterwards, the 

microalgal pellet undergoes a pre-treatment step for preparation towards chloro-

phyll extraction. The chlorophylls are then extracted from cellular materials before 

being puri fi ed in a fractionation step  [  24  ] .   

    4.1   Cultivation System 

 There are two primary cultivation systems that are currently used to grow microal-

gae: (1) open-air system and (2) photobioreactors  [  4  ] . Table  2  compares the two 

cultivation systems in terms of important cultivation parameters. The selection of 

cultivation systems depends on several factors: the microalgal species, the avail-

ability of sunlight and water, the cost of land, the type of desired  fi nal product, and 

  Fig. 2    Process  fl ow diagram 

showing the downstream 

processing steps required to 

produce chlorophyll from 

microalgae       
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the supply of CO 
2
   [  4,   53  ] . The amount of nutrients and certain metals (i.e., iron and 

magnesium) in the cultivation water is also important as it directly affects the growth 

rate and the CO 
2
   fi xation ef fi ciency of microalgal biomass. Research from an out-

door mass culture in New Mexico (US) shows that CO 
2
   fi xation by microalgae 

increases with optimal nutrient level  [  58  ] . Susceptibility of the microalgal species to 

   Table 1    Different technologies available for each process step required for chlorophyll production 

from microalgae   

 Process step  Technologies 

 Cultivation  Raceway ponds 

 Photobioreactors 

 Dewatering  Tangential  fl ow  fi ltration 

 Pressure dewatering 

 Flocculation 

 Agglomeration 

 Centrifugation 

 Ultrasound separation 

 Pre-treatment: cell disruption  Ultrasonication 

 Homogenization 

 French pressing 

 Bead beating 

 Chemical lysis (acids and enzymes) 

 Osmotic shock 

 Pre-treatment: drying  Oven drying 

 Freeze drying 

 Spray drying 

 Pre-treatment: powder size reduction  Milling with speci fi c sieve 

 Chlorophyll extraction  Organic solvent extraction 

 Supercritical  fl uid extraction 

 Fractionation  Paper chromatography 

 Thin layer chromatography (TLC) 

 High pressure liquid chromatography (HPLC) 

   Table 2    Comparison between microalgal cultivation systems  [  56  ]    

 Parameter  Raceway ponds  Tubular photobioreactors 

 Light ef fi ciency  Fairly good  Excellent 

 Temperature control  None  Excellent 

 Gas transfer  Poor  Low–high 

 Oxygen production  Low  High 

 Accumulation  Low  Low–high 

 Hydrodynamic stress on algae  Dif fi cult  Easy 

 Species control  None  Achievable 

 Sterility  Low  High 

 Cost to scale-up  Low  High 

 Volumetric productivity  High  Low 
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contamination by other microorganisms also needs to be considered when selecting 

cultivation systems. For example,  Tetraselmis ,  Skeletonem , and  Isochrysis  are easily 

invaded by other local microorganisms and, as a result, are preferably cultivated in 

a closed photobioreactor system  [  4  ] .  

 There are four different types of open-air systems: shallow big ponds, tanks, 

circular ponds, and raceway ponds  [  4  ] . Even though open-air systems are less com-

plex to construct and cheaper to operate than photobioreactors, they suffer from 

numerous disadvantages, such as slower CO 
2
  diffusion, requirement for a large land 

area, substantial evaporative losses, poor light utilization, and dif fi culty in control-

ling cultivation conditions  [  55  ] . The depth of the open system also needs to be care-

fully calculated. The pond needs to be shallow enough for the penetrating sunlight 

to reach all the microalgal cells yet, at the same time, deep enough for suf fi cient 

mixing of the culture to occur. Maximum culture concentration that can be achieved 

in an open system varies between 0.1 and 0.5 g dried microalgae/L  [  4  ] . 

 Among the open-air systems, the most common design is the raceway pond 

(Fig.  3 )  [  56  ] . The raceway pond is made up of a closed loop recirculation channel 

with a paddle wheel that provides circulation and mixing. Baf fl es are also placed in 

the channel to guide the culture  fl ow. To ensure uniform light penetration, the race-

way pond is only 0.3 m in depth. The ponds are made from concrete or compacted 

earth that can be lined with plastic  [  9  ] . Companies, such as New Zealand’s Aqua fl ow 

Bionomics and the US’ Live Fuels Inc., have been using the raceway ponds to cul-

tivate their microalgae.  

 Since photobioreactors have a “closed” design which allows users to tightly con-

trol cultivation conditions (temperature, degree of mixing, degree of illumination) as 

well as level of sterility, they are able to achieve signi fi cantly higher biomass pro-

ductivity and CO 
2
   fi xation rate for most microalgae than raceway ponds. There are 

  Fig. 3    Raceway pond 

for open-air microalgal 

cultivation, extracted from  [  9  ]        
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four different designs of photobioreactors:  fl at-plate, tubular, bubble-sparged verti-

cal  column, and airlift vertical column. Of these designs, tubular photobioreactors 

are the most popular  [  55  ] . Tubular photobioreactors are composed of an array of 

clear straight tubes made of thin glass or plastic (usually less than 0.1 m in diameter) 

to allow for maximum light penetration. The tubes are arranged either horizontally 

where they are placed parallel to each other  fl at on the ground or vertically where 

they are con fi gured to form fence-like structures. Figure  4  shows the two different 

con fi gurations of tubular photobioreactors  [  9  ] .  

 Apart from the four primary designs, there are other types of photobioreactor 

systems that are currently used. The basics of the systems are the same with some 

modi fi cations to maximize its ef fi ciency. One such example is a 450-ft-long by 

50-ft-wide photobioreactor made up of twin transparent plastic algal waterbeds pat-

ented by a company called A2BE Carbon Capture LLC. Another company, Green 

Shift Corporation based in New York, has produced a pilot-scale photobioreactor 

that is incorporated with an ethanol-producing facility to capture the CO 
2
  emitted 

from power plants  [  33  ] .  

    4.2   Dewatering and Pre-treatment 

 Once the microalgal culture is harvested from its cultivation system, it exists as a 

dilute aqueous suspension (between 0.1 and 1 wt.%) and needs to be concentrated 

for downstream processing. Solid–liquid separation techniques (centrifugation, 

 fi ltration,  fl occulation) are typically used to dewater the culture up to a solid con-

centration of 10 wt.%  [  9  ] . 

 The dewatered microalgal paste then undergoes a pre-treatment step intended to 

enhance the ef fi ciency of subsequent chlorophyll extraction. The pre-treatment can 

be performed in multiple steps or as a single process. As one alternative, the semi-

wet paste is completely dried and the resulting biomass is milled into powder of 

  Fig. 4    Different con fi gurations of tubular photobioreactors, extracted from  [  9  ] . ( a ) Parallel run 

horizontal tubes. ( b ) Fence-like tubular array       
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uniform size. Residual water in the paste needs to be removed as it is known to act 

as a barrier which impedes chlorophyll transfer from the microalgal cells into the 

extracting solvent. As another alternative, the paste can be exposed to disruption meth-

ods which destroy the microalgal cellular structures and force the release of intracel-

lular chlorophylls to the surrounding medium. Exposing microalgal cells to mechanical 

cellular disruption methods (grinding, homogenization, and sonication) prior to sol-

vent extraction has been found to increase  fi nal chlorophyll yield  [  28,   44,   49  ] . Simon 

and Helliwell  [  49  ]  found that, without preliminary disruption, only a quarter of the 

available intracellular chlorophyll  a  can be extracted from microalgal cells.  

    4.3   Chlorophyll Extraction 

    4.3.1   Organic Solvent Extraction 

 Intracellular chlorophyll has traditionally been extracted from microalgal biomass 

using organic solvents  [  49  ] . The extraction process involves the organic solvent 

molecules penetrating through the cell membrane and dissolving the lipids as well 

as the lipoproteins of chloroplast membranes. Parameters which affect the yield of 

chlorophyll extraction by organic solvents include polarity of the organic solvents, 

storage conditions of the microalgal biomass, extraction duration, and number of 

extraction steps  [  44,   47  ] . Since chlorophyll is easily oxidized, extraction yield is 

also affected by the formation of degradation products. Chlorophyll starts degrading 

as soon as their molecules are exposed to excess light, atmospheric oxygen, high 

temperature, and acidic or basic pH condition  [  11  ] . 

 Acetone, methanol, and ethanol are three of the most common solvents used to 

recover chlorophyll from microalgae. Table  3  summarizes key  fi ndings from previ-

ous studies on organic solvent extraction of microalgal chlorophyll. Jeffrey et al. 

 [  24  ] , Simon and Helliwell  [  49  ] , Sartory and Grobbelaar  [  44  ]  found methanol and 

ethanol to be more ef fi cient at extracting chlorophyll from microalgal biomass than 

acetone. Simon and Helliwell  [  49  ]  conducted their sonication-assisted chlorophyll 

extractions in an ice bath and in the dark to prevent the formation of degradation 

products. They found that, with sonication, methanol recovered three times more 

chlorophyll than 90% acetone. Despite these  fi ndings, acetone remains the select 

primary solvent for chlorophyll extractions due to its known propensity to inhibit 

any chlorophyll degradation.  

 Macias-Sanchez et al.  [  28  ]  recently used dimethyl formamide (DMF) to extract 

chlorophyll from microalgae and revealed the superiority of this solvent compared 

to the more traditional organic solvents, such as methanol, ethanol, and acetone. 

Extraction using DMF did not require prior cellular disruption as pigments were 

completely extracted after a few steps of soaking. Additionally, the chlorophyll 

remained stable for up to 20 days when stored in the dark at 5°C  [  32,   47  ] . The high 

toxicity associated with DMF, however, substantially decreased its appeal as an 

extraction solvent. 
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 Storage of the dried microalgal biomass at low temperatures (−18 or −20°C) was 

found to assist cell disruption and to promote chlorophyll extraction. In a study by 

Schumann et al.  [  47  ] , freezing the biomass in liquid nitrogen followed by lyophili-

sation and then storage at −18°C was found to be the optimal storage procedure. 

 Sartory and Grobbelaar  [  44  ]  found the ef fi ciency of chlorophyll extraction from 

fresh water microalgae to be optimal when the extraction was carried out at the 

solvent’s boiling point. It was shown that boiling the biomass for 3–5 min in metha-

nol or acetone prior to 24-h extraction led to the complete recovery of chlorophyll  a  

without the formation of any degradation products. 

 Such  fi ndings are contradictory to the general assumption that chlorophyll 

degraded upon slight temperature elevation. 

 The amount of chlorophyll extracted from a particular microalgal species was 

found to be highly dependent on its growth stage. Microalgae extracted in the sta-

tionary growth phase were shown to have signi fi cantly higher amount of chloro-

phyll  a  compared to the same species in the logarithmic phase  [  47  ] .  

    4.3.2   Supercritical Fluid Extraction 

 Supercritical  fl uid extraction (SFE) represents an environmentally friendly alterna-

tive to organic solvent extraction. Even though it was  fi rst introduced in 1879 by 

Hannay and Hogarth, the extraction method did not gain much scienti fi c attention 

until around 1960  [  18,   39  ] . In addition to avoiding the use of toxic solvent, SFE has 

many apparent advantages over organic solvent extraction. It produces extracts of 

higher purity, requires less processing steps and can be operated at moderate tem-

peratures to minimize extract degradation  [  39,   42  ] . Supercritical  fl uid generally has 

a high solvent power for non-polar components and a low af fi nity towards analytes 

with high molecular weights. The supercritical state is achieved when a substance is 

exposed to conditions exceeding its critical temperature ( T  
c
 ) and pressure ( P  

c
 ). In 

this state, the substance has a liquid-like density with a gas-like viscosity  [  6  ] . 

 CO 
2
  is the most commonly used  fl uid for SFE as it is cheap, non- fl ammable, 

inert, and readily available. Figure  5  shows the phase diagram for CO 
2
  with its 

supercritical region. The critical temperature and pressure of CO 
2
  are 304.1 K and 

7.38 MPa respectively. Supercritical carbon dioxide (SCCO 
2
 ) is often used in the 

extraction of thermolabile compounds as its low  T  
c
  enables complete extraction to 

occur without the application of excessive heating which may degrade analytes  [  29,   35  ] . 

SCCO 
2
  is a highly effective extractant due to its high diffusivity and its easily 

manipulated solvent strength. The solvent power of SCCO 
2
  towards a polar analyte 

can be improved by adding a polar modi fi er. The addition of methanol or water to 

SCCO 
2
  allowed for successful extraction of polar compounds  [  35  ] , while ethanol 

addition was found to increase the yield of lipids from  Arthrospira maxima   [  36  ] . 

SCCO 
2
  extraction has been applied in many  fi elds including food industry, environ-

mental science, and pharmaceuticals.  

 SFE can be classi fi ed as either an analytical or a preparative system. In the ana-

lytical system, SFE apparatus is directly combined with a chromatographic device. 
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Even though this system enables rapid analytes examination, it cannot be used as a 

production system as any extracted analytes are immediately consumed during the 

chromatographic analysis. On the other hand, the preparative system has been used 

to produce pilot-scale quantities of various analytes from microorganisms, including 

chlorophyll from microalgae. Figure  6  shows a pilot-scale preparative SFE system. 

It consists of a solvent (in this case CO 
2
 ) pump, a modi fi er pump, an extraction cell, 

valves, and two fractionation cells  [  17  ] . Detailed description of the SFE working 

  Fig. 5     P – T  phase diagram for carbon dioxide  [  35  ]        

  Fig. 6    Schematic diagram of supercritical  fl uid extraction (SFE) system, extracted from  [  17  ] . 

(1) CO 
2
  pump, (2) modi fi er pump, (3) extraction cell, (4) fractionation cell I, (5) fractionation cell 

II, (6) valve       
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mechanism can be found elsewhere  [  17  ] . The microalgal biomass is placed in the 

extraction cell, while the supercritical  fl uid is depressurized in the fractionation cells 

equipped with temperature and pressure controllers. Upon depressurization, the 

supercritical  fl uid evaporates to the ambient as a gas, forcing analytes to precipitate 

in the fractionation cells. The dual-fractionation arrangement allows different ana-

lytes to be precipitated in each cell based on their differential solubilities in the 

evaporating supercritical  fl uid.  

 The use SCCO 
2
  process to extract chlorophyll  a  from microalgal species has 

been reported  [  30  ] . Optimum extraction conditions were found to be 60°C and 

400 bar for  N. gaditana  and 60°C and 500 bar for  Synechococcus  sp. Chlorophyll  a  

yields for the two microalgae at these optimum conditions were, respectively, 2.24 

and 0.72  m g chlorophyll/mg dry weight microalgae. Even though these yields were 

not comparable to those of traditional methanol extraction (18.5  m g chlorophyll/mg 

dry weight microalgae for  N. gaditana  and 4.10  m g chlorophyll/mg dry weight 

microalgae for  Synechococcus  sp.), SCCO 
2
  extraction was found to be more selec-

tive and the extracted chlorophyll  a  appeared to contain less impurities. An exten-

sive evaluation comparing the two extraction systems for isolating microalgal 

chlorophyll is, unfortunately, not yet possible due to limited knowledge on the 

supercritical process. The commercial feasibility of using SCCO 
2
  process to extract 

chlorophyll from microalgae is also a subject of further research.   

    4.4   Chlorophyll Fractionation and Puri fi cation 

on Chromatographic Adsorbents 

 Once recovered from microalgal biomass, the extracted chlorophyll mixture will 

have to be fractionated in order to separate out the different chlorophyll types and to 

remove unwanted components (neutral lipids, polar lipids, other pigments) that 

have been inevitably co-extracted. Chromatographic techniques are traditionally 

used to fractionate chlorophyll mixtures. The three types of chromatography that 

have been widely used are paper chromatography, thin layer chromatography (TLC), 

and high pressure liquid chromatography (HPLC)  [  1,   23,   31,   43  ] . 

 Paper chromatography was used extensively during the early development of 

chromatographic techniques (1950s and 1960s). The method was able not only to 

separate chlorophyll into its fractions ( a ,  b , and  c ) but also to effectively fractionate 

other pigments, such as pheophytins and carotenes  [  22  ] . However, the inception of 

TLC has resulted in the decline of paper chromatography usage. This later tech-

nique was preferred due to the ease in recovering pigment fractions from its adsor-

bent  [  31,   41  ] . Additionally, TLC requires less sample, is less laborious, and produces 

chromatograms with sharper resolutions  [  27,   41  ] . Organic adsorbents, such as 

sucrose and cellulose, were found to be the most effective stationary phases for use 

in two dimensional TLC. Even though the use of silica gel as a stationary phase was 
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effective in separating all plant pigments (except for some minor components), it 

was found to promote the formation of chlorophyll degradation products. 

 HPLC is superior to TLC because it requires even less sample for analysis, is 

faster and can be easily coupled with an automatic detection system  [  48,   57  ] . In 

addition to these, HPLC is more precise and has a higher degree of sensitivity. 

Reverse phase HPLC is preferred to normal phase as the latter does not separate 

polar compounds effectively. An additional drawback to normal phase HPLC is its 

lack of compatibility with aqueous samples. Several HPLC con fi gurations have 

been employed, each being able to separate pigments to variable extent and differ-

ent resolution  [  24  ] . There are different types of detectors that may be used to mea-

sure the concentrations of separated pigments as they exit the chromatographic 

column. The most commonly used detectors rely on  fl uorescence and absorbance 

analyses. Jeffrey et al.  [  24  ]  found  fl uorescence detection to be more sensitive and 

more selective than absorbance detection especially when used to analyze chloro-

phylls amongst carotenoids. Table  4  summarizes previous studies on chromato-

graphic fractionation of phytoplankton pigments. It is noted that the use of 

chromatographic techniques to purify recovered chlorophylls, albeit very effective 

on a laboratory scale, is not commercially applicable due to the high installation and 

operating costs associated with the techniques. Investigating a cost-viable, energy-

ef fi cient puri fi cation technology that can be retro fi tted to industrial-scale chloro-

phyll production is a current research endeavour.    

    5   Case Study: Chlorophyll Extraction from  Tetraselmis suecica  

 The work described here was carried out in the Department of Chemical Engineering, 

Monash University, in 2010 and has not been published elsewhere. The study 

describes the kinetics of chlorophyll extraction from  T. suecica  using acetone or 

methanol as an extractant. The three parameters investigated in order to optimize 

the extraction process were storage temperature of the biomass prior to chlorophyll 

extraction, level of intracellular water in the biomass during chlorophyll extraction, 

and average temperature during chlorophyll extraction. 

    5.1   Materials and Methods 

    5.1.1   Chemicals and Reagents 

 Chlorophyll  a  and chlorophyll  b  standards were purchased from Sigma-Aldrich Pty. 

Ltd (Australia). Organic solvents (100% acetone and 100% methanol) were analyti-

cal grade.  
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    5.1.2   Strain and Cultivation 

  T. suecica  was cultivated in outdoor bag bioreactors using a modi fi ed F medium 

 [  16  ] . Each bioreactor contained up to120 L of culture and was aerated with com-

pressed air. Temperature and illumination depended on day-to-day weather condi-

tions. Microalgal cultures from multiple bioreactors were harvested at the same 

time (with a concentration of ~0.5 g/L), concentrated via industrial centrifugation, 

and then mixed together to create a homogeneous culture from which all the bio-

mass needed for the study was obtained.  

    5.1.3   Dewatering 

 The homogeneous culture was further dewatered in a laboratory centrifuge (Heraeus 

Multifuge 3S-R, Kendro, Germany) at 4,500 rpm for 10 min. The supernatant was 

discarded and the resulting microalgal paste was rinsed with deionised water to 

remove residual salts. The paste was then stored in the dark at either 4 or −20°C 

until further use.  

    5.1.4   Extraction Pre-treatment 

 In experiments where extraction was carried out on dried microalgae, microalgal 

paste (stored at either 4 or −20°C) was dried at 65°C in an oven (Model UNE 500 

PA, Memmert GmbH + Co., Germany) for 16 h. A pestle and mortar was used to 

grind the dried biomass into powder. In experiments where extraction was carried 

out on the wet paste, the microalgal paste obtained from centrifugation (stored at 

4°C) was used directly. The solid concentration of the paste (22.4 wt.%) was deter-

mined by drying a portion of the paste and comparing its pre-dried mass to that of 

the corresponding dried biomass.  

    5.1.5   Chlorophyll Extraction 

 For acetone extraction, 100 mL of 100% acetone was added to either 1 g of microal-

gal powder or 4.47 g of microalgal paste (equivalent to 1 g of microalgal powder). 

For methanol extraction, 100 mL of 100% methanol was added to 1 g of microalgal 

powder. The conical  fl ask where solvent extraction was carried out was wrapped in 

aluminium foil to avoid photo-degradation of the chlorophyll molecules and sealed 

with a stopper to prevent solvent from evaporating. The extraction mixture was 

agitated moderately on a hot plate magnetic stirrer for 8 h. 

 Acetone extraction was conducted at three separate temperatures, 10, 20 (ambi-

ent), and 40°C, while methanol extraction occurred only at ambient. For 10°C extrac-

tion, the conical  fl ask was immersed in a beaker  fi lled with ice and the entire setup 

was placed on a stirrer. The temperature inside the  fl ask was monitored every hour 

and an appropriate amount of ice was added or removed in order to sustain the desired 
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temperature. The 40°C experiment was conducted by adjusting the heating element 

of the hot plate magnetic stirrer every hour to sustain the desired temperature. 

 For each extraction, a small amount of the solvent (0.5 mL) was sampled every 

hour with a pipette to enable chlorophyll quanti fi cation. The acetone extract sample 

was diluted 24× with a mixture of 90 vol.% acetone and 10 vol.% water to ensure 

that its spectrophotometric absorbance reading was within the linear range of the 

90% acetone chlorophyll (both  a  and  b ) calibration curves. Similarly, the methanol 

extract sample was diluted 24 times with a mixture of 90 vol.% methanol and 

10 vol.% water. The introduction of water to the extract was intended to prevent 

potential pigment degradation. Each extraction was repeated in triplicates.  

    5.1.6   Spectrophotometric Determination 

 Chlorophyll content ( a  and  b ) was determined spectrophotometrically at the maxi-

mum absorption wavelengths for each chlorophyll. DR 5000 UV–vis spectropho-

tometer from Hach, USA, was used for all analyses. The wavelength maxima,  A  
max

 , 

for chlorophyll  a  and chlorophyll  b  are, respectively, 664 and 647 nm in 90% ace-

tone and 665 and 652 nm in 90% methanol. One milligram of either chlorophyll  a  

or chlorophyll  b  standard was dissolved in either a mixture of acetone (45 mL) and 

water (5 mL) or a mixture of methanol (45 mL) and water (5 mL) to form stock 

solutions. All of the stock solutions were then diluted with their respective solvent 

mixtures (either 90% acetone or 90% methanol) to form standard solutions with  fi ve 

different concentrations (0.004, 0.008, 0.0012, 0.0016, and 0.02 mg/mL). Calibration 

curves of each chlorophyll type in a particular solvent mixture were created by plot-

ting the absorbance of its standard solutions (at the maxima of both chlorophyll  a  

and chlorophyll  b ) against concentration. In accordance to Lambert–Beer law, 

speci fi c absorbance coef fi cient,   a   (in mL/mg/cm), is the gradient of the linear por-

tion of the calibration curve  [  26  ] . Table  5  summarizes the wavelength maximas, 

   Table 5    Wavelength maximas,  A  
max

 , and speci fi c absorbance coef fi cents,   a  , of 

chlorophyll  a  and chlorophyll  b  in different solvent mixtures   

 90% Acetone  90% Methanol 

 10% Water  10% Water 

  A  
max

  ( a ) (nm)  664  665 

  A  
max

  ( b ) (nm)  647  652 

   a   
( a ) max  a 

  (mL/mg/cm)  109.18  60.64 

   a   
( a ) max  b 

  (mL/mg/cm)  30.11  27.40 

   a   
( b ) max  a 

  (mL/mg/cm)  12.87  38.39 

   a   
( b ) max  b 

  (mL/mg/cm)  70.78  67.90 

    a   
( a ) max  a 

  is the speci fi c abosorbance coef fi cient of chlorophyll  a  at the maxima of 

chlorophyll  a ;   a   
( a ) max  b 

  is the speci fi c absorbance coef fi cient of chlorophyll  a  at 

the maxima of chlorophyll  b ;   a   
( b ) max  a 

  is the speci fi c abosorbance coef fi cient of 

chlorophyll  b  at the maxima of chlorophyll  a ;   a   
( b ) max  b 

  is the speci fi c absorbance 

coef fi cient of chlorophyll  b  at the maxima of chlorophyll  b   
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 A  
max

 , and the speci fi c absorbance coef fi cents,   a  , of chlorophyll  a  and chlorophyll  b  

in 90% acetone and 90% methanol. Concentrations of chlorophyll  a  and chlorophyll 

 b  in a pigment extract containing both chlorophylls can be simultaneously deter-

mined using an extension of Lambert–Beer law which takes into account the contri-

bution of chlorophyll  b  absorbance to the absorbance of chlorophyll  a  at chlorophyll 

 a  maxima and vice versa. Principles of this extended theorem and the derivation of 

its formulae can viewed elsewhere  [  26  ] . Based on the   a   values obtained in Table  5 , 

concentration of chlorophyll  a ,  C  
 a 
  (mg/mL), and concentration of chlrorophyll  b ,  C  

 b 
  

(mg/mL), in the diluted extract sample are calculated as follows:  

 For extracts in 90% acetone and 10% water,

     
= −

664 647
0.00964A 0.00175A

a
C

 
  (1)  

     
= −

647 664
0.01487A 0.00410A

b
C

 
  (2)  

where A 
664

  and A 
647

  are the absorbances of the diluted extract sample at 664 and 

647 nm respectively. 

 For extracts in 90% methanol and 10% water,

     
= −

a 665 652
0.02215A 0.01252AC

 
  (3)  

     
= −

b 652 665
0.01978A 0.00894AC

 
  (4)   

 Where A 
665

  and A 
652

  are the absorbances of the diluted extract sample at 665 and 

652 nm respectively. 

 The concentrations of chlorophyll in the original extract sample were obtained 

by multiplying the concentrations of chlorophyll in the diluted extract sample with 

a dilution factor of 24. Chlorophyll  a  yield (g chlorophyll  a /g dried microalgae) was 

the product of concentration of chlorophyll  a  in the original extract sample and 

volume of acetone or methanol used in extraction (100 mL). Chlorophyll  b  yield 

was calculated in a similar manner, while chlorophyll yield was the sum of chloro-

phyll  a  and chlorophyll  b  yields.   

    5.2   Results and Discussions 

 Figure  7  illustrates typical extraction curves obtained in all experiments using either 

acetone or methanol as an extracting solvent. Even though the speci fi c chlorophyll 

yields were different between the various extractions, the trends in which the yield 

evolved throughout experimental duration were similar from one extraction to 

another. From the two curves presented, it can be observed that chlorophyll yield 

increased most rapidly in the beginning and that the rate of extraction decreased 

with experimental time. For extraction using methanol, the majority of extraction 

(more than 80%) was achieved within the  fi rst 2 h and extending the extraction time 
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beyond this point hardly affected the  fi nal chlorophyll yield. This asymptotic behav-

iour advocates for the diffusion-driven nature of chlorophyll extraction, where 

extraction rate is directly proportional to the amount of unextracted intracellular 

chlorophyll  [  37  ] .  

 Table  6  shows the  fi nal chlorophyll yields for the various extractions in the study. 

The  fi nal chlorophyll yields (between 0.020 and 0.045 g/g microalgae) are slightly 

higher than the typical amount expected from the species (~0.020 g/g dried microal-

gae)  [  53  ] . It is noted that chlorophyll contents of a particular microalgal species are 

highly dependent on the culture conditions adopted and are not always comparable 

from one study to another. The highest chlorophyll yield (0.045 g/g dried microal-

gae) in the study was obtained when extraction was performed using acetone at 

ambient temperature directly on wet microalgal paste that had previously been 

stored at 4°C (exp no. 3).  

 The ratio of chlorophyll  a  : chlorophyll  b  in the extract remained similar for most 

extractions (between 2.0 and 2.5) with the exception of experiment no. 3 where 

extraction was performed directly from wet paste (ratio of chlorophyll  a : b  = 1.3). 

All of the chlorophyll ratios reported in Table  6  fall within the normal range of 

green algae (between 0.64 and 5)  [  53  ]  and verify chlorophyll  a  as the principal 

chlorophyll in this microalgal biomass. The decrease in chlorophyll ratio during wet 

extraction can be explained by the difference in polarity between chlorophyll  a  and 

chlorophyll  b . The presence of a formyl group (−CHO) instead of a methyl group 

(−CH 
3
 ) in ring II position of its cyclic molecule makes chlorophyll  b  slightly more 

polar than chlorophyll  a . During extraction from wet paste, the water molecules in 

the paste dissolved in the acetone and increased the solvent’s polarity. As such, the 
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  Fig. 7    Effect of extracting solvent on chlorophyll yield.  Filled square  experiment no. 4, extracting 

solvent: methanol, storage temperature of the biomass prior to the extraction: 4°C, biomass condi-

tion during the extraction: powder, extraction temperature: ambient.  Filled triangle  experiment no. 

2, extracting solvent: acetone, storage temperature of the biomass prior to the extraction: 4°C, 

biomass condition during the extraction: powder, extraction temperature: ambient       
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solvent was able to interact more favourably towards chlorophyll  b , resulting in its 

increased co-extraction and the decreased chlorophyll ratio. 

 A decrease in the storage temperature of microalgal paste prior to chlorophyll 

extraction (exp no. 2 compared to exp no. 1) was observed to increase  fi nal chloro-

phyll extraction yields (both  a  and  b ). The combination of freezing and thawing 

actions which occurred only when paste was stored at −20°C was expected to rup-

ture a portion of the microalgal cell membranes. The partial cell disruption would 

then liberate intracellular chlorophyll molecules directly into the extracting solvent, 

thereby enabling more rapid solvent-analyte interaction and producing the increased 

 fi nal chlorophyll yield. 

 Acetone extraction from wet microalgal paste produced more than twice the  fi nal 

chlorophyll yield of the same extraction from dried microalgal powder (exp no. 3 

compared to exp no. 2). Several potential reasons can be attributed to this signi fi cant 

yield discrepancy. The prior exposure of the powder to thermal drying (65°C for 

16 h) oxidized some the more susceptible chlorophyll molecules and depleted the 

biomass of chlorophyll contents. On the other hand, the presence of water in the 

paste allowed the biomass to form a homogeneous mixture with the extracting sol-

vent and increased chlorophyll extraction through enhanced solvent-analyte interac-

tion. As previously discussed, the water in the paste also acted as a co-solvent and 

increased the selective extraction of chlorophyll  b . 

 Figure  7  shows extraction with methanol to be signi fi cantly more ef fi cient than 

extraction with acetone. Methanol extraction (exp no. 4) produced almost twice the 

chlorophyll yield of an equivalent acetone extraction (exp no. 2). Despite a similar 

 fi nding from previous studies  [  24,   49  ] , acetone is still the preferred solvent for 

majority of chlorophyll extraction works due to its known propensity to reduce the 

co-extraction of chlorophyllase enzyme responsible for chlorophyll degradation 

 [  11,   24  ] . The continuous decrease in chlorophyll yield of methanol extraction after 

4 h of operating time (Fig.  7 ) indicates the onset of chlorophyll degradation in that 

solvent. In the future, the co-extracted chlorophyllase enzyme should be inactivated 

by spiking the methanol with a small quantity of metal carbonate (sodium, calcium, 

and magnesium) throughout the extraction  [  11  ] . 

 From experiment 5, 2, and 6, chlorophyll yield is observed to increase with 

extraction temperature. Operating the extraction at 40°C rather than at ambient tem-

perature (approximately 20°C) increased chlorophyll yield by more than 100%. 

Increasing the temperature of chlorophyll extraction results in two simultaneous 

competing effects. Rapid thermal degradation depletes the overall chlorophyll con-

tent of the biomass and can potentially reduce extraction yield, while the increase of 

chlorophyll solubility in the extracting solvent enhances mass transfer and can 

potentially improve extraction yield. In our case, the temperature rise seemed to 

lead to an increase in chlorophyll solubility that more than offset the decrease in 

chlorophyll content due to thermal degradation and resulted in a higher  fi nal chlo-

rophyll yield. A previous study by Sartory and Grobbelaar  [  44  ]  found that chloro-

phyll extraction from microalgal biomass reached its optimum ef fi ciency when the 

extraction was carried out at an elevated temperature near the boiling point of the 

extracting solvent.       
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  Abstract   At present, functional foods are seen as a good alternative to maintain or 
even improve human health, mainly for the well-known correlation between diet 
and health. This fact has brought about a great interest for seeking new bioactive 
products of natural origin to be used as functional ingredients, being, nowadays, one 
of the main areas of research in Food Science and Technology. Among the different 
sources that can be used to extract bioactives, algae have become one of the most 
promising. Algae have an enormous biodiversity and can be seen as natural factories 
for producing bioactive compounds since either by growing techniques or by genetic 
engineering approaches, they can improve their natural content of certain valuable 
compounds. In this book chapter, a revision about the different types of bioactives 
that have been described in algae is presented including compounds, such as lipids, 
carotenoids, proteins, phenolics, vitamins, polysaccharides, etc. Also, the modern 
green techniques used to achieve the selective extraction of such bioactives are 
presented and the methods for fast screening of bioactivity described.      

    1   Bioactive Compounds and Functional Foods 

 The important economic, cultural, and scienti fi c development of our society has 
strongly contributed to changes in life-style and food habits. For instance, highly 
caloric and unbalanced diets are commonly consumed in developing countries; this 
fact, together with a decrease in physical activity has raised the incidence of cardio-
vascular diseases, diabetes, obesity, etc.  [  41  ] . If we also consider the increasing life 
expectancies, it is easy to realize that different solutions should be found to reduce 
the expected health costs in a near future. 
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 One of the possible solutions are the so called functional foods. The concept of 
functional food as a mean to protect consumer’s health was developed at the begin-
ning of the 1980s in Japan, based on several scienti fi c studies demonstrating the 
correlation between diet and a lower incidence of chronic diseases  [  3  ] . In 1993, the 
Ministry of Health and Welfare established a policy for “Foods for Speci fi ed Health 
Uses” (FOSHU) by which health claims of some selected functional foods were 
legally permitted and regulated  [  4  ] . In Europe, in the second half of the 1990s, a 
working group coordinated by the European Section of the International Life 
Science Institute (ILSI) and supported by the European Commission, was created to 
promote the action FUFOSE (Functional Food Science in Europe, IV Framework 
Program) to encourage the scienti fi c study on functional foods. A de fi nition of func-
tional food as “the food that besides its nutritious effects, has a demonstrated bene fi t 
for one or more functions of the human organism, improving the state of health or 
well-being or reducing the risk of disease”  [  26  ]  was established. In this de fi nition, 
it is necessary to emphasize some new aspects: (a) the functional effect is different 
from the nutritious one; (b) the functional effect must be demonstrated satisfacto-
rily; and (c) the bene fi t can consist in an improvement of a physiological function 
or in a reduction of risk of developing a pathological process. Besides, the func-
tional foods need to be effective at the normal consumed doses and should have a 
presentation typical of a food product. At present, functional foods are regulated in 
the European Union by the guideline approved in December 2006 (Regulation (CE) 
1924/2006 of the European Parliament and of the Council, December 20, 2006: 
nutrition and health claims made on foods). In this directive, the nutritional allega-
tions and/or healthy properties of the new products are regulated, including their 
presentation, labeling, and promotion. 

 Considering this background, it is easy to understand the interest that functional 
foods have raised not only for consumers, but also for the food industry. Thus, we 
can consider that a new, enormous market for the food industry has been opened; as 
Sloan in 1999 already suggested: “foods for the not-so-healthy”  [  180  ] . 

 But, how it is possible to convert a traditional food into a functional food? Again, 
there is not a single answer since many approaches can be used in order to improve 
the bene fi cial action of a certain food, ranging from more or less sophisticated bio-
technological processes to several other processes to remove or increase the content 
of a speci fi c compound. Many times, a functional food is obtained through the addi-
tion of a component or a series of ingredients that either are not present in the analo-
gous conventional food or are present at lower concentrations. These ingredients are 
called functional ingredients and are mainly micronutrients, such as  w 3 fatty acids, 
linoleic acids, phytosterols, soluble  fi ber (inulin and fructooligosaccharides, called 
prebiotics), probiotics (microorganisms able to improve the activity in the intestinal 
tract and the immune system), carotenoids, polyphenols, vitamins, etc., able to exert 
a speci fi c healthy action into the organism  [  45,   179  ] . 

 Algae can be found in nearly any aquatic and terrestrial habitat, showing a huge 
biodiversity and various morphologies ranging from phytoplankton species to large 
kelp  [  129  ] . Algae are photosynthetic organisms that possess reproductive simple 
structures; the number of algal species remains unknown although has been estimated 
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at between one and ten million  [  112  ]  and, as mentioned, can exist from unicellular 
microscopic organisms (microalgae) to multicellular of great size (macroalgae). For 
instance, microalgae use light energy and carbon dioxide with higher photosyn-
thetic ef fi ciency than plants for the production of biomass  [  7,   113  ]  and have been 
suggested as a source of biofuel production, to purify wastewater  [  123,   134  ] , to 
extract high added value foods and pharmaceutical products, or as food for aquacul-
ture  [  182  ] . 

 In fact, algae are organisms that live in complex habitats sometimes submitted to 
extreme conditions (changes of salinity, temperature, nutrients, UV–Vis irradia-
tion), thus, they have to adapt rapidly to the new environmental conditions to sur-
vive, producing a great variety of secondary (biologically active) metabolites, which 
cannot be found in other organisms  [  18  ] . Moreover, most of them are easy to culti-
vate, they grow rapidly (for many of the species) and there exists the possibility of 
controlling the production of some bioactive compounds either by manipulating the 
cultivation conditions or by using more sophisticated genetic engineering approaches. 
Therefore, algae and microalgae can be considered as genuine natural reactors 
being, in some cases, a good alternative to chemical synthesis for certain com-
pounds. Therefore, considering the enormous biodiversity of algae and the recent 
developments in genetic engineering, investigations related to the search of new 
biologically active compounds from algae can be seen as an almost unlimited  fi eld, 
being this group of organisms one of the most promising sources for new products. 
In this sense, previous reports have suggested both, micro- and macroalgae as a very 
interesting natural source of new compounds with biological activity that could be 
used as functional ingredients  [  141,   142  ] . 

 Moreover, another important aspect to be considered is the development of 
appropriate, fast, cost-effective, and environmental-friendly extraction procedures 
able to isolate the compounds of interest from these natural sources. In this chapter, 
green extraction techniques, such as supercritical  fl uid extraction (SFE) and pres-
surized liquid extraction (PLE) together with ultrasound-assisted extraction (UAE) 
and microwave-assisted extraction (MAE) are presented, and applications to algae 
bioactive’s extraction are discussed. A revision about the different types of bioac-
tives that have been described in algae is presented, including compounds such as 
lipids, carotenoids, proteins, phenolics, vitamins, polysaccharides, etc. In this chap-
ter, a short description of methods for fast screening of bioactivity (mainly antioxi-
dant activity) is included, considering chemical and biological methods. Finally, 
future research trends and research needs for the attainment of bioactives from algae 
are critically commented.  

    2   Green Extraction Techniques for Bioactive Compounds 

 Today, there is a wide range of classical or conventional extraction techniques that 
have been traditionally employed for the extraction of interesting compounds from 
natural matrices, such as algae. In this group, techniques such as Soxhlet, liquid–liquid 
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extraction (LLE), solid–liquid extraction (SLE), and other techniques based on the 
use of organic solvents are included. Although these techniques are routinely used, 
they have several well-known drawbacks; they are time consuming, laborious, they 
lack of automation and therefore are more prone to present low reproducibility, have 
low selectivity and/or provide low extraction yields. These shortcomings can be 
partially or completely overcome by using the newly developed advanced extraction 
techniques. This new kind of extraction techniques are characterized by being faster, 
more selective towards the compounds to be extracted, and also very important 
nowadays, these techniques are more environmentally friendly. In fact, by using the 
considered advanced extraction techniques, the use of toxic solvents is highly lim-
ited. In the next sections, the most important advanced extraction techniques that 
have been employed to extract bioactive compounds from algae are brie fl y described 
and commented. 

    2.1   Supercritical Fluid Extraction 

 SFE is based on the use of solvents at temperatures and pressures above their critical 
points. This technique has been already employed to extract a wide variety of 
interesting compounds from very different food-related materials  [  108  ] , and algae 
are no exception  [  54  ] . One of the most valuable characteristics of SFE is the 
highly reduced (often to zero) employment of toxic organic solvents. In this sense, 
carbon dioxide is the most used supercritical solvent employed to extract bioac-
tives from natural samples. In fact, CO 

2
  has a series of interesting properties for 

bioactives extraction; is cheap, its critical conditions are easily attainable (30.9°C 
and 73.8 bar), is an environmentally friendly solvent that, besides, is considered 
generally recognized as safe (GRAS) for its use in the food industry. When submit-
ted to supercritical conditions, CO 

2
  presents a high diffusivity whereas its solvent 

strength and density can be highly modi fi ed by tuning the temperature and pres-
sure applied. Another important characteristic of this technique, when using 
supercritical CO 

2
 , is the possibility of attaining solvent-free extracts. Once the 

extraction procedure is  fi nished, the depressurization of the system allows 
the gasi fi cation of the CO 

2
 , remaining in the collector the compounds that were 

extracted from the matrix and solubilized in the CO 
2
  at high pressures. These 

properties are responsible for the great use of supercritical CO 
2
  for extraction of 

bioactive compounds. 
 Nevertheless, in spite of the potential of this technique, its usefulness will be 

related to the type of compounds to be extracted from the algae. Considering the 
low polarity of supercritical CO 

2
 , SFE will be more suitable for the extraction of 

compounds with low polarity. In this regard, SFE using CO 
2
  has proven useful for 

the extraction of fatty acids  [  159  ] , carotenoids from  Dunaliella salina   [  66  ]  and other 
microalgae  [  97  ] , pigments from  Chlorella vulgaris   [  82  ] , or even interesting volatile 
compounds from the brown alga  Dictyopteris membranacea   [  31  ] , among other 
interesting applications. Supercritical CO 

2
  has also the advantage of obtaining a 
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quite “clean” extract when compared to other conventional extraction techniques. 
In fact, the selectivity obtained through the use of supercritical CO 

2
  will also allow 

the attainment of more puri fi ed extracts reducing to a great extent the amount of 
interfering compounds extracted from the complex algae matrix. However, if the 
extraction of more polar compounds is aimed, other strategies have to be devised. 
The main alternative in this case is the use of a given percentage of a modi fi er 
together with the supercritical  fl uid. This modi fi er (entrainer or cosolvent) typically 
is a polar organic solvent. When added to the supercritical  fl uid, this modi fi er will 
produce a change on the properties of the extracting mixture, allowing the collection 
of more polar compounds, increasing the polarity of the solvent used for the extrac-
tion and also the range of applications for SFE. 

 Several parameters are involved in the extraction of bioactives from algae by 
SFE. Among them, it is necessary to precisely control the effect of the extraction 
temperature, pressure, addition and, in that case, proportion and type of modi fi er, 
amount of sample to be extracted as well as its particle size and use of dispersing 
agents. The  fi rst parameters are more related to the solubility of the interesting 
compounds in the supercritical  fl uid, since changes on the extraction temperature 
and pressure will have a strong in fl uence on the solvent properties, such as density. 
The type and proportion of modi fi er are also key factors in determining the solubil-
ity of the compound of interest in the supercritical  fl uid; in this sense, the most 
commonly employed organic solvent to extract bioactives from algae is ethanol in 
a range of 5–10%  [  127,   136  ] . Other modi fi ers, such as methanol  [  85  ]  or acetone 
 [  82  ] , have been also employed in some SFE algae applications, although the latter 
was shown to be less effective for pigments extraction from algae than ethanol 
 [  82  ] . Vegetable oils, notably olive oil, also demonstrated to be effective when 
added to supercritical CO 

2
  as modi fi ers or cosolvents in a proportion of 10%, for 

the extraction of the carotenoid astaxanthin from  Haematococcus pluvialis   [  88  ] . In 
fact, in this application, the addition of 10% olive oil provided comparable results 
to those obtained using ethanol as cosolvent  [  88  ] . In contrast, the rest of parameters 
are more related to the ef fi ciency of the extraction procedure. It is well known that 
the in fl uence of the physical state of the sample on the outcome of the extraction, 
as well as its particle size. The crushing degree was a very signi fi cant factor in the 
extraction of carotenoids from  H. pluvialis  microalga  [  127  ] . It was demonstrated 
how an increase in the crushing procedure produced an enhancement in the carote-
noid extraction yield. This effect could respond to an increase of the mass transfer 
rates as a consequence of the lower particle size as well as to the increase of caro-
tenoids in the medium as a result of the disruption of cells in the heavier crushing 
procedure  [  127  ] . 

 Although supercritical solvents have a diffusivity in the matrix higher than liq-
uids, a decrease in the sample particle size generally produces an increase in the 
extraction yield obtained, mainly due to the increment in the contact surface between 
sample and solvent, thus increasing the mass transfer. Nevertheless, in some appli-
cations the use of dispersing agents (e.g., diatomaceous earth) as well as the employ-
ment of Hydromatrix in order to absorb the liquid portion from the sample can be 
useful.  
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    2.2   Pressurized Liquid Extraction 

 PLE is another technique that, nowadays, is regarded as an advanced extraction 
technique, due to the advantages that presents over other traditional extraction 
mechanism. PLE is based on the use of high temperatures and pressures so that the 
solvent is maintained in the liquid state during the whole extraction procedure. As 
a result of the application of these particular conditions, faster extraction processes 
are obtained in which generally the extraction yield is signi fi cantly higher than that 
obtained using traditional extraction techniques, besides, using lower amounts of 
organic solvents. Moreover, most of the instruments used for PLE are automated, 
allowing the development of less labor intensive methods and improving 
reproducibility. 

 The principles governing this kind of extraction and providing the above men-
tioned characteristics are: (a) the mass transfer rate is improved as a result of the 
increment on the solubility of the compounds as a consequence of the increase of 
the extraction temperature; (b) under the PLE experimental conditions, the sur-
face tension of the solvent is reduced, allowing a better penetration of the solvent 
into the sample matrix, increasing likewise the mass transfer; (c) the effect of the 
pressure theoretically could help to matrix disruption, increasing again the mass 
transfer rate. 

 Method development in PLE is by far easier than in SFE, since less parameters 
in fl uencing the extraction should be considered. Once the solvent has been selected 
according to the nature of the compounds to be extracted, only two parameters are 
of signi fi cant importance: extraction time and extraction temperature. Although the 
extraction pressure could help to disrupt the matrix enhancing the mass transfer of 
the analytes contained on it, as it has been already mentioned, in practice, several 
reports have shown that the in fl uence of this parameter is not signi fi cant once the 
pressure is high enough to maintain the solvent in the liquid state. The extraction 
temperature has to be optimized always keeping in mind the possible thermal deg-
radation effects that might occur over the interesting extracted compounds. Although 
generally an increase in the temperature produces the subsequent increase in the 
extraction yield, for bioactive compounds, too high temperatures might lead to the 
degradation of these compounds. Therefore, this value should be carefully maxi-
mized just to the level in which the interesting compounds start to get degraded. On 
the other hand, the extraction time has to be minimum enough to have an adequate 
mass transfer. Longer extraction times would result on slower extraction procedures 
and could also favor the thermal degradation, once the solvent solution is saturated 
with analytes from the food matrix. Therefore, quite simple experimental designs, 
such as full factorial designs with two factors and three levels can be useful to opti-
mize the bioactives PLE extraction conditions. 

 Compared to SFE, the possibility of choosing among a high number of solvents 
causes PLE to be more versatile in terms of polarity of the bioactive compounds to 
be extracted and thus, the solvent will be selected depending on their nature. 
However, this technique is considered by far less selective than SFE. Therefore, it is 
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important to keep in mind, that even if the extraction of the bioactives is attained, it 
would be possible to  fi nd other interfering compounds in the obtained extract. To 
avoid this problem, other steps can be included. For instance, an extraction step 
using hexane/acetone as solvent was performed before the PLE of phenolic com-
pounds from several algae species using 80% methanol in water at 130°C for 20 min 
(two 10 min cycles)  [  132  ] . Ethanol has been selected to extract antioxidants from 
different species, such as  Synechocystis  sp. and  Himanthalia elongata   [  143  ]  or anti-
microbial compounds from  H. pluvialis   [  165  ] . Generally, the best extraction condi-
tions in these applications were obtained at mild temperatures, around 100°C. 

 Moreover, PLE can be applied using a wide variety of extraction solvents, 
although GRAS extraction solvents, like ethanol, are most commonly used. When 
the extraction solvent is water, this technique is commonly called subcritical water 
extraction (SWE). The principles of extraction are the same, but in this case, another 
parameter has critical importance, the dielectric constant of water. This property of 
water is greatly modi fi ed with the increasing temperature when water is maintained 
in the liquid state. In fact, the value of dielectric constant of water (  e  ) can vary from 
80 at room temperature to values around 25 when is submitted to temperatures of 
ca. 250°C. This value is similar to the one presented by some organic solvents at 
room temperature, such as ethanol or methanol, and thus, the use of SWE could be 
an alternative to the use of this type of solvents in some applications. This technique 
has been already used to explore the possibility of obtaining antioxidants from dif-
ferent microalgae species  [  52,   55  ] . However, the wide development of novel appli-
cations for the extraction of bioactives from algae by using SWE has not been fully 
explored so far.  

    2.3   Others 

 Ultrasound-assisted extraction (UAE) is also widely considered as an advanced 
extraction technique. This technique uses high-frequency sounds, usually higher 
than 16 kHz and a limited amount of solvent in order to produce an effective extrac-
tion of the compounds of interest in the solvent employed, increasing their mass 
transfer and solubility, by disrupting the food matrix being extracted. As in PLE, the 
selection of the suitable solvent for extraction by UAE will be made depending on 
the compounds of interest. For instance, a mixture of dichloromethane/methanol 
(2:1) was employed to extract lipids from microalgae using UAE  [  140  ] . For more 
polar compounds, such as chlorophylls, methanol was demonstrated as a more 
effective solvent  [  175  ] . This technique has the advantage of providing faster extrac-
tion processes compared to conventional techniques. UAE was compared to other 
solvent-based extraction of pigments and fatty acids from several algae samples. It 
was demonstrated that UAE was simple, allowed extraction of interesting com-
pounds and did not produce alteration or breakdown products  [  197  ] . However, when 
this technique was directly compared to SFE for the extraction of carotenoids from 
 D. salina , it was shown that SFE was more effective for the extraction of these low 
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polarity compounds, above all in terms of selectivity  [  98  ] . At certain conditions, in 
which a complex sample is being extracted containing the interesting compounds as 
well as other polar compounds, SFE was demonstrated to be more selective than 
UAE  [  98  ] . UAE has been also employed to extract polysaccharides derived from 
 Chlorella pyrenoidosa   [  171  ] . 

 When sonicating the samples for a given period of time, an increase in the tem-
perature of the sample can be observed as a result of the vibration of the molecules. 
For this reason, considering that most of bioactives are thermally labile compounds, 
it is common to proceed in a temperature controlled environment. For instance, pig-
ments and fatty acids were obtained from algae at −4°C using 35 kHz and 80 W for 
90 min  [  197  ] . The use of temperatures below 4–5°C allows a better preservation of 
the extracted compounds, that otherwise, could be degraded. 

 The last advanced extraction technique also used for bioactives extraction from 
algae is MAE. In MAE, the sample is heated by using microwaves, at typical pow-
ers of 700 W for a short time. Compared to traditional extraction techniques, the use 
of microwaves allows the decreasing of extraction times signi fi cantly limiting also 
the amount of solvent needed. Again, the temperature will be an important param-
eter to be controlled. Once selected the extraction solvent for the extraction of bio-
actives from algae, the microwaves power as well as the extraction time has to be 
de fi ned. Experimental designs can be useful in determining the best extraction con-
ditions. For instance, response surface methodology was employed to optimize the 
MAE of astaxanthin from  H. pluvialis   [  203  ] . By using this statistical approach, the 
microwave power (141 W), extraction time (83 s), solvent volume (9.8 mL), and 
number of extracting cycles (4 cycles) were optimized. At present, MAE has not 
been extensively applied to extraction of bioactives from algae, although given its 
success in the extraction of plant materials, it can be easily inferred the great pos-
sibilities for its application to algae samples.   

    3   Fast Screening for Bioactivity 

 In general terms, the bioactivity of algal and microalgal extracts can be tested using 
two big groups of techniques: chemical and biological methods. Since no universal 
method to test bioactivity exists, marine extracts are commonly evaluated by using 
several methods. 

 As will be seen in Sect.  4 , most of the bioactive compounds that can be found in 
algae and microalgae have been described to possess antioxidant activity; thus, 
most of the chemical methods that will be explained in this section are directed to 
measure different parameters related to the antioxidant activity. 

 On the other hand, marine compounds have been associated with a high number of 
bioactivities (mainly pharmacological activities) that can be tested by biological or 
biochemical methods. In this sense, several reviews covering both general and speci fi c 
subject areas of marine pharmacology have been published. This kind of review arti-
cles has been grouped by Mayer et al.  [  105  ]  as: (a) general marine pharmacology; 
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(b) antimicrobial marine pharmacology; (c) cardiovascular pharmacology; 
(d) antituberculosis, antimalarial, and antifungal marine pharmacology; (e) antiviral 
marine pharmacology; (f) anti-in fl ammatory marine pharmacology; (g) nervous 
system marine pharmacology; and (h) miscellaneous molecular targets. 

    3.1   Chemical Methods 

    3.1.1   Antioxidant Activity 

 Interest in natural antioxidants for both health and improved food stabilization has 
intensi fi ed dramatically since the last decade of the twentieth century. Health appli-
cations have been stimulated by observations that free radicals and oxidation are 
involved in many physiological functions and cause pathological conditions. Natural 
antioxidants offer food, pharmaceutical, nutraceutical, and cosmetic manufacturers 
a “green” label, minimal regulatory interference with use, and the possibility of 
multiple actions that improve and extend food and pharmaceutical stabilization 
 [  168  ] . Determining antioxidant capacity has become a very active research topic, 
and a plethora of antioxidant assay methods are currently in use. Despite of it, there 
are no standard methods due to the sheer volume of claims and the frequent contra-
dictory results of “antioxidant activities” of several products. 

 Reactive oxygen species which include superoxide anion (O  
2
  −•  , a free radical), 

the hydroxyl radical ( • OH) and hydrogen peroxide (H 
2
 O 

2
 ) are produced by ultravio-

let light, ionizing radiation, chemical reaction, and metabolic processes. These reac-
tive species may contribute to cytotoxicity and metabolic changes, such as 
chromosome aberrations, protein oxidation, muscle injury, and morphologic and 
central nervous system changes in animals and humans  [  34  ] . Effective antioxidants 
must be able to react with all these radicals in addition to lipids, so, consideration of 
multiple radical reactivity, in antioxidant testing, is critical. 

 In general terms, three big groups can be distinguished: chain reaction methods, 
direct competition methods, and indirect methods  [  154  ] .

    1.    Among the  chain reaction methods  two approaches have been used: measuring 
the lipid peroxidation reactions or the kinetics of substrate oxidation. 

 There are two modes of lipid peroxidation that may be used for testing. The 
 fi rst one is autoxidation, in which the process is progressing spontaneously, with 
self-acceleration due to accumulation of lipid hydroperoxide (LOOH). The kinet-
ics of autoxidation is highly sensitive to admixtures of transition metals and to the 
initial concentration of LOOH. As a result, the repeatability of experiments based 
on the autoxidation is still a problem. The second, much more promising approach, 
is based on the use of the kinetic model of the controlled chain reaction. This 
mode offers to obtain reliable, easily interpretable, and repeatable data. This 
approach has been applied, among others, to test natural water-soluble antioxi-
dants, microheterogeneous systems, micelles, liposomes, lipoproteins (basically 
low-density lipoprotein [LDL]), biological membranes, and blood plasma  [  154  ] . 
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 When choosing a substrate of oxidation, preference should be given to 
individual compounds. Among individual lipids, methyl linoleate, and linoleic 
acid seem to be the most convenient. These compounds are relatively cheap and 
their oxidation is quite representative of the most essential features of biologi-
cally relevant lipid peroxidation. The main disadvantage, when using them in 
biological materials, is that the extract must be free of the elected compound, as 
it is impossible to provide the identity of substrate. Besides, biologically 
 originated substrates usually contain endogenous chain-breaking antioxidants 
 (vitamin E, etc.), which can intervene in the testing procedure.  

    2.    The  direct competition methods  are kinetic models, where natural antioxidants 
compete for the peroxyl radical with a reference-free radical scavenger:

    • b -Carotene bleaching: competitive bleaching  b -carotene during the autoxidation 
of linoleic acid in aqueous emulsion monitored as decay of absorbance in the 
visible region. The addition of an antioxidant results in retarding  b -carotene 
decay  [  114  ] .  
  Free-radical induced decay of  fl uorescence of R-phycoerythrin: The intensity • 
of  fl uorescence of phycoerythrin decreases with time under the  fl ux of the 
peroxyl radical formed at the thermolysis of APPH (2,2 ¢ -azobis-2-methyl-
propanimidamide) in aqueous buffer. In the presence of a tested sample 
containing chain-breaking antioxidants, the decay of PE  fl uorescence is 
retarded  [  147  ] .  
  Crocin bleaching test: Crocin (strongly absorbent in the visible range) under-• 
goes bleaching under attack of the peroxyl radical. The addition of a sample 
containing chain-breaking antioxidants results in the decrease in the rate of 
crocin decay  [  12  ] .  
  Potassium iodide test: KI reacts with the AAPH-derived peroxyl radical with • 
the formation of molecular iodine. The latter is determined using an auto-
matic potentiometric titrator with sodium thiosulfate. In the presence of 
antioxidant-containing samples, the rate of iodine release decreases  [  154  ] .     

    3.    When the  indirect approach method  is applied, the ability of an antioxidant to 
scavenge some free radicals is tested, which is not associated to the real oxidative 
degradation, or effects of transient metals. For instance, some stable colored free 
radicals are popular due to their intensive absorbance in the visible region  [  154  ] . 
There are two ways for presenting results, as equivalents of a known antioxidant 
compound (i.e., Trolox Equivalent Antioxidant Capacity, TEAC) or as the con-
centration needed to reduce concentration of free radicals by 50% (EC 

50
 ).

   DPPH • •  test: It is based on the capability of stable-free radical 2,2-diphenyl-1-
picrylhydrazyl (DPPH • ) to react with H-donors. As DPPH •  shows a very 
intensive absorption in the visible region (514–518 nm), it can be easily deter-
mined by the UV–Vis spectroscopy  [  13  ] . This method has been applied online 
with TLC  [  65  ]  and HPLC  [  5  ]  to determine antioxidant activity in different 
algae extracts.  
  ABTS test: The decay of the radical cation ABTS • +•  (2,2 ¢ -azinobis(3-ethylben-
zothiaziline-6-sulfonate) radical cation) produced by the oxidation of ABTS +•  
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caused by the addition of an antioxidant-containing sample is measured. 
ABTS +•  has a strong absorption in the range of 600–750 nm and can be easily 
determined spectrophotometrically. In the absence of antioxidants, ABTS +•  is 
rather stable, but it reacts energetically with an H-atom donor, such as pheno-
lics, being converted into a noncolored form of ABTS  [  115  ] .  
  Ferric reducing antioxidant power (FRAP): The FRAP assay is based on the • 
ability of antioxidants to reduce Fe 3+  to Fe 2+   [  154  ] ; if the reaction is coupled 
to the presence of some colored Fe 2+  chelating compound like 2,4,6-trypyridyl-
 s -triazine, it can be measured spectrophotometrically.  
  Cyclic voltammetry: The general principle of this method is as follows: the • 
electrochemical oxidation of a certain compound on an inert carbon glassy 
electrode is accompanied by the appearance of the current at a certain poten-
tial; while the potential at which a cyclic voltammetry peak appears is deter-
mined by the redox properties of the tested compound, the value of the current 
is proportional to the quantity of this compound, in the presence of an antioxi-
dant compound the signal will be lower  [  155  ] .          

    3.2   Biological Methods 

    3.2.1   Antihelmintic, Antifungal, and Antibacterial Activity 

 In terms of antibacterial and antifungal activity, several compounds have been 
described in extracts from algal origin. Compounds like phenols, indoles, pep-
tides, steroidal glycosides, terpenes, fatty acid, and so on. Basically, the method 
consists on letting the organism grow in the presence of the extract or compound. 
For example, Mendiola et al.  [  109  ]  used a broth microdilution method to test the 
minimum inhibitory concentration (MIC) of  Spirulina  extracts on the growing of 
several bacteria and fungi. Tests were done in microwell plates, prepared by dis-
pensing into each well culture broth plus inocula and 30  m L of the different extract 
dilutions. After incubation, the MIC of each extract was determined by visual 
inspection of the well bottoms, since bacterial growth was indicated by the pres-
ence of a white “pellet” on the well bottom. The lowest concentration of the 
extract that inhibited growth of the microorganism, as detected as lack of the 
white “pellet,” was designated the MIC. The minimum bactericidal and fungicidal 
concentration was determined by making subcultures from the clear wells which 
did not show any growth. 

 Among antihelmintic compounds derived from algae, sesquiterpenes, like 
 b -bisabolene, are the most actives. The most common method to measure its activ-
ity is to grow the helminths (worms, i.e.,  Nocardia brasiliensis ) in the presence of 
the alga extract. For example, Davyt et al.  [  22  ]  used tissue-culture 24-well plates. 
They prepared dilutions in DMSO for each compound, in order to obtain the 
desired concentration after the addition of 10  m L into each well. The percentage of 
dead worms was determined on day 5 and corrected by controls and compared with 
synthetic drugs.  
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    3.2.2   Anticoagulant Activity 

 Polysaccharides, especially sulfated polysaccharides, are the main anticoagulant 
compounds isolated from algae and microalgae. Its activity is commonly measured 
providing the compound in vivo and measuring in vitro how coagulant factors are 
varied. For example, Drozd et al.  [  27  ]  administered fucoidans (5 or 10 mg/kg) into 
the jugular vein of male Wistar rats, collected the blood and measure the inhibition 
of Xa factor (anti-Xa- or aHa-activity) and thrombin (anti-IIa or aIIa-activity). 
Speci fi c activity was calculated in U/mg by comparison of optical density of the test 
and standard solutions during hydrolysis of chromogenic substrates.  

    3.2.3   Antiviral Activity 

 The antiviral family is one of the widest families of bioactive compounds isolated 
from marine sources, or at least one of the most studied. In this group, there are 
compounds like polysaccharides, terpenoids, proteins, sulfated  fl avones, and fatty 
acids. When measuring the antiviral activity, the general trend is to treat well-known 
mammal cells with the extract and then monitor the viral infection with the micro-
scope. Huheihel et al.  [  63  ]  used green monkey kidney cells (vero cells) treated with 
polysaccharides extracted from  Porphyridium  sp., the cell culture was treated 
with herpes simplex viruses. Each day, the cultures were examined for evidence of 
the cytopathic effect, de fi ned as areas of complete destruction of cells or of morpho-
logically modi fi ed cells and expressed as the percentage of damaged cells in the 
inspected  fi elds. 

 But similar test can be done in vivo, Huheihel et al.  [  63  ]  applying locally (eyes 
and mouth)  Porphyridium  extracts in rabbits and rats; later, the animals were 
exposed to the virus. In fl ammatory effects, illness, and weight changes were 
recorded over a period of 4 weeks posttreatment.  

    3.2.4   Anti-in fl ammatory Activity 

 In fl ammatory processes are related with several cardiovascular diseases and 
oxidative stress, therefore its study is of high interest. Among anti-in fl ammatory 
compounds from algal sources astaxanthine, terpenes, sterols, indols, and shikimate-
derivatives have been described  [  105  ] . There is a huge amount of enzymes and 
secondary metabolites involved in in fl ammatory processes, but the general trend is to 
measure the expression of some of those metabolites and/or enzymes when cells 
involved in the in fl ammatory response are “activated.” Leukocytes are among the most 
studied models; leukocyte migration has been shown to be one of the  fi rst steps in the 
initiation of an in fl ammatory/immune response and is essential for accumulation of 
active immune cells at sites of in fl ammation. The chemotaxis assay used to analyze the 
test material is designed to assess the ability of a test material to inhibit the migration 
of polymorphonuclear leukocytes (PMNs) toward a known chemotactic agent. 
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For example, polysaccharides from red microalga primarily inhibited the migration 
of PMNs toward a standard chemoattractant molecule and also partially blocked 
adhesion of PMNs to endothelial cells  [  101  ] .  

    3.2.5   Toxicological Tests 

 It is well known that despite the bioactive (bene fi cial) compounds, several toxic 
compounds can be accumulated in algae and microalgae. Compounds like alka-
loids, domoic acid, azaspiracid, brevetoxin, okadaic acid, pectenotoxin, or micro-
cystins have been described. 

 Therefore, sometimes it is required to perform some toxicological tests mainly 
based in the mouse bioassay. Article 5 of a European Commission Decision dated 
15 March 2002, laying down rules related to maximum permitted levels of certain 
biotoxins and methods of analysis for marine bivalve molluscs and other seafood 
states: “When the results of the analyses performed demonstrate discrepancies 
between the different methods, the mouse bioassay should be considered as the 
reference method.” The basic procedure involves i.p. injection of an extract of the 
sample containing the toxin and observing the symptoms. A deeper review on toxi-
cological analysis can be read in the book edited by Gilbert and Şenyuva “Bioactive 
compounds in Foods”  [  42  ] .    

    4   Bioactive Compounds from Algae and Microalgae 

 Algae are important sources of various bioactive compounds with different physi-
ological effects (toxic or curative) on human health. Many of them possess antioxi-
dant, antimicrobial, and antiviral activities that are important for the protection of 
algal cells against stress conditions. The discovery of new analytical methods and 
techniques is important for the study of metabolites in algae and similar organisms 
with respect to their applications in pharmacology and the food industry  [  132  ] . 

    4.1   Carotenoids 

 Carotenoids are prominent for their distribution, structural diversity, and various 
functions. More than 600 different naturally occurring carotenoids are now known, 
not including  cis  and  trans  isomers, all derived from the same basic C 

40
  isoprenoid 

skeleton by modi fi cations, such as cyclization, substitution, elimination, addition, 
and rearrangement. The different carotenoids have been isolated and characterized 
from natural sources as plants  [  43,   187  ] , algae  [  142,   143  ] , bacteria  [  183,   191  ] , yeast 
 [  119  ] , and fungi  [  70  ] . 
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 Carotenoids play a key role in oxygenic photosynthesis, as accessory pigments 
for harvesting light or as structural molecules that stabilize protein folding in the 
photosynthetic apparatus. Carotenoids are powerful antioxidants. The bene fi cial 
effects of carotenoids have been well documented from the numerous clinical and 
epidemiological studies in various populations. Due to its high antioxidant activity, 
carotenoids have been proposed as cancer prevention agents  [  173  ] , potential life 
extenders  [  88  ] , and inhibitors of ulcer  [  74  ] , heart attack, and coronary artery disease 
 [  151,   194  ] . 

 All photosynthetic eukaryotes are able to synthesize lycopene, a C 
40

  polyene, 
which is the precursor of two different carotenoid synthesis pathways, the  b , e -carotene 
and the  b , b -carotene pathways  [  169  ] . Xanthophylls are oxidation products of 
carotenes; diversi fi cation of xanthophylls increases by the inclusion of allene or 
acetylene groups. Allenic and acetylenic carotenoids are highly represented in algae, 
and at least 30 different carotenoids have been identi fi ed in this group  [  169  ] . The 
distribution of carotenoids having different molecular structures or the presence of 
speci fi c biosynthesis pathways can be an index for algae classi fi cation. For example, the 
major carotenoids that occur in seaweeds (Fig.  1 ) include  b -carotene, lutein, violax-

  Fig. 1    Structures of the principal carotenoids in algae       
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anthin, neoxanthin, and zeaxanthin in green algae (Chlorophytes);  a - and  b -caro-
tene, lutein, and zeaxanthin in red seaweeds (Rhodophytes) and  b -carotene, 
violaxanthin, and fucoxanthin in brown algae (Phaeophytes).  

 Carotenoid composition of algae can present great variations mainly related to 
environmental factors, such as water temperature, salinity, light, and nutrients avail-
able. Most of the environmental parameters vary according to season, and the 
changes in ecological conditions can stimulate or inhibit the biosynthesis of several 
nutrients, such as carotenoids. For example,  D. salina  is a green microalga, well 
known for being one of the main natural sources of  b -carotene. Under particular 
conditions, this microalga is able to produce  b -carotene up to 14% of its dry weight. 
Moreover, the particular growing conditions able to maximize the production of 
 b -carotene at industrial scale have been investigated  [  48–  50,   84,   198, 118 ,  206  ] . 
Because  b -carotene may play important roles in preventing degenerative diseases 
due to its associated antioxidant activity, different procedures have been studied, not 
only for the production of this compound but also for its extraction and isolation 
 [  66,   97,   106,   118  ] . The most widely employed technique has probably been SFE. 
The low polarity characteristics of the supercritical CO 

2
  make this solvent appropri-

ate for the  b -carotene extraction from this microalga  [  66,   97,   106,   118  ] . 
 Other example is the green microalgae  H. pluvialis  that produces chlorophylls 

a and b and primary carotenoids, namely,  b -carotene, lutein, violaxanthin, neoxan-
thin, and zeaxanthin, while it has the ability to accumulate, under stress conditions, 
large quantities of astaxanthin, up to 2–3% on a dry weight basis  [  150  ] . Using this 
carotenogenesis process, it undergoes different changes in cell physiology and 
morphology, giving as a result large red palmelloid cells  [  76,   204  ] . Astaxanthin is 
present in lipid globules outside the chloroplast, its functions in the cell include 
protection against light-related damage by reducing the amount of light available 
to the light-harvesting pigmented protein complexes. These pigments possess 
powerful biological activities, including antioxidant capacity  [  19  ] , ulcer preven-
tion  [  74  ]  as well as immunomodulation and cancer prevention  [  130  ] . In fact, the 
extraction of astaxanthin has been thoroughly investigated. Different methods have 
been tested, including neat supercritical CO 

2
   [  189  ]  or supercritical CO 

2
  with differ-

ent cosolvents  [  127  ] , PLE  [  25,   67  ] , MAE  [  203  ] , direct extraction with vegetable 
oils  [  76  ]  or solvents  [  75  ] , or even treating cells with various solvents and organic 
acids at 70°C before acetone extraction, with the aim to facilitate the astaxanthin 
extraction from the thick cell wall without affecting the original astaxanthin esters 
pro fi le  [  166  ] . 

 Fucoxanthin is the most characteristic pigment of brown algae, and is also one of 
the most abundant carotenoids in nature  [  61  ] , accounting for more than 10% of 
estimated total natural production of carotenoids  [  103  ] . Fucoxanthin is an oxygen-
ated carotenoid that is very effective in inhibiting cell growth and inducing apopto-
sis in human cancer cells  [  60,   87  ] ; it also has anti-in fl ammatory  [  172  ] , antioxidant 
 [  158  ] , antiobesity  [  99  ] , and antidiabetic  [  100  ]  properties.  
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    4.2   Lipidic Fraction 

 The content and composition of algal lipids vary with species, geographical location, 
season, temperature, salinity, light intensity, or combination of these factors. In gen-
eral, algae contain up to 1–3% of dry weight of lipids, being glycolipids the major 
lipid class in all algae, followed by neutral and phospholipids. 

 The major polar lipids that can be found in microalgae are monogalactosyl dia-
cylglycerols (MGDGs), digalactosyl diacylglycerols (DGDGs), and phosphatidylg-
lycerol (PG)  [  2  ] . Although these compounds, primarily MGDGs and DGDGs, have 
been known for more than 40 years, their importance has been recently raised by the 
description of their different, mainly anti-in fl ammatory, functional activities  [  15  ] . 
For example, glycol analogs of ceramides and of PG with antithrombotic and anti-
in fl ammatory activities have been reported in cyanobacteria  [  2  ] . MGDGs and 
DGDGs contain a galactose linked to the sn-3 position of the glycerol backbone. 
These polar lipids are found in the thylakoid membrane of the cells. For instance, 
several polar lipids have been identi fi ed in  Spirulina platensis , such as, four MGDGs, 
three PGs and two sulfoquinovosyl diacylglycerol  [  57  ] , in  Croococcidiopsis  sp.  [  2  ] , 
in  Sargassum thunbergii   [  81  ] , and  Phormidium tenue   [  124  ]  among others. 

 On the other hand, most of the alga’s lipid content is made of polyunsaturated 
fatty acids (PUFAs) which accumulation also relies on environmental factors. For 
example, it is known that algae accumulate PUFAs when there is decrease in the 
environmental temperature  [  80  ] . In this sense, it has been described that tropical 
species contain less lipid (<1%) than cold water species (1.6%)  [  125  ] . 

 PUFAs are essential nutrients for humans, and must be obtained from food.  w -3 
and  w -6 long chain PUFAs are structural and functional components of cell mem-
branes. The  w -3 to  w -6 ratio is closely matched, a factor that has been found to be 
important in balanced diet  [  176  ] . Likewise, these fatty acids are precursors of eico-
sanoids, which exert hormonal and immunological activity. This means  w -3 and 
 w -6 should be consumed in a balanced proportion, with the ideal ratio  w -6: w -3 
ranging from 3:1 to 5:1  [  184  ] . 

 The properties of the long-chain  w -3 fatty acids eicosapentaenoic acid (EPA) 
( w -3 C 

20:5
 ) and docosahexaenoic acid (DHA) ( w -3 C 

22:6
 ) have been followed with 

considerable interest in the last few years. In particular, the vascular protective 
effects of long-chain  w -3 fatty acids are well documented  [  17,   170,   207  ] . Green 
algae show interesting levels of alpha linolenic acid ( w -3 C 

18:3
 ). The red and brown 

algae are particularly rich in fatty acids with 20 carbon atoms: EPA and arachidonic 
acid ( w -6 C 

20:4
 ). 

  S. platensis  is a microalga belonging to the group of cyanobacteria (or blue-green 
algae) and is a natural source of DHA, which can account for up to 9.1% of the total 
fatty acids content  [  199  ] . 

 Table  1   [  133,   161  ]  presents the typical composition of different fatty acids in 
algae. As can be seen, in all algae studied except  Undaria pinnati fi da  and  Ulva lac-

tuca  the single most abundant fatty acid was palmitic acid (which in  Phorphyra  sp. 
accounted for 63.19% of all fatty acids) while in  U. pinnati fi da  the palmitic acid 
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content (16.51%) was only exceeded by that of octadecatetraenoic acid ( w -3 C 
18:4

 ) 
(22.6%), and in  U. lactuca  the C 

16:0
  content (14.0%) was only exceeded by that of 

oleic acid ( w -9 C 
18:1

 ) (27.43%). However, all the seaweeds also contained the essen-
tial fatty acids linoleic acid ( w -6 C 

18:2
 ) and linolenic acid and the icosanoid precur-

sors, arachidonic acid and EPA. Furthermore, the  w -6: w -3 ratio, which the WHO 
currently recommends should be no higher than 10 in the diet as a whole, was at 
most 1.49 so that these algae may be used for reduction of  w -6: w -3 ratio. Saturated 
fatty acid contents were higher in the red algae ( Palmaria  sp. and  Porphyra  sp.) than 
in the brown and green algae, and vice versa for relative total unsaturated fatty acid 
contents. Whereas in the red algae, C 

20
  PUFAs were as a class 8–12 times more 

abundant than C 
18

  PUFAs, in green algae the opposite occur while in brown algae 
these two classes of fatty acids were more or less equally abundant. Relative essen-
tial fatty acid contents were higher in brown and green algae than in red algae.  

 Several researchers have reported the fatty acid composition of total lipids of 
different species of  Sargassum . Heiba et al.  [  47  ]  studied the fatty acids present in 
four different  Sargassum  species in the Phaeophyta class that contained heptade-
canoic acid (C 

17:0
 ), eicosanoic acid (C 

20:0
 ), eicosatrienoic acid ( w -3 C 

20:3
 ), and DHA. 

On the other hand, Khotimchenko  [  80  ] , working with seven  Sargassum  species 
from different parts of the world, determined similar fatty acid compositions in all 
of them. The site of collection only seemed to affect palmitic acid (C 

16:0
 ) and C 

20
  

PUFA contents and was connected mainly with water temperature. 
 Aquatic plants possess conjugated fatty acids (CFA) with carbon chain length 

varying from 16 to 22, as natural constituents in their lipids; both trienes and tet-
raenes occur in aquatic plant lipids. There is not much information available on the 
literature, only a few reports on the occurrence of these conjugated polyenes in 
 Tydemania expeditionis ,  Hydrolithon reinboldii   [  69  ] ,  Ptilota   [  205  ] ,  Acanthophora  
 [  8  ] , and  Anadyomene stellata   [  6  ]  have been published. Various enzymes in aquatic 
plants are thought to be responsible for the formation of conjugated trienes/tet-
raenes endogenously. The enzymes responsible for the formation of CFA can be 
grouped into three main categories of conjugases, oxidases, and isomerases. Hideki 
and Yuto  [  58  ]  studied the selective cytotoxicity of eight species of marine algae 
extracts to several human leukemic cell lines. It has been reported recently that 
conjugated PUFA, such as conjugated EPA, conjugated AA, and conjugated DHA, 
prepared by alkali isomerization had profound cytotoxic effects against human can-
cer cell lines  [  102  ] . 

 Besides fatty acids, unsaponi fi able fraction of algae contain carotenoids (see 
Sect.  4.1 ), tocopherols (see Sect.  4.5 ), and sterols. The distribution of major sterol 
composition in macroalgae has been used for chemotaxonomic classi fi cation. 
Recent biological studies have demonstrated that sterols and sterol derivatives pos-
sess biological activities. Currently, phytosterols (C 

28
  and C 

29
  sterols) are playing a 

key role in nutraceutic and pharmaceutical industries because they are precursors of 
some bioactive molecules (e.g., ergosterol is a precursor of vitamin D 

2
 , also used for 

the production of cortisone and hormone  fl avone and has some therapeutic applica-
tions to treat hypercholesterolemia). Phytosterols have also been shown to lower 
total and LDL cholesterol levels in human by inhibiting cholesterol absorption from 
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the intestine  [  37  ] . High serum concentrations of total or LDL cholesterol are major 
risk factors for coronary heart disease, a major cause for morbidity and mortality in 
developed countries. In addition to their cholesterol lowering properties, phytoster-
ols possess anti-in fl ammatory and anti-atherogenicity activity and may possess 
anticancer and antioxidative activities  [  37  ] . 

 From a chemotaxonomic point of view, literature data show that major sterols in 
red algae are C 

27
  compounds and cholesterol occur in substantial amount. It is gen-

erally the primary sterol. Desmosterol and 22E-dehydrocholesterol are present in 
high concentrations and may even be the major sterols in any red algae. 

 Sterol content in green algae is similar to higher plants, and also contains large 
amounts of cholesterol. But in green algae, the dominant sterol seems to vary within 
the order and within the family. 

 In brown algae, the dominant sterol is fucosterol and cholesterol is present only 
in small amounts. 

 Fucosterol content in  H. elongata  and  U. pinnati fi da  was 1,706  m g/g of dry 
weight and 1,136  m g/g of dry weight, respectively, as demonstrated by Sánchez-
Machado et al.  [  162  ] . Mean desmosterol content in the red algae ranged from 
187  m g/g for  Palmaria  sp. to 337  m g/g for  Porphyra  sp. Cholesterol, in general, was 
present at very low quantities, except in  Porphyra  sp. that can contain up to 8.6% of 
the total content of sterols as cholesterol  [  162  ] . 

 Sterol content determined in red alga  Chondrus crispus  showed that the main 
sterol was cholesterol (>94%), containing smaller amounts of 7-dehydrocholes-
terol and stigmasterol and minimum amounts of campesterol, sitosterol, and 
22-dehydrocholesterol  [  188  ] . 

 According to the investigation carried out by Kapetanovic et al.  [  77  ] , the sterol 
fractions of the green alga  Codium dichotomum  and the brown alga  Fucus vir-

soides  contained practically one sterol each, comprising more than 90% of the total 
sterols (cholesterol in the former and fucosterol in the latter). The main sterols in 
the green alga  U. lactuca  were cholesterol and isofucosterol, while in the brown 
algae  Cystoseira adriatica , the principal sterols were cholesterol and stigmast-
5-en-3 beta-ol, while the characteristic sterol of the brown algae, fucosterol, was 
found only in low concentration  [  77  ] . However, fucosterol was the major sterol 
present in  Cystoseira abies-marina  (96.9%), containing low concentration of 
24-methylenecholesterol (1.1%), brassicasterol (1.2%), and cholesterol (0.7%)  [  120  ] .  

    4.3   Proteins 

 The protein content in algae can be as high as 47% of the dry weight  [  35  ] , but these 
levels vary according to the season and the species. The protein content of brown 
algae is generally low (5–15% of the dry weight), whereas higher protein contents 
are recorded for green and red algae (10–30% of the dry weight). Except for brown 
algae  U. pinnati fi da  which has a protein level between 11 and 24% (dry weight) 
 [  35  ] . Higher protein level were recorded for red algae, such as  Porphyra tenera  
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(33–47% of dry mass)  [  35  ]  or  Palmaria palmata  (8–35 of dry mass)  [  121  ] . These 
levels are comparable to those found in soybean. 

 There are studies about the variation of protein content of marine algae as a func-
tion of the seasonal period  [  1,   39  ] . Higher protein levels were observed during the 
end of the winter period and spring whereas lower amounts were recorded during 
summer. 

 The in vivo digestibility of algal protein is not well documented, and available 
studies about their assimilation by humans have not provided conclusive results. 
However, several researchers have described a high rate of alga protein degradation 
in vitro by proteolytic enzymes. For instance, the relative digestibility of alkali-
soluble proteins from  P. tenera  is higher than 70%  [  38  ] . On the other hand, some 
compounds limiting the digestibility of alga proteins, such as phenolic compounds 
or polysaccharides, have been described. Studies performed on brown algae show 
the strong inhibitory action of soluble  fi ber on in vitro pepsin activity and their 
negative effects on protein digestibility  [  59  ] . 

 Typical amino acid composition of different species of algae is outlined in Table  2  
according to Dawczynski et al.  [  23  ] . The quality of food protein depends on its 
essential amino acids. These algae present high concentration of arginine, valine, 
leucine, lysine, threonine, isoleucine, glycine, and alanine, although the predomi-
nant amino acids are glutamine and asparagine. Glutamine and asparagine exhibit 
interesting properties in  fl avor development, and glutamine is the main responsible 
in the taste sensation of “Umami.”  

   Table 2    Amino acid pro fi le of different algae according to Dawczynski et al.  [  23  ]  (g/16 g N)   

 Amino acids   Porphyra  sp .    Undaria pinnati fi da    Laminaria  sp .    Hizikia fusiforme  

 Essential amino acids 

 Histidine  2.6 ± 0.4  2.5 ± 0.3  2.2 ± 0.4  2.6 ± 0.4 
 Isoleucine  3.1 ± 0.5  4.1 ± 0.3  2.7 ± 0.9  4.0 ± 0.4 
 Leucine  5.5 ± 0.9  7.4 ± 0.6  4.9 ± 1.7  6.7 ± 0.6 
 Lysine  4.9 ± 0.9  5.6 ± 0.4  3.9 ± 1.4  3.1 ± 0.3 
 Methionine  1.8 ± 0.7  1.7 ± 0.5  0.9 ± 0.2  1.6 ± 0.1 
 Phenyl alanine  3.3 ± 0.4  4.7 ± 0.3  3.2 ± 1.0  4.6 ± 0.4 
 Tyrosine  3.4 ± 2.1  2.9 ± 0.5  1.7 ± 0.5  2.8 ± 0.4 
 Threonine  5.3 ± 0.8  4.4 ± 0.6  3.5 ± 0.6  4.1 ± 0.5 
 Tryptophan  0.7 ± 0.1  0.7 ± 0.1  0.5 ± 0.5  0.4 ± 0.0 
 Arginine  5.9 ± 0.4  5.2 ± 0.2  3.3 ± 1.1  4.5 ± 0.3 
 Cysteine  1.2 ± 0.2  0.9 ± 0.2  1.2 ± 0.3  0.9 ± 0.1 
 Valine  5.2 ± 1.0  5.2 ± 0.5  3.8 ± 1.0  4.9 ± 0.5 

 Nonessential amino acids 

 Asparagine/aspartate  8.5 ± 1.0  8.7 ± 1.1  12.5 ± 2.8  9.1 ± 1.0 
 Glutamine/glutamate  10.2 ± 2.6  14.5 ± 3.2  23.8 ± 7.5  18.7 ± 2.4 
 Serine  4.0 ± 0.5  4.0 ± 0.4  3.3 ± 0.6  3.7 ± 0.3 
 Glycine  5.1 ± 1.3  5.1 ± 0.7  4.0 ± 1.1  4.8 ± 0.5 
 Alanine  6.2 ± 2.2  4.7 ± 0.6  5.7 ± 2.8  4.3 ± 0.4 
 Proline  3.5 ± 1.0  3.6 ± 1.6  3.1 ± 1.1  3.8 ± 0.4 
 Taurine  4.3 ± 2.1  0.1 ± 0.1  0.3 ± 0.2  0.6 ± 0.2 
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 The concentration of essential amino acids, such as, threonine, valine, isoleucine, 
leucine, phenyl alanine, lysine, and methionine, are higher in  U. pinnati fi da  than in 
 Laminaria  sp.  U. pinnati fi da  has higher concentrations of Lysine that has  Hizikia 

fusiforme  and  Laminaria  sp. has higher concentrations of Cysteine than has 
 U. pinnati fi da.  Interestingly, taurine is not a typical component of traditional 
European food and taurine content represents a nutrient feature which is character-
istic of red algae, such as  Phorphyra  sp. Taurine is detected at low concentrations in 
brown algae varieties. 

 In general, algae possess proteins that have a high nutritional value since they 
contained all the essential amino acids in signi fi cant amounts (see Table  2 ). 

 The organoleptic characteristic of algae are principally due to their free amino 
acid pro fi le  [  126  ] , which in turn depends on environmental factors in its culture 
grounds  [  44  ] . Generally, the free amino acid fraction of algae is mainly composed of 
alanine, aminobutyric acid, taurine, ornithine, citrulline, and hydroxyproline  [  89  ] . 

 Other proteins present only in red and blue-green algae are phycobiliproteins 
(phycocyanin in blue-green algae, phycoerythrin in red algae), a group of protein 
involved in photosynthesis. Puri fi ed phycobiliproteins can have several uses, such 
as cosmetics, colorants in food, and  fl uorescent labels, in different analytical tech-
niques  [  33,   138  ] . These proteins are characterized by having a tetrapyrrolic pig-
ment, called phycobilin, covalently attached to their structure. Important medical 
and pharmacological properties, such as hepatoprotective, anti-in fl ammatory, and 
antioxidant properties  [  9,   10,   156  ] , have been described and are thought to be basi-
cally related to the presence of phycobilin. Besides, phycobiliproteins might have 
an important role in different photodynamic therapies of various cancerous tumors 
and leukemia treatment  [  157  ] . Different works have been aimed to the selective 
extraction and analysis of the phycobiliproteins from algae, such as Herrero et al. 
 [  53  ]  and Simó et al.  [  174  ] , that identi fi ed the two subunits of each protein, namely 
allophycocyanin- a , allophycocyanin- b , c-phycocyanin- a , and c-phycocyanin- b , 
from  S. platensis . In the red microalga  Porphyridium  spp., the red-colored pigment 
phycoerythrin  [  62,   195  ]  has been described.  

    4.4   Polysaccharides and Dietary Fibers 

 Algae contain large amounts of polysaccharides, notably cell wall structural poly-
saccharides that are extruded by the hydrocolloid industry: alginate from brown 
algae, carrageenans, and agar from red algae. Edible algae contain 33–50% total 
 fi bers, which is higher than the levels found in higher plants. Other minor polysac-
charides are found in the cell wall: fucoidans (from brown algae), xylans (from 
certain red and green algae), ulvans (from green algae), and cellulose (which 
occur in all genera, but at lower levels than found in higher plants). Algae also 
contain storage polysaccharides, notably laminarin ( b -1,3 glucan) in brown algae 
and  fl oridean starch (amylopectin-like glucan) in red algae  [  16  ] . Most of these 
polysaccharides are not digested by humans and can be regarded as dietary  fi bers. 
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Water soluble and water insoluble  fi bers have different physiological effects associated. 
Insoluble  fi ber primarily promotes the movement of material through the digestive 
system, thereby improving laxation. Therefore, insoluble  fi ber can increase feelings 
of satiety  [  178  ] . The majority of insoluble  fi ber is fermented in the large intestine, 
supporting the growth of intestinal micro fl ora, including probiotic species. Soluble 
 fi ber can help to lower blood cholesterol and regulate blood glucose levels  [  190  ] . 
The insoluble  fi bers include cellulose, hemicellulose, and lignin; the soluble  fi bers 
include the oligosaccharides, pectins,  b -glucans, and galactomanan gums. 

 Table  3  shows, for comparison, the dietary  fi ber content in some sea vegetables, 
seaweed by-products and plants  [  95  ] . As can be seen, algae contain slightly more 
 fi ber than cabbage, although the amounts consumed in the diet would be lower. The 
red alga  Kappaphycus  shows the highest levels of total  fi ber (70.7% dry weight).  

 Algae contain sulfated polysaccharides which possesses important functional 
properties. For instance, fucoidans (soluble  fi ber), polysaccharides containing sub-
stantial percentages of  l -fucose and sulfate ester groups, are constituents of brown 
algae. For the past decade, fucoidans isolated from different brown algae have been 
extensively studied due to their varied biological activities, including anticoagulant 
and antithrombotic, antiviral, antitumoral and immunomodulatory, anti-in fl ammatory, 
blood lipids reducing, antioxidant and anticomplementary properties, activity against 
hepatopathy, uropathy, and renalpathy, gastric protective effects, and therapeutic 
potential in surgery  [  94  ] . Compared to other sulfated polysaccharides, fucoidans are 
widely available from various kinds of cheap sources, so more and more fucoidans 
have been investigated in recent years as natural sources of drugs or functional ingre-
dients. Fucoidans had been isolated of different brown algae, such as,  U. pinnati fi da  

   Table 3    Dietary  fi ber contents of sea vegetables, seaweed by-products, and land 
plants (according to Mabeau and Fleurence  [  95  ] )   

 Source 

 Fiber (% dry weight) 

 Soluble  Insoluble  Total 

 Phaeophytes 
  Undaria pinnati fi da   30.0  5.3  35.3 
  Hizikia fusiforme   32.9  16.3  49.2 
  Himanthalia elongate   25.7  7.0  32.7 
  Laminaria digitala   32.6  4.7  37.3 

 Chlorophytes 
  Ulva lactuca   21.3  16.8  38.1 
  Enteromorpha  spp.  17.2  16.2  33.4 

 Rhodophytes 
  Porphyra tenera   17.9  6.8  34.7 
  Kappaphycus   41.5  29.2  70.7 

 High plants 
 Apple  5.9  8.3  14.2 
 Cabbage  16.8  17.5  34.3 
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 [  92  ] ,  Laminaria angustata   [  83  ] ,  Sargassum stenophyllum   [  29  ] ,  H. fusiforme   [  93  ] , 
 Adenocytis utricularis   [  146  ] , and  Cystoseira canariensis   [  149  ] . 

 Red algae contain water soluble sulfated polysaccharide galactan, agar, and car-
rageenans. One of the most studied marine-sulfated homopolysaccharides class, 
together with fucoidans, are the sulfated galactans. In general, the sulfated galactans 
are polymers of  a - l - and  a - d - or  b - d -galactopyranosyl units. Unrelated to their 
natural biological roles as components of the biological wall, the sulfated galactans 
show important and potent pharmacological actions. These include antiviral, antitu-
moral, immunomodulation, antiangiogenic, anti-in fl ammatory, anticoagulant, and 
antithrombotic properties  [  144  ] . Their bene fi cial effects on the cardiovascular sys-
tem are the most studied and exploited clinical actions, especially due to the serious 
need for new antithrombotic drugs as a consequence of the continuously increasing 
incidence of thromboembolic diseases  [  145  ] . Sulfated galactans have been identi fi ed 
in several red algae, among others,  Grateloupia elliptica ,  Sinkoraena lancifolia , 
 Halymenia dilatata ,  Grateloupia lanceolata ,  Lomentaria catenata ,  Martensia den-

ticulata ,  Schizymenia dubyi , and  C. crispus   [  91  ] . 
 Agar extracted from species, such as  Gracilaria  and  Gelidium , is composed of a 

mixture of the sulfated galactans  d -galactose and 3,6-anhydro- a - l -lactose. The 
term agarose and agaropectin represent an oversimpli fi cation of the agar structure. 

 Carrageenan is a generic name for a group of linear-sulfated galactans, obtained 
by extraction from numerous species of marine red algae. These carbohydrates consist 
of a linear structure of alternating disaccharide repeat units containing 3-linked  b - d -
galactopyranose and 5-linked  a - d -galactopyranose. 

 Porphyrans, the sulfated polysaccharides making up the hot-water soluble por-
tion of the cell wall, are the main components of  Porphyra . Structurally, they have 
a linear backbone of alternating 3-linked  b - d -galactosyl units and 4-linked  a - l -
galactosyl 6-sulfate or 3,6-anhydro- a - l -galactosyl units. In a former study, the con-
tent of ester sulfate in porphyran extracted from  Porphyra haitanensis  was measured 
ranging from 16 to 19% and showing generic antioxidant activity  [  202  ] . Several 
investigations of the structure and function of porphyrans isolated from different 
species have been undertaken  [  122,   201  ] . Although the chemical components and 
structures show great variation, porphyrans have also been shown to have immuno-
regulatory and antitumor activities  [  128,   135  ] . 

 On the other hand, green algae, such as those of the genera  Ulva  and  Enteromorpha , 
contain sulfated heteropolysaccharides in their mucilaginous matrix  [  72  ] . Sulfated 
polysaccharides extracted from the green algae belonging to Ulvales ( Ulva  and 
 Enteromorpha ) are ulvan. Ulvan is a heteropolysaccharide, mainly composed of 
rhamnose, xylose, glucose, glucuronic acid, iduronic acid, and sulfate, with smaller 
amounts of mannose, arabinose, and galactose. The mainly repeating disaccharide 
units are ( b - d -Glcp A-(1 → 4)- a - l -Rhap 3S) and ( a - l -ldop A-(1 → 4)- a - l -Rhap 3S) 
 [  139  ] . Most of the recent work on Ulvales cell wall polysaccharides focused on 
ulvan as it display several physicochemical and biological features of potential 
interest for food, pharmaceutical, agricultural, and chemical applications. Ulvans 
have been shown to have antioxidant  [  148  ] , antitumor  [  104  ] , and antihyperlipidemic 
 [  139  ]  activities.  
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    4.5   Vitamins 

 As marine algae can carry on photosynthesis, they are able to synthesize all vitamins 
that high plants produce. The vitamin pro fi le of algae can vary according to algal 
species, season, alga growth stage, and environmental parameters. The edible algae 
(especially of  Porphyra  spp.) contain large amounts of water-soluble vitamin C and 
B complex, and the fat-soluble vitamin A and E  [  71  ] . Algae are a good source of 
pro-vitamin A (see Sect.  4.1 ). 

 Algae provide a worthwhile source of vitamin C. The levels of vitamin C average 
500–3,000 mg/kg of dry matter for the green and brown algae, which are compara-
ble to concentration in parsley, blackcurrant, and peppers; whereas the red algae 
contain vitamin C levels of around 100–800 mg/kg  [  16  ] . Vitamin C is of interest for 
many reasons: it strengthens the immune defense system, activates the intestinal 
absorption of iron, controls the formation of conjunctive tissue and the protidic 
matrix of bony tissue, and also acts in trapping free radicals and regenerating vita-
min E  [  16  ] . 

 Brown algae contain higher levels of vitamin E (23–412 mg/kg of dry matter) 
than green and red algae (8 mg/kg of dry matter).  H. elongata  presents high levels 
of  a -tocopherol as demonstrated by Sánchez-Machado et al.  [  160  ] ; for example, the 
content of  a -tocopherol in  H. elongata  dehydrated (33  m g/g dry weight) was con-
siderably higher than  H. elongata  canned (12.0  m g/g dry weight), which clearly 
indicates the important effect of the processing on this compound. The highest lev-
els of vitamin E in brown algae are observed in Fucaceae (e.g.,  Ascophyllum  and 
 Fucus  sp.), which contain between 200 and 600 mg of tocopherols/kg of dry matter 
 [  96  ] . The red microalga  Porphyridium cruentum  also presents high levels of tocoph-
erols as demonstrated by Durmaz et al.  [  30  ] ; for example, the contents of  a - and 
 g -tocopherols were 55.2 and 51.3  m g/g dry weight, respectively. These tocopherols 
(vitamin E) are lipid-soluble antioxidants that are considered essential nutrients 
because of their ability to protect membrane lipids from oxidative damage  [  193  ] . 
Vitamin E has effect in the prevention of many diseases, such as atherosclerosis, 
heart disease, and also neurodegenerative diseases, such as multiple sclerosis  [  68,   73  ] , 
thus also making it a very interesting functional compound. Generally, brown 
algae contain  a -,  b -, and  g -tocopherols, while green and red algae contain only 
 a -tocopherol  [  16  ] . Mendiola et al. studied the possible use of SFE to obtain fractions 
enriched with vitamin E from  S. platensis   [  110  ] . 

 Algae are also an important source of B vitamins; for instance, algae contain 
vitamin B 

12
 , which is particularly recommended in the treatment of the effects of 

aging, of chronic fatigue syndrome and anemia. Algae are also one of the few veg-
etables sources of vitamin B 

12
 .  U. lactuca  can provide this vitamin, in excess of the 

recommended dietary allowances for Ireland  fi xed at 1.4  m g/day, with 5  m g in 8 g of 
dry foodstuff  [  36  ] .  Spirulina  is the richest source of B 

12
  and the daily ingestion of 

1 g of  Spirulina  would be enough to meet its daily requirement  [  196  ] . This may 
provide an alternate source of vitamin B 

12
  for vegetarians or vegans. 

 On a dry matter basis, thiamine (vitamin B 
1
 ) content ranges from 0.14  m g/g in 

dried  H. elongata  to 2.02  m g/g in dried  Porphyra , and ribo fl avin (vitamin B 
2
 ) 
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content varies between 0.31  m g/g in canned  H. elongata  to 6.15  m g/g in dried 
 Porphyra   [  163  ] . The amount of folate (as folic acid or vitamin B 

9
 ) in the algae stud-

ied by Rodríguez-Bernaldo de Quirós et al.  [  153  ]  ( H. elongata ,  Laminaria ochro-

leuca ,  Palmaria  spp.,  U. pinnati fi da , and  Porphyra  spp.) ranged from 61.4 to 
161.6  m g/100 g of dry matter. 

 In conclusion, the algae have an original vitamin pro fi le, which might comple-
ment the vitamin pro fi les of land vegetables.  

    4.6   Phenolic Compounds 

 Phenols are an important group of natural products with antioxidant and other bio-
logical activities. These compounds play an important role in algal cell defense 
against abiotic and biotic stress. Several authors have recently published results 
regarding the total phenol content and antioxidant activity of algae  [  40  ] . Cinnamic 
acid esters ( n -butyl 3,5-dimethoxy-4-hydroxycinnamate and isopropyl 3,5-dimethoxy-
4-hydroxycinnamate) and methyl 3,4,5-trihydroxybenzoate were studied using 1H 
and 13C NMR in brown algae  Spatoglossum variabile   [  46  ] . Some of the  fi rst 
polyphenols found in algae ( Fucus  and  Ascophyllum  spp.) were phlorotannins. They 
are formed from the oligomeric structures of phloroglucinol (1,3,5-trihydroxyben-
zene)  [  137  ] . Also, some  fl avanone glycosides have been found even in fresh water 
algae  [  86  ] . 

 The main bioactivity associated to phenolic compounds is antioxidant activity, 
which is also the main bioactivity of algal and microalgal phenolics  [  89  ]    . Duan et al. 
 [  28  ]  have demonstrated that antioxidant potency of crude extract from red algae 
( Polysiphoma urceoiata ) correlated well with the total phenolic content. Strong cor-
relation also existed between the polyphenol content and DPPH radical scavenging 
activity of a seaweed ( H. fusiformis ) extract  [  177  ] . Using electron spin resonance 
spectrometry and comet assay, Heo et al.  [  51  ]  found that phenolic content in sea-
weeds could raise up to 1,352  m g/g on dry weight basis. The content and pro fi le of 
phenolic substances in marine algae vary with the species. In marine brown algae, a 
group of polymers called phlorotannins comprises the major phenolic compounds 
 [  20  ] , such as fucols, phlorethols, fucophlorethols, fuhalols, and halogenated and 
sul fi ted phlorotannins. Takamatsu et al.  [  186  ]  showed that bromophenols isolated 
from several red marine algae exhibited antioxidant activities. These  fi ndings sug-
gest that phlorotannins, the natural antioxidant compounds found in edible brown 
algae, can protect food products against oxidative degradation as well as prevent 
and/or treat free radical-related diseases  [  89  ] . 

 Some algal phenolic compounds have been associated with anti-in fl ammatory 
activity, such as rutin, hesperidin, morin, caffeic acid, catechol, catechin, and epi-
gallocatechin gallate, whose have been identi fi ed in  Porphyra  genus. Kazłowska 
et al.  [  79  ]  have studied recently the phenolic compounds in  Porphyra dentata , they 
identi fi ed catechol, rutin, and hesperidin in crude extract using HPLC-DAD. They 
demonstrated that the crude extract and the phenolic compounds inhibited the 
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production of nitric oxide in LPS-stimulated RAW 264.7 cells. Their results 
indicate that catechol and rutin, but not hesperidin, are primary bioactive phenolic 
compounds in the crude extract to suppress NO production in LPS-stimulated 
macrophages via NF- k B-dependent iNOS gene transcription. Data also 
explained the anti-in fl ammatory use and possible mechanism of  P. dentata  in iNOS-
implicated diseases.  

    4.7   Bioactive Volatiles 

 In another chapter of the present book, volatile compounds from algae and microalgae 
are studied as an energy production source. Biogeneous hydrocarbons of the marine 
system, alkenes (mono, di, and cyclic) were originated from algae. One characteris-
tic of crude oils that distinguishes them from biogeneous hydrocarbons is their con-
tent in cyclo alkenes and aromatic compounds  [  32  ] . But hydrocarbons are not the 
only volatile compounds that can be found in algae and microalgae. In fact, there is 
a huge number of secondary metabolites with proved antimicrobial and therapeutic 
activities while some of these volatile compounds have been also related to climate 
modi fi cations. 

 When attacked by herbivores, land plants can produce a variety of volatile com-
pounds that attract carnivorous mutualists. Plants and carnivores can bene fi t from 
this symbiotic relationship, because the induced defensive interaction increases for-
aging success of the carnivores, while reducing the grazing pressure exerted by the 
herbivores on the plants. Steinke et al.  [  185  ]  reviewed whether aquatic plant use 
volatile chemical cues in analogous tritrophic interactions. 

 In general, naturally produced volatile and semivolatile compounds play an 
essential role in the survival of organisms for chemical defense and food gathering, 
but high amounts of volatile compounds could produce tremendous environmental 
actions. Marine algae produce several classes of biogenic gases, such as nonmethane 
hydrocarbons, organohalogens, ammonia and methylamines, and dimethylsul fi de. 
These gases can transfer to the air, affect atmospheric chemistry, and are climati-
cally important. Grazing increases dimethylsul fi de and ammonia concentrations, 
and it is possible that other environmentally relevant volatiles are also produced 
during this process. 

 Other compounds produced by seaweeds with high importance for environment 
are halogenated hydrocarbons. Stratospheric ozone depletion and volatile-haloge-
nated compounds are strongly connected with each other since the discovery that a 
massive loss of ozone in the polar stratosphere is catalyzed by halogen radicals 
derived from chlorocarbons and chloro fl uorocarbons. Furthermore, so far unknown 
natural sources of volatile organohalogens may also contribute to a further destruc-
tion of the ozone layer. Marine macroalgae species from the polar regions were 
investigated  [  90  ]  for their importance as natural sources of volatile halogenated 
compounds released into the biosphere. Several different halogenated C 

1
  to C 

4
  

hydrocarbons were identi fi ed and their release rates determined. Although, at present, 
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marine macroalgae are apparently not the major source on a global scale, they may 
become more important in the future due to the in fl uence of changing abiotic fac-
tors, such as photon  fl uence rate, nutrient concentration, temperature, and salinity 
on the formation of volatile organohalogens. 

 The release of volatile compounds with defensive functions has been studied in 
many algae, for example the brown alga  Dictyota menstrualis   [  21  ] . Although the 
amphipod  Ashinaga longimana  preferentially consumes the alga  D. menstrualis , 
its feeding rates can be reduced signi fi cantly by high concentrations of diterpe-
noid dictyols (dictyol E, pachydictyol A, and dictyodial) produced by the alga. 
The pattern of variation in the chemical defenses of some seaweed species sug-
gests herbivore-induced increases of chemical defenses may be responsible for 
intraspeci fi c variation in chemical defenses. For example, seaweeds from areas of 
coral reefs where herbivory is intense often produce more potent and higher con-
centrations of chemical defenses than plants from habitats where herbivory is less 
intense. Their  fi ndings suggested that seaweeds are not passive participants in 
seaweed-herbivore interactions, but can actively alter their susceptibility to herbi-
vores in ecological time. Induced responses to herbivory help explain both spatial 
(i.e., within-thallus, within-site, and among-site) and temporal variation in the 
chemical defenses of the algae. 

 As seen above, macroalgae produce volatiles with defensive functions against 
herbivores, but microalgae also produce defensive volatile compounds. In this sense, 
it is common in many microalgae to share the ecological niche with bacteria and 
other microorganism. Therefore, the defensive compounds secreted by microalgae 
possess antibacterial, antifungal or antiprotozoal activity. The nature of these com-
pounds is highly varied. Microalgae have been screened for potential antimicrobial 
activity, which have been attributed to different compounds belonging to a range of 
chemical classes, including indoles, terpenes, acetogenins, phenols, fatty acids, and 
volatile-halogenated hydrocarbons  [  105  ] . For example, pressurized ethanol and 
supercritical CO 

2
  extracts of microalgae  D. salina  were studied for their antibacte-

rial activity against  Escherichia coli  and  S. aureus  and for their antifungal activity 
against  Candida albicans  and  Aspergillus niger   [  56,   111  ] . In the broth microdilu-
tion assay, a high antimicrobial activity against  C. albicans ,  E. coli , and  S. aureus  
was observed but not against  A. niger . In this work, a GC-MS analysis was per-
formed to associate the antimicrobial activity found, it was concluded that antimi-
crobial activity of  D. salina  extracts could be linked to the presence of terpenic 
( b -cyclocitral and  a  and  b -ionone) and indolic (methyl-1H-indole derivative) com-
pounds, Fig.  2 .  

 Terpenoids from algae have also been associated with antiviral activity, for 
example the above mentioned  D. menstrualis  produces a terpenoid able to inhibit 
HIV-1 reverse transcriptase as demonstrated by Souza et al.  [  181  ] ; or terpenoid 
derived from plastoquinone that produces  Sargassum  sp., which acts in the lipid 
oxidation chain and inhibit cytomegalovirus growing  [  64  ] . 

 Short chain fatty acids from microalgae are also volatile compounds associated 
with antibacterial activity. Santoyo et al.  [  165  ]  tested, using the broth microdilution 
assay, extracts obtained from the red hematocysts without  fl agella (red phase) of 



860 M. Herrero et al.

 H. pluvialis  microalga. In this work, it was concluded that the presence of short 
chain fatty acid (butanoic, hexanoic) highly inhibited the growing of gram positive 
and negative bacteria.  

    4.8   Other Bioactive Compounds 

 Seaweeds are known to be high in mineral content. More than 30% of the dry weight 
of marine algae is ash which contains various kinds of minerals, as they are bathed 
in the rich seawater. Some of the minerals are necessary for our health while some 
are toxic in varying degrees. Most of the macroalgae have high Ca, Mg, P, K, Na, 
and Fe contents  [  116  ] , as can be seen in Table  4 .  

 In comparison with higher plants, their outstanding feature is their high iodine 
content  [  89  ] . Seaweeds are the best natural sources of biomolecular dietary I. Some 
seaweeds contain 1,000 times as much iodine as found in a marine  fi sh like cod. 
Seaweeds provide di-iodotyrosin (I 

2
 T) which is precursor to essential thyroid hor-

mones thyroxine (T4) and triiodothyronine (T3)  [  14  ] . 
 The mineral content in general is highly dependant on the environmental 

growing conditions (season, temperature, physiological state, geographic varia-
tions…). For example, in a recent study of  Porphyra  and  Laminaria  from France, 
Spain, Korea, and Japan  [  152  ]  it was found, by using ICP-MS, that seaweeds 
from Korea and Japan tended to display the highest concentrations of Pb and Cd. 
In contrast, Spanish and French samples showed the highest levels of some 
microelements essential to human nutrition. Moreover,  Porphyra  presented 
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  Fig. 2    GC-MS chromatogram of the volatile fraction of  Dunaliella salina  extract  [  111  ] . (1) 
3,3-Dimethyl-2,7-octanedione; (2)  b -ionone; (3) 5,6,7,7a-tetrahydro-4,4,7a-trimethyl-2(4H)-ben-
zofuranone; (4) 4-oxo- b -ionone; (5) neophytadiene; (6) nerolidol; (7) 9-hexadecanoic ethyl ester; 
(8) hexadecanoic acid; (9) phytol; (10) 9,12,15-octadecatrienoic acid methyl ester; (11) 1H-indole 
derivative; (12) hexadecanoic acid monoglyceride; (13) neophytadiene derivative; (14) vitamin E. 
Reprinted with permission from the  Journal of Food Protection.  Copyright held by the International 
Association for Food Protection, Des Moines, IA, USA       
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higher concentrations of most elements (Cd, Co, Cr, Mo, Ni, Pb, Sb, Se, and V), 
except for As, than  Laminaria . 

 However, the linkage of certain minerals with anionic polysaccharides (alginate, 
agar, or carrageenan) might limit the absorption and extraction of these minerals. 
In such cases, mineral availability is a function of the type of linkage between the 
polysaccharide and the mineral. For instance, the weakness of the linkages between 
polysaccharides and iodine allows rapid release of this element. In contrast, the 
strong af fi nity of divalent cations (particularly Ca 2+ ) for carboxylic polysaccharides 
(alginates) probably limits the availability of associated minerals. From a nutri-
tional standpoint, this high af fi nity might be compensated by the high mineral con-
tents of seaweeds  [  95  ] . 

 Other compounds with proven bioactivity are those related with photosynthesis, 
mainly pigments such as chlorophylls, carotenoids or proteins like opsins. Among 
them chlorophylls are the most wide spread compounds. Chlorophylls and their 
intermediate metabolites have proved its contribution to antioxidant and antimicro-
bial activities. For example, in supercritical CO 

2
  extracts of  S. platensis , chloro-

phyll- a , pheophytin-a, pheophytin-a O-allomer, and pyropheophytin-a were detected 
by LC-MS/MS among the contributors to antioxidant activity measured by DPPH 
radical scavenging method  [  107  ] . On the other hand, phytol was detected by GC-MS 
among the bactericidal compounds present in  D. salina  extracts  [  111  ] , as can be 
observed in Fig.  2 , being all of them secondary metabolites of chlorophylls. 

 Certain alkaloids have been isolated from seaweeds. Among the many chemical 
classes present in plant species, alkaloids stand out as one of major importance in 
the development of new drugs, because they possess a wide variety of chemical 
structures and have been identi fi ed as responsible for many of the pharmacological 
properties of medicinal plants. Caulerpin, a bisindole alkaloid, was isolated from 
the green alga  Caulerpa racemosa  in 2009  [  24  ] . This alkaloid showed low toxicity 
and a variety of important biological activities already described in the literature, 

   Table 4    Mineral content of some edible seaweeds  [  116  ]    

 Seaweed  Na a   K a   Mg a   Ca a   P a   Fe b   Zn b   Cu b   Mn b   Cr b   B b  

 Chlorella  10.4  11.0  3.53  2.30  19.2  1,185  24.7  6.21  77.8  1.38  27.5 
 Spirulina  10.1  14.9  4.76  2.96  12.6  1,480  59.2  7.26  240  1.08  33.0 
 Arame  12.0  14.5  6.55  6.79  0.78  63.4  27.2  4.30  3.94  0.77  37.0 
 Hijiki  16.2  54.5  6.85  6.49  1.02  56.4  16.2  2.02  6.20  0.55  117 
 Kombu  27.1  90.9  6.72  5.74  4.76  73.8  18.2  1.64  4.67  0.71  89.5 
 Kombu-Kelp  21.2  48.7  5.61  4.52  2.35  76.4  19.3  1.95  3.90  0.43  87.5 
 Wakame  62.6  64.8  12.0  4.94  6.04  70.9  22.5  3.41  6.94  0.40  69.0 
 Wakame-instant  74.9  1.49  9.43  5.31  3.52  304  50.7  3.07  11.4  0.93  33.0 
 Dulse  22.8  105  3.46  2.08  4.97  717  37.0  4.60  27.5  0.98  52.0 
 Korzický čaj  20.8  20.4  11.4  52.8  0.60  283  16.4  4.70  20.0  8.01  107 
 Nori  8.55  26.0  40.6  5.72  2.02  1,833  19.4  15.8  360  4.90  69.5 

   a Results expressed in mg/kg dry weight 
  b Results expressed in  m g/kg dry weight  
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among which it is important to mention the antitumor, growth regulator and the 
plant root growth stimulant properties. De Souza et al. isolated caulerpin from lipoid 
extract of  C. racemosa  and its structure was identi fi ed by spectroscopic methods, 
including IR and NMR techniques and demonstrated in vivo and in vitro its anti-
nociceptive and anti-in fl ammatory activities  [  24  ] . 

 Microalgae have been also studied in the search of alkaloids, in this sense most 
of this research has been conducted to identify toxins  [  78  ] . The non-sulfated alka-
loid toxins of freshwater cyanobacteria (anatoxins and saxitoxin) are all neurotox-
ins. The sulfated polysaccharides, C-toxins and gonyautoxins are also neurotoxins, 
but the sulfated alkaloid cylindrospermopsin blocks protein synthesis with a major 
impact on liver cells. Some marine cyanobacteria also contain alkaloids (lyngbya-
toxins, aplysiatoxins) which are dermatoxins (skin irritants), but have also been 
associated with gastroenteritis and more general symptoms such as fever  [  78  ] . 
Several freshwater bloom forming cyanobacterial genera, including Anabaena, 
Aphanizomenon, Oscillatoria, and Cylindrospermum, produce the neurotoxin, ana-
toxin-a, an alkaloid with a high toxicity to animals  [  117  ] .   

    5   Conclusions and Future Outlooks 

 In this book chapter, we presented some of the bioactive compounds that can be 
obtained from algae (macro- and microalgae) with potential use as functional food 
ingredients. The description did not attempt to be exhaustive since, considering the 
huge biodiversity of algae and the strong in fl uence of growing conditions on bioac-
tive formation, the list of compounds and combination could be countless. On the 
other hand, we try to give an overview of the enormous possibilities of algae as 
natural reactors able to synthesize a myriad of compounds of different polarities and 
with different physiological effects on human health. Many of these compounds can 
be major components, such as proteins, lipids, and carbohydrates and other minor 
components (metabolites) generated to protect algal cells against stress conditions. 
Most of them are useful for the food industry as macronutrients ( fi ber, proteins, etc.) 
while others have an enormous future as functional ingredients to prevent or even 
improve the health status of a human being. 

 In this chapter, we also presented new technologies to extract valuable com-
pounds from algae, these processes have in common their “green” label, the possi-
bility of improving the ef fi ciency through process optimization, the removal of toxic 
solvents, the improved cost ef fi ciency and the enhancement of selectivity and isola-
tion steps. Several examples are described in the text demonstrating the usefulness 
and the advantages of such processes compared to conventional extraction ones. 
But, this step cannot be considered isolated but integrated in a more holistic concept 
of what should be a sustainable process considering algae as raw materials. 

 In this sense, we can think about algae (mainly microalgae) as (1) a sustainable 
source of mass and energy, since their processing meets the requirements for energy 
ef fi ciency (transformation, growing biomass  [  164  ] ; (2) a supply of clean energy for 
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the future if overproduction of oil is obtained that can be lately used for large-scale 
biodiesel production  [  112,   192  ] ; (3) an ef fi cient CO 

2
  sequestrant for greenhouse gas 

emissions control (Kyoto Protocol)  [  167,   200  ] ; and (4) a valuable source of bioac-
tives  [  11,   131  ] . 

 If we are able to think about a whole process involving the optimization of all 
these steps: ef fi cient production of biomass using CO 

2
  formed by combustion of 

fossil fuels in thermoelectric power plants, extraction of valuable bioactives using 
environmentally friendly processes to obtain high added value products that, on the 
other hand, leave intact residues, and process of oily fraction of biomass to produce 
biofuels, we will be able to work toward a sustainable, ef fi cient, and economically 
viable process with many important positive implications for the economy, the envi-
ronment and the human health. But, to reach this goal, it is mandatory to work with 
multidisciplinary teams involving scientists with expertise from phycology, molec-
ular biology, agronomy, chemical engineering, food science and technology, envi-
ronmental chemistry, economics, and so on. 

 Other nondirect bene fi ts from this sustainable process are: the recovery of lands 
unsuitable for agricultural purposes, since the requirements for algae are less 
demanding, the advancement of genetic engineering basic studies, since more 
knowledge is needed to select and manipulate the most convenient strains and genes 
to overproduce the substances of interest, and a more ef fi cient use of energy and 
sunlight. Working on sustainable processes is one of the best ways of investing in 
our future and in our planet’s future.      
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  Abstract   Anaerobic digestion is a common process for the treatment of a variety 
of organic wastes and biogas production. Both, macro- and microalgae are suitable 
renewable substrates for the anaerobic digestion process. The process of biogas 
production from algal biomass is an alternative technology that has larger potential 
energy output compared to green diesel, biodiesel, bioethanol, and hydrogen pro-
duction processes. Moreover, anaerobic digestion can be integrated into other con-
version processes and, as a result, improve their sustainability and energy balance. 
Several techno-economic constraints need to be overcome before the production of 
biogas from algal biomass becomes economically feasible. These constraints 
include a high cost of biomass production, limited biodegradability of algal cells, a 
slow rate of biological conversion of biomass to biogas, and high sensitivity of 
methanogenic microorganisms. The research opportunities include a variety of 
engineering and scienti fi c tasks, such as design of systems for algae cultivation and 
anaerobic digestion; optimization of algae cultivation in wastewater, nutrients recy-
cling and algal concentration; enhancement of algal biomass digestibility and con-
version rate by pretreatment; deep integration with other technological processes 
(e.g., wastewater treatment, co-digestion with other substrates, carbon dioxide 
sequestration); development and adaptation of molecular biology tools for the 
improvement of algae and anaerobic microorganisms; application of information 
technologies; and estimation of the environmental impact, energy and economical 
balance by performing a life cycle analysis.      

    P.   Bohutskyi   •     E.   Bouwer   (*)
     Department of Geography and Environmental Engineering ,  Johns Hopkins University ,
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    1   Introduction 

 People have been using anaerobic digestion processes (ADP) for centuries, but the 
 fi rst documented digestion plant was constructed in Bombay, India in 1859  [  1  ] . The 
 fi rst usage of biogas from a digester plant was reported in 1895 in Exeter, England 
where biogas was used for street lighting  [  2  ] . Approximately 15 million digesters, 
including small farm-based digesters, are now operated in China  [  3,   4  ] . And about 
12 million digesters are located in India  [  3,   5  ] . 

 High fuel prices coupled with an increasing awareness of greenhouse gas emis-
sions and global warming have promoted an interest in further anaerobic digestion 
(AD) research and industrial applications. Now, the ADP is viewed not only as a 
method for treatment of sewage biosolids, livestock manure, and concentrated 
wastes from food industry, but also as a potentially signi fi cant source of renewable 
fuel. The biogas gross production (Table  1 ) within developed countries has nearly 
doubled from 2000 to 2007  [  6  ] .  

 Different agricultural crops and terrestrial and aquatic plants are proven to be an 
appropriate feedstock for AD  [  7  ] . Indeed, the National Algal Biofuels Technology 
Roadmap 2010 noted that anaerobic digestion is an underutilized technology for 
algal biofuel production that “eliminates several of the key obstacles that are respon-
sible for the current high costs associated with algal biofuels, and as such may be a 
cost-effective methodology”  [  8  ] . For instance, the AD of algal biomass to biogas 
possesses advantages compared to other biofuel sources and conversion techniques, 
such as:

   Higher productivity. Algae have a higher conversion ef fi ciency of light energy to • 
biomass compared to plants, up to 5–10% vs. 0.5–3%  [  9–  12  ] .  
  Water quality is less critical. Wastewater, brackish water and even seawater can • 
be used for algae culturing in addition to fresh water.  
  Noncompetitive to food production. Algae can be cultivated on nonarable lands • 
and in the ocean.  
  Carbon dioxide sequestration. Algae convert carbon dioxide into biomass, and • 
culture media can be enriched with carbon dioxide from gases exhausted from 
power plants or other sources.  
  Elimination of several energy consuming steps. The ADP does not require dry-• 
ing and an extraction steps as well as a high extent of algal biomass dewatering.  
  Deeper level of algal biomass utilization is possible. The ADP can convert all • 
fractions of organic matter, including lipids, proteins, carbohydrates, and nucleic 
acids to biofuel.  
  Partial recycling of nutrients with AD ef fl uent. Anaerobic digestion is a natural • 
conversion process that releases nutrients in a potentially usable and recyclable 
form. The supernatant liquid with higher nitrogen and phosphorus content can be 
used as a fertilizer for algae culturing. Moreover, the solid phase can be used as 
a biofertilizer in agriculture or as a livestock nutrient.  
  Integration with other technologies is possible. For instance, the ADP can be • 
used as a co-technology for algal residues utilization after biodiesel, green diesel, 
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bioethanol, and hydrogen production. Furthermore, a variety of organic wastes 
and by-products can be co-digested with algae to produce biogas.  
  Environmental friendly process. No toxic materials are produced during ADP.    • 

 Nevertheless, the process of methane production from algae has several limita-
tions that need to be overcome to become an attractive technology for producing 
renewable energy:

   High capital cost of algae production and AD units.  • 
  Relatively low algae productivity. Algae growth rate is relatively limited by low • 
ef fi ciency of photosynthesis, photoinhibition, and carbon assimilation.  
  Incomplete digestibility of algal cells. The algal biomass partially contains recal-• 
citrant organic matter that cannot be hydrolyzed by the conventional ADP.  
  Conversion rate is relatively slow. Generally, biomass residence time in the ADP • 
varies between 10 and 30 days.  
  In some cases, algal biomass has an unbalanced C:N ratio. A low ratio can lead • 
to the accumulation of NH  

4
  +   in an anaerobic digester to inhibitory levels while 

lack of nitrogen can limit anaerobic conversion and methane production.  
  High sensitivity of the ADP. Methanogenic organisms are sensitive to  fl uctuations • 
of environmental and operational parameters.    

 This chapter provides a literature review and analysis of biogas production from 
algal biomass though ADP. In the  fi rst part, we describe morphological, ecological, 
and biochemical characteristics of cyanobacteria and three major algae groups as 
well as their current commercial applications. The second part provides background 
on ADP and focuses on the algae anaerobic digestion research in the past several 
decades. Finally, we discuss prospective methods for enhancement of algae produc-
tion and anaerobic digestion with emphasis on metabolic manipulations, genetic 
engineering, algae pretreatment, co-digestion with other feedstocks, and integration 
of algae AD into other technological processes.  

   Table 1    Gross production of biogas in countries (2000 and 2007)   

 Country/area 

 Biogas—gross production (TJ) 

 2000 year  2007 year 

 United States  123,966  183,674 
 Germany  23,341  100,628 
 United Kingdom  33,912  66,657 
 France incl. Monaco  6,133  16,896 
 Italy and San Marino  5,480  16,240 
 Australia  5,780  11,643 
 Republic of Korea  1,380  7,912 
 Spain  5,492  7,693 
 Total  205,484  411,343 
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    2   Algae as the Feedstock for the Anaerobic Digestion Process 

 Algae are a large and very diverse group of organisms ranging from simple unicel-
lular microalgae to giant macroalgae. The morphology of macroalgae or seaweeds 
resembles the terrestrial plants but the biochemical composition is signi fi cantly dif-
ferent. The major carbon storage products in terrestrial plants are starch and fructo-
san  [  13–  15  ]  that can be easily converted to biogas. However, the main components 
of terrestrial plant cell walls are cellulose/hemicellulose  fi bers embedded into a pec-
tin matrix and cemented together by lignin  [  16–  18  ] . This lignocellulosic complex is 
recalcitrant to biological degradation and requires intensive chemical (acid hydroly-
sis, alkaline wet oxidation, ammonia  fi ber expansion) or thermal pretreatment 
(steam explosion, hot water) before biological conversion  [  19–  22  ] . 

 The major components of macroalgae are polysaccharides, algal cell wall lack 
lignin. The main components of cell envelopes are ulvan and xylan in green algae; 
carrageen, agar, and xylose in red algae; alginate and fucoidan in brown algae. 
Cellulose is a structural component of the cell wall in many genera, but only in 
some green algae is the ratio on a level comparable to terrestrial plants. The main 
storage polysaccharides in macroalgae are  fl oridean starch in red algae; chlorophy-
cean in green macroalgae; laminarin; and mannitol in brown macroalgae. 

 The biochemical composition of microalgae and cyanobacteria are signi fi cantly 
different from macroalgae. Often carbohydrates are a minor component of cell dry 
weight, whereas proteins and lipids account for the bulk of microalgal dry weight. 

 One of the challenges in AD of algae is signi fi cant variation in biochemical com-
position not only among different phylum or genera, but also among similar species. 
Biochemical composition depends on many environmental factors, such as tem-
perature, salinity, light intensity, and nutrient availability  [  23–  27  ] . 

    2.1   Cyanophyta (Blue-Green Algae) 

 The Cyanophyta is a unique group of prokaryotic microorganisms and a member of 
a large group of photosynthetic organisms  [  28  ] . In contrast to purple and green bac-
teria, the photosynthetic mechanism of cyanobacteria is oxygenic and similar to the 
photosynthesis mechanism in plants and algae. Several  fi lamentous blue-green 
algae are able to form heterocysts, which contain the enzyme nitrogenase and  fi x 
atmospheric nitrogen  [  29  ] . Cyanobacteria possess chlorophyll  a  and phycobilipro-
teins as part of their light harvesting antennae  [  30  ] . But cyanobacteria lack mem-
brane-bound cell organelles (nucleus, mitochondria, chloroplast), which are de fi ning 
characteristics of the Eukaryotic Kingdom  [  31  ] . Cyanobacteria are found elsewhere 
in marine, brackish water, freshwater, and terrestrial habitats with a variety of mor-
phological forms: unicellular and colonial non-motile, colonial, and  fi lamentous 
 [  32,   33  ] . The characteristics of Cyanophyta are presented in Table  2 .  
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 Cyanobacteria are used for a variety of purposes including as a food and feed 
supplement due to their high protein (Table  3 ) and vitamin content, as a good source 
of  fi ber, and for their good digestibility. Other current and prospective applications 
of cyanobacteria include the production of pharmaceuticals (antiviral, antibacte-
rial, antifungal, and anticancer compounds), enzymes, wastewater treatment, and 
use as a biofertilizer  [  34,   35  ] . Cyanobacterial species are characterized by high 
productivity (Table  4 ).    

   Table 2    Cyanophyta species major organic matter characteristics   

 Characteristic  Description  References 

 Nutrient reserves  Cyanophycean starch ( a -1,4-glucan) as carbon and 
energy; cyanophycin (arginine and asparagine 
polymer) as nitrogen storage; polyphosphate as 
phosphorus storage; poly(hydroxyalkanoate) 

  [  31,   492–  496  ]  

 Cell wall organization  Multiple-layered. Envelope consists of cytoplasmic 
membrane and cell wall. Optional outer membrane, 
s-layer, sheath, capsule, and slime. Four-layered 
peptidoglycan (murein) is principal component. 
Consists of glycan backbone with peptide cross 
linkages 

  [  497–  504  ]  

   Table 3    Biochemical and chemical composition of selected cyanobacteria   

 Component   Arthrospira maxima    Arthrospira platensis  
  Anabaenopsis  
sp. 

  Oscillatoria 

de fl exa  

 Ash  –  –  9.35  9.1 
 Carbohydrates  10–16  10–16  41.3  10 
 Protein  64–70  62–72  41.2  54.5 
 Lipids  6  6–7  8.1  13.8 

 References   [  505  ]    [  506  ]    [  507  ]  

   Table 4    Productivity of cyanobacteria   

 Species  Reactor type 
  P  

arial
  

(g/m 2 -day) 
  P  

volume
  

(g/L-day)  References 

  Arthrospira  sp.  Outdoor airlift tubular undulating row (11 L)  25.4  1.15   [  508  ]  
  A. platensis   Outdoor tubular undulating row (11 L)  47.7  2.7   [  509  ]  
  A. platensis   Dairy wastewater anaerobic lagoon 

ef fl uent (1 L) 
 70  0.07   [  480  ]  

  A. platensis   Indoor fermenter (4 L)  –  0.17   [  505  ]  
  A. maxima   –  0.16 
  A. maxima   Open pond  –  0.21   [  510  ]  
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    2.2   Rhodophyta (Red Algae) 

 The Rhodophyta is a relatively well-de fi ned group of about 6,000 algal species with 
several features that differentiate them from other algal divisions, such as the pres-
ence of accessory phycobilin pigments, the absence of  fl agella and centrioles  [  36  ] . 
The vast majority of red algae are marine multicellular, macroscopic species, which 
account for the majority of the so-called seaweeds  [  37  ] . The main habitats are near-
shore and offshore zones (down to 40–60 m) in tropical and temperate climate 
regions while the presence of accessory pigments allow algae to grow at depths 
down to 200–250 m. Species with calci fi ed cell walls are important for the estab-
lishment and support of coral reef formation. Red algae are also found in brackish 
and fresh water, as well as in soil  [  38,   39  ] . 

  Porphyra  species are an important food source for humans in the Asia region 
 [  40  ] . Several Rhodophyta species ( Gelidium ,  Gracilaria ) are an important source 
of agar and agarose  [  41  ] . These polysaccharides are used in many laboratories 
for preparing culture media and separating nucleic acids  [  42  ] . Carrageenan is 
widely used in the food industry as a gel forming substance and stabilizer  [  43  ]  
(Tables  5 – 7 ). Structural, biochemical characteristics and productivity of selected 
red algae species are presented in Tables  5 – 7 .     

    2.3   Chlorophyta (Green Algae) 

 Chlorophyll  a  and  b  are the dominant pigments in Chlorophyta and are the source 
of the second name of these organisms—Green algae. The secondary pigments are 
carotenoids (  b  -carotene, prasinoxanthin, siphonaxanthin, astaxanthin) which some-
times give algae their yellowish-green and red-green colors  [  44  ] . The major habitat 
for green algae is freshwater although they are also found in sea or brackish water, 
and in soil  [  38,   39,   45,   46  ] . Chlorophyta species are unicellular or colonial motile 
and non-motile,  fi lamentous, coccoid, parenchimatous, and siphonous  [  37,   47  ] . 

   Table 5    Rhodophyta species major organic matter characteristics   

 Characteristic  Description  References 

 Nutrient reserves  Floridean starch ( a -1,4-glucan) in cytoplasm 
for long-term storage. Sugars and glycosides 
(trehalose,  fl oridoside, maltose, sucrose) are 
the primary products of photosynthesis 

  [  511–  517  ]  

 Cell wall organization  Multiple-layered. Amorphous mucilage from 
sulfated polysaccharides (agars and 
carrageenans) about 70% from dry weight 

  [  116,   512,   518–  521  ]  

 Florideophyceae—rigid cellulose polysaccharides 
 Bangiophycidae—rigid  b -1,3xylan. Outer cuticle 

from protein or  b -1,4mannan 
 Corralinaceae and some Nemaliales calci fi ed 

with CaCO 
3
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 Halophilic microalga  Dunaliella  is widely cultivated for the production of 
  b  - carotene and other human nutritional products  [  48  ] . Species from Ulvophyceae 
group are mostly marine macroscopic algae that are used as food in coastal regions 
and can be used for nitrogen removal during wastewater treatment  [  49  ]  
(Tables  8 – 10 ).     

    2.4   Heterokont (Brown Algae, Yellow-Green Algae, Golden 

Algae, Diatoms, and Others) 

 Heterokonts are a large and very diverse group of algae identi fi ed relatively recently 
that possess similar morphology, photosynthetic pigments, ultrastructural features, 
and genetic code  [  50,   51  ] . Several Heterokont groups of algae correspond to for-
merly distinct phylum, the Chrysophyta and Phaeophyta. The species are wide-
spread in brackish water, freshwater, marine and terrestrial habitats. And chlorophyll 
 a  and  c  are the main photosynthetic pigments, and the main carotenoids are fucox-
anthin or vaucheriaxanthin  [  52  ]  (Tables  11  and  12 ).   

 Several Heterokont algae are used in mariculture.  Isochrysis galbana ,  Chaetoceros 

muelleri , as well as diatoms  Skeletonema costatum ,  Nitzschia  and  Navicula  spp. are 
used to feed molluscs;  Nannochloropsis  is used to feed rotifers  [  53  ] . In the past 

   Table 8    Chlorophyta species major organic matter characteristics   

 Characteristic  Description  References 

 Nutrient reserves  Chlorophycean: mix of amylose 
( a -1,4-linkage) and amylopectine 
( a -1,4 and  a -1,6 linkage) inside of 
chloroplast 

  [  511,   533–  540  ]  

 Lipids 
 Polyphosphate granules 

 Cell wall organization  Mostly two layered   [  161,   162,   170,   541–  549  ]  
 Outer mucilage or capsule 
 Structural component—crystalline 

cellulose (Cladophorales), amorphous 
cellulose (Ulvales, Oedogoniales, 
coccoid algae), xylose or mannose 
(Caulerpales, Codiaceae, 
Polyphysaceae) in hemicellulose, 
glycoproteins (Volvocales) 

 Several microalgae (e.g., Chlorellaceae, 
Scenedesmaceae, Hydrodictyaceae 
families) have resistant trilaminar 
structure containing nonhydrolysable 
biopolymer—algaenan 

 Some marine siphonous species are 
calci fi ed with CaCO 

3
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several decades, diatoms were studied for the production of pharmaceuticals, health 
products, biomolecules, nanomaterials, and bioremediators  [  54  ] . Several diatoms 
and Pinguiophyceae species have large biotechnological potential due to their high 
content of eicosapentenoic acid  [  55,   56  ] . 

 The brown algae (Phaeophyceae) are among the most cultivated algal species. 
Several brown algae were found to be good feedstock for AD. The composition of 
several species is presented in Table  13 .  

 The alginate is a linear (1-4)-linked glycuronan composed of   b  -1,4- d -mannuronic 
acid and   a  -1,4- l -guluronic acid  [  57  ] . Mannitol is an alcohol. 

 Fucoidan structure varies in different algal species. Generally, it is a nonuni-
formly branched and sulfated polysaccharide with backbone composed of alternat-
ing 1-3- and 1-4-linked   a  - l -fucopyranosyl units  [  58,   59  ]  (Table  14 ).    

    3   Principles of the Anaerobic Digestion Process 

 AD is a complex biological process performed by a consortium of anaerobic bacteria 
and archaea. In this section, we provide a description of the ADP biochemistry and 
microbiology, the in fl uence of environmental and physicochemical parameters on 
process performance, and the importance of biogas composition and its application. 

    3.1   Biochemistry and Microbiology of Anaerobic Digestion 

 Algal biomass consists of a mixture of organic and inorganic matter. The organic 
part is composed of complex polymeric macromolecules, such as proteins, polysac-
charides, lipids, and nucleic acids. The polymers appear in particulate or colloidal 
form. The ADP converts organic matter to the  fi nal products (methane and carbon 
dioxide), new biomass, and inorganic residue. Several groups of microorganisms 
are involved in substrate transformation and the overall process comprises multiple 
stages with many intermediate products. Generally, the process can be simpli fi ed to 
four consecutive steps: (1) hydrolysis; (2) fermentation or acidogenesis; (3) aceto-
genesis; and (4) methanogenesis. 

 The overall transformation can be described by six distinct biological processes 
as shown in Fig.  1  (modi fi ed from  [  60  ] ): 

    1.    Hydrolysis of colloid and particulate biopolymers to monomers.  
    2.    Fermentation or acidogenesis of amino-acids and sugars to intermediary products 

(propionate, butyrate, lactate, ethanol, etc.), acetate, hydrogen, and formate.  
    3.      b  -oxidation of long-chain fatty acids and alcohol fermentation to volatile fatty 

acids (VFA) and hydrogen.  
    4.    Anaerobic oxidation or acetogenesis of intermediary products, such as VFAs to 

acetate, carbon dioxide, and hydrogen. This reaction is performed by obligate 
and facultative hydrogen producing species.  
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   Table 10    Biochemical and chemical composition of selected green algae   

 Component a  
  Codium 

fragile  
  U. lactuca  
or  rigida    Ulva  sp. 

  Chlamy-

domonas  sp. 

  Chlorella 

pyrenoidosa  
(low lipid) 

  C. pyrenoidosa  
(lipid rich) 

  Chlo-

rella  sp. 

  Chlorella  
sp. (depleted 
residues) 

 Water  92.2  79.9–88.4  –  –  –  –  –  – 

 Ash  40.2  20.9–49.3  18.72   4.74   3.45  3.45  –  – 

 Carbon  19.2  18.4–35.4  38.06  45.21  47.8  67.75  53.8  44.8–47.5 

 Hydrogen  3.4  2.4–5  4.95   6.5   6.55  10.17   8.5  7.1–7.5 

 Oxygen (calculated)  35.6  27.4–37.4  38.02  29.9  46.6–47.5 

 Nitrogen  1.6  2.5–4.9  3.96   5.53   8.99   1.38   7.3  9.4–10.1 

 Sulfur  4.1  1.6–4.1  –  –  –  –   0.5  1–2.2 

 Alginate  <2  0.5–2  –  –  –  –  –  – 

 Mannitol  1.3  –  –  –  –  –  –  – 

 Fukoidan  0.5  4.9–8  –  –  –  –  –  – 

 Total carbohydrates  38.2  24.3–58.5  56.57  55.44  36.2   9.17  26.2  35.2–39.6 

 Protein  –  –  24.7  34.6  56   7.05  45.5  60.2–64.1 

 Lipids  –  –  trace   5.24   4.34  80.3  26.2  0.2–2 

 Chlorophyll  –  –  –  –  –  –  –  – 

 Cellulose  4.1  1.3–11.9  –  –  –  –  –  – 

 Sugars/alcohols  1.2  1.8–3.4  –  –  –  –  –  – 

 Polyphenols/lignin  7  1.6–12.4  –  –  –  –  –  – 

 C/N ratio  10  7.2–10.6  9.61   8.18   5.3  49.1   7.3  4.61–4.79 

 References   [  531  ]    [  506  ]    [  436  ]  

   a All data are given as a percent from dry weight, water percent from fresh weight and C/N ratio unit less  
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  D. tertiolecta  

  Nanno-

chloris 

atomus  

  Tet-

raselmis 

chui    T. suecica  

  Chlorella 

prototh-

ecoides  
  Chlorella  sp. 
(CS-247) 

  Stichoc-

occus  sp. 
  Pyramimonas 

cordata  
  Pycnococcus 

provasolii  

  Micromonas 

pusilla , tropical 
(temperate) 

 –  –  –  –  –  –  –  –  –  – 

 –  –  –  –  –  –  –  –  –  – 

 –  –  –  –  –  –  –  –  –  – 

 –  –  –  –  –  –  –  –  –  – 

 –  –  –  –  –  –  –  –  –  – 

 –  –  –  –  –  –  –  –  –  – 

 –  –  –  –  –  –  –  –  –  – 

 –  –  –  –  –  –  –  –  –  – 

 –  –  –  –  –  –  –  –  –  – 

 –  –  –  –  –  –  –  –  –  – 

 12.2   23  12.1–
13.9 

 12  10.8  11–16.1  16.1  16.3  13.8  16.7 (14.3) 

 20  30  18.1–31  31  25.6  15.2–15.4  22.5  17  17.3   5.5 (17.7) 

 15  21  13.9–17  10  12.8  11.1–18.4   8.5   9.5  16.7  10.9 (13.3) 

  1.73   0.37  1.36–
1.42 

  0.97   0.97   0.23–0.72   0.32   1.38   0.63   1.01 (1.54) 

 –  –  –  –  –  –  –  –  –  – 

 –  –  –  –  –  –  –  –  –  – 

 –  –  –  –  –  –  –  –  –  – 

 –  –  –  –  –  –  –  –  –  – 

  [  566  ]    [  567  ]  

   Table 11     Heterokonts  species major organic matter characteristics   

 Characteristic  Description  References 

 Nutrient reserves  Phaeophyceae: laminarin ( b -1,3-glucan, mannitol)   [  38,   39,   568–  573  ]  
 Xanthophyceae, Eustigmatophyceae:  b -1,3-glucan, 

lipids 
 Chrysophyceae: Chrysolaminarin ( b -1,3-glucan 

with  b -1,6 branches) 
 Bacillariophyceae: Chrysolaminaran, lipids 
 Eustigmatophyceae: oils 

 Cell wall organization  Phaeophyceae. Outer layer: alginic acid and 
fucoidan (sulfated mucopolysaccharide). 
Internal layer: cellulose 

  [  37,   39,   574–  581  ]  

 Xanthophyceae: cellulose, glucose, uronic acid 
 Bacillariophyceae: frustule (silica) 
 Eustigmatophyceae, Raphidophyceae, 

Chrysophyceae: usually naked. Some 
Chrysophyceae have cellulosic, silicated, 
calci fi ed, mucilage or lorica wall 
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   Table 13    Biochemical and chemical composition of selected brown seaweeds   

 Component 
  Macrocystis 

pyrifera    M. pyrifera    A. nodosum  
  L. hyperborea  
( stipe ) 

  L. hyperborea  
( frond )   Laminaria  sp. 

 Water  87.5  87–89  67–82  77–89  84–87  88 

 Ash  38.6–44.5  34–44.3  18–24  32–37  16–37  22–37.6 

 Carbon  –  23.7–27  33.1–35.7  –  –  34.6 

 Hydrogen  –  2.8–4.1  4.5–5  –  –  4.7 

 Oxygen (calculated)  –  27.5–31  32.9–37.9  –  –  31.2 

 Nitrogen  –  1.1–1.7  2.8–3.3  –  –  2.4 

 Sulfur  –  0.7  1.5–2.9  –  –  1 

 Alginate  13–24  11.5–19.5  3.7–29  31–6  17–34  17–30 

 Laminarin  1  –  1.2–6.6  0.4–1  0–30  14 

 Mannitol  5–16  5.2–25  6.8–10.4  3.5–8.3  4–25  12 

 Fukoidan  0.5–2  1.2–2.1  3.8–10  2–4  –  5 

 Other carbohydrates  –  –  10  traces  –  – 

 Total carbohydrates  –  18.5–18.8  22.2–25.3  –  –  54 

 Protein  5–13  –  4.8–9.8  7.2–10.5  4–14  6–19 

 Lipids  0.5  –  1.9–4.8  0.5–0.77  –  0.9–4 

 Fiber  –  –  3.5–4.6  9.6–11.2  – 

 Cellulose  3–8  4.7–6.4  1.6–4  –  –  3–9 

 Sugars/alcohols  –  12.3  1.2–2.2  – 

 Polyphenols/lignin  –  4–7.8  0.5–19.1  1  – 

 C/N ratio  –  13.6–23.7  10–13.9  –  –  14.4 

 References   [  590  ]    [  591  ]    [  592  ]    [  593  ]  

  All data are given as a percent from dry weight, water percent from fresh weight and C/N 
ratio unit less  

   Table 12    Productivity of Heterokonts species   

 Species  Reactor type 
  P  

aerial
  

(g/m 2 -day) 
  P  

volume
  

(g/L-day)  References 

  Nannochloropsis  sp. (spring)  Glass  fl at plate (440 L)  14.2  0.27   [  582  ]  

  Nannochloropsis  sp. (winter)  Glass  fl at plate (440 L)  10  0.21 

  Nannochloropsis  sp.  Open pond  –  0.09   [  510  ]  

  Cylindrotheca closterium   Flat-panel airlift (1 L)  14  0.46 a    [  554  ]  

  Phaeodactylum tricornutum   Outdoor airlift tubular (200 L)  20  1.2   [  583  ]  

  P. tricornutum   Outdoor airlift tubular (200 L)  32  1.9   [  584  ]  

  P. tricornutum   Outdoor helical tubular (75 L)  40 a   1.4   [  585  ]  

  Chaetoceros calcitrans   Outdoor pipe shaped (70 L)  37.3  0.27   [  561  ]  

  Ascophyllum nodosum   Natural population  5.5  –   [  586  ]  

  A. nodosum   Spray culture  1.2–8 (2.8 ave )  –   [  587  ]  

  Laminaria hyperborea   Natural population  1.9–13.2 (82 ave )  –   [  588  ]  

  Laminaria japonica   Commercial cultivation  16.4  – 

  Sargassum  fl uitans   Florida, short term  4.2–19.1  –   [  589  ]  

   a Estimated from data given in the paper  
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  L. saccharina  
spring (autumn) 

  L. 

saccharina  
  L. 

agardhii  
  A. 

cribosum  
  A. 

esculenta  
  F. 

distichus  
  F. 

vesiculosus  
  S. 

 fl uitans  
  Sargassum 

pteropleuron  

 88.7–89.2 
(80.7–84.4) 

 82.5–87  87  77.8  78.2  76.2  80.6–81.9  86  75.1 

 35–38.6 
(21.5–24) 

 17.9–35.8  47.3  30.1  26  17.5  27–28.9  39.6  23.5 

 –  27.5–33.9  23.8  30.5  31.9  38.1  31.2–34.5  28.3  34.8 

 –  3.8–5.4   2.8   4   4.7   5.1   4.3   3.68   4.51 

 –  30.2–39.7  23.5  32.2  33.7  35.4  30.8–32.8  27.2  – 

 –  2.7–4.3   2.6   3.2   3.7   3.9   2.9–3.4   1.15   0.69 

 –  0.3–0.4   0.4   1.5   0.7   1.4   1.5–2  –  – 

 23 (15)  5.9–19.2  17.8  13.3  16.8   5.8   6.1–10.8  28.3  24.5 

 0.16–0.21 
(19–20) 

 0–9.1  –  –  –  –  –  –  – 

 4 (16)  2.5–18.3  –   1.7   4.7   6.3   5.8–11.4   4.5   3.5 

 –  0.1–0.9   0.1   0.7   0.5   3.1   2.5–4.3  –  – 

 –  –  –  14.2  –  –  –   8.3   9.2 

 –  14.1–39.6  13.6  14.2  28.4  28.6  14.4–21.1  –  – 

 –  –  –  –  –  –  –   8.6   5.1 

 –  –  –  –  –  –  –  –  – 

 –  –  –  –  –  –  –  36.5  40.6 

 –  2.1–6.8  8   5.5   3.2  7.3   5–5.7  –  – 

 –  2.3–19.4  –   6.4   3.8  11.7   1.3  –  – 

 –  4–9  6  17.2   9.4  12.9   5.8–6  –  – 

 –  6.9–10.8  9.3   9.6   8.6   9.7  10.10.9  –  – 

  [  154  ]    [  531  ]    [  121  ]  
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    5.    Transformation of acetate into methane by acetoclastic methanogens.  
    6.    Transformation of molecular hydrogen and carbon dioxide into methane by 

hydrogenophilic methanogens.     

 The same group of microorganisms that are primary fermenters performs the  fi rst 
three steps. These biological processes are sometimes referred to as acidogenesis or 
the acid-phase  [  61  ] . The other important biological processes in AD are:

   Conversion of a variety of monocarbon compounds (e.g., formate, methanol) to • 
acetic acid. This reaction is carried out by homoacetogenic bacteria.  
  Reduction of sulfur compounds to hydrogen sul fi de by sulfur reducing bacteria.     • 

   Table 14    Biochemical and chemical composition of Heterokont microalgae   
 Species, class, phylum  Chlorophyll  Proteins  Carbohydrates  Lipids  References 

 Bacillariophyceae, Bacillariophycophyta 
  C. calcitrans   3.01  34  6  16   [  566  ]  
  Chaetoceros gracilis   1.04  12  4.7  7.2 
  Nitzschia closterium   –  26  9.8  13 
  P. tricornutum   0.53  30  8.4  14 
  Skeletonema costatum   1.21  25  4.6  10 
  Thalassiosira pseudonana   0.95  34  8.8  19 

 Eustigmatophyceae, Heterokontophycophyta 
  Nannochloropsis oculata   0.89  35  7.8  18   [  566  ]  

  All data are given as a percent from dry weight  

  Fig. 1    Flow diagram of complex organic matter anaerobic digestion (modi fi ed from  [  60  ] ), where 
(1) hydrolysis; (2) fermentation; (3)  b -oxidation; (4) acetogenesis; (5) acetoclastic methanogens; 
(6) hydrogenophilic methanogens; (7) homoacetogenesis       
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    3.2   Operational Parameters, Physicochemical Factors, 

and Inhibition of the Anaerobic Process 

 Archaea obtain a limited amount of energy from methanogenesis and possess the 
slowest growth rate among the anaerobic digester microorganisms. Maintaining 
valid environmental and operational parameters for archaea is one of the key factors 
for effective methane production. The main environmental factors are temperature, 
pH, alkalinity, and redox potential. Operational parameters, such as C:N:P ratio, the 
presence of essential micronutrients, organic loading rate (OLR), hydraulic (HRT) 
and solids retention time (SRT), and incoming salts and toxicants concentration are 
subject to tight control and regulation. The accumulation of certain intermediates or 
byproducts, such as VFAs, ammonia, and hydrogen sul fi de, can lead to inhibition of 
methane production  [  62  ] . 

    3.2.1   Temperature 

 Temperature is one of the most important environmental factors for methanogene-
sis. The methanogenic archaea can be classi fi ed according to the temperature ranges 
for maximum growth and substrate utilization rates. The optimal temperature for 
growth of psychrophilic organisms is between 10 and 15°C, mesophilic between 35 
and 40°C, and thermophilic between 58 and 68°C  [  63,   64  ] . The rate of methane 
generation by psychrophilic microorganisms is signi fi cantly slower compared to 
mesophiles and thermophiles, and therefore the psychrophilic regime is rarely used 
for large-scale methane production. The methanogens are the most sensitive organ-
isms to temperature variation. A sudden temperature change as small as 2–3°C 
causes an accumulation of VFAs and a decreasing methane generation rate espe-
cially at thermophilic conditions  [  65  ] . A signi fi cant temperature drop affects the 
activity of all anaerobic microorganisms and ceases methane production, but the 
microorganisms are able to recover after temperature stabilization  [  65–  67  ] .  

    3.2.2   pH and Alkalinity 

 The pH is another important environmental factor for the ADP. Different groups of 
methanogens have different ranges of optimum pH. The acidogens exhibit maxi-
mum activity at pH 5.5–6.5 while the optimum for methanogens is pH 7.8–8.2  [  68  ] . 
Since the methanogens are more sensitive to pH variation, the pH in anaerobic 
digesters is usually maintained in the range of 7–8. Rapid inhibition of methanogens 
at pH higher than 8 can be caused by dissociation of NH  

4
  +   to the neutral NH 

3
  form 

 [  69  ] . The presence of alkalinity is an important marker of pH persistence in anaero-
bic digesters. The bicarbonate alkalinity buffers the  fl uctuations in the generation of 
VFAs and carbon dioxide at pH close to neutral. A stable ADP is characterized by 
the bicarbonate alkalinity in the range from 1,000 to 5,000 mg/L as CaCO 

3
   [  70  ] . 
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The ratio between VFAs to alkalinity should be in the range of 0.1–0.25. A further 
increase of the ratio of VFAs to alkalinity indicates possible process deterioration 
and requires the OLR to decrease in order to lower the VFA formation rate.  

    3.2.3   Nutrients 

 Macro- and micronutrients are required for the stable growth of anaerobic microor-
ganisms. The approximate ratio of carbon to nitrogen and phosphate should be in 
the range of 75:5:1 to 125:5:1  [  71  ] . Chynoweth reported the nitrogen limiting condi-
tions when C/N ratio exceeded 15 during digestion of  Macrocystis   [  72  ] . Nitrogen is 
an important element not only because it is necessary for the synthesis of protein 
and nucleic acids but also because, reduced to ammonia, it serves as a base to help 
maintain neutral pH. Certain macronutrients, such as iron, nickel, cobalt, molybde-
num, zinc, calcium, copper, and boron, are necessary for stable AD in the mg/L level 
 [  73,   74  ] . The majority of metals are the principal component of the enzymes’ active 
site. For example, copper and cobalt are constituents of B 

12
 -enzyme which catalyze 

the methanogenesis, nickel is part of factor F 
430

  found only in methanogenic bacte-
ria, and molybdenum and selenium are subcomponents of formate dehydrogenase, 
which is part of the active site of hydrogenase and acetyl-CoA synthase  [  75  ] .  

    3.2.4   Oxidation–Reduction Potential 

 The oxidation–reduction potential (ORP) generally is a measurement of a sub-
stance’s af fi nity to either gain or lose electrons. In AD it re fl ects the availability of 
oxidants, such as oxygen or nitrate ions or of reductants such as hydrogen. A high 
ORP (>50 mV) indicates the presence of free oxygen in the anaerobic environment. 
An ORP between 50 to −50 mV is characteristic of an anoxic environment with 
nitrates and nitrites, the most favorable electron acceptors. At ORP lower 
than −50 mV, the environment in the digester is strongly reducing. If sulfate ions are 
present and the ORP is in the range from −50 to −100 mV, sulfate reducing micro-
organisms can outperform methanogens for hydrogen and acetate since sulfate is a 
more thermodynamically favorable electron acceptor. The most favorable ORP for 
fermentation and acid production is from −100 to −300 mV, which indicates that the 
strongest oxidant available is found in different organic compounds that can be 
reduced to a mix of acids and alcohols. Methanogenesis requires the ORP <−300 mV 
when carbon dioxide is used as an electron acceptor and methane is formed  [  76  ] .  

    3.2.5   Organic Loading Rate, Hydraulic and Solids Retention Times 

 The OLR, HRT, and SRT are other essential characteristics of ADP. The rapid 
increase of OLR, especially of readily digestible substrate, causes fast acid forma-
tion, leads to alkalinity depletion and a drop in pH. The HRT determines the volume 
and capital cost for an AD system. The SRT in fl uences the volatile solids (VS) reduction 
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and, thus the methane yield from biomass. Signi fi cant  fl uctuations in OLR, HRT, 
and SRT lead to upset of the ADP and inhibition of the methane production.  

    3.2.6   Toxicants 

 Hydrolytic, fermenting, and acidifying organisms are tolerant to the presence of 
oxygen but methanogens are strict anaerobes. Oxygen concentration as low as 
0.1 mg/L starts to inhibit the production of methane. 

 High salts concentration (e.g., NaCl) can affect methane production when marine 
algae are used for anaerobic digestion. Nevertheless, the methane yield from green 
macroalgae diluted with seawater was comparable to the methane yield from a sam-
ple diluted by fresh water  [  77  ] . A shock increase in salt concentration in a  fi xed 
bacteria reactor caused inhibition only at 35 g/L. When the NaCl concentration was 
increased gradually, methanogens adapted to concentrations up to 65 g/L  [  78  ] . 
Moreover, desalination of macroalgae by heat and pressure resulted in less methane 
yield compared to untreated algae likely because of the loss of easily digestible 
organic matter  [  77,   79  ] . 

 Heavy metals, such as lead, cadmium, copper, zinc, nickel, and chromium, are 
well-known toxicants for bacteria. Some algae accumulate heavy metals but their 
negative effect can be decreased by precipitation with sul fi de compounds. 

 By-products, including ammonia and hydrogen sul fi de, at high concentrations 
can be toxic for methanogenic microorganisms  [  62  ] . Generally, the main source of 
nitrogen and sulfur in AD is proteins, but some seaweeds have a high amount of 
sulfated carbohydrates. The toxicity of ammonia and sul fi de is related to the pres-
ence of metals, temperature, and pH in digesters since neutral forms of ammonia 
and hydrogen sul fi de are more toxic, possibly because they can more rapidly pene-
trate the cell membrane  [  65,   80–  82  ] . On the other hand, other authors have reported 
increasing sul fi de toxicity with increasing pH  [  83  ] . This discrepancy is possibly due 
to different mechanisms of sul fi de toxicity on different species. The mechanism of 
sul fi de toxicity is usually associated with the following factors: sulfate reducing 
bacteria that are able to outcompete methanogens for hydrogen and acetate  [  84  ] ; 
denaturation of native proteins through the formation of sul fi de and disul fi de cross-
linkage between polypeptide chains  [  85  ] ; interference with the assimilatory 
metabolism of sulfur  [  86  ] ; and the ability to remove essential metals (nickel, iron, 
cobalt) from the solution. 

 The mechanisms of ammonia toxicity are possibly associated with disruption of 
intracellular pH, potassium de fi ciency, and inhibition of a speci fi c enzymatic reac-
tion  [  87,   88  ] . Several studies showed that ammonia is toxic for methanogenic micro-
organisms at concentration 1.5–1.7 g N/L at pH 7.4 and above  [  89,   90  ] . Whereas 
methanogens tolerate ammonia concentration up to 3–4 g N/L at lower pH  [  90–  92  ] . 
Moreover, microorganisms are able to acclimate to high ammonia concentration, 
and ADP can be stable at nitrogen concentrations as high as 5–7 g/L  [  93–  96  ] . 

 Organic acids are common intermediate products of AD but accumulation of 
them, especially in nonionic form, inhibits the overall process. Decline of hydrogen 
utilization causes accumulation of propionate, leading to failure of the acetoclastic 
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methanogenesis, and therefore causing acetate accumulation and a drop in pH  [  97  ] . 
The mechanism of inhibition by organic acids is probably the denaturation of cell 
proteins.   

    3.3   Biogas Composition, Application, and Treatment 

    3.3.1   Biogas Composition 

 Biogas is formed during AD and has two main constituents: methane (about 55–70% 
by volume) and carbon dioxide (30–40%). Depending on the source of the biogas, 
other minor components include nitrogen (<2%), hydrogen, oxygen (<1%), hydro-
gen sul fi de (0–50 ppm), and other sul fi de compounds, volatile organic compounds 
(VOC) 10–270 mg/m 3 , and siloxanes with concentration ranging from 80 to 
2,500   m  g/m 3   [  98,   99  ] . The VOC comprise aromatic and halogenated compounds. 
Large amounts of noxious VOC can be produced during digestion of household 
wastes  [  100,   101  ] . 

 Carbon dioxide is not a harmful inert gas but the presence of carbon dioxide in 
biogas reduces its calori fi c value. The removal of carbon dioxide is an expensive 
process and power generation equipment commonly operates with carbon dioxide 
concentrations up to 40–50%. 

 The most abundant sulfur compound in biogas is hydrogen sul fi de but other 
reduced sulfur chemicals (e.g., sul fi des, thiols) are present as well. The main source 
of sulfur in biogas is degradation of sulfur containing amino-acids—cysteine and 
methionine. Hydrogen sul fi de at concentrations higher than 300–500 ppm can form 
unhealthy and hazardous sulfur dioxide (SO 

2
 ) and sulfuric acid (H 

2
 SO 

4
 ) which 

corrodes pipeline metal parts, storage tanks, compressors, and engines  [  102  ] . 
Frequently, it is necessary to install sulfur removing facilities before the biogas 
application. Another corrosive contaminant is ammonia (NH 

3
 ). The burning of 

biogas with high ammonia concentration increases the emission of nitrogen oxides 
to the atmosphere. Both hydrogen sul fi de and ammonia are contaminants that pose 
a health risk. 

 Other compounds of concern in biogas are siloxanes—the organic polymers of 
silicon coming from a wide range of industrial, personal care, pharmaceutical, and 
other products. These organic compounds can be oxidized to silicon dioxide and 
accumulate on valves, gas turbines, and engines causing erosion and decreasing the 
operating ef fi ciency  [  103  ] .  

    3.3.2   Biogas Treatment 

 The primary treatment of biogas includes cooling, drying, and almost always remov-
ing of hydrogen sul fi de. More advanced applications of biogas require upgrading it 
to biomethane or removing carbon dioxide. The following methods are used for the 
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removal of carbon dioxide from biogas: pressure swing absorption on zeolites, 
selective membrane separation, cryogenic separation, and biological or chemical 
 fi xation  [  104–  106  ] . The typical technologies for biogas cleaning include scrubbing 
by solvents or an aqueous alkaline solution, absorption, and oxidation on solid sor-
bents, chelation, precipitation in the form of poorly soluble metal sul fi des, and bio-
logical removal  [  105,   107,   108  ] .  

    3.3.3   Biogas Utilization 

 The possible applications of biogas include:

   Heat or steam production via burning  • 
  Electricity generation combined with heat and power production  • 
  Usage as cooking gas instead of natural gas  • 
  Usage as fuel for vehicles (upgrading to biomethane is necessary)  • 
  Generation of electricity via fuel cells  • 
  Production of chemicals       • 

    4   Anaerobic Digestion of Algae 

 Production of biogas from seaweeds and microalgae by AD was a subject of research 
starting in the mid-sixties  [  109,   110  ] . The  fi rst detailed large-scale study of seaweed 
cultivation and AD was performed in the Institute of Gas Technology by Chynoweth 
et al.  [  79,   111  ] . Substrate chemical composition and conversion parameters deter-
mine the amount and composition of biogas generated in the ADP. The theoretical 
yield of biogas can be estimated by the Bushwell equation  [  112  ] .

    + → + + −c h o n 2 4 3 2C H O N H O CH NH ( )COy x n c x   

where: 

     = + − − −(4c h 2o 3n 2s) / 8x    

     = − − + +(4c h 2o 3n 3s) / 4y    

 The theoretical methane yield from different algae is presented in Table  15 .  
 Lipids have the lowest oxidation state and largest theoretical methane yield, which 

is more than twice the methane yield from proteins, glycerol, and carbohydrates. The 
theoretical methane yield correlates with the average carbon oxidation state of the 
substrate (Fig.  2 ). Macroalgae with high carbohydrate content and cyanobacteria 
with high protein content are theoretically poorer feedstock for methane produc-
tion while microalgae with high lipid content have higher potential methane yield. 
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Based on this observation, increasing the lipid content in algae is a promising 
approach for enhancing the methane yield. Another observation is that all microalgae 
have C/N ratio lower than optimal range for AD and high potential level for ammonia 
release. In contrast, several macroalgae and oil rich microalgae have a C/N ratio that 
is too high and possibly require addition of nitrogen for optimal AD conditions.  

    4.1   Anaerobic Digestion of Macroalgae 

 Although the biochemical composition of algae is very different among algal groups, 
cellulose is a common material among many algal species. The process of cellulose 
biological degradation has been extensively studied in recent years. The mechanism 
of cellulose enzymatic hydrolysis by anaerobic bacteria is quite different from the 
mechanism of aerobic organisms. Anaerobic bacteria have a large multienzyme 
complex—cellulosome, which is attached to the cell envelope and consists of up to 
11 different catalytic enzymes carried by scaffold-proteins  [  113,   114  ] . The enzy-
matic hydrolysis of algal cellulose is relatively slow and can be inhibited by the 
close association with other structural materials, such as polyphenols, fucoidan, 
protein, and alginate. Therefore, other specie-speci fi c sulphonated, methylated or 
carboxylated polysaccharides, mannitol, proteins, and lipids usually determine the 
more readily biodegradable fraction of algal biomass. 

    4.1.1   Rhodophyta (Red Algae) 

 Agars and carrageenans are two sulfated polysaccharides from the red macroalgae 
cell wall, and are responsible for the main part of cell dry weight. Both of them have 
an agarose backbone composed from   a  (1→3) linked galactose disaccharide units, 
connected by   b  (1→4) linkages  [  115  ] . Galactose units on agars can be methylated 

a b c

  Fig. 2    ( a ) Theoretical methane yield in relation to the average carbon oxidation state.  circles —
pure compounds;  crosses —microalgae;  pluses —macroalgae. ( b ) Mean theoretical methane yield 
and ( c ) C/N ratio with maximum and minimum values (base on Table  15 )       
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(up to 20%) and have few sulfate ester groups, while carrageenans can have from 
one to three sulfate ester groups, one for every disaccharide unit  [  115  ] . Polysaccharides 
have nonuniform structure that depends on algal source, life stage, and season  [  116  ] . 
In natural environments, several microorganisms from Gammaproteobacteria class, 
Bacteroidetes, and Planctomycetes phyla are able to degrade the red algal cell wall 
by secreting speci fi c glycoside hydrolases—diverse agarases and carrageenases 
 [  117,   118  ] . 

 Biodegradation of agar by a consortium of microorganisms from an anaerobic 
digester was studied on the biodegradation of  Gracilaria tikvahiae   [  119  ] . The concen-
tration of soluble sugars remained at the same level during the  fi rst 2 weeks and 
consisted mostly of agar (90–100%). Results showed that more than 50% of the agar 
could be fermented over the course of 3 weeks (Fig.  3 ). While the rest of the agar is 
degraded slowly and complete fermentation (more than 90%) requires more than 
9 weeks, overall agar is degraded faster than the rest of the organic matter in algae. 
Agar in algae is a highly heterogeneous material that has different levels of biodegrad-
ability. This conclusion is supported by the results of another experiment on  G. tikvahiae  
batch digestion, when less than 50% of the agar was fermented during 11 weeks  [  119  ] .  

 AD of carrageenan was studied on the biodegradation of red alga— Eucheuma 

cottonii , which has about 61.1–72.9% of carrageenan content from dry weight 
 [  120  ] . About 40% of the biomass remained after 10 weeks of digestion but carra-
geenan accounted for 49.8–59.6% of the fraction remaining. Therefore, it is less 
biodegradable than the rest of the algal organic matter. The largest biogas produc-
tion was observed during the  fi rst 4 weeks when the methane concentration ranged 
from 10 to 25%. Possible reasons for inhibition of the methanogens are accumula-
tion of VFAs up to about 240 mM, outperformance of the methanogens by sulfate 
reducing bacteria, and inhibition by sul fi des  [  120  ] . 

 According to chemical composition the theoretical methane yield for  G. tikva-

hiae  is 0.42 L/g VS and for  Gracilaria verrucosa  is 0.44 L/g VS (Table  15 ). Bird 
et al. predicted methane yield for these species up to 0.46 and 0.48 L/g VS, 

  Fig. 3    Agar, soluble carbohydrates, proteins, and dry weight vs. digestion time. ( a ) kg-matter 
remaining in digester, ( b ) percent from initial weight.  Crosses —dry weight;  diamonds —agar; 
 triangles —soluble carbohydrates;  circles —proteins  [  119  ]        
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respectively  [  121  ] . Biomethane potential (BMP) assays provided an experimental 
methane yield from  G. tikvahiae  of 0.35–0.4 L/g VS added, which corresponds to 
about 70–95% of the theoretical methane yield  [  79,   121  ] . The methane yield from 
 G. verrucosa  was in the range 0.28–0.35 L/g VS, which corresponds to 58–77% 
of the theoretical yield. A 60-day residence time was required for  Gracilaria  
conversion to biogas. 

 The negative correlation between methane yield and its ratio to theoretical yield 
from carbohydrate content (Fig.  4a ) means that some carbohydrates are recalcitrant 
to biodegradation. Both the methane yield and its ratio to the theoretical value 
increased with increasing the agar fraction in the carbohydrates (Fig.  4b ). 
Consequently, agar is possibly not the most recalcitrant material. Some carbohydrates 
are present in the form of  fi ber more resistant to biological degradation.  

 Limited digestibility of particular carbohydrates is supported by results obtained 
by Habig and colleagues  [  122  ]  during AD of  G. tikvahiae  grown at different condi-
tions. A nutrient-starved sample had about 12–25% more volatile solids, 42–74% 
higher carbohydrates content but also 46–59% larger neutral  fi ber content compared 
to nutrient rich and nutrient moderate samples, respectively  [  122  ] . The nutrient 
starved sample had a slower degradation rate and  fi nally gave 14–17% lower meth-
ane yield compared to nutrient rich and moderate samples (Fig.  5 ).  

 The difference in substrate nitrogen concentration (5.3% of TS vs. 2.3%) was 
probably one of the factors responsible for the difference in methane yield during 
digestion of  Polysiphonia  in a batch reactor  [  123  ] . Methane yield from  Polysiphonia  
collected in March was two times lower compared to algae collected in October: 
0.21– 0.24 L/gVS vs. 0.11– 0.12 L/gVS. 

 The methane yield with AD of  G. tikvahiae  depends strongly on the OLR and 
HRT  [  124  ] . A retention time between 40 and 50 days is necessary to achieve a meth-
ane yield of 0.14–0.19 L/gVS. A lower retention time (20–30 days) resulted in a 
methane yield of 0.05–0.06 L/gVS likely because of recalcitrant algal components, 
such as agar and insoluble  fi ber polysaccharides (Table  16 ).   

  Fig. 4    ( a ) Experimental methane yield ( circles , left axis) and its ratio from theoretical yield ( tri-

angles , right axis) as a function of ( a ) percent carbohydrates from TS and ( b ) percent agar from 
carbohydrates  [  121  ]        

 



898 P. Bohutskyi and E. Bouwer

    4.1.2   Chlorophyta (Green Algae) 

 Ulvales, particularly  Ulva  (sea lettuce),  Enteromorpha  and  Cladophora , are fre-
quently considered as good feedstock candidates for AD. They are widespread all 
over the world  [  125  ]  especially in ecological systems with high nutrient loading 
where it can cause the problem of eutrophication  [  126  ] . Excessive growth of  Ulva  
and formation of green tides is a costly burden for many European coasts  [  127,   128  ] . 
Beach accumulation of tons of  Ulva  biomass is a potential feedstock for biomethane 
production.  Ulva  sp. has a low fraction of poorly biodegradable polyphenol materials 
(varies from 1 to 1.9%). The major components of  Ulva  sp. are carbohydrates (about 
40–60% of cell dry weight), proteins (10–17%), and lipids (1.8–3.5%). They are 
considered a good substrate for AD  [  129  ] . Carbohydrates accumulate mostly as the 
cell envelope and consist of ulvan, cellulose, xyloglucan, and glucuronan which are 
responsible for up to 38–54% of the algal dry matter  [  130  ] . In contrast to cellulose, 
ulvan is a water-soluble sulfated polysaccharide. The structure of ulvan was carefully 
studied due to its possible application in food, agricultural, pharmaceutical, and 
chemical industries. The average composition of ulvan is rhamnose (16.8–45.0% 
dw), xylose (2.1–12.0%), glucose (0.5–6.4%), uronic acid (6.5–19.0%), and sulfate 
(16.0–23.2%) but the main repeating disaccharide is ulvanobiouronic acid that is 
composed of aldobiouronic acid and 4- O -  b  - d -glucuronosyl-l-rhamnose  [  131  ] . 
Despite the high ratio of sugars, only 8.9% of ulvan and 16.6% of  Ulva  organic matter 
were fermented by biota from the human colon in a study performed by Durand and 
coworkers  [  132  ] . The major products found were acetic, propionic, and butyric acids. 
The sulfate-reducing bacteria had a  relatively high population compared with aceto-
genic and methanogenic bacteria. Since about 40% of ulvan’s sulfate was reduced to 
hydrogen sul fi de, the higher sulfate ratio is not the only reason for the poor biological 
degradability of ulvan. Another study reported degradation of 32, 25.9, and 50.9% of 
the sugars from  Ulva  after 24 h of fermentation  [  133  ] . The authors concluded that the 
likely reason for the high recalcitrance of ulvan is the complex chemical structure of 
polysaccharides that makes them poorly accessible for enzymatic attack. 

 The results of different AD studies with green macroalgae are presented in 
Table  17 . The batch studies showed that the methane yield from  Ulva  sp. is in the 

  Fig. 5    Methane yield ( solid 

line , left axis) and VS 
reduction ( dashed line , right 
axis) over anaerobic digestion 
of  Gracilaria tikvahiae . 
In fl uence of substrate growth 
regime (N, P availability). 
 Diamonds —nutrient 
enriched;  circles —moderate; 
 triangles —starved  [  122  ]        
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range from 0.1 to 0.33 L/g VS  [  122,   129  ]  that corresponds to 23–78% of the esti-
mated theoretical methane yield for  Ulva  0.42 L/g VS (Table  15 ). Habig reported 
reduction of approximately 65–87% of VS during about 60 days of fermentation 
 [  122  ] . Hansson observed a very high methane yield (0.48–0.55 L/g VS) for the 
mixture of  Ulva ,  Cladophora , and  Chaetomorpha   [  134  ] , which is larger than the 
calculated theoretical methane yield for  Ulva . As reported by the author, the possi-
ble source of methane yield overestimation can be the gas leakage from reference 
samples. Batch digestion of three  Enteromorpha  species and  Percursaria percursa  
resulted in a methane yield 0.18–0.2 L/g VS at 90 days HRT  [  77  ] .  

 The  Ulva  growth conditions and biochemical composition have signi fi cant 
in fl uence on methane yield. The nutrient (N, P) de fi cient  Ulva  resulted in a 50% 
higher methane yield (Fig.  6a ) compared to  Ulva  grown in enriched media  [  122  ] . 
The amount of VS degradation correlated with the soluble carbohydrate and protein 
ratio in the substrate (Fig.  6b ). The percent of VS reduced is increasing with decreas-
ing amount of protein and increasing amount of soluble carbohydrate content. These 
results suggest that for long time scales, ulvan is degradable by diverse populations 
of anaerobic microorganisms. The authors suggested that poor digestibility of crude 
 fi ber/cellulose is probably due to the decreasing ratio of accessible surface sites with 
increasing amounts of  fi ber. Degradation of a large amount of proteins can lead to 
inhibition of methanogens by ammonia. Another possible explanation of negative 
in fl uence of proteins on the digestibility is formation of protein-polysaccharide 
complexes, which can be recalcitrant for common bacterial enzymes.  

 Many studies of  Ulva  digestion were done in continuously stirred-tank reactors 
fed in semi-continuous mode. Reduction of VS and methane yield was observed in 
the range from 40 to 63% and from 0.11 to 0.23 L/g VS (Table  17 ), respectively. The 
possible reasons for extreme low methane yield are inhibition of methanogens by 

  Fig. 6    In fl uence of  Ulva  sp. growth regime and composition on methane yield and volatile solids 
(VS) reduction ( T  = 32 ± 3°C). ( a ) Time course of methane yield ( solid line , left axis) and VS 
reduction ( dashed line , right axis) during anaerobic digestion of  Ulva  sp.  diamonds —enriched; 
 crosses —moderate;  triangles —starved. ( b ) VS reduction depending from proteins, crude  fi ber, 
and soluble carbohydrates content of  Ulva :  circles —proteins;  triangles —crude  fi ber;  squares —
soluble carbohydrates  [  122  ]        
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high concentrations of sul fi de, salts, and heavy metals  [  129,   135,   136  ] . Iron salts 
were applied in order to diminish sul fi de concentrations in the digester. Alternatively, 
the absence of a toxicity effect on acclimated anaerobic sludge was reported at 
sul fi de concentrations in the reactor up to 0.18–0.35 mg/L  [  137  ] . The authors sug-
gested that the presence of sul fi de was able to decrease the inhibitory effect of the 
metals (Al, Fe, Cu, and Zn) by the formation of insoluble salts. 

 The methane yield depends on the OLR and HRT. (Table  17  and Fig.  7 ). The 
overall trends are decreasing of the methane yield with increasing OLR and increas-
ing of the methane yield with increasing HRT with a large spread in values observed 
for both relationships. Differences in  Ulva  composition among strains and even 
seasonal changes for one strain account for the observed variability  [  129,   131,   138  ] . 
The recommended OLR and HRT for  Ulva  AD fall in the range of 0.8–1.2 gVS/L-days 
and 15–20 days, respectively.   

    4.1.3   Phaeophyceae (Brown Algae) 

 The speci fi c organic constituents of brown algae are alginic acid, laminarin, mannitol, 
and fucoidan (Table  11 ). Among these compounds, mannitol lacks polymeric struc-
ture; it is soluble, and can be easily transferred into the cell  [  139  ] . Mannitol can be 
utilized by anaerobic microorganisms with the formation of acetate and hydrogen as 
the major products, and minor production of ethanol, formate, lactate, and succinate 
 [  140  ] . The degradation of laminarin by anaerobic organisms was studied by inocula-
tion of an anaerobic reactor with bacteria from the human gut  [  141  ] . The authors 
reported almost complete (>90%) usage of laminarin during 24 h with the formation 
of butyrate and other VFA. Alginate has a more complex molecular structure and 
 usually forms a gel in algae. The alginate lyases are enzymes found to be responsible 
for alginate depolymerization  [  142,   143  ] . Biological degradation of soluble 

  Fig. 7    Methane yield from AD of  Ulva  sp. ( a ) dependence on the organic loading rate (OLR). 
( b ) dependence on the hydraulic retention time       
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Na-alginate gel is 6–8 times faster compared to Ca-alginate gel due to calcium cross 
bridging in the polysaccharides  [  144  ] . The products of alginate depolymerization are 
a mixture of oligosaccharides with different length  [  145  ] , which are further degraded 
to 4-deoxy- l -erythro-5-hexoseulose uronic acid  [  146,   147  ] . The  fi nal products of alg-
inate degradation are glyceraldehyde-3-phosphate and pyruvate  [  146,   147  ] . 

 AD of fucoidan has not been studied in detail, but several fucoidan-degrading 
marine bacteria were isolated and characterized  [  148  ] . Several studies prove the 
possibility of AD of fucoidan containing waste sludge from alginate extraction 
 [  136,   149  ] . Some fucans are resistant to anaerobic fermentation possibly due to 
speci fi cities of molecular structure in particular strains  [  148,   150,   151  ] . The AD of 
algal proteins and polyphenols and their impact on overall digestibility is an area 
that needs more attention. It is assumed that polyphenols associate with proteins and 
polysaccharides in the cell envelope that decreases their availability for biological 
degradation  [  150–  152  ] . 

 Brown algae are one of the most studied algal feedstocks for AD. Examined spe-
cies include  Macrocystis pyrifera ,  Ascophyllum nodosum ,  Durvillea antarctica , 
 Sargassum  spp., and  Laminaria  spp. According to the chemical composition, the 
theoretical methane yield of 0.52 L/g VS and 0.49 L/g VS were predicted for  M. 

pyrifera  and  Laminaria  sp.  [  79  ] . The authors reported an experimental methane 
yield for  M. pyrifera  of 0.43 L/g VS (82% VS reduction) but only 0.24–0.3 L/g VS 
(50–60% VS reduction) for  Laminaria saccharina . The signi fi cant difference in VS 
reduction was explained by variability in chemical composition between these gen-
era.  Laminaria  has a higher content of fucoidan, laminarin, and alginate but lower 
content of mannitol (Table  13 ). The ratio between experimental and theoretical 
methane yield among  M. pyrifera  species is highly correlated with the mannitol 
content  [  153  ] . Mannitol, in contrast to polysaccharides, can be easily and com-
pletely degraded by anaerobic microorganisms (Fig.  8a )  [  79,   153  ] . The methane 

  Fig. 8    ( a ) Time course of methane yield from a BMP experiment.  Circles — Laminaria saccha-

rina ;  diamonds — Macrocystis pyrifera ;  triangles —algin;  squares —mannitol  [  79,   153  ] . ( b ) Methane 
yield from  M. pyrifera  with high mannitol content 21.5% ( circles ), low mannitol content 8.3% 
( triangles ),  S.  fl uitans  ( crosses ), and  S. tenerrimum  ( diamonds ) depending from OLR  [  79  ]        
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yield from  L. saccharina  samples harvested in spring (4.2% of mannitol and lami-
naran, 23% of alginate from TS) provided only 50–65% of the methane yield in 
comparison to  L. saccharina  samples harvested in autumn (36% of mannitol and 
laminaran, 15% of alginate from TS)  [  154  ] .  

 The methane yield from  Sargassum  spp. using a BMP test showed that two spe-
cies from this genus  Sargassum  fl uitans  and  Sargassum pteropleuron  have small 
potential for biomethane production  [  121  ] . All tissues added at 0.12–0.20 L/g VS 
exhibited a methane yield that was only 33–46% of the theoretical methane yield 
(Table  18 ).  Sargassum  species appeared to be a poor feedstock for AD possibly due 
to low mannitol (3.5–4.5% from TS) and a higher content of  fi bers (36.5–40.6% 
from VS) (Table  13 ).  

 The ADP in continuously stirred-tank reactors proved that  M. pyrifera  is the best 
substrate for methane production among brown macroalgae tested. The digester fed 
by the  M. pyrifera  with higher mannitol content had large methane yield and stabil-
ity at higher OLR (up to 9.6 gVS/L-day) in contrast to a digester fed with  M. pyrifera  
with lower mannitol content or  Sargassum  species (Fig.  8b ). Using continuous 
reactors, the methane yield obtained for different species decreased in the following 
order:  M. pyrifera  (0.24–0.35 gVS/L-day),  Laminaria  sp. (0.2–0.28 gVS/L-day), 
 D. antarctica  (0.18 gVS/L-day),  Sargassum  sp. (0.08–0.15 gVS/L-day),  A. nodosum  
(0.11 gVS/L-day).   

    4.2   Anaerobic Digestion of Cyanobacteria and Microalgae 

    4.2.1   Cyanobacteria 

 In contrast to many algae, the main component of cyanobacteria is proteins. They 
also lack a hard polysaccharide-based cell wall. These properties explain the higher 
digestibility of cyanobacterium species. Two genera,  Arthrospira  ( Spirulina ) and 
 Anabaena , have been studied as a potential feedstock for the ADP. The BMP assay 
for a cyanobacterium mixture collected from Lake Dian resulted in a higher meth-
ane yield of 0.37 L/gVS (HRT 35 days) with a methane fraction of 60–65% in the 
biogas  [  155  ] . The methane yield during batch digestion of  Arthrospira platensis  and 
 Arthrospira maxima  species varied from 0.29 to 0.33 L/gVS corresponding to 
68–77% of the theoretical methane yield  [  156–  158  ] . 

 Samson and LeDuy studied the digestion of  A. maxima  in a continuous reactor 
and concluded that  A. maxima  can be the sole substrate for stable methane produc-
tion. Municipal anaerobic sewage sludge can easily adapt to the cyanobacterium 
feedstock, and the observed methane yield was 0.26 L/gVS at an OLR of 0.97 gVS/
L-day, HRT of 33 days, and T at 30°C  [  159  ] . Despite high ammonia and fatty acids 
concentrations (2.5 and 2 g/L respectively), methane production was stable possibly 
due to high alkalinity (8 g/L) and pH of 7.55. 

 The incoming VS concentration, OLR, and HRT have a large in fl uence on AD 
stability and methane yield with  A. maxima  (Fig.  9 )  [  160  ] . The methane yield and 
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methane volumetric production rate were 0.04–0.36 L/gVS and 0.17–0.8 L/L-day, 
respectively. The maximum methane yield was obtained at HRT equal to 30 days, 
VS concentration of 20 gVS/L, and the OLR of 0.67 gVS/L-day. Despite a high 
concentration of ammonia (1.9–7.1 g/L) and volatile acids (up to 23.2 g/L), the 
methane production was stable with the exception of operation with HRT of 5 days 
and high feed concentration at HRT of 10 days. The average methane content of the 
biogas was in range of 69–71%. At high OLRs, it dropped to 46–60%, which is 
evidence for inhibition of methanogens. A stable ADP occurred when the alkalinity 
was high (7.2–29 g CaCO 

3
 /L) (Table  19 ).    

    4.2.2   Microalgae 

 Microalgae are a very diverse group of organisms. The predominant organic con-
stituent can vary from carbohydrates to proteins or lipids. The green microalgae 
were predominantly tested as possible substrate for biogas production (Table  20 ) 

  Fig. 9    In fl uence of the feed volatile solids (VS) concentration ( a ,  b ) and OLR ( c ,  d ) on the meth-
ane yield, volumetric productivity and energy ef fi ciency from anaerobic digestion of  Arthrospira 

maxima  in semi-continuous reactors.  Triangles —HRT 40 days;  diamonds —HRT 30 days; 
 squares —HRT 20 days;  circles —HRT 10 days;  cross —HRT 5 days (based on  [  160  ] )       
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because of their widespread, fast growth rate, and robustness. The BMP determined 
for  Chlamydomonas reinhardtii ,  Chlorella kessleri , and  Scenedesmus obliquus  was 
0.387, 0.218, and 0.178 L/gVS, respectively  [  157  ] . The amount of biogas produc-
tion correlated well with the extent of algal degradation.  C. reinhardtii  exhibited a 
higher cell disintegration rate in comparison to  C. kessleri  and  S. obliquus . Number 
of the  Chlorella  and  Scenedesmus  species as well as several other algae (e.g., 
 Nannochloropsis ) have resistant trilaminar membrane-like structure containing 
nonhydrolysable sporopollenin-like biopolymer—algaenan  [  161–  164  ] . The overall 
cell wall structure has complex organization with three distinct layers: rigid internal 
micro fi brillar, medial trilaminar, and external columnar (for green algae 
 Coelastrum )  [  165  ] . The major algaenan functions are protection from parasites and 
desiccation  [  166  ] .  Chlorella  and  Scenedesmus  have internal rigid cell walls either 
glucose- mannose type or glucosamine-type  [  167–  169  ] . In contrast,  C. reinhardtii  
has a cell wall composed of proteins and glycoproteins  [  170–  172  ] . Resistant cell 
wall retained  S. obliquus  cells undamaged after 6 months of digestion  [  157  ] . 
The average methane yield with different green microalgae from batch experiments 
is presented in Fig.  10  (error bars represents minimum and maximum values reported 
for each specie).   

 Optimal parameters reported in the literature for stable AD of a mixture of 
 Chlorella  and  Scenedesmus  were an OLR up to 4 gVS/L-day and an HRT greater 
than 11 days  [  110  ] .   

  Fig. 10    Theoretical methane 
yield from different green 
microalgal species based on 
Table 3.6 (error bars 
represents calculated 
minimum and maximum 
values for each species)       
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    4.3   Comparison of Methane Yield from Different Algae 

 A summary of the methane yield and volumetric production rate during algal diges-
tion in continuous reactors appears in Fig.  11 . The curves drawn through the data 
points on each  fi gure represent general trends for easy comparison of the nonuni-
form data.  

  Fig. 11    Methane yield vs. OLR. ( a ,  b )  Gracilaria — diamonds ,  solid line ;  M. pyrifera  (continuous 
stirred-tank reactor)— crosses ,  dash dot line ;  M. pyrifera  (non-mixed vertical  fl ow reactor)— boxes , 
 long dash line ;  Ulva  juices— triangles ,  dash dot dot line ;  Arthrospira — pluses ,  short dash line ; 
 Scenedesmus  and  Chlorella — circles ,  dots line . ( c ,  d )  Sargassum — boxes ,  solid line ;  Laminaria —
 circles ,  long dash line ;  Laminaria  alginate extraction sludge—  fi lled circles ,  dots line ;  Ulva —
 triangles ,  dash dot line ;  Ulva  and manure—  fi lled triangles ,  dash dot dot line ;  Enteromorpha 

intestinalis — crosses ,  short dash line        
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 Based on these data, algae as a substrate for ADP can be classi fi ed into three 
groups. The  fi rst group consists of algae with the methane yield larger than 0.3 L/gVS 
and includes brown macroalga  M. pyrifera  with high mannitol content, cyanobac-
terium  Arthrospira , green microalgae  Chlorella  and  Scenedesmus . The second 
group has methane yield about 0.2 L/g VS and includes brown macroalga  Laminaria  
and green macroalgae  Ulva, Cladophora , and  Chaetomorpha . Lastly, the third 
group has methane yield lower than 0.15 L/g VS and includes brown macroalga 
 Sargassum , red macroalga  Gracilaria , and green macroalga  Enteromorpha . 

 Another important conclusion is that AD of  M. pyrifera  is stable at values of 
OLR up to 10 gVS/L-day. High values of the methane volumetric production rate 
are achieved 2.7 L(CH 

4
 )/L(digester)-day, reducing the required volume and the 

capital costs of the digester. 
 Finally, several methods such as application of advanced digestion reactors, co-

digestion of algae with other substrates, algal hydrolysis and extraction of cellular 
liquids, and digestion of alginate extraction residues, signi fi cantly enhance methane 
yield, production rate, and the overall process ef fi ciency.   

    5   Current and Prospective Methods for Algae 

to Methane Process Enhancement 

 In general, biological production of methane from algae or cyanobacteria is a two-
step process. The  fi rst step is biomass production or capturing and conversion of sun 
light energy into new algal cells. The second step is a transformation of energy 
stored as biomass into a more applicable form, such as methane gas, through the 
ADP. Methane is easily stored, transported, and used for the production of heat or 
electricity. Methane can also be used as a motor fuel. The ef fi ciency of methane 
production from sunlight energy relies on the performance of these coupled steps. 

    5.1   Algal Biomass Improvement 

 The performance of the biomass production step can be described by productivity 
per acre but the algal methane potential is controlled by algal biochemical composi-
tion. In this section, we review factors that control and limit algal productivity and 
methane potential. We also describe methods used for the improvement of methane 
production from algae. 

    5.1.1   Algal Productivity 

 Algal productivity is limited by several factors that can be classi fi ed as physical, 
biochemical, ecological, and operational (Table  21 )  [  53  ] . Cultivation and harvesting 
technologies are very dissimilar for macro- and microalgae due to signi fi cant differences 
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   Table 21    Algal productivity limitations and strategies for improving the productivity   
 Limitation 
parameter  Productivity limitation factors  Strategies to improve productivity 

 Physical  Light 
 Temperature 
 Nutrients (N, P, metals) 
 Carbon source (CO 

2
 , organic) 

 O 
2
  concentration 

 pH 

 Control of physical parameters 
 Usage of waste-heat from power plants 
 Usage of nutrient-rich waste-streams 

(domestic, agricultural, industrial 
wastewaters) 

 Aeration by CO 
2
  rich gases (power-plant 

exhausted gases, biogas, alcohol 
fermentation gases) 

 Biochemical  Light harvesting ef fi ciency 
 RuBisCO rate and ef fi ciency 

(carboxylation vs. 
oxygenation of ribulose-
1,5-bisphosphate) 

 Rate of carbon assimilation 

 Screening of naturally ef fi cient algae 
 Genetic engineering of photosynthetic 

machinery (increasing amount of 
secondary pigments; increasing 
ef fi ciency of RuBisCO; CO 

2
  concen-

tration mechanisms; reduction of 
photoinhibition; apoptosis elimination) 

 Optimization of light/dark cycles 
 Ecological  Pathogens (bacteria, fungi, 

viruses) 
 Predators (insects, 

zooplankton) 
 Other algal competitors 

 Screening for naturally high resistant and 
competitive species 

 Application of closed reactors 
 Combined closed/open reactor operational 

scheme 
 Genetic engineering of strains resistant to 

pathogens and predators 
 Operational  Mixing (hydrodynamic stress) 

 Dilution rate 
 Illuminated surface area/

volume ratio 
 Circulation 

 Design of reactor with high mass transfer 
coef fi cients and low shear stress 

 Mathematical modeling for determination 
of optimal operational parameters 

in physical or biochemical characteristics. Macroalgae are usually cultivated in 
marine nearshore and offshore zones, cages, ponds, tanks, or spray systems  [  173–
  178  ] . Microalgae are grown generally either in freshwater or brackish open ponds, 
closed photobioreactors, fermenters, or hybrid systems  [  179–  188  ] .   

    5.1.2   Enhancing Algal Digestibility by Pretreatment 

 Digestibility, or the amount of VS reduced (converted to biogas) during AD, is one of 
the most important characteristics of the feedstock. The amount of algal VS reduced 
varies in the range from 20 to 60% for most macro- and microalgae (Tables  16 – 19 ). 
Consequently, the conventional ADP is not able to convert all algal organic matter to 
biogas and a large fraction of energy is lost as low-value residues. Pretreatment of 
algal biomass is one of the strategies used for conditioning and increasing algal digest-
ibility, methane yield, and degradation rate. Possible goals of pretreatment include:

   Disruption of cell wall  • 
  Size reduction and increase of speci fi c surface area of particulate biomass  • 
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  Crystallinity reduction of  fi ber materials (e.g., cellulose)  • 
  Solubilization of recalcitrant and poorly biodegradable materials (e.g., hemicel-• 
lulose, lignin)  
  Partial hydrolysis of cell polymers  • 
  Deactivation of toxic materials    • 

 The important requirements for pretreatment methods are to preserve the total 
organic matter content and to prevent the formation of inhibitory materials. Little is 
known about providing ef fi cient solutions for increasing algal digestibility. A variety 
of pretreatment methods have been tested on waste-activated sludge (WAS), live-
stock manure, pulp and paper residues, and lignocellulosic biomass  [  21,   189–  193  ] . 
Similar methods can be potentially applied for algal biomass conditioning. Methods 
applied for biomass pretreatment can be classi fi ed into the following groups:

   Mechanical—grinding, milling, homogenization, ultrasonic treatment, liquid • 
shear  [  194–  205  ]   
  Thermal—drying, steam pretreatment, hydrothermolysis  [  • 195,   206–  209  ]   
  Chemical—acid or alkali hydrolysis, ozonation, hydrogen peroxide treatment • 
 [  198,   208,   210–  213  ]   
  Biological—temperature-phased AD enzymatic treatment  [  • 195,   198,   214,   215  ]   
  Electrical—electro-Fenton  [  • 216,   217  ]   
  Irradiation—gamma-ray, electron-beam, microwave  [  • 218–  222  ]   
  Combination—thermochemical, wet oxidation  [  • 208,   211,   223–  226  ]     

      Mechanical Pretreatment 

 Hydrolysis of particulate organic matter is frequently the rate-limiting step during 
AD  [  227,   228  ] . Mechanical pretreatment of lignocellulose materials increased the 
hydrolysis and methane yield by 5–25%  [  229  ]  and reduced the digestion time by 
23–59%  [  230  ]  compared to nontreated samples. Disintegration of WAS in an agita-
tor ball mill Model LME 50 K with  fi ne sand balls (0.5–0.9 mm of diameter and 
2.7 kg/L of density) increased chemical oxygen demand (COD) solubilization by 
25–31% and enhanced biogas yield by 38% compared to nontreated WAS  [  231  ] . 
Mechanical pretreatment of WAS in a high-pressure homogenizer (pressure up to 
600 bar) increased biogas production by 18%  [  195  ] . 

 Ultrasonic treatment has been widely studied as a method for enhancement of 
WAS solubilization and methane yield. The minimum energy level required to dis-
rupt the activated sludge cell wall is in the range of 1,000–3,000 kJ/kg TS  [  197,   203  ]  
or 20–30 kJ/L  [  197,   232  ] . Ultrasonic pretreatment ( E  

s
  = 40,000 kJ/kg SS) of WAS 

resulted in a  fi vefold increase in the amount of organic matter solubilization but had 
no in fl uence on biogas yield  [  199  ] . Another study showed the same bene fi cial trend 
as solubilization increased by 127% at 42 kHz for 120 min  [  201  ] . Biogas and meth-
ane yields were observed to increase by 20%  [  201  ]  and by 50% (for biogas) at 
 E  

s
  = 6,950 kJ/kg TS  [  197  ] . 
 Mechanical pretreatment is required prior to AD of macroalgae and includes 

chopping (>5 mm), milling (1–5 mm), or homogenization (<1 mm). Grinding of the 
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 Ulva  did not in fl uence the total methane yield but it increased the kinetics of hydro-
lysis and methane production rate  [  129  ] . The grinding of the feedstock is likely 
more important for continuous stirred-tank reactor (CSTR) or semi-continuous 
reactors where the HRT is an important operating parameter. 

 One study examined the in fl uence of mechanical disintegration plus ultrasonic 
treatments on  A. maxima  organic matter solubilization, VS reduction, and methane 
yield  [  233  ] . Ultrasonic treatment (Polytron generator PT20ST, from Brinkmann 
Instruments) increased the soluble COD (sCOD) 3.8-fold compared to freshly har-
vested cyanobacteria.  A. maxima  COD solubilization increased from 21.3 to 76.7%. 
Surprisingly, VS reduction and methane yield were 0.9 and 0.85 times the values 
from fresh (not pretreated) biomass, respectively. Only hydrolytic bacteria and aci-
dogens bene fi ted from the larger amount of readily degradable substrate. The VFA 
concentration increased from 12 g/L in the digester with fresh algae to 46 g/L in the 
digester with pretreated algae. The lack of improvement in the methane yield might 
be due to the inhibition of methanogenic organisms from the high VFA 
concentration. Ultrasound pretreatment (19 kHz, treatment energy 1–5 Wh/L) had 
no in fl uence on the methane yield from homogenized red macroalga  Polysiphonia  
 [  123  ] . While the amount of biogas increased by 25–28%, the methane fraction 
dropped from 42–49 to 33–37%.  

      Thermal Pretreatment 

 Organic compounds organized into structurally complex parts of cells are 
signi fi cantly less biodegradable compared to pure compounds and simple com-
pound mixtures, possibly due to lower accessibility to enzymes  [  207  ] . Many studies 
have shown that thermal pretreatment increases solubilization of particulate organic 
fractions and partially hydrolyzes polymeric organic molecules. The products 
formed during pretreatment of pure macromolecules, as well as components of pri-
mary sludge (PS) and WAS, at temperatures ranging from 130 to 220°C, was 
recently studied  [  209  ] . The main  fi ndings of this study are: (1) no caramelization 
(pyrolysis) or signi fi cant hydrolysis of starch and cellulose to mono- or dimeric 
reducing sugars occurred at temperatures lower than 220°C; (2) breakdown of pro-
teins to smaller peptides is accompanied by signi fi cant ammonia release at tempera-
tures higher than 150°C, that can lead to inhibition of methanogens; (3) unsaturated 
lipids are hydrolyzed mostly to VFA (acetic and propionic) while saturated lipids 
form long fatty acids (LFA) (valeric, capronic, heptanic); (4) amount of LCFA and 
products with different degrees of oxidation (aldehydes, ketones, alkanes, alkenes, 
alcohols) increases with increasing treatment temperature (especially for tempera-
tures higher than 170°C). Some of these compounds can be toxic to microorgan-
isms, especially to methanogens  [  62,   234  ] . 

 Bougrier and colleagues classi fi ed thermal pretreatment regimes into two groups, 
based on their temperature range, duration, and the impact on methane (biogas) yield 
 [  196  ] . The  fi rst group is characterized by moderate temperature in the range from 70 
to 120°C and treatment duration time from 30 min to several days. The outcome is a 
20–30% increase in methane (biogas) yield. The second group is characterized by 
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higher temperatures in the range of 160–180°C and shorter treatment time of 
1–60 min with a 40–100% increase in biogas yield. Increasing the pretreatment tem-
perature to 200°C reduced the bioconvertibility of all tested pure nitrogenous com-
pounds (amino acids mix, RNA, DNA, collagen) and all tested carbohydrates (ribose, 
deoxyribose, glucose) and increased the toxicity. Stuckey and McCarty viewed ther-
mal pretreatment as the sum of two separate processes: the  fi rst is the hydrolysis of 
complex polymeric compounds to soluble biodegradable molecules; and the second 
is the formation of refractory and toxic compounds from simple degradable mole-
cules  [  207  ] . This trend was found to be true for tested amino acids, nucleotides and 
sugars with few exceptions (arginine, guanine, thymine). The pretreatment tempera-
ture around 170–175°C was found to be optimal for biodegradation of WAS due to 
formation of less biodegradable and toxic compounds at temperatures 200°C and 
higher  [  207,   235,   236  ] . 

 Samson and LeDuy studied the in fl uence of thermal pretreatment on solubiliza-
tion and methane yield from cyanobacterium  A. maxima  at 50, 100, and 150°C for 
a 1-h contact time  [  233  ] . Thermal pretreatment at all temperatures was favorable 
for COD solubilization. The COD values increased by 1.8, 1.7, and 2.3 fold com-
pared to nontreated samples (Fig.  12a ). Solubilization of the COD reached 36.2%, 
40%, and 50%, respectively. The levels of solubilization of thermal pretreated sam-
ples were somewhat higher than values determined for WAS. Solubilization of WAS 
increased from 8.1 to 17.6% (from 2.25 to 4.9 g/L) after thermal pretreatment dur-
ing 30 min at 121°C  [  201  ] .  

 The thermal treatment resulted in no bene fi t or inhibited the yield of methane and 
VS reduction (Fig.  12b ). Similarly, thermal treatment of WAS during 30 min at 
121°C resulted in a signi fi cant increase of COD (more than 100%). The methane 
yield and VS reduction increased as well and reached 135.2% and 132.1%, respec-
tively, compared to the untreated control  [  201  ] . Pretreatment of  Chlorella  at 80°C 
decreased the methane production by 19%  [  237  ] . 

  Fig. 12    Effect of freezing, ultrasonic, thermal and chemical pretreatments on: ( a ) COD solubiliza-
tion of  A maxima ; ( b ) VS reduction and methane yield of  A maxima . All data normalized to VS 
reduction and methane yield of fresh, living algae. CSTR volume of 2 L, HRT of 20 days, OLR of 
2 gVS/L-day  [  233  ]        
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 In contrast, thermal pretreatment of unicellular algae harvested from the ef fl uent 
of a high-rate sewage oxidation pond at temperatures from 40 to 120°C and treat-
ment duration of 30 min increased the methane yield  [  238  ] . The methane yield 
increased from approximately 0.14 to 0.17 L/gVS at 50°C and to approximately 
0.25 L/gVS at 100–120°C. The methane yield increased with temperature and 
reached a maximum value at 100°C. The authors also reported the in fl uence of treat-
ment duration (from 1 to 120 h) and biomass concentration (from 3.7 to 22.5%) on 
methane yield at 100°C. The maximum methane yields were observed for a pre-
treatment duration of 8 h (0.3 L/gVS, 15% increase) and with a pretreated algae 
concentration of 3.7%.  

      Drying 

 The water content of macroalgae is in the range of 80–95%  [  79,   124,   144,   239  ] , and 
centrifuged microalgae have a water content of 90–95%  [  157  ] . Biomass drying is 
energy intensive, but is considered if storage or transportation is necessary before 
AD. Drying of biomass by heating at 105°C for 24 h had a negative in fl uence on 
methane yield with  C. kessleri  and  C. reinhardtii   [  157  ] . The decrease in biogas yield 
from  C. kessleri  and  C. reinhardtii  compared to a nondried control were 23 ± 2.8% 
and 20 ± 2.7%, respectively. The authors hypothesized that easily digestible VS 
were lost during the drying process or became inaccessible for enzymatic attack. 
Consequently, AD of nondried biomass is more feasible and recommended. 
Technologically, it is bene fi cial to couple algae cultivating and AD facilities.  

     Chemical Pretreatment 

 Acidic, alkali, and oxidative pretreatment approaches have been applied to enhance 
the biological degradation of biomass. Pretreatment by acid reagents is commonly 
used for solubilization of hemicellulose and lignin compounds that make other 
organic materials more available for enzymatic attacks. Also, during acidic pretreat-
ment, the hemicellulose is hydrolyzed to sugar monomers, furfural, hydroxymeth-
ylfurfural, and other products  [  240  ] . Acidic pretreatment has several possible 
drawbacks. First, some of the solubilized compounds can be toxic to methanogens. 
Second, the production of hydrogen sul fi de or ammonia nitrogen instead of methane 
can be enhanced. 

 Addition of a strong alkali reagent causes solvation, saponi fi cation, alkali hydro-
lysis, and degradation of polymeric organic compounds. Alkali pretreatment 
(62.0 mEq Ca(OH) 

2
 /L for 6.0 h) of the organic fraction of municipal solid waste 

increased the COD solubilization and enhanced methane yields up to 172%  [  241  ] . 
The in fl uence of different alkaline reagents NaOH, KOH, Mg(OH) 

2
 , and Ca(OH) 

2
  

on solubilization of WAS has also been examined. The following levels of COD 
solubilization at pH 12 with the four alkaline reagents have been reported—39.8%, 
36.6%, 10.8%, 15.3%  [  201  ]  and 60.4%, 58.2%, 29.1%, 30.7%  [  225  ] , respectively. 



926 P. Bohutskyi and E. Bouwer

The effect of NaOH concentration was studied in the range from 0 to 26 g/L. COD 
solubilization rose signi fi cantly as the NaOH dose increased up to 5 g/L  [  225  ]  or up 
to 7 g/L  [  201  ] . The largest biogas production or biodegradability was reported at 
NaOH concentrations between 4 and 10 g/L  [  225  ] . Additional amounts of NaOH 
led to decreasing amounts of biogas production. Based on the results from biotoxic-
ity tests, the decrease in biodegradability was not caused by sodium toxicity, but by 
the formation of refractory compounds under extreme alkali conditions. 

 Several oxidative reagents have been tested for biomass pretreatment: ozone, 
oxygen, hydrogen peroxide, and peracetic acid. Hemicellulose and lignin are com-
mon targets of oxidative pretreatment. The oxidative chemical reactions include 
electrophilic substitution; side chain displacement; radical reactions; and cleavage 
of alkyl, aryl, ether, and ester linkages  [  242  ] . Disadvantages of most oxidative meth-
ods are losses of organic materials (e.g., sugars) due to the nonselective oxidation 
and formation of inhibitors. 

 The oxidative pretreatment of a wastewater sludge mixture with ozone resulted 
in COD solubilization from 1.3 to 29% for an ozone dose of 0.05 g/g COD and 40% 
at an ozone dose of 0.1 g/g COD  [  212  ] . The methane yield increased by a factor of 
1.5 and 1.8, and the methane production rate increased by a factor of 1.7 and 2.2, 
respectively. Increasing the ozone dose (0.2 g/g COD) resulted in signi fi cant oxida-
tion of the sludge organic fraction (about 30%), therefore decreasing the methane 
yield. The reactions of ozone with some chemicals, such as phenol and LCFA, can 
form products toxic to methanogens  [  243  ] .  

      Biological (Hydrolytic) Pretreatment 

 The enzymatic hydrolysis of algal cell walls and other biopolymers is a promising 
alternative to energy-consuming mechanical pretreatment and chemical catalytic 
hydrolysis at high temperature. It has large potential to increase the digestion rate 
and methane yield. Treatment of WAS by carbohydrases increased the biogas yield 
by 13%  [  195  ] . Pretreatment with pancreatic lipases (250 units/mg protein, dose 
0.25 g/L at 25°C for 5.5 h) of slaughterhouse wastewater with pork fat particles 
resulted in 35% hydrolysis of the neutral fat, but did not signi fi cantly increase the 
fat hydrolysis rate in the anaerobic reactor (sequencing batch type, 25°C) and did 
not in fl uence the methane yield  [  244  ] . The authors suggested that at relatively low 
temperature (25°C), anaerobic oxidation of LCFA is the rate-limiting step. 

 Natural hydrolysis pretreatment of green macroalgae in percolators has been 
extensively studied  [  175,   245–  249  ] . This method can be viewed as a type of two-
step ADP and is discussed in the subsequent reactor design subsection. 

 The endo-  b  -1,4-glucanase from  Cellulomonas  sp.  YJ5  hydrolyzed  Chlorella 

sorokiniana  cell wall and caused cells lysis after 60–180 min of treatment  [  250  ] . 
Immobilized cellulases hydrolyzed  Chlorella  cells (reduced sugars yield 62%) and 
gave a twofold increase in lipids extraction ef fi ciency  [  251  ] . Other advantages of 
enzymatic hydrolysis include an absence of inhibiting by-products and achievement 
of high selectivity  [  252  ] . While this method has a large potential, it is necessary to 
solve several technological blocks before it can be applied in the biofuel industry. 
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The major roadblocks are higher cost of enzymes production and their handling, 
high enzymes to substrate speci fi city, enormous diversity of algal cell envelope 
composition and structure.  

      Combined Methods 

 The simultaneous application of two pretreatment methods can potentially enhance 
COD solubilization, VS reduction, and methane yield. The following combination 
of treatment methods have been studied with WAS:

   Thermochemical (alkali-, acid-thermal pretreatment)   –
  Ultrasonic plus thermal   –
  Irradiation-assisted methods     –

 Thermal treatment of WAS after adjustment of the pH to 12 (121°C for 30 min) 
led to an increase in the COD solubilization. With NaOH, KOH, Mg(OH) 

2
 , and 

Ca(OH) 
2
 , solubilization reached 51.8%, 47.8%, 18.3%, 17.1% after treatment at 

121°C for 30 min  [  201  ]  or 71.6%, 83.7%, 55.6%, 51.5% at 140°C for 30 min  [  225  ] , 
respectively. Other authors reported a COD solubilization of 55% at pH 12 (NaOH) 
and 140°C for 30 min compared to 48% without alkali reagent  [  236  ] . 

 Thermochemical pretreatment enhanced methane yield by 34 and 19% compared 
to untreated and chemically pretreated samples, respectively  [  201  ] . Combined ther-
mochemical pretreatment of  A. maxima  had a stronger impact on increasing the amount 
of sCOD (Fig.  12a )  [  233  ] . A maximum solubilization value of 78% was achieved at 
pH 13 and temperature 150°C. In most cases, methanogenesis was inhibited compared 
to untreated fresh algae (Fig.  12b ). At pH 11, the methane yield increased by 5%, 10%, 
and 20% at temperatures 50, 100, and 150°C, respectively. Overall, alkali-thermal 
pretreatment led to higher levels of solubilization and to larger methane yields com-
pared to acid-thermal pretreatment. Strong inhibition of methanogens can be caused 
by ammonia, toxic chemicals, and/or fatty acids formed during pretreatment. 

 Wet oxidation is a pretreatment process when organic materials are treated by 
gaseous oxygen at high temperatures. It is able to convert poorly biodegradable 
lignocellulose to carbon dioxide, water, and carboxylic acid  [  253  ] . Newspaper bio-
mass pretreated by wet oxidation (190°C) and fermented in a batch anaerobic reac-
tor showed 59% lignin removal, 74–88% cellulose removal, and 59% of the total 
COD converted to methane  [  223  ] . A doubling of methane yield from raw yard waste 
after wet oxidation pretreatment was reported  [  254  ] . 

 Microwave irradiation can be used as a volumetrically distributed heat source, 
and it can be applied with acid or alkali pretreatment. Microwave-assisted acid 
pretreatment of herbal-extraction process residue enhanced biogas production by 65, 
29, and 14% compared to nontreated, acid, or microwave pretreated samples  [  255, 
  256  ] . Microwave-assisted alkali pretreatment of switchgrass increased the cellulase 
hydrolysis yield by 53%  [  257  ] . Ultrasonic treatment (42 kHz for 120 min) after ther-
mal treatment (121°C for 30 min) had no effect on COD solubilization. Solubilization 
enhancement was not statistically signi fi cant—19.4% vs. 18.4% (ultrasonic only)—
and was comparable with the value for single thermal pretreatment of 17.6%  [  201  ] .   
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    5.1.3   Algal Metabolic Manipulations Through Environmental Factors 

 The algal biochemical composition has a dramatic impact on algal biomass digest-
ibility and methane yield (Figs.  5  and  7 ). Improving the extent of algal biomass 
biodegradability in anaerobic digesters is a critical research need. 

 Metabolic manipulation is an effective tool for control and in fl uence of algal 
growth rate and biochemical composition. Several environmental factors, such as 
availability of carbon dioxide, nutrients (nitrogen, phosphorus), trace metals, silicon 
for diatoms, level of irradiation, salinity, and temperature affect the enzyme activity 
and algal biochemical pro fi le signi fi cantly. 

 Generally, stress conditions (nitrogen, phosphorus, or trace metals depletion, 
photo-oxidative stress, and high salinity) lead to increasing cellular lipid content. 
Exposure to stress conditions resulted in increasing lipid content on average from 
25.5 to 45.7% in green microalgae, from 22.7 to 44.6% in diatoms, and from 27.1 
to 44.6% in other oleaginous algae identi fi ed as chrysophytes, haptophytes, eustig-
matophytes, dinophytes, xanthophytes, or rhodophytes  [  258  ] . A major disadvantage 
of using metabolic methods to modify the lipid content is a decrease in the algal 
growth/division rate and productivity  [  259,   260  ] . This can be countered by an 
increase in the overall calori fi c value and theoretical methane potential of the algal 
biomass due to accumulation of more reduced lipid compounds  [  261–  263  ] . Li 
observed the highest lipid productivity at 5 mM nitrate while the highest lipid con-
tent was observed at 3 mM nitrate  [  264  ] . Optimization of all environmental param-
eters is necessary to achieve the highest biomass and lipid productivity  [  265  ] . 

      Nutrient Starvation Conditions 

 Many researchers have studied the response of algae to nitrogen and phosphorus 
limitation. The general trend for most green algae and diatoms is decreasing synthe-
sis of proteins, polyunsaturated fatty acids, and structural polar lipids (phospholip-
ids, glycolipids, and sulfolipids). An increasing production of carbon storage 
products (carbohydrates and triglycerides) is observed under nitrogen limitation 
 [  266–  272  ] . 

 Growth with phosphorus depletion can decrease the algal growth rate and stimu-
late an increase in the lipid to protein and carbohydrate to protein ratios  [  267,   273–
  277  ] . Phosphorus-starvation conditions negatively affect synthesis of long-chain 
polyunsaturated phospholipids  [  266  ] .  

      Silicon-De fi cient Conditions 

 Silicon is an important element for lipid metabolism in diatoms. Silicon-de fi cient 
growth conditions stimulate synthesis of more carbohydrates and triglycerides 
with higher ratio of saturated and mono-unsaturated fatty acids compared to cells 
grown in silicon rich conditions  [  275,   278–  280  ] . After 4 h of silicon de fi cient 
growth, acetyl-CoA carboxylase activity increased by 100%, whereas activity of 
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  b  -(1→3)-glucan-  b  -3-glucosyltransferase (chrysolaminarin synthase) was reduced 
by 31% during the same period  [  275,   278–  280  ] .  

      Trace Metals Availability 

 Trace elements are important for optimal cell metabolism.  Dunaliella tertiolecta  
deprivation in iron and cobalt signi fi cantly affected growth rate but simultaneously 
caused rapid accumulation of lipids  [  281  ] .  Botryococcus  spp. harvested during 
stationary phase and exposed to an iron-enriched medium stimulated lipids 
accumulation from 5–18 to 16–36%  [  282  ] . One  Botryococcus  species showed the 
highest lipid content after an exposure in nitrogen-free, but iron-enriched media with 
high light intensity.  Chlorella vulgaris  harvested in late-exponential growth phase 
and resuspended in iron-free media for 2 days followed by iron addition had a lipid 
content up to 57% by dry weight with 1.2 × 10 −5  mol/L chelated FeCl 

3
  or three to 

seven fold larger compared to cells resuspended in lower iron concentrations  [  283  ] .  

      Heterotrophic and Mixotrophic Growth 

 Heterotrophically cultivated cells use organic substrate(s) for carbon and energy while 
mixotrophically grown cells can use light and organic carbon for energy and use either 
organic or inorganic carbon for biomass synthesis  [  180,   181,   284  ] . Many algae can 
utilize various organic carbon substrates: sugars (glucose, mannose, fructose, lactose, 
etc.), VFA (acetate), glycerol, molasses, and organic carbon from wastewater. Under 
mixotrophic conditions, algae exhibit a  fi ve- to tenfold higher growth rate compared 
to photoautotrophic growth  [  285  ] . Species that grow mixotrophically include:

   Green algae:  • C.reinhardtii   [  286–  288  ] ;  Chlorella  sp.  [  289–  293  ] ;  Scenedesmus  
 [  294–  296  ] ;  Tetraselmis suecica   [  297  ] ;  Platymonas subcordiformis   [  298  ] ; 
 Botryococcus braunii   [  299  ] ;  Micractinium pusillum   [  300  ] ;  Haematococcus plu-

vialis   [  301–  303  ] ;  Haematococcus lacustris   [  304,   305  ] .  
  Red algae:  • Porphyridium cruentum   [  306,   307  ] ;  Galdieria sulphuraria   [  308  ] .  
  Diatoms:  • Phaeodactylum tricornutum   [  256,   285,   309–  312  ] ;  Nannochloropsis  sp. 
 [  313–  315  ] ;  Navicula saprophila   [  316  ] ;  Nitzschia   [  316,   317  ] .  
  Cyanobacteria:  • Synechococcus   [  318,   319  ] ;  Arthrospira   [  320–  323  ] ;  Nostoc 

 fl agelliforme   [  324  ] ;  Anabaena variabilis   [  325  ] .    

 The main disadvantage of mixotrophic growth is the high cost of organic carbon 
sources. Main advantages of mixotrophic growth are the elimination of light pene-
tration limitation that allows high concentration of algae (opportunity to reduce 
harvesting cost), better process control, increased growth rate and production of 
lipids, and potential to use waste streams as an organic carbon source. One attractive 
solution is the coupling of wastewater treatment and algal production  [  326  ] . Another 
possible source of organic carbon is acetate from a modi fi ed AD system where the 
major products of anaerobic fermentation are acetate and hydrogen. The drawback 
of systems grown on waste streams is bacterial and viral contamination.  
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      Light Conditions 

 Light characteristics have a signi fi cant impact on pigment content, photosynthetic 
activity, and lipid content  [  327,   328  ] . Generally, high irradiation inhibits the forma-
tion of polar lipids, but stimulates synthesis of storage carbohydrates and neutral 
lipids (usually triglycerids). Light limitation favors the production of total proteins 
and structural polar lipids associated with chloroplasts  [  258,   329–  332  ] .  B. braunii  
cultivated under continuous illumination gave the highest yield of exopolysaccha-
rides. A light-dark cycle of 16–8 h resulted in the highest hydrocarbon yield  [  333  ] . 
Blue light was found to promote protein synthesis, while red light stimulated carbo-
hydrate production  [  334  ] .   

    5.1.4   Algal Metabolic and Genetic Engineering 

 Genetic technologies make use of algae as a biological factory for the production of 
valuable algal metabolites and recombinant proteins  [  335  ]  including:

   Carotenoids  [  • 336,   337  ]   
  Long-chain polyunsaturated fatty acids  [  • 338  ]   
  Pharmaceutically active compounds  [  • 339,   340  ]   
  Polysaccharides  [  • 341,   342  ]   
  Diagnostic and therapeutic recombinant proteins  [  • 343,   344  ]     

 Originally, genetic techniques were developed for three laboratory model organ-
isms:  C. reinhardtii ,  Volvox carteri , and  P. tricornutum . Recently, genetic engineer-
ing techniques have expanded to other algal species, including  Chlorella  sp. and 
diatoms. Sequenced genomes of algae are still limited. Green algae have only 3 
genomes completed and 12 genomes are on assembly stage or in progress; diatoms 
have 2 completed genomes and 3 in progress. The process of sequencing 70 
cyanobacterium genomes is completed and 102 genomes are on assembly stage or 
in progress  [  345  ] . 

      Gene Manipulation Tools 

 Advanced gene manipulation tools are essential for an ef fi cient application of 
genetic engineering technology, but they are still in the development stage. These 
gene manipulation tools include:

   Homologous gene replacement or nuclear gene targeting  [  • 346,   347  ]   
  Inducible nuclear promoters  [  • 348  ]   
  Gene silencing approaches  [  • 349–  351  ]   
  Gene expression regulation by riboswitches  [  • 352,   353  ]   
  New protein tagging approaches  [  • 354  ]      
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      Chloroplast Transformation Technologies 

 Commonly, wild-type green algae have heavily stacked thylacoids and large light-
harvesting antenna complexes (LHC) acclimated for low light conditions that cause 
photoinhibition under high light conditions  [  355,   356  ] . To eliminate the formation 
of reactive oxygen species, the absorbed photons need to be released as  fl uorescence 
and waste heat. This release of energy reduces conversion ef fi ciency of light energy 
to biomass  [  357  ] . One solution to increase the conversion ef fi ciency is to reduce the 
LHC size and enhance light penetration to the growth media  [  357–  360  ] . For exam-
ple, RNA interference technology was applied to downregulate the entire LHC gene 
family in  C. reinhardtii   [  361  ] .  

      Metabolic Network Reconstruction and Simulation 

 A metabolic network model is a prospectively powerful tool for selection of the 
most suitable wild-type organism, as well as to provide direction for the genetic 
engineering of a more ef fi cient mutant  [  362  ] . Combinations of knockout and added 
genes can be optimized for target product and/or biomass yield  [  363,   364  ] . 
A genome scale reconstructed metabolic network improved bioethanol production 
for  Saccharomyces cerevisiae  though genetic engineering and evolutionary adapta-
tion  [  365,   366  ] . The optimal parameters of the designed bioprocess are the growth 
media composition, the level of irradiation, the temperature, the product yield, the 
physical dimensions, and the cost ef fi ciency of the overall process  [  367  ] .    

    5.2   Anaerobic Digestion Improvement 

 The main goals for improving the ADP are increasing the conversion ef fi ciency 
while simultaneously decreasing capital and operational costs. 

    5.2.1   Inoculum Source for Anaerobic Digestion of Algae 

 As discussed earlier, algal biomass has speci fi c biochemical composition and con-
tains unique compounds, such as algin, laminarin, and fucoidan. Moreover, marine 
algal biomass has a high salt concentration that can affect anaerobic microorgan-
isms. Isolation and application of microorganisms adapted for digestion of speci fi c 
algae is labor-intensive but has the potential to improve algal ADP. 

 Generally, anaerobic sludge from a domestic sewage plant or marine anaerobic 
sediment is used for startup of the algal ADP. Several authors reported that anaerobic 
organisms adapt readily to algal biomass as a sole substrate, and the inoculum source 
has a minor or no effect on the  fi nal methane yield and VS reduction 
 [  77,   159,   368  ] . On the other hand, addition of an inoculum from marine sediments to 
anaerobic sewage sludge increased the initial methane production rate (Fig.  13 )  [  77  ] , 
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and addition of a rumen and sewage sludge inoculum adapted to algal substrate 
increased biogas production and methane concentration  [  369  ] . Application of an inoc-
ulum adapted to high ammonia concentration is a possible solution to overcome the 
problem of ammonia inhibition. The inoculum from a piggery anaerobic pond yielded 
stable methane production from algae with an added ammonia-N concentration up to 
3 g/L  [  370  ] . In contrast, a sewage mesophilic digester inoculum showed inhibition in 
methane production at an added ammonia-N concentration larger than 0.5 g/L.   

    5.2.2   Process Parameters and Reactor Design 

 Methane yield, VS reduction, OLR, and HRT are important operating parameters 
for the ADP. Generally, the ratios of actual to theoretically calculated methane yield 
and VS reduction are relatively low (typically from 0.4 to 0.6). Biodegradability is 
often limited by the ability of anaerobic bacteria to hydrolyze complex organic 
compounds as well as by the slow rate of acetogenesis and methanogenesis stages 
of AD. A variety of methods, including process parameters and reactor design, 
feedstock pretreatment and conditioning, and source and modi fi cation of anaerobic 
microorganisms are used to increase the AD ef fi ciency. The general principles of 
digestion with non-algal feedstock can be applied to the AD of algae. Environmental 
parameters have a signi fi cant impact on AD performance. Optimal process design 
and control allow enhancing methane yield, increasing OLR and decreasing HRT. 

      Reactor Design 

 The main goal of optimal reactor design is achievement of the maximum methane 
yield at high OLR and low HRT in order to reduce reactor volume and capital costs. 
Several high-rate digester con fi gurations were developed over the past several 
decades for digestion of biosolid wastes and residues. Their characteristics and 

  Fig. 13    In fl uence of inoculum source on methane yield and VS reduction  [  77  ] .  Crosses —inoculum 
from manure digester;  diamonds —mix inoculum from manure digester and marine sediments       
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advantages and disadvantages are described elsewhere  [  68,   70,   371–  373  ] . One 
major strategy is decoupling HRT from SRT by anaerobic sludge immobilization 
 [  374–  379  ] , granulation, and  fl oc formation  [  380–  387  ] , biomass recycling  [  388  ] , or 
membrane retention  [  389–  391  ] . The methane yield and methane production in a 
nonmixed vertical  fl ow reactor (NMVFR) digester were larger and more stable at 
higher OLR compared to CSTR (Fig.  14 )  [  79  ] . Another promising approach applied 
for biosolids digestion is separation of the hydrolysis and acetogenesis steps from 
methanogenesis, a process called a two-stage system  [  392–  394  ] . A two-stage anaer-
obic reactor system achieved stable methane production from  M. pyrifera  and 
 D. antarctica  with an HRT of one day for each stage  [  395  ] .  

 A special case of the two-stage system is preliminary treatment of macroalgae in 
percolation reactors with natural hydrolysis and acidogenesis processes. In percola-
tion reactors, algae are stored in a tank yielding a drained liquid product containing 
VFAs and ethanol as good substrates for methanogenesis  [  246,   248  ] . Legros and 
colleagues compared maximum OLRs for three systems: one-step CSTR, two-step 
CSTR, and percolator followed by up fl ow and fed batch digesters for liquid and 
solid phases, respectively. The reported maximum volumetric loads were 2.5 g 
VS/L-day for one-step, 4 g VS/L-day for two-step systems, 5.3 g VS/L-day for 
up fl ow reactor, and 6.3 g VS/L-day for fed batch digester (assuming COD/VS equal 
1.25). A comparison of methane yield and production rate from  Ulva  and  Ulva  
juices is presented in Fig.  11 . 

 The AD of hydrolysis juices is more economically ef fi cient compared to diges-
tion of whole macroalgae due to lower reactor size, energy for substrate heating, 
grinding, and pumping  [  246–  248  ] . For example, the volume of digester with  fi xed 
bacteria for digestion of hydrolysis juices is 25 times smaller compared to a CSTR 
digester required for whole algae  [  245  ] .  

  Fig. 14    Methane yield ( a ) and methane production rate ( b ) from  M. pyrifera  depending on OLR, 
reactor type and mannitol concentration.  Open triangles —CSTR, 21.4% mannitol;   fi lled 

triangles —NMVFR, 21.4% mannitol;  open circles —CSTR, 8.3% mannitol;   fi lled circles —
NMVFR, 8.3% mannitol  [  79  ]        
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      Mixing 

 Mixing is essential for optimal distribution of substrate, intermediate products, 
nutrients, and microorganisms throughout the anaerobic digester, but excessive 
mixing can be unfavorable for methanogenic bacteria  [  396–  399  ] . Furthermore, 
proper mixing diminishes temperature and concentration  fl uctuations.  

      Temperature Conditions: Psychrophilic vs. Mesophilic vs. Thermophilic 

 Psychrophilic conditions were found to be nonfavorable for methane production 
from algae even when natural inoculum adapted to low temperature is used to start 
the AD process  [  77,   111,   400  ] . The in fl uence of temperature on digestion of 
 Enteromorpha Iinza ,  Enteromorpha intestinalis ,  Enteromorpha prohfera , and 
 P. percursa  in the range from 10 to 35°C is presented in Fig.  15   [  77  ] . Insigni fi cant 
methane was detected at temperatures under 25°C. The  fi nal methane yields were 
identical at 30 and 35°C, but the initial methane production rate was signi fi cantly 
higher at 35°C.  

 Generally, the degradation rate of biosolids is usually higher under thermophilic 
conditions, reducing the volume of the anaerobic digester. Furthermore, raising the 
temperature increases the lipid solubility in water and its availability for enzymatic 
attack. For example, during the digestion of a mixture of  Scenedesmus  spp. and 
 Chlorella  spp., a 27% higher methane yield was observed at 50°C compared to 
35°C  [  110  ] . Mesophilic conditions can favor algal survival in the anaerobic digester 
and make them more resistant to biodegradation. This is evidenced by the low meth-
ane yield from the digestion of cyanobacteria at 22.3°C  [  401  ] . The intact  Scenedesmus  
cells were detected in a digester after 6 months of incubation  [  157  ] . 

  Fig. 15    In fl uence of temperature on anaerobic digestion of  Enteromorpha Iinza ,  E. intestinalis , 
 Enteromorpha prohfera , and  Percursaria percursa .  Boxes —10°C,  crosses —20°C,  triangles —
25°C,  circles —30°C,  diamonds —35°C  [  77  ]        
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 But, operating under mesophilic conditions is generally more stable due to 
lower sensitivity of mesophilic organisms to temperature and substrate variations. 
Moreover, toxicity from ammonia and salts increases as the temperature increases. 
The observed methane yield from  M. pyrifera  at thermophilic conditions was 
approximately two times smaller than under mesophilic conditions  [  402  ] .  A. max-

ima  gave 40–80% larger methane yield at mesophilic conditions compared to 
thermophilic regimes (Fig.  16b )  [  158  ] . The methane production from  A. maxima  
was completely inhibited at 15 and 52°C (Fig.  16a )  [  160  ] . Keenan reported a 
similar methane yield for mesophilic and thermophilic regimes (0.312 and 
0.318 L/gVS) during AD of  Anabaena  fl os-aquae  at OLR between 3.2 and 2.8 
gVS/L-day  [  403  ] .    

    5.2.3   Co-digestion of Algae with Other Feedstock(s) 

 Co-digestion of different substrates has been recognized recently as an attractive 
approach that has many economical, logistic, and sanitary bene fi ts  [  404  ] . The main 
advantage of co-digestion is the improvement of the nutrient balance that leads to 
greater reduction of VS and methane yield  [  405  ] . The C:N:P ratio is an important 
factor for AD as discussed earlier in the chapter. Co-digestion of low nitrogen bio-
mass (municipal solid waste, paper, sisal pulp, straw, grasses, wood wastes) with 
higher nitrogen wastes (sewage sludge, chicken or livestock manure, slaughter-
house, meat or  fi sh processing wastes) can increase the loading rate and methane 
yield up to 60–100%  [  399,   406–  409  ] . 

 The C to N ratio varies for macro- and microalgae due to signi fi cant differences 
in biochemical composition. Carbohydrates are the main components of macroalgal 

  Fig. 16    In fl uence of temperature on the methane yield during digestion of  A. maxima  in a semi-
continuous reactor. ( a )  Solid line ,  diamonds : HRT—20 days, OLR—2.02 gVS/L-day  [  160  ] . 
( b )  Triangles —35°C,  circles —55°C  [  158  ]        
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biomass with concentrations between 50 and 70% of dry weight. Microalgae usu-
ally have a carbohydrate content in the range 10–20% while the protein content can 
reach 30–50% in some species. These differences in biochemical composition 
in fl uence the C:N ratios and the strategies needed for co-digestion processes with 
macro- or microalgae. 

      Co-digestion of Microalgae 

 The C/N ratios for microalgae are in the range of 4–6. The addition of carbon rich 
cellulosic materials can balance the high nitrogen content. For example, addition of 
25 and 50% of waste paper to a mixture of  Scenedesmus  spp. and  Chlorella  spp. 
resulted in a 1.59- and 2.05-fold increase in the methane yield (Fig.  17a )  [  410  ] . The 
optimal ratio between algal biomass ( Scenedesmus  spp. and  Chlorella  spp.) and 
waste paper was found to be 40% algae and 60% paper with corresponding C:N 
ratio equal to 22.6. The in fl uence of the C/N ratio on the methane yield is shown in 
Fig.  17b . The authors also reported that paper addition stimulated cellulase activity 
in the anaerobic digester from 1.26 ± 0.14 mg/L-min (no paper added, C:N is equal 
to 6.7) to 3.02 ± 0.09 mg/L-min (50% paper, C:N is equal to 18).  

 Addition of  A. maxima  biomass to sewage sludge, peat extract, and spent sul fi te 
liquor improved the VS reduction and methane yield (Fig.  18 )  [  411  ] . Nutrient rich 
algal and cyanobacterium biomass can be added to nutrient limited waste products 
that cannot be digested as sole substrate.   

  Fig. 17    ( a ) In fl uence of waste paper percentage on the normalized methane yield of algal biomass 
( Scenedesmus  spp. and  Chlorella  spp.) at HRT 10 days and OLR 4 gVS/L-day. ( b ) Methane yield 
vs. biomass C:N ratio, HRT 10 days.  Diamonds —algal biomass with varying OLR;  triangles —
waste paper with NH 

4
 Cl and trace elements added;  squares —algal biomass and waste paper with 

different ratio (based on  [  410  ] )       

 



93736 Biogas Production from Algae and Cyanobacteria Through Anaerobic Digestion…

      Co-digestion of Macroalgae 

 The mix of Ulva and manure has a larger methane yield and production rate com-
pared to pure Ulva biomass (Fig.  11c , d). Methane production from a mixture of 
alginate extraction residues and manure was lower compared to methane production 
from separate substrates  [  245  ] . Morand and coauthors speculated that co-digestion 
of different seaweeds can be problematic due to dissimilarity in digestion speeds 
 [  412  ] . But addition of  Ulva  to  Sargassum tenerrimum  (1–17 ratio) increased the 
methane yield and production rate  [  413  ] .   

    5.2.4   Metabolic and Genetic Engineering 

 The application of molecular tools to microbial community structure analysis pro-
vides insight about the development of a mature microbial community, its response 
to changes in substrate loading rate, and the in fl uence of environmental factors 
 [  414  ] . This knowledge allows us to improve the design and control of the ADP. 

      Metabolic and Genetic Engineering of Anaerobic Microorganisms 

 Classical strain improvement is an evolutionary engineering technique that has been 
used for decades for the production of penicillin, amino acids, and many other 
industrial products, but it is time consuming and has limited applications  [  415,   416  ] . 
Attractive opportunities exist with metabolic and genetic engineering techniques to 
enhance biofuel production. Studies have been conducted with several organisms 

  Fig. 18    In fl uence of added carbonaceous biomass on the methane yield from biomass mix nor-
malized to methane yield from pure algal biomass at HRT 20 days and approximate OLR form 
2–4 gVS/L-day  [  411  ]        
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including  Escherichia coli   [  417–  420  ] ,  Zymomonas mobilis   [  421–  423  ] ,  Klebsiella 

oxytoca   [  424,   425  ] , and  S. cerevisiae   [  426–  429  ] . 
 Cellulolytic  Clostridium  is one of the prospective organisms for metabolic engi-

neering in an anaerobic digester. Hydrolysis of polymeric organic compounds is 
often the limiting step during biodegradation of algal biomass. Hydrolysis of algal 
cell walls is dif fi cult due to its heterogeneous structure composed of carbohydrates, 
glycoproteins, and lipids. Guedon and colleagues applied metabolic engineering to 
produce a recombinant  Clostridium cellulolyticum  that exhibited 150% higher cel-
lulose consumption and 180% larger cell dry weight in comparison to the wild 
strain  [  430  ] . Another possible strategy is the expression in  Clostridia  of the algal 
cell wall degrading enzymes from wild strains that naturally use algal biomass as a 
substrate.  Saccharophagus degradans  is able to degrade at least ten distinct com-
plex polysaccharides from diverse algal, plant, and invertebrate sources and can be 
an outstanding source of degrading enzymes  [  431,   432  ] .    

    5.3   Integration of Anaerobic Digestion with Other 

Technological Processes 

 The high cost of biofuel production and low ef fi ciency of captured energy are major 
factors that limit the large-scale use of algae for biofuels. The integration of the 
ADP into the production of other high-value products (e.g., food supplements, phar-
maceuticals, and clean water) from algae is likely to make AD economically attrac-
tive for biofuel generation. 

    5.3.1   AD Integrated into Other Algal Biofuel Production Pathways 

 There are several algae to biofuel conversion technologies, such as lipids extraction 
followed by transesteri fi cation, thermochemical hydroprocessing, phototrophic 
microbial fuel cell (PMFC), and algal hydrogen production. These processes gener-
ate large quantities of waste algal biomass, residues, or by-products. The ADP is a 
prospective technology that can convert these waste materials into valuable fuel. 

      Biodiesel and Green Diesel Production Processes 

 The ADP is widely used for processing a variety of organic residues and wastes. The 
AD can be integrated into many potential pathways for algal biofuels production as 
shown in Fig.  19   [  433  ] . Coupling biodiesel and green diesel production processes 
with the ADP (Fig.  20 ) can improve the overall ef fi ciency of energy recovery and 
reduce the  fi nal cost of biofuel  [  434  ] . Based on the theoretical calculations, the ADP 
can recover approximately 55–85% of the biomass energy content in a coupled 
biodiesel-ADP, depending on algal lipid content  [  263  ] . Similar results were achieved 
by the calculation of theoretical energy output from conversion of  T. suecica   [  435  ] . 
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Simultaneous production of biogas and biodiesel gave the largest energy output, 
with 60% of the energy coming from biogas (Fig.  22 ). The authors calculated that 
the biodiesel-ADP reduced the biodiesel production cost by 33% and the carbon 
emission by 75%.   

  Fig. 20    Conceptual diagram for the integrated biodiesel and biogas production       

  Fig. 21    Conceptual diagram for the coupling of an algal production-ADP into a carbon dioxide 
mitigation and waste treatment process       
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  Chlorella  residue from the biodiesel production process is a feasible substrate for 
methane production  [  436,   437  ] . Either 1-butanol as a solvent for lipid extraction or 
acid catalyzed in situ transesteri fi cation was recommended because application of 
the normal chloroform/methanol mixture inhibited methane production. The 
observed methane yield from algal residues was approximately 52–63% from fresh 
algae. Addition of glycerol as a co-substrate slightly increased the methane yield by 
4–7% possibly due to a more favorable N to C balance  [  437  ] .  

      Algal Hydrogen Production System 

 The ability of green algae to produce hydrogen was discovered over 70 years ago 
 [  438,   439  ] . Hydrogen is recognized in the US and EU as a promising future fuel 
 [  440  ] . While the technology of generating hydrogen from algae is far from being at 
the industrial scale, several laboratories are working on improving the hydrogen 
production ef fi ciency by using transcriptomics, proteomics, and metabolomic data 
 [  441–  443  ] . 

 The ADP can be used to process surplus algal biomass into methane or hydro-
gen. A combined biore fi nery concept has recently been proposed  [  157  ] . During the 
 fi rst step,  C. reinhardtii  produces hydrogen via a sulfur deprivation method. During 
the second step, it is digested anaerobically for methane production. The authors 
reported approximately 123% more biogas production from algae after the hydro-
gen production cycle compared to fresh algae due to the accumulation of lipids and 
carbohydrates during the sulfur deprivation step  [  443,   444  ] .  

  Fig. 22    Energy output of different types of biofuels with  Tetraselmis suecica   [  435  ]        
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      Phototrophic Microbial Fuel Cell 

 Light energy can be converted into electrical energy via a PMFC  [  445–  448  ] . The 
combination of an ADP and a PMFC in a closed loop system can produce methane 
and electricity  [  237  ] . In this system, algal biomass serves as a substrate for AD and 
provides oxygen ( fi nal electron acceptor) for the fuel cell. The liquid phase of 
digested biomass contains compounds and nutrients to supply electrons in the fuel 
cell and for subsequent use as media for algal growth. While the system failed to 
operate in continuous- fl ow mode, in batch experiments it successfully produced 
methane (0.32 L/gVS) and power (1.33 mW/m 2  illuminated footprint area). Possible 
reasons for the failure of a continuous system are low biomass concentration, high 
nitrate concentration, or high water circulation  fl ow rate  [  237  ] .   

    5.3.2   Algal Production in Waste Streams 

 Fertilizers and inorganic chemicals are the major costs associated with intensive 
algal production systems. As example, producing 1 kg of biodiesel in fresh water 
requires 3,726 kg water, 0.33 kg nitrogen, and 0.71 kg phosphate  [  449  ] . On the 
other hand, algae and cyanobacteria play a role in self-puri fi cation of water bodies 
and in wastewater treatment by direct assimilation of simple organic compounds 
 [  294,   450  ]  and nutrients  [  451–  456  ] , removal of heavy metals  [  388,   453,   457–  459  ] , 
and  fi nally providing oxygen for organic matter oxidation by heterotrophic bacteria. 
Wastewater stabilization ponds with naturally occurring algal  fl ora are widely used 
in developing countries and local sewage systems  [  460,   461  ] . Closed coastal areas, 
such as bays, fjords, and lagoons near urban and agricultural runoffs. are potential 
systems for cultivation, harvesting, and utilization of macroalgae for biomethane 
production  [  177,   412  ] . Golueke and Oswald  fi rst suggested the combination of 
wastewater treatment with production of algae to yield a biofuel  [  109,   110,   462, 
  463  ] . Coupling the treatment of nutrient-rich wastewater with algal growth followed 
by conversion to methane represents a potentially attractive biofuel production pro-
cess with reduced impact on the environment  [  464–  468  ] . Moreover, mixotrophic 
microalgal growth is attractive due to induction of lipids accumulation in algal 
cells. 

      Domestic, Industrial, and Agricultural Wastewater Treatment 

 Removal of 95% biochemical oxygen demand (BOD), 85% COD, 90% ammonia, 
>65% total nitrogen, and >99% of the pathogenic indicator microorganisms from 
municipal wastewater can be achieved in algal ponds  [  469  ] . The ef fl uent quality is 
highly variable: BOD = 10–25 mg/L and COD = 50–85 mg/L  [  470  ] . Oswald and col-
leagues developed and tested the Advanced Integrated Wastewater Pond System 
(AIWPS)  [  471–  475  ] . This system consists of methane production in an advanced 
facultative pond, algal high rate pond, algal settling pond, and maturation pond. 
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This system provides a secondary ef fl uent adequate for agricultural irrigation and 
has 4–5 times lower electrical power consumption per water  fl ow compared to con-
ventional activated sludge and extended aeration systems  [  476  ] . A conventional 
wastewater treatment system requires approximately one kWhr of electricity for 
aeration for the removal of 1 kg of BOD. In contrast, photosynthetic BOD oxidation 
does not require aeration but produces algal biomass that can be converted to roughly 
one kWh of electricity through ADP  [  477  ] .  

      Algal Cultivation in Anaerobic Digester Ef fl uent 

 Recent developments allow ADP to be applied for the treatment of a wide range of 
wastewaters with organic contamination. But ADP has several drawbacks particu-
larly high organic matter and ammonium concentrations in the AD ef fl uent. 
Moreover, AD has low ef fi ciency of phosphorus removal. A similar waste liquid is 
generated during AD of algae. This nutrient rich anaerobic ef fl uent can serve as 
fertilizer for intensive algal production. 

 Green microalgae ( Chlorella  and  Scenedesmus ) cultivated in diluted dairy waste 
anaerobic digester ef fl uent are able to switch from phototrophic to heterotrophic or 
mixotrophic growth, utilize native substrates present in ef fl uent, and increase the 
biomass and triglyceride production rate  [  478  ] . Ammonia removal ef fi ciency from 
anaerobic treated dairy wastewater reached 96% with a mixed green algae culture 
 [  479  ]  and 99% with  A. platensis   [  480  ] . Aragon reported the removal of 85% BOD, 
75% COD, 80% ammonia, and >97% detergents during treatment of the anaerobic 
ef fl uent from an urban wastewater treatment plant by two local algae species 
 Scenedesmus acutus  and  C. vulgaris   [  481  ] . 

 A “closed” system of methane generation from light energy via algal production 
and anaerobic digestion was described by Golueke and Oswald  [  109  ] . The liquid 
phase from the digester was used as culture media for algal growth. The average 
methane yield was 0.44 L/gVS, the maximum energy conversion ef fi ciency from 
light to biomass was 3%, and the energy conversion ef fi ciency for the entire unit 
was 2%. Ras and colleagues repeated the same experiment with  C. vulgaris  as the 
solar light capturing organism  [  482  ] . The methane yield was    0.24 L/gVS at an HRT 
of 28 days and an OLR of 0.7 gVS/L-day. 

 Ryther compared the productivity of  G. tikvahiae  and  Ulva  sp. in media enriched 
by AD ef fl uent with the productivity in a conventional mineral enrichment medium 
 [  483  ] .  Ulva  sp. had a similar methane yield in both media, but  G. tikvahiae  had 
50–75% lower productivity in an AD ef fl uent-enriched medium compared to a 
control.   

    5.3.3   Algal Production Integrated with Carbon Dioxide Sequestration 

 An attractive algal cultivation strategy is to use carbon dioxide emitted from power 
plants for autotrophic biomass assimilation. Such a carbon capture system with 
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microalgae has the following advantages compared to other carbon sequestration 
technologies  [  484  ] :

   Algal system does not require high purity carbon dioxide.   –
  Algal system produces biofuels that can be used for electric power generation.   –
  Some  fl ue gas impurities (nitrogen and sulfur oxides) can be removed as well and  –
be used by algae.    

 A conceptual diagram for algal production and ADP integrated into a scheme 
with carbon dioxide mitigation and waste treatment processes is shown in Fig.  21 .     

    6   Economical Parameters and Energy Ef fi ciency 

of Methane Production from Algae 

 Commercial-scale production of methane from algae requires the process to be eco-
nomically feasible. Life-cycle assessment and calculation of net energy ratio (NER) 
are common methods to evaluate techno-economical parameters of biofuel produc-
tion technology. 

    6.1   Algal Biomass Production 

 Jorquera and colleagues compared the energy life-cycle analysis for the production of 
microalga  Nannochloropsis  sp. in  fl at-plate photobioreactors (FPPR), tubular photo-
bioreactors (TPR), and raceway ponds (RP)  [  485  ] . The NER of these systems was 
estimated and compared as total energy produced (energy of biomass) over the energy 
content of the materials, energy required for construction, and the energy required for 
operation. A preliminary analysis (including energy costs for pumping, mixing, and 
gas transfer) showed that the NER value of biomass production in the TPR is 0.2. 
Consequently, the energy demand is larger than the energy content of the produced 
biomass in the TPR. The estimated NERs for biomass production in the FPPR and RP 
are 4.51 and 8.34, respectively  [  485  ] . The authors also performed a detailed energy 
life-cycle analysis using the GaBi program and achieved NER values 4.33 and 7.01 for 
the FPPR and RP, respectively. This result is in agreement with data achieved for the 
production of  Dunaliella  biomass where raceway ponds were found to be more ef fi cient 
 [  486  ] . Indeed, the production of  C. vulgaris  in raceway bioreactors is more environ-
mentally sustainable compared to the production in air-lift tubular reactors  [  487  ] .  

    6.2   Conversion Technologies of Algae to Biofuel 

 The NER values for coupled production of biodiesel and biogas (residues) from 
 H. pluvialis  and  Nannochloropsis  are 0.4 and 0.09, respectively, with approximately 
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58 and 76% of the output energy coming from biogas  [  488  ] . The sensitivity analysis 
showed that it is not possible to achieve an NER value larger than 1 even at most 
optimistic algal yield and oil content. Pumping, drying, and cell-disruption are the 
most energy consuming steps. Lardon et al. emphasize that integration of ADP into 
biodiesel production is a promising solution for external energy demand reduction 
and partial recycling of essential nutrients  [  489  ] . 

 Energy output from  T. suecica  was reported for several conversion techniques 
(Fig.  22 )  [  435  ] . Anaerobic digestion as a sole conversion technology has the largest 
energy output compared to biodiesel and bioethanol. Coupling of biogas production 
with biodiesel production gave slightly larger total energy output, and decreased the 
estimated biodiesel production cost from $72 to $47 per liter. But this cost is 
signi fi cantly larger than the current cost of petroleum-based biodiesel.  

 The life-cycle assessment of microalgal cultivation and biogas production shows 
that the NER value is equal to 1.51 for the following conditions:  C. vulgaris  is culti-
vated in ponds with area of 100 ha, productivity of 25 g/m 2 -day, carbon dioxide sup-
plied from biogas puri fi cation and methane combustion, and the supernatant liquid 
from the digester provides a portion of the fertilizers necessary for algal growth  [  490  ] . 
Technical parameters of the ADP include: CSTR digester, methane yield 0.292 L/
gVS, OLR 1 gVS/L-day, HRT 46 days, and algal biodegradability of 56%. 

 Zamalloa and colleagues reviewed three scenarios of growing algae in wastewa-
ter ef fl uent with productivity 20, 25, and 30 g/m 2 -day  [  491  ] . The algal production 
facility utilized carbon dioxide produced during electricity production. For all sce-
narios, the NER values are larger than 1 and equal to 2.48, 2.67, and 3.34, respec-
tively. This means that the energy output is larger than energy demand for algal 
production and anaerobic digestion. The major energy consuming processes are 
digester heating, mixing, algal pre-concentration, and pumping. The cost of bio-
mass for three scenarios were $169, $138, and $117 per kg of dry weight and the 
levelized cost of energy were $0.232, $0.154, and $0.119 per kWh (given €1/$1 
equal to 1.3652). A minimum algal productivity of 25 g/m 2 -day is required in order 
to achieve pro fi tability with an OLR of 18 gVS/L-day and methane yield of 0.5 L/gVA. 
The fermentation of at least 75% of the VS is crucial for an economically feasible 
process. These assumptions are relatively optimistic but can be achieved in advanced 
anaerobic reactors.   

    7   Conclusions 

 Cyanobacteria and algae are feasible feedstocks for biogas production through ADP. 
Moreover, with current understanding and technology, the anaerobic digestion of 
algae has the promise to be the technology that can be applied for biofuel produc-
tion in the nearest future. Despite more than 60 years of research and several advan-
tages, the technology of methane production from algae is still far from wide 
application at a large scale. One of the reasons for that is the vast diversity of algae 
and cyanobacteria. They have different cell morphology, ecology, photosynthesis 
biochemistry, cell structure, and biochemical composition. 
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 Further research directions that are critical for making ADP with algae 
economically feasible for successful commercialization include:

   Engineering of ef fi cient systems for algal cultivation and anaerobic digestion:• 

   Design of algal production units for better light illumination, penetration, car- –
bon dioxide dissolution, and oxygen off-take  
  Design algal harvesting and dewatering units   –
  Develop methods of biomass pretreatment for greater VS reduction and higher  –
methane yield  
  Design of anaerobic reactors with lower HRT and high SRT   –
  Design of biogas upgrading systems      –

  Isolation and characterization of prospective natural organisms:• 

   Isolation of algal strains with high production potential, biochemical compo- –
sition with high colori fi c value, lower recalcitrance, robustness for cultivation 
in waste streams and to aeration by exhausted gases  
  Isolation of anaerobic bacteria responsible for digesting algal biomass in  –
nature     

  Developing and application molecular biology and genetic tools, and “omics” • 
technologies for cyanobacteria, algae, and anaerobic organisms to target goals 
such as:

   Decreasing algal photoinhibition, increasing photosynthesis ef fi ciency and  –
carbon dioxide uptake  
  Algal simultaneous lipid accumulation and high growth rate   –
  High digestibility of algal biomass   –
  Algal persistence to bacterial and viral infections   –
  Development of stronger hydrolytic apparatus of anaerobic bacteria   –
  Robustness of methanogens for  fl uctuations in environmental and operational  –
parameters     

  Integration of algal production and AD with other technologies:• 

   Co-digestion with domestic, industrial, and agricultural wastes can improve  –
the C:N:P balance  
  Algal cultivation in wastewaters containing organic carbon and nutrients   –
  Co-location of algal production with carbon power plants that can be a source  –
of carbon dioxide and waste heat  
  Application of algal anaerobic digestion with other biofuel production pro- –
cesses or production of high-value products from algae     

  Development of information technologies:• 

   For techno-economical analysis   –
  Dynamic modeling of systems   –
  Bioinformatics technologies   –
  Metabolic networks modeling             –
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  Abstract   Gas hydrates are a vast energy resource with global distribution in the 

permafrost and in the oceans, and its sheer size demands evaluation as a potential 

energy source. Here we discuss the distribution of natural gas hydrate (GH) accu-

mulations, the status of the international R&D programs. We review well-characterized 

GH accumulations that appear to be models for future gas production, and we 

analyze the role of numerical simulation in the assessment of their production 

potential. We discuss the productivity from different GH types, and consistent indi-

cations of the possibility for production at high rates over long periods using con-

ventional technologies. We identify (a) features, conditions, geology, and techniques 

that are desirable in production targets, (b) methods to maximize production, and 

(c) some of the conditions and characteristics that render GH deposits undesirable. 

Finally, we review the remaining technical, economic, and environmental chal-

lenges and uncertainties facing gas production from hydrates.  
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   Symbols, Abbreviations, and Nomenclature 

   D  P     Pressure depletion (Pa)   

  GH    Gas hydrate   

  HBL    Hydrate-bearing layer   

  HBS    Hydrate-bearing sediment   

   k     Intrinsic permeability (m 2 )   

   k  
eff

     Effective permeability (m 2 )   

  mbsf    Meters below sea  fl oor   

  MMSCF    10 6  of standard ft 3    

  MMSCFD    10 3  of standard ft 3 /day   

  MSCF    10 3 of standard ft 3    

   N  
H
     Hydration number   

   P     Pressure (Pa)   

   P  
cap

     Capillary pressure (Pa)   

   P  
e
     Hydrate equilibrium pressure at a given  T  (Pa)   

   S  
H
     Hydrate saturation   

  STP    Standard pressure and temperature   

   Q  
M

     Mass production rate (kg/s)   

   Q  
P
     Gas production rate (ST m 3 /s)   

   Q  
avg

     Average gas production rate (ST m 3 /s)   

   t     Time (days)   

   T     Temperature (K or °C)   

  RRR    Rate replenishment ratio   

  TCF    10 12  STP ft 3  of gas   

  VRR    Volume replenishment ratio   

  WZ    Water zone         

    1   Introduction 

    1.1   Background 

 Gas hydrates (GH) are solid crystalline compounds in which gas molecules (referred 

to as guests) occupy the lattices of ice-like crystal structures called hosts. Under 

suitable conditions of low temperature  T  and high pressure  P , the hydration reaction 

of a gas  G  is described by the general equation

     
+ =H 2 H 2H O • H O,G N G N

 
  (1)  

where  N  
H
  is the hydration number. GH deposits occur in two distinctly different 

geographic settings: in the permafrost and in deep ocean sediments  [  91  ] . 
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 Naturally occurring hydrocarbon gas hydrates contain CH 
4
  in overwhelming 

abundance. Simple CH 
4
  hydrates concentrate methane volumetrically by a factor 

of 164 when compared to standard  P  and  T  conditions (STP). Such hydrates have 

5.77  £   N  
H
   £  7.4, with  N  

H
  = 6 being the average value and  N  

H
  = 5.75 the maximum 

one  [  178  ] . Natural gas hydrates can also contain other hydrocarbons (alkanes 

C 
 n 
 H 

2 n +2
 ,  n  = 2–4), but may also comprise lesser amounts of other gases (mainly 

CO 
2
 , H 

2
 S, or N 

2
 ). 

 Although there has been no systematic effort to map and evaluate this resource and 

current estimates of the in-place amounts vary widely, the consensus is that the world-

wide quantity of hydrocarbon GH is vast  [  80,   120,   178  ] . Given the magnitude of the 

resource, the ever-increasing global energy demand, and  fi nite conventional fossil 

fuel reserves, the potential of GH as an energy source demands technical and eco-

nomic evaluation. The attractiveness of GH is further enhanced by the environmental 

desirability of natural gas, as it is an energy resource with signi fi cantly lower carbon 

intensity than coal, oil, or other solid and liquid fuels. 

 The past decade has seen a marked acceleration in GH research and development 

(R&D). Among the most important developments are the increasing focus of 

research on gas hydrate-bearing sediments (HBSs) rather than crystalline hydrate, 

the improvements in tools available for sample collection and analysis, the emer-

gence of robust numerical simulation capabilities, and the transition of GH resource 

assessment from in-place estimates to potential recoverability  [  8  ] . A fuller under-

standing of the complexities of GH geological systems has emerged, including new 

insights into the effects of solubility, salinity and heat  fl ow, reservoir lithology, and 

rates and migration pathways of both gas and H 
2
 O  [  151,   167  ] . Additionally, critical 

data gaps, such as information on the mechanical and hydraulic properties of HBS, 

are being addressed. Signi fi cant inroads are also being made into our understanding 

of hydrate response under different production scenarios. 

 GH are often compared to coalbed gas, which was also considered an uneco-

nomic resource in the not too distant past  [  21  ] . However, once the resource was 

geologically understood, the reservoir properties de fi ned, and the production chal-

lenges addressed, coalbed gas became a viable fuel in its own right and an important 

part of the energy mix in the United States, where it accounts for almost 10% of the 

natural gas production. Past experience with other unconventional energy resources 

shows that the evolution of GH into a producible source of energy will require a 

signi fi cant and sustained R&D effort. Here we discuss the current state of this effort 

and of the corresponding knowledge status.  

    1.2   Methods of Production from Gas Hydrates 

 Gas can be produced from GH by inducing dissociation, which also releases large 

amounts of H 
2
 O ( 1 ). The three main methods of hydrate dissociation are (1) depres-

surization, in which the pressure  P  is lowered to a level lower than the hydration 

pressure  P  
e
  at the prevailing temperature  T , (2) thermal stimulation, in which  T  is 
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raised above the hydration temperature  T  
e
  at the prevailing  P , and (3) the use of 

inhibitors (such as salts and alcohols), which shifts the  P  
e
 - T  

e
  equilibrium through 

competition for guest and host molecules  [  111  ] . Long-term production strategies 

often involve combinations of the three main dissociation methods  [  131,   132  ] . 

Another production method involves CH 
4
  exchange with another hydrate-forming 

gas (e.g., CO 
2
 ) through a thermodynamically favorable reaction  [  52,   213  ] .   

    2   Occurrence, Research Activities and Priorities, 

and Prospective Production Targets 

    2.1   Magnitude and Global Distribution of the Hydrate Resource 

 Knowledge of the occurrence of in situ GH is very incomplete, and is either based 

on limited direct evidence (hydrate samples) or inferred from other data. In perma-

frost regions, direct evidence of gas hydrate is provided by ongoing R&D programs 

(discussed below), and by analysis of industry 3-D seismic data and data obtained 

during the drilling and logging of conventional oil and gas wells. In marine environ-

ments, most of the inferences of GH occurrence are based on indirect indicators 

involving interpretation of relatively low-quality 2-D seismic data. Direct GH detec-

tion and characterization from marine 3-D seismic data have recently been reported 

by Dai et al.  [  32  ] . The use of four-component ocean bottom seismic surveys has also 

shown great promise  [  4,   14  ] . 

    2.1.1   Estimates of Gas Trapped in Hydrates and Related Uncertainties 

 Table  1  lists several estimates of natural gas, in hydrate form, in the geosphere’s GH 

stability zone (i.e., the  P  and  T  regime within which hydrates are stable). The maxi-

mum value (3.053 × 10 18  m 3  STP of CH 
4
 ) of Tro fi muk et al.  [  195  ]  is based on the 

assumption of GH occurrence wherever a satisfactory  P - T  regime exists, while the 

minimum value (2 × 10 14  m 3  STP) of Soloviev  [  180  ]  accounts for limiting factors such 

as CH 
4
  availability, limited organic matter, porosity, regional thermal history, etc.  

 The Klauda and Sandler  [  80  ]  estimate in Table  1  has received signi fi cant atten-

tion, as it is based on a state-of-the-art model that explains most known GH occur-

rences and offers plausible reasons for discrepancies from its predictions. 

 Even the most conservative estimates suggest enormous amounts of gas in 

hydrated form, the magnitude of which can be appreciated by comparing them to 

the current rate of 10 12  m 3  STP of gas-equivalent annual energy consumption in the 

United States. All estimates are comparatively large relative to estimates of the 

conventional gas reserves of 1.5 × 10 14  m 3  of methane  [  155  ] . Kvenvolden  [  97  ]  indi-

cated that his estimate of 1.8 × 10 16  m 3  of CH 
4
  in hydrates may surpass the recover-

able conventional CH 
4
  by two orders of magnitude, or be a factor of 2 larger than 

the CH 
4
  equivalent of the total of all fossil fuel deposits.  
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    2.1.2   Geographic Occurrences 

 In terms of global distribution, oceanic hydrates constitute about 99% of the total 

GH resource  [  178  ] , so that a 1% error in the ocean approximations could encompass 

the entire permafrost hydrate reserves  [  178  ] . Kvenvolden  [  98  ]  compiled 89 hydrate 

sites shown in Fig.  1   [  178  ] . At those locations, hydrates were: 

    1.    Recovered as samples (23 locations, of which 3 in the permafrost and 20 in ocean 

environments).  

    2.    Inferred from (a) Bottom Simulating Re fl ector (BSR) geophysical signatures (63 

locations), (b) decrease in pore water chlorinity (11 locations), well logs (5 loca-

tions), and slumps/pockmarks (5 locations).  

    3.    Interpreted from geologic settings (6 locations).     

 A measure of the dearth of direct knowledge on hydrates compares this mea-

ger list, which represents the entirety of the database of natural hydrates, to the 

huge body of information on conventional and unconventional oil and gas 

reservoirs  [  209  ] . 

 Given their relative abundance, marine GH occurrences will likely be the pri-

mary targets for future R&D activities. However, given the favorable economics 

of conducting long-term  fi eld programs in the Arctic (as opposed to the deep water), 

it is expected that arctic R&D activities will also continue. Two countries, the 

United States and Japan, are making considerable R&D investments in the Arctic, 

under the reasoning that the information gained on the behavior of gas hydrate-

bearing sand reservoirs can be readily transferred to the study of marine resources 

at a later date.   

   Table 1    Estimates of in situ 
methane hydrates  [  178  ]    

 CH 
4
  amount 10 15  m 3  STP  References 

 3,053   [  195  ]  

 1,135   [  196  ]  

 1,573   [  15  ]  

 120   [  198  ]  

 3.1   [  119  ]  

 15   [  110,   109  ]  

 15   [  197  ]  

 40   [  99  ]  

 20   [  97  ]  

 20   [  107  ]  

 26.4   [  51  ]  

 45.4   [  64  ]  

 1   [  50  ]  

 6.8   [  66  ]  

 15   [  111  ]  

 0.2   [  180  ]  

 2.5   [  120  ]  

 120   [  80  ]  
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    2.2   Policies, Focus, Activities, and Priorities 

 The following review focuses on those studies that are most relevant to the assess-

ment of gas hydrate resource potential. 

    2.2.1   Synopsis of Global Research Activities 

 Japan took a leading role in the effort to explore the potential of geologic hydrate 

deposits as an energy source by establishing a research program in 1995, which led 

to the drilling and installation of the  fi rst well in marine gas hydrate deposits in the 

Nankai Trough offshore Japan at a water depth of 945 m  [  114,   190,   199,   203  ] . This 

was succeeded by a larger multi-well exploration program  [  114  ] , and is probably the 

most advanced program in the world in terms of proximity to commercial produc-

tion. As part of this program, 36 wells were recently drilled in gas hydrate-bearing 

sand reservoirs at the same location  [  189  ] . Fujii et al.  [  47,   48  ]  and Saeki et al.  [  172  ]  

described the variety of gas hydrate occurrence found in the Nankai region, and 

Kurihara et al.  [  94,   96  ]  discussed the technical challenges and the relative economic 

favorability of GH in different geologic settings. Production is expected to begin 

around 2016. Japan has also collaborated with Canada and other nations to conduct 

scienti fi c studies and production tests from GH in the Canadian Arctic. Canada has 

  Fig. 1    Inferred (63), recovered (23), and potential (5) hydrate locations in the world  [  98  ]        
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established a large gas hydrate research and development program that resulted in 

the Mallik production  fi eld test  [  35  ] , the most signi fi cant to-date development in the 

quest for gas production from hydrates (see later discussion). 

 In the United States, studies on GH as a resource began in 1980s, and Collett  [  19  ]  

conducted the  fi rst systematic assessment. He estimated the 50% probability (mean) 

estimate of hydrate resources within the United States at 9 × 10 15  m 3  of CH 
4
  (with the 

95% probability estimate at 3 × 10 15  m 3  and the 5% probability estimate at 

1.9 × 10 16  m 3 ), i.e., the mean value indicates 300 times more hydrated gas than the gas 

in the total remaining recoverable conventional resources. The Methane Hydrate 

Research and Development Act (MHR&D Act) of Congress in 2000 authorized 

funding to uncover the physical nature, economic potential, and environmental role 

of naturally occurring GHs. Over the  fi rst 10 years of the MHR&D Act, hydrate sci-

ence advanced signi fi cantly, both in terms of knowledge of natural hydrate occur-

rences, hydrate physical/chemical properties, and in the tools available to researchers. 

Researchers gained a greater understanding of the complexity of hydrate accumula-

tions through laboratory work  [  40,   56,   86,   204,   215  ] , numerical simulation analyses 

 [  88,   129,   131–  134,   136,   137  ] , and national and international collaborative  fi eld 

experiments  [  35  ] , and began the development of the precursors to tomorrow’s 

hydrate exploration and evaluation technologies. By 2005, it was clear that, given 

certain reservoir conditions, production of methane from hydrate was technically 

feasible and potentially commercially viable through specially tailored application 

of existing technologies  [  8  ] . Current research activities in the United States include 

laboratory experiments and simulation studies  [  8  ] , in addition to  fi eld studies that 

focus on onshore Alaska and the offshore Gulf of Mexico (GOM)—i.e., sites of 

proven exploration targets in the United States  [  19–  21  ] . Major federal-industry part-

nerships have been formed in both the GOM and on the North Slope of Alaska  [  20  ] . 

It is likely that the  fi rst US domestic production from hydrates may occur in Alaska 

because of easier access, although the possibility of  fi rst production from GHs in the 

GOM cannot be discounted because of pipeline capacity and easier access to 

markets. 

 The government of India is funding a large national GH program to meet its 

growing gas requirements. Earlier seismic data from the Indian continental margin 

and GH occurrences that had been accidentally discovered during drilling for con-

ventional oil and gas resources  [  20  ]  provided the impetus for a hydrate-focused 

scienti fi c expedition in the summer of 2006. This expedition con fi rmed large GH 

deposits at four offshore locations, from which many hydrate-bearing cores were 

obtained. Most notable was the 130-m thick fractured shale occurrence in the 

Krishna-Godowari basin that contained GH saturations  S  
H
  previously unseen in 

shale-dominated reservoirs  [  28,   29  ] . 

 China has pursued gas hydrates R&D for more than a decade  [  44  ] , and con-

ducted its initial drilling and coring program in the South China Sea in early 2007. 

That expedition found GH occurrences with  S  
H
  up to 40% in clay-dominated sedi-

ments at several sites  [  224  ] . As in the 2006 India expedition, these results were 

unexpected, and indicated that, given adequate sources of gas, hydrates are remark-

ably effective at  fi lling any available pore space. 
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 Korea has established a signi fi cant research program that aims to assess the 

potential hydrate resources in the Korean East Sea. Preliminary surveys conducted 

by the Korea Institute of Geoscience and Mineral Resources (KIGAM) between 

2000 and 2004 suggest a signi fi cant potential for gas hydrate occurrence in the 

Ulleung Basin  [  146  ] , and numerical simulation studies have raised intriguing 

 possibilities about the production potential of these deposits  [  136  ] . In late 2007, 

a drilling and coring program in Korea’s East Sea reported several 100-m thick 

occurrences  [  105  ] . 

 Other countries (e.g., Norway, Russia, Mexico, Taiwan, Vietnam, Malaysia) 

have either embarked on, or are investigating the viability of, government-sponsored 

research programs to investigate the potential of gas production from national 

hydrate deposits. This list is only expected to grow. In Europe, research programs 

like Hydratech and Hydramed have focused primarily on scienti fi c and environ-

mental issues. 

 Recently, a growing number of deep sea drilling expeditions have been dedicated 

to locating marine GHs and obtaining a greater understanding of the geologic con-

trols on their occurrence. The earliest projects were those of the Ocean Drilling 

Program (ODP) and the Integrated Ocean Drilling Program (IODP), including ODP 

Legs 164  [  149  ]  and 204  [  194  ]  and IODP Expedition 311  [  162  ] , as well as the 1998 

and 2005 drilling programs conducted in the Nankai Trough by the MH21 consor-

tium  [  47,   181  ] . More recently, the Gumusut-Kakap project offshore Malaysia  [  57  ] , 

the Department of Energy (DOE)-sponsored drilling Legs I and II under the Joint-

Industry Project in the GOM  [  9,   13,   166  ] , and the India NGHP Expedition 01  [  23, 

  28,   29  ] , as well as those in the offshore of China  [  218  ]  and South Korea  [  147  ] , have 

continued to expand the GH knowledge base. 

 Given the dif fi culty and the large costs of conducting  fi eld studies on hydrates, 

signi fi cant effort is invested in international collaborative projects. The most well 

known (and probably the most important, in terms of knowledge generated) was the 

2002 Mallik project, conducted at that site in Canada’s Mackenzie Delta (Northwest 

Territories) by an international consortium that included seven organizations from 

 fi ve countries, as well as the International Continental Scienti fi c Drilling Program. 

Current international collaborative projects include the Mallik 2007–2008 project 

 [  33,   37  ]  (Japan and Canada), as well as other bilateral collaborations, e.g., US–India 

 [  27  ]  and US–China  [  218  ] .  

    2.2.2   Focus and Priorities 

 As in the case of conventional hydrocarbon production, it is logical to expect that 

the  fi rst gas recovery from hydrate resources will occur where there is relatively 

easy site access and GH are concentrated  [  21  ] . Such sites and deposits constitute the 

 fi rst targets on which the attempt to produce gas from hydrates must be focused. 

 The analysis of Boswell and Collett  [  10  ]  used relative prospects for future produc-

tion as the criterion to identify several key tiers of GH resource categories within the 

context of a  resource pyramid  (Fig.  2 ). At the peak of the Gas Hydrates Resource 
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Pyramid (those resources that are closest to potential commercialization) are deposits 

that exist at high hydrate saturation  S  
H
  within quality reservoir rock under existing 

Arctic infrastructure (e.g., in the Eileen trend of the Alaskan North Slope), estimated 

to represent 9.4 × 10 11  m 3  STP (=33 TCF) of gas-in-place. Modeling studies suggest 

that as much as 3.4 × 10 11  m 3  STP (=12 TCF) of that volume may be technically recov-

erable. The second-from-the-top tier of hydrate resources is that of less well-de fi ned 

accumulations that exist in similar geologic settings (discretely trapped, high- S  
H
  

occurrences within high-quality sandstone reservoirs) on the North Slope, but away 

from existing infrastructure. The current USGS estimate for total North Slope 

resources is approximately 1.7 × 10 13  m 3  STP (=590 TCF) gas-in-place  [  22  ] .  

 The next most challenging (third) tier of resources includes GH of moderate-to-

high  S  
H
  that occur within high-quality oceanic sandstone reservoirs. The most favor-

able accumulations occur in the GOM in the vicinity of oil and gas production 

infrastructure  [  8  ] . Additional examples of this category of resource have been docu-

mented from the Nankai Trough studies offshore Japan  [  47  ]  and by the IODP Expedition 

311 offshore Vancouver Island  [  162,   163  ] . All subsequent tiers are considered unat-

tractive, and major technological advancements will be needed before production 

from such deposits is ever to become feasible  [  140,   125  ] .   

    2.3   Hydrate Deposits That Are Production Targets 

 From the previous discussion, it is obvious that hydrate deposits that are being con-

sidered as production targets must have the following attributes:

   Con fi rmed presence of high hydrate saturation  • S  
H
 .  

  Occurrence within sediments of suf fi cient reservoir quality.  • 

  Site accessibility through proximity to existing infrastructure.  • 

  Access to gas markets through pipeline availability.    • 

  Fig. 2    Gas hydrates resource pyramid ( left ). To the  right  is an example gas resources pyramid for 
all non-gas-hydrate resources  [  10  ]        
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 Here we discuss the features and attributes of hydrate deposits that are likely 

targets for gas production, and we analyze the geologic and engineering factors that 

control their ultimate resource potential. 

    2.3.1   Permafrost Deposits 

 The discussion in this section follows closely the analysis of Collett  [  21  ] , which is 

the most thorough treatment of the subject. Present-day permafrost underlies about 

20% of the land area of the northern hemisphere. Geologic studies  [  122  ]  and ther-

mal modeling of subsea conditions  [  145  ]  also indicate that  relic  permafrost  [  23  ]  and 

GH may exist within the continental shelf of the Arctic Ocean. In practical terms, 

onshore and near-shore GH can only exist in close association with permafrost 

(Fig.  3 ). Because of relatively easier access, data from permafrost deposits are of 

better quality and represent a disproportionately large fraction of the entire hydrate 

database. Note that permafrost deposits represent the two top tiers of the hydrate 

resource pyramid of Fig.  2 , indicating their relative desirability compared to oce-

anic accumulations. There are three permafrost deposits under consideration as  fi rst 

production targets.  

  Fig. 3    Distribution of permafrost in the Northern Hemisphere  [  18  ]        
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  Mackenzie Delta ,  Canada — Mallik Gas   Hydrate Accumulation . This is likely the 

best-characterized GH accumulation in the world. The assessment of GH occur-

rences in the Mackenzie Delta-Beaufort Sea area was made originally on the basis 

of data collected during 3 decades of conventional hydrocarbon exploration in the 

area  [  75  ] , and was re fi ned with data from three dedicated scienti fi c drilling pro-

grams  [  34–  36  ]  that included the collection of GH-bearing core samples. 

 At least 10 discrete GH layers, with a total thickness of over 110 m and high  S  
H
  

(occasionally exceeding 80%), were identi fi ed from well-log analysis in the 900–

1,100 m interval  [  35,   36  ] . The estimates of the amount of gas in the hydrate accu-

mulations are in the 2.8 × 10 10 –2.8 × 10 11  m 3  STP (=1–10 TCF) range  [  108,   144  ] , 

making the Mallik  fi eld as one of the most concentrated GH deposits in the world. 

The Mallik site (Fig.  4 ) became the site of two recent gas hydrate production 

research programs: (1) The Mallik 2002 Gas Hydrate Production Research Well 

Program  [  35  ] , and (2) the 2006–2008 JOGMEC/NRCan/Aurora Mallik Gas Hydrate 

Production Research Program  [  33,   37  ] . The Mallik 2002 Gas Hydrate Production 

  Fig. 4    Location of the wells during the 2002  fi eld test at the Mallik site, Mackenzie Delta, 
Northwest Territories. Contours indicate depth to the base of the gas hydrate stability zone in 
meters. Symbols include  small circles  as well locations,  larger circles  with ticks are wells contain-
ing gas hydrate  [  35  ]        
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Research Well Program involved an international consortium (comprising the Japan 

National Oil Corporation, the Geological Survey of Canada, the U.S. Geological 

Survey (USGS), the U.S. DOE, the GeoForschungZentrum-Potsdam, the Indian 

Ministry of Petroleum Geology and Natural Gas, Gas Authority India Ltd, and the 

International Continental Scienti fi c Drilling Program), conducted the  fi rst fully inte-

grated  fi eld study and test of production from hydrates, and yielded unique data that 

provided a detailed analysis of the geology, geochemistry, geotechnical, and micro-

biological properties of HBS  [  21  ] . Over 150 m of GH-bearing cores collected dur-

ing the Mallik 2002 program provided additional insights into the macroscopic and 

microscopic properties of the reservoir sediments (Fig.  5 ). The studies originating 

from the Mallik 2002 test included investigations of a 5-day experiment of gas pro-

duction by thermal stimulation  [  35  ] , and resulted in continuous gas production at 

varying rates that peaked at 1,500 m 3 /day (Fig.  6 ). These results con fi rmed earlier 

predictions that gas production from hydrates at the Mallik site by means of thermal 

dissociation was technically feasible  [  93,   95,   138  ] .    

 The 2006–2008 JOGMEC/NRCan/Aurora Mallik Gas Hydra-te Production 

Research Program  [  33,   37  ]  was a continuation of the 2002 test, and involved instru-

ment and equipment installation, in addition to a successful short-term drawdown pro-

duction test at a 12-m-thick GH section near the base of the stability zone  [  21,   33  ] . 

  North Slope ,  Alaska ,  USA — Eileen Gas   Hydrate Accumulation . The geology and 

geochemistry of the rocks on the North Slope of Alaska, and the subsurface 

temperature data needed to assess the distribution of the gas hydrate stability, are 

described in detail in a number of publications  [  7,   18  ] . The CH 
4
  hydrate stability 

zone in northern Alaska, as mapped in Fig.  7 , covers most of the North Slope. 

  Fig. 5    Photograph of a gas-hydrate-bearing rock core from the Mallik 5L-38 gas hydrate research 
well. Note that the gas hydrate is the white material  fi lling the void spaces in this conglomerate 
(photo courtesy of the Mallik 2002 Gas Hydrate Production Research Well Program  [  35  ] )       
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  Fig. 6    Gas  fl are from the thermal gas hydrate production test in the Mallik 5L-38 gas hydrate research 
well (photo courtesy of the Mallik 2002 Gas Hydrate Production Research Well Program  [  35  ] )       

  Fig. 7    Map of the Alaska North Slope gas hydrate stability zone. Also shown is the location of the 
Eileen and Tarn gas hydrate accumulations  [  18  ]        

Analysis of downhole log data from older wells indicated hydrate occurrence in six 

laterally continuous sandstone and conglomerate units, which are all con fi ned to the 

geographical area. The volume of gas within the Eileen Gas Hydrate Accumulation 

is estimated at 1.0 × 10 12 –1.2 × 10 12  m 3  STP  [  21  ] , i.e., about twice the volume of 

known conventional gas in the Prudhoe Bay Field  [  18  ] .  
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 In a project aiming to determine the viability of the North Slope hydrates as an 

energy source  [  141  ] , a well was installed in 2007 at a fault-bounded accumulation 

named the “Mount Elbert” to a depth of 915 m, and several analyses were con-

ducted. Following well-log surveys, a Schlumberger Modular Dynamic Testing 

(MDT) was conducted in two reservoir-quality sandy hydrate-bearing sections with 

high  S  
H
  (60–75%). Gas was produced from GH in each of the tests. This study has 

yielded one of the most comprehensive datasets yet compiled  [  21  ] . The gas produc-

tion data were analyzed, and were used (a) to design a long-term production test to 

determine reservoir deliverability under a variety of scenarios, (b) to cross-validate 

several numerical codes  [  2,   214  ] , and (c) to analyze the project’s long-term produc-

tion test options. 

  West Siberia ,  Russia — The Messoyakha   Field . The Messoyakha Field in the northern 

part of the West Siberian Basin is often used as an example of a GH accumulation 

from which gas has already been produced commercially. Production and geologic 

data have been used to deduce the GH presence within the upper part of this  fi eld 

 [  110  ] . Large deviations between predicted and observed pressures have been attrib-

uted to the release of gas from dissociating GH. It is estimated that about 36% (about 

5 × 10 9  m 3  STP) of the total produced gas originated from GH  [  110  ] . Unfortunately, 

incomplete and/or inaccessible data from the Messoyakha  fi eld and the existence of 

plausible alternative theories for the pressure deviations  [  25,   90  ]  do not allow the 

unequivocal consideration of Messoyakha as a hydrate-supported gas reservoir.  

    2.3.2   Oceanic Deposits 

 Favorable oceanic deposits are those with a high  S  
H
  in high-quality reservoirs. The 

challenges facing commercialization of marine GH are likely to be higher than those 

in the Arctic, given the higher cost deep water operations. Installed infrastructure 

and access to markets (e.g., in the GOM), or lack of an Arctic GH option (as is the 

case of India or Japan), may make this an attractive option. The oceanic deposits 

that serve as models for the evaluation of marine GH prospects are described 

below. 

  Offshore Japan — Nankai Trough . This area has probably experienced the largest 

investment and most advanced  fi eld research activity because of the intensive 

Japanese effort to evaluate the potential and feasibility of gas production from 

hydrates. Following the drilling of an exploration well in 2000  [  190  ] , a multi-well 

exploration program was conducted in 2004 at 16 locations in three different sites 

(Kumano Basin, Second Atsumi Knoll, and Offshore Tokai) that had been selected 

on the basis of the BSR signature  [  189  ]  at water depths of 720–2,033 m (Fig.  8 ). 

A total of 32 wells were drilled, and a comprehensive evaluation was conducted. 

The experimental program focused heavily on the practicalities and challenges of 

well construction in hydrate sediments  [  189  ] . An offshore production test appears to 

be the next logical step  [  48,   96,   172,   189  ] .  
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  GOM — Oligocene Frio   Formation ,  Tigershark Deposit . Smith et al.  [  179  ]  described 

this  fi rst documented case of high- S  
H
  hydrate-bearing sand in the Alaminos Canyon 

Block 818 of the GOM (Fig.  9 ). Log data from an exploration well in about 2,750 m 

of water at the site indicated the presence of an 18.25-m thick sandy hydrate-bearing 

layer (HBL) (3,210–3,228 m drilling depth) at a relatively high temperature (about 

21°C), with a high porosity   j   (about 0.30), Darcy-range intrinsic permeability  k , 

and with the base of the GH stability zone occurring at or slightly below the base of 

the hydrate  [  26,   179  ] .  

 This deposit belongs to the third tier in the resource pyramid of Fig.  2 , with ini-

tial  S  
H
  estimates ranging from 0.6 to over 0.8  [  26  ] . Preliminary simulations with 

synthetic data (describing GH reservoirs under the Tigershark conditions) indicate 

that such systems can reach gas production rates well in excess of 2.8 × 10 5  m 3 /

day = 10 MMSCFD  [  131,   132  ] . 

  GOM — GC955 and   WR313 Deposits . The reservoirs are very recent  fi ndings that 

were  fi rst identi fi ed during the “Leg II” logging-while-drilling operations conducted 

in the deepwater GOM in April 2009  [  11,   24,   142  ]  by the GOM Gas Hydrates Joint 

Industry Project (JIP)  [  74,   115,   117,   118  ] . The sites for Leg II drilling of the JIP were 

selected based on an integrated geologic-geophysical approach designed to identify 

accumulations of gas hydrate at high saturation  S  
H
  ( ³ 50%) in sand reservoirs (Fig.  10 ). 

  Fig. 8    The hydrate deposit areas in the Nankai Trough region offshore Japan, and the drilling sites 
of the 2004 Drilling Program  [  96  ]        

 



  Fig. 9    Approximate location of the “Tigershark” exploratory well in the Alaminos Canyon block 
818  [  179  ]        

  Fig. 10    Sea fl oor map of the Gulf of Mexico depicting the location of JIP Leg II drill sites: AC818, 
WR313, and GC955  [  135  ]        
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The GC955 accumulation involves a sand-rich channel-levee complex at the mouth of 

the Green Canyon embayment. Two industry wells in the block have con fi rmed the 

presence of clean, thick sands in close proximity to the most clearly imaged channel 

axis. Logging results from Leg II showed a thick accumulation of gas hydrates within 

porous sand lithologies  [  54  ] . The drilling depth to the top of the sand unit was 389 mbsf 

(feet below sea  fl oor). At the H-well location  [  54  ] , approximately 100 m of GH-bearing 

media involved a sequence of thin horizontal sand-shale interbeds at approximately 

the 0.3–0.6-m scale. GH occurs in pore- fi lling mode in three separate zones with  S  
H
  in 

the 50–85% range, with no indication of free gas.  

 The WR313 sites are within the highly dipping eastern margin of the Terrebonne 

salt-withdrawal mini-basin with signi fi cant sand deposition (see  [  115,   117,   118,   177  ] ). 

Two horizons were targeted for drilling in JIP Leg II: Well WR313 “G” and well 

WR313 “H” targeted the informally named “blue” and “orange” horizons, respec-

tively. LWD data obtained at the G-well indicated a sand-rich interval with thinly 

interbedded sands and shales (0.3–1.5 m). The drilling depth to the top of the unit 

was 852 mbsf. About 12 m of GH-bearing sands within a gross interval of 21 m 

were identi fi ed, with  S  
H
  typically ranging from 40% to over 70%. The primary con-

trol on gas hydrate occurrence in this unit is availability of suitable reservoir condi-

tions  [  9,   11  ] . The WR313 “H” horizon occurred approximately 140 m below the 

blue horizon, and consisted of two massive, clean sands with sharp bases and tops. 

Drilling depth to the top of the upper unit was 806 mbsf. The upper “orange” sand 

is 4 m thick, with  S  
H
  as high as 90%  [  54  ] ; the lower unit is about 7 m thick, with  S  

H
  

ranging between 35 and 80%.    

    3   Production Estimates and the Role of Numerical Simulation 

 The assessment of the production potential of hydrates requires predictions of their 

complex behavior. The reliability and accuracy of these predictions hinges on the 

following three factors: (1) the availability of robust numerical simulators that 

describe the dominant processes and phenomena, (2) knowledge of the parameters 

and relationships that quantify the physical processes (usually obtained from labo-

ratory experiments and/or from  fi eld tests either by direct measurement or through 

history-matching) and the thermophysical properties of all the components of the 

simulated system, and (3) the availability of  fi eld and laboratory data for the valida-

tion of the numerical models. The complexity of the coupled processes involved in 

the dissociation reaction does not permit the use of analytical models either for 

direct predictions or for the veri fi cation of the numerical models except under lim-

ited conditions, i.e., at early times and after signi fi cant approximations. 

 Thus, the role of numerical simulation is critically important, and is practically 

the only tool that allows the assessment of the gas production potential of hydrates. 

It allows the design of laboratory and  fi eld experiments, can provide answers (or, at 

a minimum, general behavior trends) to very complicated problems at a very rea-

sonable cost before necessitating substantial investments for  fi eld operations, and 

allows investigation of a wide range of alternative (“ what - if ”) scenarios that would 
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be impossible to explore otherwise. Note that even if there are no  fi eld or laboratory 

data for code validation and only very sketchy data describing the properties and 

physical processes in the system, numerical simulation can provide very important 

insights (provided the underlying physics are correct and representative of the simu-

lated processes) because it makes it possible to determine technical feasibility, to 

establish envelopes of possible solutions, to determine sensitivity to particular 

parameters and processes, and to identify promising target zones of hydrates for 

development. 

    3.1   Code Availability 

 The ability to numerically simulate the behavior of geologic hydrate reservoirs has 

improved substantially over the past 5 years in terms of both code availability and 

capabilities  [  8  ] . There are currently several numerical models that can simulate the 

system behavior in hydrate-bearing geologic media (e.g.,  [  30,   68,   94,   130,   143,   152, 

  153,   188  ] ). Several of these codes were calibrated against the Mallik 2002 produc-

tion test data, and the data from the Mt. Elbert MDT test  [  2  ] . A code-comparison 

study  [  1,   214  ]  indicated that most of the participating codes appear capable of simu-

lating the behavior of hydrates and reservoir  fl uids during common dissociation 

scenarios. The current consensus is that the models generally account for the impor-

tant physics of the problem, and that validation and calibration (rather than ade-

quacy of the numerical code capabilities) will be a constraining factor in the 

assessment of hydrates as an energy resource  [  214,   2  ] . Additionally, while uncer-

tainties exist in the description of properties and processes involved in numerical 

simulators (e.g., thermal properties of composite GH-bearing systems, relative per-

meability and capillary pressure, geomechanical properties related to subsidence 

after the dissociation of the cementing GH from the porous media, etc.), these 

knowledge gaps are being addressed  [  125,   127  ] .   

    4   Gas Production Strategies 

    4.1   Classi fi cation of Gas Hydrate Deposits 

 Natural GH accumulations are divided into three main classes  [  124  ]  based on sim-

ple geologic features and the initial reservoir conditions. Class 1 deposits are com-

posed of two layers: the HBL and an underlying two-phase  fl uid zone containing 

mobile gas and liquid water  [  129,   125  ] . Class 2 deposits comprise    two zones: an 

HBL, overlying a zone of mobile water (hereafter referred to as WZ). Class 3 accu-

mulations are composed of a single zone, the hydrate interval (HBL), and are char-

acterized by the absence of an underlying zone of mobile  fl uids. In Classes 2 and 3, 

the entire HBL may be well within the hydrate stability zone and can exist under 
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equilibrium or stable conditions. A fourth class (Class 4) pertains speci fi cally to 

oceanic accumulations, and involves disperse, low-saturation hydrate ( S  
H
  < 10%) 

deposits that lack con fi ning geologic strata  [  140  ] .  

    4.2   Gas Production from Class 1 Deposits 

 Of the three main dissociation methods, depressurization appears best suited to the 

conditions of Class 1 deposits because of its simplicity, technical, and economic 

effectiveness, and the fast response of hydrates to the rapidly propagating pressure 

wave  [  129,   125  ] . Hong and Pooladi-Darvish  [  68  ]  applied constant- P  depressuriza-

tion at a well at the center of a GH reservoir, and analyzed the sensitivity of the 

continuously declining production to various properties and operational conditions. 

They reported that, at the end of the  fi rst year of production, about 48% of the pro-

duced gas had been replenished by hydrate-originated CH 
4
 , thus con fi rming the 

technical feasibility of production from hydrates using conventional technology. 

 Moridis et al.  [  129  ]  conducted a long-term (10–30 years) study of constant-rate 

(=0.81944 ST m 3 /s = 2.5 MMSCFD) production from Class 1 hydrate deposits. To 

describe the contribution of gas released from hydrate to the production stream, they 

introduced the concepts of  Rate Replenishment   Ratio  ( RRR ) and  Volume 

Replenishment   Ratio  ( VRR ).  RRR  is de fi ned as the fraction of the gas production rate 

at the well(s) that is replenished by CH 
4
  released from hydrate dissociation.  VRR  is 

de fi ned as the fraction of the cumulative gas volume produced at the well(s) that is 

replenished by hydrate-originating CH 
4
 . During the 30-year production period, the 

VRR increases continuously to a maximum of about 0.74, and the corresponding 

RRR is 0.54 (Fig.  11 — [  129  ] ). The desirability and the great production potential of 

such deposits are obvious. The evolution of the  S  
H
  distribution over time is shown in 

Fig.  12 . Production from these Class 1 deposits (a) involved conventional technolo-

gies and (b) necessitated continuous heating of the wellbore to prevent hydrate for-

mation and plugging  [  129  ] . Note that the use of horizontal wells does not confer any 

practical advantages to gas production from Class 1 deposits  [  137  ] .    

    4.3   Gas Production from Class 2 Deposits 

 Moridis and Reagan  [  131  ]  showed that depressurization-induced dissociation 

appears to be the most promising gas production strategy in Class 2 deposits. They 

proposed new well con fi gurations to maximize production and alleviate a persistent 

problem of substantial secondary hydrate (or ice) formation in a narrow zone 

( r  < 10 m) around the well. Using the properties and conditions representative of the 

Tigershark    formation and producing at an initial constant mass rate of  Q  
M

  = 19.2 kg/s 

(=10,000 BPD), Moridis and Reagan  [  131  ]  showed (Fig.  13 ) that (a)  Q  
M

  cannot be 
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  Fig. 12    Evolution of the hydrate saturation  S  
H
  distribution in a class 1 hydrate deposit during 

depressurization  [  129  ]        

  Fig. 11    Gas production from a class 1 hydrate deposit.  Left : evolution of (a) the rate of CH 
4
  release 

from hydrate dissociation, (b) the rate of CH 
4
  production at the well, and (c) the corresponding rate 

replenishment ratio over the 30-year production period.  Right : evolution of (a) the cumulative CH 
4
  

volume released from hydrate dissociation, (b) the produced CH 
4
  volume at the well, and (c) the 

corresponding volume replenishment ratio over the 30-year production period  [  129  ]        
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maintained constant during the production period (but has to decline), (b) the gas 

production rate is highly variable, (c) it is encumbered by a long initial lead time 

during which little gas is produced, but (d) it can reach levels as high as 

 Q  
P
  = 4.8 × 10 5  m 3 /day (=17 MMSCFD), with an average gas production  Q  

avg
  over the 

5,660-day period of simulation is about 2.2 × 10 5  m 3 /day (=7.8 MMSCFD). This 

study showed very high recovery from hydrate deposits, although economic and 

geomechanical considerations may limit total recovery. Similar results were 

obtained from the study of an oceanic Class 2 deposit in the Ulleung Basin of the 

Korean East Sea  [  136  ]  and (b) a permafrost-associated deposit in the North slope 

 [  133,   134  ] , leading to the observation that  Q  
P
  on the order of several MMSCFD is 

attainable in Class 2 deposits despite signi fi cant differences in reservoir tempera-

ture, HBS thickness, and salinity.  

 The use of horizontal wells can substantially improve gas production from such 

deposits and reduce the initial period of low  Q  
P
   [  137  ] . Conversely, Moridis and 

Kowalsky  [  128  ]  determined that  Q  
P
  was too low to justify considering such accumula-

tions as viable targets in the presence of permeable boundaries and/or with a deep WZ.  

  Fig. 13    Rates of (a) hydrate-originating CH 
4
  release in the reservoir ( Q  

R
 ) and (b) CH 

4
  production 

at the well ( Q  
P
 ) during production from a class 2 oceanic hydrate deposit. Several production 

stages and the average production rate ( Q  
avg

 ) over the simulation period (5,660 days) are also 
shown  [  131  ]        
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    4.4   Gas Production from Class 3 Deposits 

 Moridis and Reagan  [  132  ]  indicated that production at a constant bottom-hole pres-

sure is the most promising strategy in Class 3 hydrate deposits because it is appli-

cable to a wide range of formation  k , allows continuous and automatic rate increases 

to match the increasing  k  
eff

  (the result of the dissociation-caused reduction in  S  
H
 ), 

and it eliminates the possibility of ice formation through the selection of a bottom-

hole pressure above that at the quadruple point of hydrates (Fig.  14 ).  

 Figure  15  shows the gas production rates from a Class 3 deposit with the proper-

ties of the 18 m-thick Tigershark accumulation (see  [  132  ] ) when using constant 

bottomhole- P  depressurization.  Q  
P
  followed a cyclical pattern that includes long 

rising segments, followed by short precipitous drops (a behavior caused by the self-

controlled formation and destruction of secondary hydrates around the well). It 

reached a maximum  Q  
P
  = 4.3 × 10 5  ST m 3 /day of CH 

4
  (=15 MMSCFD), with an 

average  Q  
avg

  = 2.3 × 10 5  ST m 3 /day (=8.10 MMSCFD) over the 6,000-day production 

period, and with manageable water production. These results indicated that gas can 
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be produced from Class 3 deposits at high rates over long times using conventional 

well technology.    

    5   Desirability of Potential Hydrate Targets 

 Although the available body of information on production from hydrates is still 

limited, there is suf fi cient information to begin identifying particular features, prop-

erties, conditions, and production methods that are linked to a higher gas production 

potential and increase the desirability of hydrate deposits, and to use this informa-

tion to develop a set of guidelines for the selection of promising production targets. 

    5.1   Desirable Features and Conditions 

 These include the following  [  125  ] :

   Large formation  • k  and   j  , which are almost invariably associated with sandy and 

gravely formations that are characterized by low  P  
cap

 ,  S  
wir

 , and  S  
gir

 , leading to 

relatively high permeability to gas and aqueous  fl ow.  

  Fig. 15     Left : rates of (a) hydrate-originating CH 
4
  release in the reservoir ( Q  

R
 ) and (b) CH 

4
  production 

at the well ( Q  
P
 ) during constant- P  production from a class 3 oceanic hydrate deposit. The average 

production rate ( Q  
avg

 ) over the simulation period (6,000 days) is also shown  [  132  ]        
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  Medium  • S  
H
  (i.e., 30% <  S  

H
  < 60%) corresponds to optimal  Q  

P
  in terms of magnitude 

and length of time to attain it. The effect of  S  
H
  on production is not monotonic, 

but a complex function of  S  
H
  and the timeframe of observation. A lower  S  

H
  has 

the advantage of higher  k  
eff

 , leading to an earlier evolution of gas and a larger 

initial  Q  
P
   [  131,   132  ] . The disadvantages of a lower  S  

H
  may include a larger water 

production and a lower total gas production because of early exhaustion of the 

resource. A high  S  
H
  leads to slower evolution of gas and lower initial  Q  

P
 , but a 

higher maximum  Q  
P
  and total production.  

  The most desirable targets can be easily identi fi ed from the inspection of the • 

phase diagram (Fig.  14 ). The larger  T  provides a larger source of sensible heat to 

support the endothermic dissociation, and a larger initial  P  allows a larger pres-

sure drop, leading to larger production rates. Thus, (a) hydrates that occur along 

the equilibrium line are very desirable, and (b) the desirability increases with an 

increasing equilibrium  P  (and, consequently,  T ). The production potential 

 decreases  as the stability of the hydrate deposit at its initial conditions  increases  

(as quanti fi ed by the pressure differential  D  P  =  P – P  
e
  at the prevailing reservoir 

 T ). In practical terms: we target the deepest, warmest reservoirs that are as 

close as possible to equilibrium conditions. In addition, the deeper reservoirs 

have larger overburdens and are therefore less prone to adverse geomechanical 

impacts.  

  For reservoirs with the same hydraulic properties,  • S  
H
 , and  P : the warmest possi-

ble deposit is the most desirable. For reservoirs with the same hydraulic proper-

ties,  S  
H
 , and  T : the reservoir with the lowest possible  P  is the most desirable.  

  In terms of deposit classes: All other conditions and properties being equal, Class • 

1 deposits appear to be the most promising targets for gas production because of 

the thermodynamic proximity to the hydration equilibrium. Additionally, the 

existence of a free gas zone guarantees gas production even when the hydrate 

contribution is small.  

  Class 2 and Class 3: Class 2 deposits can attain high production rates, but are also • 

burdened by longer lead times of very little gas production; Class 3 deposits may 

yield gas earlier and can attain signi fi cant production rates, but there are indica-

tions that these are lower than in Class 2. The relative merits of these two types 

will likely be determined by site-speci fi c conditions.  

  All classes: The dif fi culties of site access notwithstanding deeper and warmer • 

oceanic accumulations appear to be more productive than permafrost ones they 

can have (a) a higher  T  (14°C is the maximum equilibrium temperature observed 

in permafrost-associated deposits) and a larger sensible heat available for disso-

ciation and (b) a higher  P , increasing the depressurization effectiveness, in addi-

tion to (c) the bene fi cial dissociating effect of salt.  

  All classes: The importance of impermeable or near-impermeable upper bound-• 

aries cannot be overemphasized.  

  In terms of production method: Depressurization appears to have a clear advantage • 

in all three classes.     
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    5.2   Undesirable Features and Conditions 

 These include the following  [  125  ] :

   Class 4 deposits: Earlier studies by Moridis and Sloan  [  • 140  ]  have indicated the 

hopelessness of such deposits under any combination of conditions and produc-

tion practices.  

  Fine sediments (i.e., rich in silts and clays), deformed fractured systems, and • 

hydrates in veins and nodules despite high  S  
H
 , because of the geomechanical 

instabilities in such systems under production.  

  In Class 2 deposits: Inappropriate well con fi gurations  [  • 131  ] .  

  In Class 2 deposits: Constant- • P  production, because it can lead to early break-

through and massive water production; however, such an approach can be used 

in a short-term  fl ow test to determine the HBL properties  [  55  ] .  

  In Class 2 deposits: Deep WZ, and/or permeable overburden and underburden, can • 

drastically reduce gas production  [  160  ] . Additionally, the use of multi-well ( fi ve-

spot) systems involving simultaneous depressurization (at the production well) 

and thermal stimulation (through warm water injection) appears disappointing 

 [  128  ] .  

  In all Classes: Permeable upper boundaries drastically reduce production  [  • 157,   160  ] .  

  In all Classes: Pure thermal dissociation methods and/or inhibitor methods have • 

high cost and limited (and continuously eroding) effectiveness  [  132  ] .  

  In all Classes:  • S  
H
  that are so high that the remaining  fl uids are below their irre-

ducible saturation levels. Such hydrates may not be prone to depressurization-

induced dissociation.  

  In all Classes: Fracturing appears to have limited effect on increasing productivity • 

from hydrate deposits  [  53,   94  ] .      

    6   Remaining Challenges 

 The concerted international effort during the last decade has led to signi fi cant prog-

ress and important advances  [  125,   127  ] . While most of the most important issues 

affecting gas production from geological GH systems have been addressed or are 

being addressed, some important issues need further attention and examination. 

Below we discuss the remaining challenges. 

    6.1   Challenges in the Analysis and Interpretation 

of Geophysical Surveys 

 This issue has been the subject of recent extensive review articles. The interested 

reader is directed to the papers of Belle fl eur et al.  [  5  ] , Dvorkin and Uden  [  42  ] , 

Hardage et al.  [  62  ] , Lee et al.  [  103  ] , Inks et al.  [  71  ] , and Boswell  [  9  ]  for detailed 
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discussions. In general, the current consensus is that GH exploration is fairly well 

advanced when assessing deep deposits at high  S  
H
 , but challenges remain with 

respect to shallow hydrates and GH of complex geometries. The well-log analysis 

following the 2002 Mallik Test  [  35  ]  still represents the state of the art in this subject. 

In log analysis, the approach appears to be well established for the sand reservoirs, 

but for grain-displacing, clay-hosted hydrates, further work is needed  [  102  ] . 

 The current bottleneck in the state-of-practice of geophysical analysis is centered 

on the relationship between measured physical parameters and  S  
H
 . In particular 

 [  103,   173  ] :

   Electrical conductivity and Archie’s Law: most applications use empirical and • 

 fi tting parameters, leading to good  fi ts to the data but uncertain predictions.  

  P-wave velocity data—Biot-Gassman. The constrained modulus is strongly • 

affected by the stiffness of the pore  fl uid, leading to potential error magni fi cation 

in the assessment of  S  
H
  from  Vp .  

  S-wave velocity dependence on  • S  
H
  and pore habit: proper constitutive models are 

needed for effective stress-dependent sediment shear stiffness and to account for 

the impact of hydrate on skeletal stiffness.    

 Laboratory-scale, borehole-scale and  fi eld-scale geophysical measurements are 

all conducted at different frequencies and wavelengths, hence they sense different 

temporal and spatial conditions, and caution is advised in the interpretation of mea-

surements. An even bigger challenge is the need to expand to integrated geophysical 

analyses that include multicomponent seismic surveys  [  63,   174  ] , in combination 

with promising EM techniques  [  43,   163,   201,   211,   175  ] .  

    6.2   Challenges in Sampling and Sample Analysis 

 Sediment sampling and the interpretation of properties measured using samples are 

among the most challenging tasks in geo-engineering. A sample is expected (1) to 

represent the sediment constitution (grain size, mineralogy, and  fl uids), (2) to cap-

ture the statistics of the sediment characteristics, and (3) to preserve its physical 

properties. Unfortunately, most of these characteristics are seriously compromised 

in the sampling of HBS because of (a) unavoidable changes in effective stress and 

ensuing strains, (b)  S  
H
  changes during sample recovery, handling, and storage, and 

(c) discrepancies between GH feature scale and scale of sampling  [  127  ] . 

 There are several initiatives to overcome or circumvent these dif fi culties. New 

technology developed at the Georgia Institute of Technology makes possible pres-

sure core testing to characterize HBSs without ever exposing them outside the 

PT-stability  fi eld  [  222  ] . A signi fi cant effort is in progress to relate index properties 

to the bounds of HBS properties  [  31,   45,   221  ] , and to further complement the analy-

sis with geomechanical and geophysical testing  [  31,   70,   101,   113  ] . We can antici-

pate that further developments in sediment characterization will include more 

extensive developments in in situ testing. Finally, proper formation characterization 
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will combine information gathered using index-property-based bounds, reconsti-

tuted specimens, pressure cores, and in situ testing data.  

    6.3   Well Testing and Interpretation Issues 

 Well testing is a key technique that is widely employed for reservoir characterization. 

Well-testing and pressure transient analysis (PTA) techniques are complementary 

to other characterization techniques as (1) they  fi ll a gap between the small-scale 

characterization based on cores and logs, and large-scale characterization based on 

geophysical measurements, and (2) they provide a measure of  fl ow capacity, in 

contrast to static properties determined from other techniques. 

 In hydrate reservoirs, there are at least three reported cases of pressure transient 

tests that along with other techniques have been used for reservoir characterization. 

There has been an evolution in the techniques available for interpretation of the test 

results. Initially, techniques developed for conventional reservoirs were applied, 

ignoring temperature and phase change effects associated with hydrate dissociation. 

Kurihara et al.  [  92  ]  determined that there is a reasonable agreement between the effec-

tive permeability  k  
eff

  found from application of the conventional PTA techniques, and 

the average  k  
eff

  over the dissociation zone obtained from a simulation model, but cau-

tioned that the application of conventional PTA techniques to hydrate reservoirs is not 

straightforward. Gullapalli et al.  [  55  ]  suggested that estimates of  k  
eff

  from conven-

tional analysis could not be used because of signi fi cant uncertainties, and supported 

the use of hydrate-speci fi c numerical simulators. Gerami and Pooladi-Darvish  [  49  ]  

developed a semi-analytical PTA technique for the interpretation of the  fl ow (draw-

down) data and parameter estimation for hydrate reservoirs that are underlain by a 

free-gas zone, which they veri fi ed against data from numerical simulators. 

 Despite the steady progress in testing and interpretation of the well-test data, 

signi fi cant challenges remain. 

    6.3.1   Theoretical Challenges 

 An ideal well-test interpretation solution should be  comprehensive  enough to incor-

porate the important mechanisms, and suf fi ciently  simple  to allow estimation of the 

controlling properties and parameters through inversion. This has been possible in 

the case of hydrate-capped gas reservoir  [  49  ] . Similar solutions for more prevalent 

GH accumulations, i.e., those that are within the hydrate stability zone and coexist 

with formation water, have yet to be developed. It is known whether such a complex 

and nonlinear problem can be simpli fi ed suf fi ciently to yield analytical solutions. 

Further complexities make the application of such solutions (even if they are pos-

sible) problematic. Thus, the strong nonlinearity of the hydrate problem renders the 

principle of superposition (upon which a large part of well-testing techniques are 

founded) inapplicable. Additionally, the concept of radius of in fl uence may be inap-

plicable to GH reservoirs  [  127  ] .  
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    6.3.2   Practical Challenges 

 Actual well-test data from GH deposits are scarce. It is expected that our ability to interpret 

these tests will improve as we acquire more well-test data of longer duration  [  127  ] .   

    6.4   Geomechanical Challenges and Well Stability Related to 

Production from Hydrate Deposits 

 The geomechanical response of HBS in general, and potential well instability and 

casing deformation in particular, are serious concerns that need to be addressed and 

understood before gas production from hydrate deposits can be developed in ear-

nest. Deposits that are suitable targets for production often involve poorly consoli-

dated sediments that are usually characterized by limited shear strength. The 

dissociation of the solid hydrates (a strong cementing agent) can degrade the struc-

tural strength of the HBS, which is further exacerbated by the evolution of expand-

ing gas zone, progressive transfer of loads from the hydrate to the sediments, and 

subsidence. The problem is at its highest intensity in the vicinity of the wellbore 

where the largest changes are concentrated, and is further complicated by produc-

tion-induced changes in the reservoir pressure and temperature. These can 

signi fi cantly alter the local stress and strain  fi elds, with direct consequences on the 

wellbore stability, the  fl ow and  fl uid properties of the system, the potential for 

coproduction of solid particles, and the overall gas production. 

 Recent coupled  fl ow-geomechanical simulations investigated wellbore and res-

ervoir instability during depressurization-based production from known oceanic 

and permafrost-related hydrate deposits  [  169–  171  ] . The modeling results show that 

geomechanical responses during depressurization-based gas production are driven 

by the reservoir-wide pressure depletion,  D  P , which is in turn controlled by the 

production rate and pressure decline at the well. The depressurization of the reser-

voir causes vertical compaction and stress changes, which in most cases will increase 

the shear stresses within the reservoir, which in turn can induce shear failure. The 

effect of pressure depletion on subsidence and stress during gas production from an 

oceanic Class 2 deposit in Fig.  16  shows that subsidence is proportional to the mag-

nitude of  D  P , and depends on the elastoplastic properties of the HBS. In general, 

subsidence will be much larger in oceanic HBS because of much larger  D  P  than in 

the case of permafrost-associated deposits. For the example in Fig.  16 , the subsid-

ence is about 2.5 m, and is a result of compaction in the hydrate-free, relatively soft, 

zone of mobile water. In the case of production from permafrost deposits at Mallik 

and Mt. Elbert,  D  P  was limited to a few MPa, resulting in a subsidence of only a few 

centimeters and a compaction strain of less than 1%  [  171  ] . Subsidence in this case 

is also reduced as a result of a relatively stiff permafrost overburden. A general 

observation is that subsidence occurs uniformly over a large lateral distance from 

the well, and may thus be less of a hazard to overlying structures.  
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 Rutqvist and Moridis  [  170  ]  showed that the likelihood of inducing shear failure 

in the reservoir (a) depends on the initial stress  fi eld and the Poisson’s ratio of the 

host sediment, and (b) it is higher in the case of an oceanic HBS. If the stress  fi eld 

is initially near critical stress for shear failure, even a small pressure decline could 

suf fi ce to trigger shear failure in parts of the dissociated reservoir, thus enhancing 

subsidence and sand production. 

 Stress changes and associated strain resulting from depressurization strongly 

affect well stability and the load on the well casing  [  168  ] . In vertical wells, the pres-

sure depletion will generally unload the formation uniformly in a plane normal to the 

axis of the well, and the load on the well casing will decrease. In horizontal wells, 

vertical compaction of the formation acting against the upper part of the relatively 

stiff well casing will likely cause shear failure in the formation in that area. Such 

shearing of the formation can break the bonds between particles, resulting in sand 

production and creation of cavities around the wellbore. Several studies indicate the 

  Fig. 16    Numerical simulation results of depressurization-based gas production from a class 2 
oceanic hydrate deposit using a vertical production well: ( a ) production rates (CH 

4
 , water, and total 

rates), ( b ) pressure and temperature, ( c ) vertical displacement (subsidence), and ( d ) maximum and 
minimum principal stresses  [  127  ]           
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dif fi culty of avoiding shear failure in the formation around the production intervals 

of the wells, and highlight the need for appropriate engineering measures to prevent 

solid production  [  127  ] . 

 HBS stress changes and the vertical compaction can be substantial in oceanic HBS. 

Moreover, formation failure may also occur in the form of pore collapse, in which the 

mean effective stresses increase so much that inelastic grains slippage and rearrange-

ment occurs. Oceanic HBS are often at the highest effective stress in their geological 

life, which means that their pre-consolidation pressure would likely be exceeded 

 during depressurization-induced production. Under pore collapse   ,   f   and  k  may be 

subjected to more substantial, and often irreversible, changes. Such processes and 

their affect on the gas production from the HBS need to be further investigated.  

    6.5   Challenges in Well Design, Operation, and Installation 

in Hydrate Deposits 

 Dedicated GH production wells will have to both drill and produce through and in 

HBS. This presents a number of unique design challenges which must be consid-

ered for both onshore and offshore GH wells including reservoir subsidence, loss of 

mechanical strength of the HBS along the wellbore, and development of high exter-

nal pressures along the wellbore  [  46,   168  ]  

 Reservoir compaction greater than 5% is a consistent indicator for potential cas-

ing failures. Casing shear is the dominant failure mechanism, typically located in 

the overburden up to several 100 ft above the reservoir. There is typically little that 

can be done to prevent casing shear, other than strategic well placement. Field 

development economics should include a suitable budget for future well replace-

ments if casing shear is expected. Reservoir subsidence can also result in tensile 

failures of the casing above the reservoir, and buckling failure within the reservoir. 

Tensile failures may be prevented through the use of slip joints or length expandable 

casing joints, placed strategically in the wellbore. Casing failures due to column 

buckling in the reservoir interval can be prevented by selecting heavy wall casings 

and by employing good cementing and solids control practices.  

    6.6   Challenges in Field Operations of Production 

from Hydrate Deposits 

 GH dissociation takes place in the reservoir. The transformation of the solid GH into 

gas and free water begins next to the well, and moves outward over time as dissociation 

continues. The well design must allow for the production of natural gas with variable 
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amounts of free water. GH wells will be more complex than most conventional and 

unconventional gas wells because of a number of technical challenges, including:

   Maintaining commercial gas  fl ows with high water production rates. The water • 

production from a GH reservoir could be highly variable, and water-to-gas ratios 

in excess of 1,000 bbls/MMSCF (i.e., 100 times larger than what is expected in 

conventional gas wells) are possible. This requires some form of arti fi cial lift.  

  Operating with low temperatures and low pressures in the wellbore to prevent • 

hydrate formation or freezing in the wellbore and  fl owlines—this is critical for 

onshore developments producing from below thick permafrost layers. Coupled 

with the high water production, this requires larger wellbore, tubing, and  fl owlines 

in order to minimize friction losses.  

  Controlling formation sand production into the wellbore.  • 

  Ensuring well-structural integrity with subsidence in the reservoir and GH dis-• 

sociation around the wellbore.    

 Technologies exist to address all of these issues, but add to development costs, 

especially compared to other nonconventional sources of natural gas. GH develop-

ment also has one distinct challenge compared to other unconventional resources, 

and that is the high cost of transportation to market. Additionally, GH developments 

cannot be effectively drilled at the close well spacing that is used in heavy oil 

because of the much lower value of gas.  

    6.7   Challenge of Extending Production Beyond Sand Reservoirs 

 Currently, the greatest potential for gas hydrate production is in units of sand lithol-

ogy with high intrinsic permeability  [  10  ] , a condition that (a) enables the  fl uid and 

gas migration necessary for gas hydrate has to accumulate to  S  
H
  of 60% or more of 

pore volume, (b) allows easier transmission of destabilizing pressure and tempera-

ture pulses from wellbores, and (c) provides the pathways by which dissociated gas 

can be produced. It is currently not well known how large the resource of gas hydrate 

that exists in sand reservoirs is, but it is clearly sizeable. Current best estimates are 

that the in-place resources within sand reservoirs in the GOM alone likely exceed 

6,000 tcf of gas. Given expected recovery ef fi ciencies, a technically recoverable 

resource exceeding 1,000 tcf or more is reasonable. 

 However, this sand-based resource is just the tip of the hydrate resource pyramid 

 [  9  ] . Large volumes of in-place methane are known to exist within  fi ne-grained sedi-

ments in locations such as the Blake Ridge  [  148  ] , offshore India  [  27  ] , Malaysia 

 [  57  ] , and Korea  [  176,   147  ] . Such occurrences may be relatively common, and may 

occur more widely than the sand-hosted variety. Economic and environmentally 

sound production from such deposits clearly faces enormous technical challenges, 

not only because of the leanness of the resource but also because of their adverse 
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 fl ow and geomechanical properties. While gas production from sandy HBS is con-

ceivable using largely existing processes, it is clear that much more needs to be 

known, and perhaps fundamentally new approaches developed, to further the pros-

pects of production from elements lower in the gas hydrates resource pyramid.  

    6.8   Challenges in Monitoring Production and Geomechanical 

Stability in Gas Hydrate Accumulations 

 There is an increasing need to identify suitable techniques for monitoring hydrate 

accumulations during production. The feasibility of remotely monitoring GH accu-

mulations during production is only beginning to be examined. The type of geo-

physical measurement that has been used most successfully for exploration is 

surface seismic. 2D and 3D surface seismic surveys have been used extensively for 

mapping the distribution of GH accumulations, delineating their large-scale fea-

tures and providing rough estimates of the average  S  
H
 . Advanced processing tech-

niques can provide depth-varying  S  
H
  estimates over large areas (e.g.,  [  30,   96,   149  ] ), 

though their applicability depends on the depth and thickness of the hydrate. 

 In exploration surveys, little prior information is available, and the primary goal 

is to determine whether hydrate is present and, if so, how much. In contrast, inves-

tigations using geophysical techniques for monitoring production focus on much 

smaller regions in the vicinity of production wells and require higher resolution and 

measurement repeatability in order to image small variations in properties. 

    6.8.1   Challenges in Monitoring Production with Geophysical Methods 

 In order to use geophysical methods to monitor production from hydrate accumula-

tions, a number of fundamental challenges must be considered. They can be sum-

marized as follows: 

  Suitability of   geophysical methods   depends on   geological setting   and expected   pro-

duction behavior . The spatial and temporal evolution of physical properties in a 

hydrate accumulation differs dramatically depending on the type of the deposit and 

the dissociation method, thus requiring different monitoring methods. For example, 

the study of Moridis and Reagan  [  114  ]  predicted that depressurization-induced pro-

duction from the Tigershark deposit would effect changes in the HBL extending to 

a radius of 800 m from the production well, and including decreasing thickness of 

the HBL, increasing gas saturation, decreasing  S  
H
 , and the formation of free gas lay-

ers above and below the HBL. Kowalsky et al.  [  83  ]  showed that such complex 

changes appear to be amenable to detection with time-lapse VSP measurements col-

lected in a well 50 m away from the production well. Another study on production 

from a permafrost-associated hydrate accumulation in North Slope, Alaska  [  15  ]  

showed changes that were mostly limited to within 5 m from the production well 
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after 2 years of production, making the system far less ideal for VSP monitoring 

than in the previous case. Cross-borehole measurements may be more promising in 

some cases, though the spatial coverage they provide is limited to the inter-borehole 

region, and there is the risk of non-detection if the changes in the HBL are not pro-

nounced  [  210  ] . 

  Rock physics   models dependence   on geological   setting and   time - varying hydrate  

 con fi guration . A considerable amount of research has been performed to determine 

rock physics models (the relationships between sediment properties and geophysi-

cal properties) for HBS based on theoretical considerations, laboratory experiments, 

and  fi eld data (e.g.,  [  65,   100,   216  ] ). Depending on the geological setting, GH can be 

distributed in a variety of ways (e.g., acting as cement between grains, acting as the 

matrix supporting the grains, or existing mainly in pore space), which dramatically 

affect the seismic and electrical properties of the sediment mixture  [  206  ] . For the 

purpose of geophysical monitoring at a given site, the rock physics model must be 

determined in advance using site-speci fi c data such as well logging and core data. 

However, care must also be taken to account for the geophysical properties changes 

during production because the hydrate and gas saturations may move to ranges 

beyond those used to develop the models. It may be necessary to change models in 

the course of production as the hydrate conditions change, a subject that has not 

received much attention. 

  Simultaneously changing   physical properties   can lead   to nonunique   interpretations 

of   time - lapse geophysical   data . Because geophysical properties are a function of the 

saturations of all phases in the system, in addition to pore  fl uid pressures, it is 

dif fi cult to uniquely attribute the change in a geophysical measurement exclusively 

to  S  
H
  changes. For example, during depressurization-induced production from a GH 

deposit, the P-wave velocity can vary due to changes in both the effective pressure 

and in phase saturations. As the  fl uid pressure decreases, the stresses and the frame 

bulk moduli of the sediment increase  [  41  ] . At the same time, the increases in velocity 

are offset by the effects of the decreasing hydrate saturation and increased gas 

saturation  [  89  ] .  

    6.8.2   Coupled Modeling of Production and Geophysical Response 

 Given the susceptibility of particular types of hydrate deposits to geomechanical 

changes, and the possibility for severe stability and well stability consequences, the 

ability to monitor geomechanical changes by geophysical means is particularly 

appealing. A modeling approach that allows for the coupled simulation of hydrate 

production and corresponding geophysical measurements is a useful tool for con-

straining the interpretation of geophysical data collected during a production test 

and for designing appropriate geophysical surveys. 

 This approach was used to conduct a feasibility study for using VSP measure-

ments to monitoring production from a submarine hydrate accumulation in the 

GOM  [  89  ] . The study indicated that, (a) for an incoming P-wave source, the most 
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reliable indicators of changing conditions in the HBL appear to be converted 

S-waves transmitted through the HBL and recorded below it, and re fl ected P-waves 

and converted S-waves recorded above the HBL, and (b) the response was strongly 

dependent on the chosen rock physics models (Fig.  17 ). Future improvements 

to this approach should include linkage to coupled  fl ow-geomechanical codes 

(e.g.,  [  170  ] ). In addition, other types of measurements that provide complementary 

but lower resolution information, such as electrical and electromagnetic data, 

should be evaluated.    

    6.9   Challenges in Laboratory Investigations in Support 

of Gas Production Analysis 

 Laboratory investigations are performed on natural samples and laboratory-synthe-

sized samples to understand the thermodynamic properties, gas composition, 

mechanical, electrical, thermal, and hydrologic properties of HBS. Understanding 

these properties is important in predicting (a) the amount of gas that can be pro-

duced from a reservoir, (b) providing “ground-truth” for geophysical and well-log 

measurements  [  23,   28,   29  ] , (c) understanding the mechanical strength of the reser-

voir medium, and (d) understanding how gas will be produced. 

  Fig. 17    Seismic signal recorded approximately 100 m below the bottom of a hydrate-bearing layer 
in a simulated VSP survey  [  89  ] . The horizontal component of the waveform is shown with 
the transmitted P-wave and converted S-wave arrivals. Waveforms are shown at six survey times 
(0, 2, 6, 10, 14, and 18 months after the start of production) for four different rock physics 
models ( a – d )       
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    6.9.1   Natural Samples 

 The results of examining and testing natural HBS cores in the laboratory environ-

ment are dependent on the quality of the collected core, and the quality of the sub-

sampling and analysis. Gas hydrate is stabilized by elevated constituent gas 

pressure, as affected by the temperature and inhibitor concentration in the pore 

water. Drilling often requires dense muds with high ionic strength, which can alter 

pore water chemistry and cause hydrate dissociation (e.g.,  [  193  ] ). Oil-based muds 

can be used to minimize pore water chemistry changes  [  12  ] . Pressure coring has 

been used to stabilize cores at their initial reservoir pressures  [  23,   28,   29  ] , and 

appropriate sampling equipment such as the instrumented pressure testing chamber 

 [  220–  222  ]  was developed. Field-based X-ray imaging and CT scanning, useful for 

understanding the core conditions and to identify representative locations for sam-

pling and analysis, have been performed for pressurized and non-pressurized core 

 [  23,   28,   29,   67,   81  ] . 

 Preserving core for later examination requires careful handling. Many measure-

ments require brie fl y removing a sample from hydrate-stable conditions to transfer 

it into a testing apparatus. Waite et al.  [  205  ]  and Kneafsey et al.  [  84  ]  reported that 

such handling results in hydrate redistribution that affects the mechanical,  fl ow, 

thermal, and electrical properties of the sample. Freezing samples in liquid nitrogen 

preserves the hydrate and may be the best technique for maintaining the hydrate 

chemistry, but that can induce extensive fracturing (caused by large thermal stresses) 

and affect non-chemistry measurements  [  84  ] . X-ray computed tomography (CT) 

can be useful in the selection of undamaged and representative parts of a GH-bearing 

core for sampling. Prior to testing, a preserved core needs to be returned to its natu-

ral conditions by imposing very mild thermal gradients and using materials that do 

not fail at the preservation temperatures (usually liquid N 
2
 ). 

 Because of the GH sensitivity, it can be argued than an undisturbed sample has 

yet to be collected. Because of the importance of such samples in the evaluation of 

the feasibility of gas production, the subject needs further attention.  

    6.9.2   Laboratory-Synthesized Samples 

 Many conventional laboratory investigations have been performed on laboratory-

synthesized samples. These allow the  fl exibility of creating samples that have 

desired characteristics. Few laboratory-synthesized samples have been examined 

for uniformity, and this characteristic is often (perhaps hastily and undeservedly) 

assumed. Several methods are in use for making HBS, and each has its advantages 

and disadvantages. 

  Hydrate from   ice . In this method, powdered ice is slowly melted in the presence of 

methane at the appropriate pressure and temperature  [  187  ] . As the ice melts, methane 

hydrate is formed. Sequential freezing and melting events can result in very high 

conversions to hydrate. The hydrate can then be chilled in liquid nitrogen, 

powdered, mixed with a selected chilled mineral medium, and compacted into a 
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hydrate-bearing medium. Nanoscale examination of HBS formed this way by scan-

ning electron microscope compares favorably to natural HBS from the Mallik site 

 [  186  ] . HBS formed this way will typically  fi ll pores as well as be part of the frame 

of the medium. 

  Hydrate from   partially water   saturated media — Excess Gas . In this method, a pre-

scribed amount of water is uniformly added to a mineral medium, compacted into a 

sample vessel, and the hydrate stability conditions are exceeded  [  61,   87,   208  ] . 

Hydrate formed using this technique typically cements mineral grains together 

forming a stiff sample  [  208  ] . 

  Hydrate from   partially water   saturated media — Excess Water . Using a somewhat 

different approach, Priest et al.  [  154  ]  formed methane hydrate by placing the quan-

tity of gas needed to form a speci fi c amount of hydrate in a porous sample, pressur-

izing the sample with water, and then chilling the sample to bring it into the hydrate 

stability  fi eld. Their work suggests that hydrate interaction with the sediment is 

strongly dependent on hydrate morphology, with results indicating that hydrate 

formed this way is frame supporting. Additionally, natural GH may exhibit a differ-

ent seismic signature depending on the environment in which it formed. 

  Hydrate from   dissolved guest   phase . In this method, water containing dissolved 

methane is  fl owed through a chilled porous medium where hydrate is formed. 

Although there have been some successes using this technique, it is dif fi cult to con-

trol and time consuming  [  184,   185  ] . 

  Micromodel studies   of gas   hydrates . Several studies have been performed allowing 

direct microscopic examination of hydrate formation, aging, and dissociation in 

transparent micromodels  [  76–  78,   191,   192  ] . These studies show formation of 

hydrate with and without a gas phase, formation of dendritic hydrate crystals that 

age over time into particulate hydrate crystals, and faceted hydrate crystals formed 

at low subcooling. The presence of a water  fi lm between the hydrate and the micro-

model cell walls has been observed in some tests, but not in others leading to the 

conclusion that hydrate may cement grains together when formed with a low degree 

of subcooling.  

    6.9.3   Thermodynamic Properties 

 Sloan and Koh  [  178  ]  summarized (a) laboratory measurements and (b) models 

that provide estimates of the heat of hydrate formation and dissociation, in addi-

tion to equilibrium conditions ( P ,  T , and inhibitor concentrations) of various states 

for many hydrate systems. Clarke and Bishnoi  [  17  ]  and Kim et al.  [  79  ]  studied the 

kinetics of hydrate formation and measured the activation energy and intrinsic 

rate constant of methane hydrate decomposition. Modeling by Moridis et al.  [  126, 

  138  ]  has shown that dissociation kinetics plays a limited-to-no role in gas produc-

tion from hydrate at the reservoir scale, but may be important in short-term labo-

ratory studies. 
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 Handa and Stupin  [  61,   202,   203  ]  and Lu and Matsumoto (2002) investigated the 

effect of the properties of porous media on the hydration characteristics, and reported 

signi fi cant deviations between the measured hydration temperatures and those pre-

dicted from the known equilibrium curve of pure methane, i.e., temperature shifts 

varied from −12.3 to 8°C. The implication of these studies is that the medium prop-

erties and texture may play a de fi ning role in hydrate equilibrium. The subject has 

not been fully addressed, and it has not been represented in numerical simulators, 

thus increasing the uncertainty of their predictions.  

    6.9.4   Thermal Properties 

 Laboratory measurements of thermal properties of methane HBS have been made 

by a number of researchers  [  56   60,   69,   126,   138,   164,   200,   204,   206,   207  ]  Two 

thermal properties are important: thermal conductivity and speci fi c heat. The 

speci fi c heat of a GH-bearing medium can be computed using a mixing model and 

the speci fi c heats of the components present, and does not pose a challenge. The 

thermal conductivity of pure methane hydrate differs from that of water by less than 

10%. Although it is possible to make coarse estimates of the thermal conductivity 

of a hydrate bearing medium that has water and hydrate in the pore space by consid-

ering the medium to be water saturated only  [  165  ] , laboratory studies have shown 

that GH-bearing media have higher thermal conductivity than water-saturated media 

 [  126,   138  ]  The difference is substantial, and thus this approximation is not valid  

because of the paramount importance of heat transfer in hydrate dissociation.  

    6.9.5   Flow Properties 

 Flow properties of HBS have been investigated because of their importance in 

understanding the nature and formation of hydrate-bearing reservoirs and gas pro-

duction. The main properties that are needed are (a) the formation effective perme-

ability  k  
eff

  in the presence of solid phases, (b) the relative permeabilities of the 

aqueous and gas phases in the (potentially) four-phase system (gas, aqueous, hydrate, 

and ice), and (b) the relationship of the capillary pressure  P  
cap

  to the saturations of 

the  fl uid phases. Where the hydrate is part of the skeletal frame of the medium, the 

formation  k  
eff

  can be estimated but not measured, and hydrate dissociation will alter 

the structure of the medium. Moridis et al.  [  130  ]  proposed two conceptual methods 

of handling this issue, but laboratory con fi rmation has not yet been attempted. 

 Capillary pressure and relative permeabilities in a HBS are generally dependent 

on the saturation of all the phases present in addition to the path (imbibition or 

drainage), thus they are nonunique functions and exhibit hysteresis. A simple curve 

can describe these relations for a system with two  fl uid phases, but the presence of 

hydrate requires a three-dimensional surface to describe them. To date, no studies 

have been performed covering the range of saturation values and states in HBS. 

Various laboratory studies have investigated the relative permeability of mobile 
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phases in hydrate-bearing media  [  73,   82,   85,   91,   121  ] . While these have been useful, 

they have produced neither suf fi cient nor consistent data to develop reliable quanti-

tative relationships. No measurements of  P  
cap

  vs. saturation of methane hydrate-

bearing sands have been published, although measurements are being made  [  83  ] . 

These measurements are extremely dif fi cult because the system temperature, pres-

sure, and volume must all be held to precisely maintain equilibrium conditions in 

the sample over long times while  fl uid is withdrawn from a sample, hydraulic equi-

librium states are attained, and differential pressure is measured.  

    6.9.6   Mechanical Properties 

 A systematic study of the mechanical properties of THF-HBSs by Yun et al.  [  223  ]  

has yielded useful insights, but the applicability to HBS systems has yet to be dem-

onstrated. No corresponding systematic study for methane HBS has been published, 

although such studies have been initiated. The mechanical strength of a number of 

laboratory-formed and natural methane hydrate-bearing samples has also been mea-

sured  [  112,   113  ] , and Waite et al.  [  206  ]  provided a summary of laboratory measure-

ments of the mechanical properties of HBS. Studies on mechanical properties of 

HBS have been hampered by complex equipment needs, and the dif fi culties of 

working with methane hydrate. Data are needed particularly for hydrate saturations 

below 50% and for  fi ne-grain media because much of the hydrate in oceanic depos-

its is present in low saturations providing risk to oil and gas operations.  

    6.9.7   Electromagnetic Properties 

 Knowledge of electrical properties of GH-bearing media is useful in hydrate pros-

pecting and monitoring HBS undergoing changes during gas production. Either 

electrical conductivity or permittivity can be used to distinguish between water and 

non-water pore  fi lling materials such as hydrate and gas. Electrical conductivity is 

dominated by the conductivity of the pore  fl uid; however, surface conduction must 

be considered for high surface area sediments  [  81  ] . Under conditions where hydrate 

forms or dissociates, the pore  fl uid conductivity will change due to freshening 

(hydrate dissociation) or ion exclusion (hydrate formation). Because the effect of 

ionic concentration is much weaker for the permittivity, this may be the more reli-

able indicator in many circumstances. The systematic examination of the effects of 

THF hydrate on the electrical properties of various media  [  104,   106  ]  provided use-

ful qualitative insights, but applicability to methane systems has not been deter-

mined. No comprehensive study has been performed for methane HBS, studies on 

which has been limited to measurements of electrical resistivity of a few samples 

 [  182–  185  ] .  
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    6.9.8   Geophysical Properties: Wave Velocities and Attenuation 

 These are critically important in the exploration, detection, and production monitoring 

of GH. Compressional (P-) and shear (S-) wave speeds have been measured in a 

variety of medium/hydrate combinations  [  6,   219  ] , but these did not involve CH 
4
  and 

the results have qualitative value for HBS studies. Waite et al.  [  208  ]  measured 

the P- and S-wave velocities of methane hydrates in Ottawa sand at different  S  
H
 . 

These hydrates were formed using the excess gas method and cemented the grains 

of the sand, resulting in very stiff samples. No systematic tests examining P- and 

S-wave velocities for a variety of porous media types at a range of methane  S  
H
  

and pore- fi lling habits have been published, but such tests are now in progress.  

    6.9.9   State of Laboratory Studies 

 Laboratory studies on natural HBS provide results that are dependent on the coring 

method and all the sample changes that occur prior to the measurement. In spite of 

these drawbacks, sampling and analysis of natural HBS provides general informa-

tion on HBS reservoirs and critical site-dependant information. Laboratory studies 

of laboratory-synthesized HBS suffer from nonuniform samples and samples that 

are not fully representative of the natural environment. Specialized equipment is 

needed to maintain and test the samples. Hydrate laboratory researchers are striving 

to meet these challenges, but further development is needed. 

 Several types of measurements have been made on HBS over a wide range of 

media and saturations, particularly with THF hydrate. Studies that can convincingly 

validate the THF hydrate studies using methane hydrate are needed, especially at 

the low  S  
H
  of natural HBS. Additional studies are needed to quantify  fl uid  fl ow 

parameters over the broad range of conditions where hydrates occur. Better under-

standing of the effects of  fi nes migration and sand production as a result of hydrate 

dissociation is needed. These and future hydrate studies must use well-characterized 

specimen that possess the fundamental characteristics of natural in situ HBS includ-

ing porous medium type, mineralogy, hydrate habit, uniformity, chemistry, and 

con fi nement.   

    6.10   Challenges in Fundamental Knowledge of Hydrate 

Behavior 

 Such challenges address the basic conceptual framework upon which theoretical 

and laboratory studies on the thermodynamics and  fl ow properties of the GH sys-

tems are based. 
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    6.10.1   Development of Universal Standards for Hydrate Sample Creation 

 This is an important challenge for fundamental physico-chemical hydrate research, 

and it  fi rst involves the establishment of a protocol to fabricate arti fi cial hydrate 

samples in sediment. The second part of this challenge is to ensure that the sample 

is a reasonable replicate of nature. Currently the method of Spangenberg et al.  [  181  ]  

appears to be dominant; however, months of sample preparation time are required, 

and there is an urgent need for a more time-effective techniques.  

    6.10.2   Thermodynamic Knowledge Gaps and Time-Dependence Issues 

 Gibbs energy minimization methods are currently the most effective tools in deter-

mining the behavior of complex hydrates involving more than CH 
4
  (a subject that 

needs to be tackled, as such hydrates are likely in GH systems), and form the basis 

of the statistical thermodynamics approach in the description of the properties and 

behavior of such systems. Because of serious experimental dif fi culties, the predic-

tions of these methods currently cannot be veri fi ed in a large part of the  P - T - X  

spectrum of composite hydrates, and especially in the presence of more than one 

inhibitors. Additionally, time-dependent measurements are required, to establish 

kinetic phenomena, which are currently confounded by the addition of heat and 

mass transfer.  

    6.10.3   Multiphase Flow 

 Another fundamental knowledge challenge is to establish a veri fi ed transient model 

of multiphase  fl ow, which is experimentally validated. Currently two-phase  fl ow 

systems are fairly well established. However, a rigorous three- or four-phase tran-

sient model with experimental veri fi cation in  fl ow loops is beyond the current state 

of the art. The accurate modeling and experimental validation of such phenomena 

in systems with coexistent of three or four of the gas, oil, water, ice, and hydrate 

phases will be vital to hydrate control in both energy production and  fl ow 

assurance.  

    6.10.4   Hysteretic P-T Behavior 

 While the CH 
4
  system that is used almost exclusively in gas production study is 

thought to be well understood and described, an important issue (with signi fi cant 

implications) that has yet to be investigated is the hysteresis between the  P - T  rela-

tionships in a warming and cooling hydrate system. All predictions reported in the 

literature have relied exclusively on the warming  P - T  relationships, while the cool-

ing  P - T  relationships have not even been quanti fi ed. The cooling  P - T  curve has a 

very different behavior (attributed to metastability) that is characterized by a long 



101737 Gas Hydrates as a Potential Energy Source: State of Knowledge and Challenges

period of very slight pressure drop during continuous cooling, followed by a precipi-

tous drop in  P  beyond a certain point. Because cooling and secondary hydrate forma-

tion are quite common in the course of hydrate production  [  131,   132  ] , such  P - T  

behavior can have a signi fi cant effect on production.  

    6.10.5   Fast P-T-X Parametric Relationships in Composite Hydrates 

 Even small amounts of a second hydrate-forming gas in addition to CH 
4
  (a common 

occurrence in geologic GH deposits) can drastically alter the properties and behav-

ior of hydrates. While statistical thermodynamics approaches  [  178  ]  allow good 

descriptions of the composite system, these are cumbersome, slow, and unsuitable 

for use in numerical simulators. Thus, there is a signi fi cant need for fast parametric 

relationships describing the composite hydrate behavior over the  P - T - X  spectrum.   

    6.11   Economic Challenges of Commercial Gas Production 

from Hydrates 

 Because there are currently no unconventional developments, oil or gas, in the fron-

tier areas where hydrates occur, and because these areas also contain signi fi cant 

amounts of developed and undeveloped conventional gas resources with no access 

to markets, GHs will have to compete with frontier conventional gas developments. 

This puts GHs at a distinct disadvantage compared to other unconventional gas 

resources (such as the booming shale-gas production in the United States) for access 

to the larger North American gas market. While a local market use of gas from gas 

hydrates may be feasible at some point, this situation appears likely to defer the tim-

ing of GH developments until sometime in the not-too-near future. Offshore GH 

developments may proceed sooner if the premium price required is not onerous 

when there is no conventional gas competition, and where security of supply is a 

major consideration. 

 The studies of Hancock et al.  [  59  ] , Hancock  [  58  ] , and the review study of Moridis 

et al.  [  127  ]  were the  fi rst in-depth analyses of the economics of gas production from 

hydrates, and their results, while preliminary, have been encouraging. Assuming 

2009 prices, it appears that (a) for onshore gas hydrates, stand-alone developments 

could be economic with a gas price in the upper range of historical North American 

prices, and (b) for offshore gas hydrates, stand-alone developments could be eco-

nomic with a gas price in the upper range of what India has been paying for lique fi ed 

natural gas imports on the spot market. Thus, using the admittedly limited data from 

the numerical predictions of gas production in the literature  [  58,   59  ] , it appears that 

a reasonable rate of return (i.e., 15%) can be achieved with prices in the order of 

$6.00–$12.00/MSCF for offshore and onshore projects, respectively (Figs.  18  

and  19 ). However, considering the various risks and uncertainties associated with 

such production (well performance, geological uncertainty, reservoir characteristics, 
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  Fig. 18    Internal rate of return as a function of gas price ($/MSCF) for gas from onshore hydrates       

  Fig. 19    Internal rate of return as a function of gas price ($/MSCF) for gas from offshore hydrates       
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gas-in-place, thermodynamic conditions, the absence of a long-term  fi eld test of 

production from hydrates, proximity to infrastructure, access to markets, uncer-

tainty in forecasting gas prices, etc.), sustained gas contract prices in the range of 

$10.00–$16.00/MSCF for offshore and onshore projects respectively may be 

required before GH projects will proceed  [  127  ] . Given the current gas price reali-

ties, it appears that production from GH may be delayed, although unique circum-

stances may allow production of onshore gas hydrates for local community or 

industrial use, especially where there is some underlying gas. Fundamental changes 

in the North American gas market supply picture, as well as advances in technology 

may also have a signi fi cant impact on the price range required for GH development, 

and will inevitably affect the timing of commercial gas production from HBS.    

    6.12   Environmental Challenges Associated with Gas Production 

from Hydrates 

 A fundamental barrier to the potential utilization of methane from gas hydrates to 

serve future energy needs relates to our current limited understanding of the GH 

potential response to production activities and the associated environmental impacts. 

These impacts will include many issues that typically face current oil and gas explo-

ration and production activities; including ground subsidence related to production 

from shallow, unconsolidated reservoirs, land and air impacts from drilling and pro-

duction activities, and disposal of produced waters. Ultimately, despite the fact that 

GHs may be a major new source of clean-burning gas, it will remain dif fi cult to 

expect public acceptance of large-scale gas hydrate production in the absence of a 

larger understanding of the GH role in the natural environment. This is particularly 

the case given the recognition that naturally occurring GH could provide a poten-

tially deleterious feedback to ongoing climate change. 

 Gas hydrate is known to be an enormous storehouse of organic carbon with pro-

found potential linkages to global carbon cycling and global climate  [  3,   38  ] . GHs are 

not a signi fi cant source of atmospheric greenhouses gases at present  [  72  ] , but there 

is evidence in the geologic history attesting to the impact of methane from gas hydrate 

on global climates (e.g.,  [  39  ] ). This impact is enhanced by the powerful “greenhouse 

effect” of CH 
4
  than CO 

2
  (about 20 times larger) despite a short residence in the atmo-

sphere  [  72  ] . Recent reports suggest that ongoing CH 
4
  releases from shallow marine 

gas hydrates (particularly at high latitudes) may be linked to warming climates  [  150, 

156,   158,   159,   212  ] , although there are limited data for con fi rmation. 

 At present, the targets of gas hydrate production research are those accumula-

tions in the Arctic or beneath the ocean  fl oor that are housed in deep sand reservoirs 

bounded by nearly impermeable boundaries. As such, they are beyond the reach of 

potential climate-related temperature changes and are not expected to pose an envi-

ronmental hazard as sources of methane release into the atmosphere. These repre-

sent perhaps a signi fi cant resource volume, but is likely a very small percentage of 

the total in-place volume of methane associated with gas hydrates  [  9  ] . Thus, it is a 
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critical task to assess the real potential impacts associated with only this small subset 

of resources that occupy the peak of the total gas hydrate resource pyramid  [  10  ] . 

 Desirable production targets involve deeper, warmer sandy GH deposits  [  136  ] . 

Such deposits are closer to the stability conditions (requiring less energy for disso-

ciation) and are housed in sediments of increased mechanical strength bounded by 

low-permeability strata. These settings render the deposits amenable to production 

through standard borehole-based techniques, reduce the tendency for sand produc-

tion, and are less likely to affect the integrity of the overlying sealing lithologies. 

Environmentally invasive approaches, such as mining of sea  fl oor and shallow sub-

sea- fl oor deposits are not a consideration. This is not only because of regulatory 

restrictions (as such operations would harm protected complex and poorly under-

stood biological communities that hydrates are known to host) but also because of 

the economic hopelessness of such a venture (given the resource leanness of such 

deposits and the astronomical cost of such sea  fl oor operations). In other words, not 

the targets of gas hydrate production are generally environmentally insensitive. 

 An issue that deserves attention is the ability of the lithologic seal overlying GH 

reservoirs to contain the dissociated gas, which is known to accumulate at the top 

of the formation  [  136,   131,   132  ] . For shallow and unconsolidated reservoirs, the 

possibility of failure of the top seal is a serious consideration. Therefore, all respon-

sible production test scenarios currently envisioned include plans to actively monitor 

the movement of the dissociation front and of the released gas accumulation in the 

reservoir  [  217  ] . 

 Gas hydrate exploration and production activities will be prone to many of the 

same potential environmental impacts as conventional oil and gas production. A key 

issue will be ground subsidence: in the marine setting, this may mean assessing the 

risk for sea fl oor failure on slopes or other issues that may compromise the integrity 

of sea- fl oor infrastructure. In the arctic, this relates to preserving the integrity of the 

permafrost. Careful selection of drill sites and management of production processes, 

such as sand control procedures, are expected to be adequate to address such issues. 

Another issue may be water disposal. Gas hydrate production may result in 

signi fi cant volumes of produced water. Although the dissociated hydrate water will 

be virtually fresh, there will be an inevitable mixing with formation waters that will 

result in the production of brackish, non-potable water, which is anoxic and poten-

tially harmful to chemosynthetic communities if released near the ocean  fl oor. Such 

water will need to be handled and disposed of properly. However, none of these 

issues are unique to gas hydrates—and methods are currently being employed in a 

variety of settings to deal with even more acute impact issues.   

    7   Summary 

 Gas hydrates are a vast resource with a global distribution in the permafrost and in 

the oceans. Even if a conservative estimate is considered and only a small fraction 

is recoverable, the sheer size of the resource is so large that it demands evaluation 
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as a potential energy source. Although dif fi culties exist, the development of hydrates 

into an energy source appears to have acquired its own global dynamic, with 

increased levels of international awareness, several national and international pro-

grams investigating the feasibility of the endeavor, and heightened levels of activity. 

There is a concerted international effort to determine the technical and economic 

feasibility of production from gas hydrates. 

 Production from gas hydrates faces signi fi cant challenges because of the hostile 

environments in which they exist. The dif fi culty of access, the signi fi cant cost of 

related work, and the need for success in the  fi rst attempt at producing gas from this 

unconventional source have led to the development of a rational approach to priori-

tize potential targets. By need and design, the  fi rst attempts to produce gas from 

hydrates will be limited to the few relatively well-characterized sites with proven 

resources. 

 Numerical simulation plays a critical role in the effort to assess the production 

potential of hydrates. While the dearth of  fi eld data has not allowed the full valida-

tion of numerical codes, the scienti fi c consensus is that the models generally account 

for the important physics of the problem, and that validation and calibration (rather 

than adequacy of the numerical code capabilities) will be a constraining factor in the 

assessment of the hydrates as an energy resource. A review of the data needs for the 

implementation of the numerical models indicates that, while knowledge gaps exist, 

these are being addressed, or can be adequately addressed by sensible approxima-

tions. Sensitivity analyses can overcome the scarcity of data needed by the simulators 

by bounding the potential solutions. Literature review provides strong indications 

that gas hydrates from a variety of types of deposits (even ones considered unpro-

ductive a few years ago) can yield large amounts of gas at high rates over long 

periods using conventional technologies. This bodes well for the production poten-

tial of this unconventional resource. 

 The challenges and uncertainties facing commercial gas production from hydrates 

touch upon technical, economic, and environmental issues, and include (1) the 

assessment of in-place vs. resource vs. producible fractions of the GH resource, 

(2) the development and evaluation of methodologies for identifying suitable pro-

duction targets, (3) the sampling of HBSs, sample analysis, and interpretation of the 

results, (4) the analysis and interpretation of geophysical surveys of GH reservoirs, 

(5) well-testing methods and interpretation of the results, (6) geomechanical and 

reservoir/well stability concerns in the course of gas production, (7) well design, 

operation, and installation appropriate for the particularities of GH systems, (8) 

 fi eld operations of production, (9) extending production beyond sand-dominated 

GH reservoirs, (10) monitoring production and geomechanical stability, (11) labo-

ratory investigations and practices in support of gas production analysis, (12) fun-

damental knowledge of hydrate behavior, (12) the economics of commercial gas 

production from hydrates, and (13) the associated environmental concerns.      
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  Abstract   Biofuels are by now a well-established component of the liquid fuels 

market and will continue to grow in importance for both economic and environmen-

tal reasons. To date, all commercial approaches to biofuels involve photosynthetic 

capture of solar radiation and conversion to reduced carbon; however, the low 

ef fi ciency inherent to photosynthetic systems presents signi fi cant challenges to 

scaling. In 2009, the US Department of Energy (DOE) Advanced Research Projects 

Agency-Energy (ARPA-E) created the Electrofuels program to explore the potential 

of nonphotosynthetic autotrophic organisms for the conversion of durable forms of 

energy to energy-dense, infrastructure-compatible liquid fuels. The Electrofuels 

approach expands the boundaries of traditional biofuels and could offer dramati-

cally higher conversion ef fi ciencies while providing signi fi cant reductions in 

requirements for both arable land and water relative to photosynthetic approaches. 

The projects funded under the Electrofuels program tap the enormous and largely 

unexplored diversity of the natural world, and may offer routes to advanced biofuels 

that are signi fi cantly more ef fi cient, scalable and feedstock- fl exible than routes 

based on photosynthesis. Here, we describe the rationale for the creation of the 

Electrofuels program, and outline the challenges and opportunities afforded by 

chemolithoautotrophic approaches to liquid fuels.      
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    1   Introduction 

 Virtually all transportation—over land, air and sea—utilizes the energy stored in 

carbon–carbon and carbon–hydrogen bonds to provide motive force. Our use of this 

stored pool of solar energy can only be described as rapacious, and although the 

magnitude of the remaining resource is dif fi cult to estimate, it is  fi nite and its extrac-

tion will become increasingly complex. The USA currently consumes roughly 19 

million barrels of oil per day, over 70% of which is used for transportation  [  58  ] . 

Nearly half the oil consumed in the USA is imported, accounting for a third of the 

Nation’s trade de fi cit. In recent years, the annual cost of imported oil has exceeded 

$300 billion, in current dollars the equivalent of funding the entire Apollo Program 

twice every year. 1  Even this staggering amount signi fi cantly underestimates the true 

cost of imported oil, since a signi fi cant fraction of both defense and nondefense 

Federal spending is devoted to ensuring a stable supply of imported oil. Alternative 

approaches to liquid fuels are both a national and global imperative. 

 The sustainable production of energy-dense, infrastructure compatible liquid 

fuels requires the conversion of a durable form of energy—most plausibly solar 

radiation, but also geothermal, nuclear, or other forms of renewable energy—into 

stored chemical energy. The biological production of carbon-based liquid fuels 

requires three distinct steps: the capture of energy and transduction of that energy to 

a usable form by an organism; reduction of inorganic carbon to a fungible metabolic 

intermediate, typically in an oxidation state at or below zero; and the formation of 

carbon–carbon bonds to provide a fuel with convenient physical properties. Although 

the reduction of inorganic carbon can be achieved chemically (i.e., abiotically), the 

high ef fi ciency formation of carbon–carbon bonds remains a signi fi cant challenge 

for the  fi eld of chemistry and purely chemical approaches to liquid fuels are not 

currently economically feasible at scale. 

 Instead, the production of liquid fuels relies primarily on terrestrial photosynthe-

sis, in which solar radiation is assimilated through Photosystems I and II, and the 

captured energy is used to reduce and  fi x carbon through the Calvin–Benson–

Bassham (CBB) cycle. In the CBB cycle, inorganic carbon is converted to glyceral-

dehyde-3-phosphate; although this intermediate is the source of reduced carbon for 

myriad products through both primary and secondary metabolism, it is primarily 

converted to glucose and polymerized to various structural and storage polymers. 

These photosynthetic products are converted to liquid fuels either fermentatively or 

thermally, producing a variety of fuel molecules. 

 The overall ef fi ciency of this process—from solar photons to liquid fuel—

depends on the nature of both the photosynthetic organism and the means of conversion, 

   1   The NASA estimate, based on a Congressional Budget Of fi ce report,  A Budgetary Analysis of 

NASA’s New Vision for Space,  found the Apollo program cost in 2005 dollars to be approximately 
$170 billion. The estimate includes costs for research and development; procurement of rockets, 
command and lunar modules; management; facilities, including construction and upgrading; and 
 fl ight operations.  
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but is certainly less than 1%. While photosynthesis is operationally facile—plants 

and photosynthetic organisms are autonomous—the process competes with other 

forms of agriculture for resources, in particular land, fresh water and essential nutri-

ents (NPK and trace metals). The scalable, sustainable production of liquid fuels 

would be greatly enhanced by the development of processes that do not share agri-

cultural factors of production and that offer greater conversion ef fi ciencies than 

those of photosynthesis. 

 In 2009, the US Department of Energy (DOE) Advanced Research Projects 

Agency-Energy (ARPA-E) created the Electrofuels program to explore nonphoto-

synthetic autotrophic organisms for the conversion of renewable energy to energy 

dense liquid fuels for transportation  [  2  ] . The approach expands the boundaries of 

traditional biofuels and could achieve dramatically higher overall conversion 

ef fi ciencies while providing massive reductions in both arable land and water usage. 

If a series of technical challenges can be overcome, an Electrofuels system could 

have a higher utilization of re fi nery capacity due to feedstock  fl exibility and be free 

from  fl uctuations in feedstock supply and cost inherent to photosynthetic biofuels 

approaches. To achieve this vision, the Electrofuels program leverages foundational 

work in microbiology, genomics, metabolic engineering, and synthetic biology to 

create microorganisms that assimilate energy,  fi x inorganic carbon, and produce 

fuel molecules without photosynthesis (Fig.  1 ).  

 In this article, we describe the rationale for the Electrofuels program and con-

sider the challenges to the economic viability of the approach.  

    2   Background 

 The USA is the global leader in the production of biofuels, in 2010 producing over 

13 billion gallons of ethanol, or 9 billion gasoline gallon equivalents (GGE), from 

corn grain  [  48  ] . Further expansion of corn grain ethanol production is now con-

strained by diminishing Congressional support for government subsidies (in 2010 

the Volumetric Ethanol Excise Tax credit cost taxpayers approximately $6B), grow-

ing concerns about the environmental impacts of increased corn production, and 

perceived impacts of converting food to fuel resources in the face of global popula-

tion growth and rising food prices. 

 In order to address these and other issues, the Departments of Energy, Agriculture 

and Defense have made signi fi cant investments in advanced biofuels—biofuels 

derived from sustainable, nonfood resources such as agricultural residues, residues 

from forestry operations, food processing by-products, and municipal solid waste. 

In the near future, dedicated energy crops that grow on marginal or non-food-

production land, including perennial grasses (e.g., switchgrass), woody species 

(e.g., willow), and aquatic macroalgae (e.g.,  Saccharina ), will add to the supply of 

biomass feedstocks for the production of fuels. 

 Despite the many bene fi ts offered by dedicated energy crops, the ef fi ciency of 

energy capture and transduction by plants is remarkably low, calculated as the ratio 
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of incident solar radiation to stored energy in chemical bonds. Under optimized 

environmental conditions C4 plants can capture up to 6% of the available solar 

energy, while C3 plants convert a maximum of 4.5%  [  70  ] . Including in the calcula-

tion the seasonal growth of plants, the diversion of plant matter for growth, and the 

conversion ef fi ciency of  fi xed carbon to liquid fuels, overall annual photon-to-fuel 

ef fi ciency stands at 0.18% for US corn ethanol (Supp Calc 1) and 0.20% for Brazil 

sugarcane ethanol (Supp Calc 2). As a result, land resources are vastly under-

utilitized, even for perennial crops. Additionally, biofuels feedstocks and energy 

crops have signi fi cant competition in open markets, and suffer from price  fl uctuations 

that limit the viability of this approach. 
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  Fig. 1    ( a ) Energy conversion pathways from solar energy, with the Electrofuels pathway shown 
in  bold . ( b ) The Electrofuels platform receives renewable electrons from a variety of sources, 
including H 

2
  and H 

2
 S. CO 

2
 , H 

2
 O and other nutrients are fed into a bioreactor that directly produces 

liquid fuels. ( c ) Chemolithoautotrophs convert electrons or electron carriers into cellular reducing 
equivalents. Various carbon  fi xation cycles convert CO 

2
  and renewable energy into acetyl-CoA, 

which can be rapidly elaborated into an array of liquid fuel molecules       
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 Photosynthetic microorganisms represent an alternative to terrestrial plants for 

the production of biofuels, and several algal and cyanobacterial approaches to fuels 

have also been developed for use in closed systems  [  30,   31,   49  ] . Such microorgan-

isms offer several advantages over terrestrial plants, including genetic tractability 

and the ability to secrete fuel products. Genetic tractability affords the opportunity 

to directly engineer pathways to produce fuel without the need for secondary pro-

cessing, while the ability to secrete obviates the need for harvest or biomass manip-

ulation. Still, diurnal and annual sunlight variation makes continuous algal 

production dif fi cult to control, slows microbial growth, and reduces productivity, 

each of which results in an increase in the cost of capital and the  fi nal fuel product. 

Fresh water requirements are also potentially problematic, although these concerns 

can be ameliorated to some extent through the use of salt-tolerant species and 

aggressive water capture techniques. The deployment at scale of genetically 

modi fi ed microorganisms also raises issues of containment, both to prevent acci-

dental release and adventitious infection by wild-type strains. 

 In its broadest conception, the term “biofuels” implies the action of living organ-

isms in one or more of the steps required to reduce inorganic carbon to an energy-

dense form: the capture of energy and transduction of that energy to a usable form; 

the reduction of carbon from the +4 oxidation state; and the elaboration of that 

reduced carbon into a  fi nal fuel molecule. The diversity of the microbial world—

and especially of the deep oceans—is staggering: the ocean contains 300,000 times 

more bacteria than there are stars in the visible universe  [  59,   61  ] . Fewer than 1% of 

these microbes have been identi fi ed and fewer than 0.1% of marine microorganisms 

have been cultured  [  18,   29  ] . This astonishing store of diversity offers tremendous 

opportunities for many branches of science, including energy transduction and car-

bon  fi xation. 

 Photosynthesis is but one of the approaches to carbon  fi xation found in nature; 

myriad life forms exist in ecological niches where both reduced carbon and light 

are nonexistent. Such organisms assimilate energy from other energy rich 

(reduced) species, including H 
2
 , H 

2
 S, NH 

3
 , and reduced metals ions. A group of 

so-called electrotrophs are capable of accepting reducing equivalents directly as 

electric current  [  39  ] . Many chemolithoautotrophs use carbon  fi xation cycles other 

than the CBB cycle, including the reductive acetyl-CoA, the reductive citric acid, 

and 3-hydroxypropionate-4-hydroxybutyrate cycles; some of these pathways 

offer signi fi cant advantages over the CBB cycle  [  5  ] . Such organisms might serve 

as factories for the high-ef fi ciency production of liquid fuels from renewable 

forms of energy. 

 To address these fundamental questions the Electrofuels program seeks routes 

to biofuels that surpass the inherent limitations of photosynthesis. At the core of 

the program are chemolithoautotrophic microorganisms, organisms capable of 

 fi xing and reducing inorganic carbon but that derive energy from a variety of inor-

ganic substrates. Such microorganisms might produce renewable biofuels from 

solar electricity, either directly or through the agency of a soluble mediator. This 

solar electricity could come from photovoltaic cells that even now capture >20% of 

the total solar spectrum  [  25  ] ; or the energy could come from other renewable 
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sources (hydro, wind, wave, tidal), or non-fossil-based heat (geothermal, concentrating 

solar, nuclear). The approaches considered under the Electrofuels program tap the 

enormous and largely unexplored diversity of the microbial world, and may offer 

routes to advanced biofuels signi fi cantly more ef fi cient, scalable and feedstock-

 fl exible than routes based on photosynthesis.  

    3   Chemolithoautotrophy and Electrofuels 

 The Electrofuels concept pushes the boundaries not only of traditional biofuels but 

of industrial biotechnology writ large, through the  fi rst demonstration of chemo-

lithoautotrophy as a means to enable carbon  fi xation and the production of reduced 

products, including liquid fuels. Chemolithoautotrophic organisms are prokaryotes, 

either bacteria or archaea, capable of deriving energy from the oxidation of various 

reduced inorganic compounds. These organisms use inorganic carbon (CO 
2
  and its 

various hydrated forms) as their sole carbon source and are capable of growth and 

metabolism in the complete absence of either sunlight or reduced carbon  [  42  ] . 

Intriguingly, some chemolithoautotrophic bacteria have been shown to function as a 

biocathode, assimilating energy directly from electric current. Chemolithoautotrophs 

derive energy from the proton motive force generated by electron  fl ow from a reduc-

tant (e.g., H 
2
 , H 

2
 S, Fe 2+ ) to an oxidant (e.g., O 

2
 , S, CO 

2
 ). It is this energy  fl ow that 

provides the driving force for the synthesis of both the ATP and reducing equiva-

lents (NADH/NADPH) required for carbon  fi xation (Fig.  1c ). 

 A large group of chemolithoautotrophs produce energy from the oxidation of 

molecular hydrogen:

     
°′

+ → Δ = −2 2 22H O 2H O 474 kJG
 
  (1)   

  Ralstonia eutropha  is a relatively common soil microorganism capable of auto-

trophic growth on hydrogen.  Ralstonia  relies on three different [NiFe]-containing 

hydrogenases capable of hydrogen oxidation in the presence of oxygen  [  7  ] :

    1.    Regulatory hydrogenase (RH): The RH senses the presence of hydrogen and 

initiates the expression of both membrane-bound and soluble hydrogenases.  

    2.    Membrane-bound hydrogenase (MBH): Found on the outer-cytoplasmic mem-

brane, the MBH shuttles electrons from hydrogen oxidation into the respiratory 

pathway, creating the proton gradient necessary to drive ADP phosphorylation.  

    3.    Soluble hydrogenase (SH): The SH generates NADH reducing equivalents by 

the oxidation of hydrogen and electron transfer through two  fl avin mononucle-

otides separated by a [Fe–S] cluster to NAD + .     

 While all three [NiFe]-containing hydrogenases are capable of hydrogen oxida-

tion, each activity is coupled to a unique and essential cellular function required for 

chemolithoautotrophic growth. 
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 Another chemoautolithotrophic bacteria of potential use for the production of 

liquid fuels is  Acidithiobacillus ferrooxidans.  This microorganism recovers energy 

from the oxidation of ferrous iron (Fe 2+ ) in the presence of oxygen:

     
+ + + °

+ + → + Δ = −
2 3

2 22Fe 0.5O 2H 2Fe H O 66 kJ(pH2)G
 
  (2)   

  Acidithiobacillus  is an acidophile, consistent with the increased stability of fer-

rous iron at lower pH. Evidence suggests that Fe 2+  is oxidized outside of the cell; 

electrons are thought to  fi rst enter the cell through a c-type cytochrome (Cyc2) in 

the outer membrane, and then pass through a series of periplasmic redox carriers to 

a cytochrome c oxidase, which in turn drives ATP synthesis  [  69  ] . 

 Outer-membrane c-type cytochromes may interact with metals for energy pro-

duction in other bacterial species, including  Geobacter sulfurreducens.  Intriguingly, 

recent evidence suggests that  Geobacter  protein  fi laments, sometimes termed 

microbial nanowires, are capable of conducting electrons over long distances inde-

pendent of cytochrome proteins  [  33  ] . This exciting observation suggests that natu-

rally occurring electron-conductive bio fi lms might be scaled to support biofuel 

production. 

 Carbon  fi xation is diversi fi ed in chemolithoautotrophs. All photosynthetic organ-

isms  fi x carbon through the CBB cycle, which reduces carbon dioxide to glyceralde-

hyde-3-phosphate (G-3-P); this intermediate is subsequently converted to  fi ve- and 

six-carbon sugars. The pathway requires six NADPH and 9 ATP to convert three 

equivalents of CO 
2
  into G-3-P, with a maximum ef fi ciency 67% of the thermody-

namic limit. The key enzyme of the CBB cycle is ribulose-1,5-bisphosphate car-

boxylase oxygenase (RuBisCO), a protein evolved for plant growth. While well 

suited for this purpose, RuBisCO possesses many attributes that limit its utility for 

the production of liquid fuels, in particular a low speci fi c activity and a competitive 

reaction with oxygen  [  36  ] . In contrast, many chemoautolithotrophs use non-CBB 

pathways for carbon  fi xation. Two such pathways—the reductive acetyl-CoA, or 

Wood–Ljungdahl, cycle and the reductive citric acid, or Arnon–Buchanan, cycle—

are more ef fi cient than CBB, approaching the thermodynamic limit (Table  1 )  [  28, 

  47  ] . Other non-CBB pathways, such as the recently elucidated 3-hydroxypropionate-

4-hydroxybutyrate cycles use bicarbonate as the source of inorganic carbon which 

may improve overall CO 
2
   fi xation kinetics relative to the CBB cycle. Further, unlike 

terrestrial plants that require carbon  fl ux for complex structural carbohydrates, uni-

cellular autotrophs use non-CBB cycle pathways to directly produce acetyl-CoA, the 

key intermediate for biofuel synthesis. Additionally, the 3-hydroxypropionate bicy-

cle has no O 
2
  sensitivity and does not catalyze competing O 

2
  reactions, enabling 

oxidative phosphorylation for the generation of ATP. Lastly, several carbon- fi xing 

enzymes show activities much greater than that of RuBisCO, although these enzymes 

have yet to be thoroughly investigated.  

 The Electrofuels program leverages chemolithoautotrophy and a variety of 

largely unexplored carbon  fi xation pathways as a potential platform for biofuels 
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production, and is built on the thesis that chemolithoautotrophic-engineered systems 

can assimilate energy and  fi x carbon more ef fi ciently than can photosynthetic 

systems. Each Electrofuels project [ 1 ] aims to demonstrate three technology mod-

ules (Fig.  2 ): 

    1.     Energy assimilation:  The ef fi cient capture of the energy required to drive ATP 

synthesis and carbon  fi xation is a key feature of the Electrofuels program. 

Chemolithoautotrophic organisms capable of growth on a variety of reduced 

inorganic substrates are under consideration, including  Ralstonia eutropha  (H 
2
 ), 

 Acidithiobacillus thiooxidans  (H 
2
 S),  Nitrosomonas europaea  (NH 

3
 ), and 

 Acidithiobacillus ferrooxidans  (Fe 2+ ). Electrotrophs—organisms capable of 

assimilating energy directly as electric current—that reduce carbon dioxide to 

acetate with nearly 100% Coulombic ef fi ciency are also under evaluation  [  39  ] . 

The Electrofuels program also includes projects seeking to genetically engineer 

heterotrophic organisms such as  Escherichia coli  to function as chemolithoauto-

trophs. Such projects include, for example, growth and production on electro-

chemically produced formate.  

    2.     Carbon  fi xation:  Chemolithoautotrophs, in particular some archaea, evolved car-

bon  fi xation pathways relevant to the unique geochemical niches they occupy 

(Table  1 ). To date,  fi ve pathways that use equivalent or fewer ATP than the CBB 

cycle have been discovered  [  5  ] . Such pathways confer a variety of bene fi ts to 

chemolithoautotrophs, including avoidance of the requirement for large quantities 

of an inef fi cient RuBisCO. Further, non-CBB pathways directly convert CO 
2
  to 

  Fig. 2    Electrofuels portfolio ( MSW  municipal solid waste)       
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acetyl-CoA, rather than G-3-P, an intermediate that directly feeds biofuel synthesis. 

Various Electrofuels projects are evaluating the characteristics of each of these 

pathways, as well as designed pathways not found in the natural world.  

    3.     Biofuel synthesis:  The Electrofuels program is designed to produce energy dense, 

infrastructure compatible liquids fuels, and speci fi es the production of fuel mol-

ecules with an energy density equal to or greater than 32 MJ/kg. A variety of fuel 

molecules that can either be used directly as fuels, such as butanol, or hydrocar-

bons that require further catalytic processing, such as alkanes, isooctane, and 

triterpenes, are the targets of this program. To produce such species in high yield, 

the Electrofuels program leverages recent advances in metabolic engineering 

and synthetic biology to direct carbon and energy  fl uxes to  fi nal fuel molecules.     

 In summary, the Electrofuels program considers previously unexplored path-

ways and organisms for the high ef fi ciency conversion of solar energy and inor-

ganic carbon to complex biofuels. Considering the available biochemical options 

and a rapidly growing toolbox for the genetic manipulation of previously intractable 

microorganisms, the program offers multiple options for the conversion of durable 

forms of energy to biofuels. In some respects, the components of a complete path-

way (energy assimilation, carbon  fi xation, and fuel production) are “mix-and-

match,” and the program virtually considers more approaches than those actually 

constructed.  

    4   Challenges and Opportunities 

 The Electrofuels approach to biofuels represents a signi fi cant departure from photo-

synthetic strategies, and it is important to consider both the merits and challenges 

inherent to a system built around a chemolithoautotrophic platform. Here, we con-

sider the relative advantages and disadvantages of an Electrofuels vs. a photosyn-

thetic approach for each of the important drivers of the system, speci fi cally the 

required resources and the economics of at-scale production. 

    4.1   Land Resources 

 The biochemical conversion of solar photons to liquid fuels involves many steps, 

each with the potential to produce losses of both energy and carbon. Plants harness 

energy from only a portion of the solar spectrum, and only during the growing sea-

son, which in temperate climates ranges from roughly 180 to 250 days per year. 

Under many conditions, plant growth is limited by access to resources other than 

light, in particular water, trace nutrients, and CO 
2
 . Even the most prodigious dedi-

cated energy crops produce harvestable biomass encompassing roughly 1% of the 

incident solar radiation; additional losses from agriculture and conversion 
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signi fi cantly reduce the usable portion of the captured energy. The primary consequence 

of this low ef fi ciency is that enormous land resources are required to collect suf fi cient 

solar energy for US liquid fuel production (Table  2 ). Several advanced photosyn-

thetic biofuels approaches under development claim higher solar photon utilization 

ef fi ciencies, some as high as 7.2%  [  49  ] , although none of these approaches have 

been demonstrated at scale.  

 Chemolithoautotrophic approaches to biofuels require land only for solar radia-

tion collection, and can thus use nonarable land for fuel production. Any of several 

currently deployed technologies, for example concentrating solar or solar PV, can 

capture >20% of incident solar radiation energy. Coupling one of these technologies 

with a microorganism, up to 13% of total available solar energy could plausibly be 

captured in a liquid fuel (Supp Calc 4). This solar radiation can be captured year 

round, signi fi cantly increasing the solar yield from a given land area when com-

pared to seasonal crops. Further, it is possible to intersperse farmland with renew-

able resources such as wind so that fuel production no longer competes with food 

production.  

    4.2   Water Resources 

 Water is a scarce resource in most of America, especially outside of the Southeast 

and Great Lakes states. The USA faces two macroscale drivers of water scarcity in 

the coming century: a growing domestic population and the continuing depletion of 

fossil fresh water ground reserves. Between 2005 and 2050, the US Census Bureau 

predicts a population increase of greater than 40%  [  43  ] , increasing demands on 

water for domestic and commercial applications. At the same time, the US Geological 

Survey estimates that over 40% of agricultural fresh water and more than 30% of 

nonagricultural fresh water is drawn from deep aquifers that do not refresh over 

meaningful timeframes  [  26  ] . The magnitude of this resource, accumulated over 

geological time scales and currently being depleted faster than natural recharge 

rates, is poorly quanti fi ed nationwide. 

 Terrestrial energy crops grow as an open system, incurring water losses from 

irrigation inef fi ciencies  [  22  ] , soil evaporation  [  27  ] , and transpiration for leaf cool-

ing and motive force for nutrient uptake; it is estimated that only 0.2–0.4% of water 

used in agriculture is  fi xed as plant matter  [  11,   17,   19  ]  (Table  2 ). Agriculture is by 

far the largest source of water utilization in the USA, accounting for fully 80% of 

consumption from all sources  [  51  ] . Whether water is supplied by irrigation or natu-

ral rainfall, agricultural water use limits availability for other applications  [  34  ] . 

Similarly, open-pond algal systems suffer from evaporative losses  [  44  ] , although 

such losses are ameliorated through the use of closed systems or salt-tolerant spe-

cies  [  9,   24  ] . 

 Several advanced biofuel systems offer the opportunity to diminish concerns sur-

rounding water withdrawals by creating closed bioreactors that obviate water losses 

from evaporation and transpiration  [  30,   31,   49  ] . Closed systems facilitate complete 
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water recycle: in the limit, water is required during biofuel production only as the 

ultimate source of electrons during water oxidation, providing two electrons (as 

hydride) and molecular oxygen during CO 
2
  reduction. This requirement amounts to 

roughly 1 gal of water/gal of fuel (Supp Calc 3), plus whatever water is consumed 

by growing cultures. While these values are somewhat imprecise at this early stage, 

they will almost certainly represent a vast savings over terrestrial plants and over at 

least some forms of photosynthetic organisms.  

    4.3   NPK Resources 

 Similar to water resources, plants grown as open systems require signi fi cant fertil-

izer loads to optimize biomass yield (Table  2 ). Brazilian sugarcane utilizes as little 

as 20% of applied nitrogen  [  34  ] ; the remainder is largely lost to water supplies with 

the attendant negative impact on the surrounding environment  [  14  ] . The require-

ment for nutrient complexity within soil often requires crop rotation and precludes 

year-over-year high biomass productivities available with closed-system 

bioreactors. 

 To the extent that growth can be separated from production, rapid CO 
2
   fi xation is 

possible in an Electrofuels approach with low nutrient requirements, since relatively 

little biomass is produced per volume of fuel. These requirements are further dimin-

ished through nutrient recycling within the biore fi nery. At least some other advanced 

biofuels systems also address this issue; notable examples include slow growing 

woody biomass (with no external nutrient requirements) and other closed system 

photobioreactors  [  49,   60  ] .  

    4.4   Reducing Equivalents and Inorganic Carbon 

 The growth of terrestrial plants is limited by a variety of factors, depending on 

growth location and conditions. What is seldom limiting, however, is reductant, i.e., 

solar photons. Rather, plant growth is typically limited by water, nutrients, or CO 
2
 . 

Likewise, an Electrofuels approach to the production of liquid fuels will be limited 

by a variety of factors, depending on growth conditions. Ultimately, the two factors 

most likely to provide insurmountable limits to production are reducing equivalents 

and inorganic carbon. 

 The approaches under consideration in the Electrofuels program utilize various 

means to assimilate reducing equivalents, and the limiting factor to uptake will vary 

as the approach. In the case of hydrogen-utilizing organisms, the aqueous solubility 

of hydrogen is likely to be limiting, at least under some growth conditions. 

Incorporated into the program are multiple efforts aimed at novel bioreactors that, 

at least to some extent, ameliorate these concerns. The growth of electrotrophs will 

ultimately be limited by the ability of organisms to assimilate electrons. The mechanisms 
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by which these unique species take up electrons remain unclear, and the limits to 

growth mandated by such processes are similarly opaque. Still, if organisms must 

be physically anchored to an electrode through, for example, conductive pili, then 

production will be limited by the accessible surface area of a highly porous elec-

trode. On the other hand, if conduction can proceed through at least some thickness 

of a bio fi lm, the effective surface area could be multiplied manyfold, greatly increas-

ing the potential for growth. In any event, the ability to assimilate reducing equiva-

lents will ultimately provide a limit to fuel production. 

 The provision of inorganic carbon likewise presents challenges for an Electrofuels 

approach to fuel synthesis. Plants autonomously assimilate CO 
2
  from the atmo-

sphere; while the very low concentrations of CO 
2
  in air limit growth, the carbon is 

at least free and essentially limitless. In an Electrofuels approach, inorganic carbon 

will be furnished at concentrations beyond that available directly from air. Such 

sources might include the ef fl uent of conventional power plants, cement kilns and 

the like, direct mining of geologic CO 
2
 , carbonate or bicarbonate, or CO 

2
  produced 

as a coproduct during the production of conventional biofuels from biomass, which 

necessarily release signi fi cant quantities of the total carbon as CO 
2
 . The extraction 

of inorganic carbon from seawater may be feasible as well. While any of these 

approaches would decrease the Nation’s dependence on foreign sources of oil, only 

some are carbon-neutral, while others would contribute to anthropogenic atmo-

spheric carbon loads during combustion.   

    5   Cost of Electrofuels 

 The economic sustainability of any biofuel is dependent on the existence of a mar-

ket, which is largely determined by the cost of production relative to alternative 

approaches. Such calculations are fraught with uncertainties regarding future costs 

of scarce resources and without proper assignment of various “hidden” costs, or 

costs not explicitly associated with or assigned to a particular fuel. To be fully com-

parable, such costs should include societal costs such as the military and political 

costs associated with the import of foreign oil and the opportunity costs associated 

with diverting agricultural resources to the production of fuel. Additionally, at this 

early stage of development the  fi nal con fi guration of a biofuels production facility 

based on a nonphotosynthetic autotrophic organism is unclear. Still, it is possible to 

consider at least the factors of production that will drive costs and to make at least 

estimates regarding limits to costs of production. 

 The sustainable synthesis of any liquid fuel requires inorganic carbon, hydrogen, 

and energy from a renewable source. In the approaches under development through 

the Electrofuels program a renewable source of energy is converted to either hydro-

gen or electricity, which in turn serves as the energy input for carbon  fi xation and 

fuel synthesis. The energy density of liquid fuels is extraordinary—gasoline con-

tains roughly 13 kWh/kg or 34 MJ/L—and the entire electricity generating capacity 

of the USA represents roughly half of US oil consumption, assuming a conversion 
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ef fi ciency of 65% (Supp Calc 7). Given these levels, dedicated on-site electricity 

generation will almost certainly be the most cost ef fi cient design. A cost comparison 

of chemolithoautotrophic approaches to corn-based fuels thus turns primarily to a 

comparison of feedstock costs: electricity vs. corn (Fig.  3 ).  

 In recent years, a variety of factors, including a rising demand for carbon-neutral 

biofuels, has driven sugar costs signi fi cantly above historical levels. At the same 

time, advances in renewable energy production have driven down the cost of renew-

able electricity, especially from wind, but also from solar and other resources. 

Electricity costs are very low for on-site generation (Fig.  4 ), especially for fully 

depreciated installations; arbitrage opportunities may further diminish effective 

electricity costs by balancing electricity sales vs. fuel production. West Texas, for 

example, possesses a signi fi cant wind resource that is largely under-utilized at night, 

when electricity demand is low. This lack of demand leads to signi fi cant wind cur-

tailment—3.9 TWh in 2009 and 2.1 TWh in 2010 of essentially “free” electricity 

 [  66  ] —that would have supported production of 1.5 M BOE and 0.8 M BOE in 2009 

and 2010 respectively. This combination of effects leads to periods in which elec-

tricity is a signi fi cantly cheaper feedstock than sugar for the domestic production of 

biofuels, a trend that could amplify in the future (Figs.  3  and  4 ).  

 To project the cost of a mature Electrofuels technology, we consider an 

Electrofuels facility operating at the production level of a typical corn-to-ethanol 

facility, producing roughly 35 million GGE annually. Feedstock costs include the 

cost of electricity, CO 
2
 , and water, with oxygen production considered as a coprod-

uct when using an electricity feedstock and assuming a 65% overall energy conver-

sion ef fi ciency (Supp Calc 6). Wind electricity costs in the US Midwest currently 

range from $30 to $70/MWh  [  66  ] , although these costs will diminish in the future 

as capital is fully depreciated. Time-of-day pricing is also especially signi fi cant for 

wind resources: during the cheapest 6 h of the day prices seldom rise above $20/

MWh, and wind curtailment produces sustained periods of negatively priced elec-

tricity  [  16  ] . The cost of the CO 
2
  feedstock could approach zero where concentra-

tion and/or puri fi cation from waste streams is not necessary. Operating costs 

include maintenance and taxes, labor and overhead, materials and waste. The cost 

of capital is for the  n th plant cost and based on capital costs for a typical corn-to-

ethanol plant, using standard interest rates, construction periods, and depreciation 

schedules. Additional assumptions are described as footnotes to the calculations 

(Supp Calc 8). 

 Not surprisingly, the price of fuel from an Electrofuels approach is extremely 

sensitive to the price of the energy feedstock, and both conversion ef fi ciencies and 

the choice of carbon  fi xation platforms are crucial. Based on realistic assumptions 

and a cost of electricity of even $40/MWh, the projected cost of fuel is close to $3/

GGE (Table  3 ); at $20/MWh—the current cost of electricity in the cheapest 6 h of 

the day—costs drop to $2/GGE. Signi fi cant ef fi ciency losses included our calcula-

tions include 18% from projected voltage overpotential and 14% for electricity con-

version to hydrocarbon fuels. It is important to note, however, that these estimates 

still largely lack experimental underpinning, and more accurate estimates await 

additional data.  
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  Fig. 3    Comparison of the cost of sugar vs. electricity ( top graph ) and H 
2
  ( bottom graph ) as feed-

stocks for Electrofuels production of 1-butanol. Sugar pathway: C 
6
 H 

12
 O 

6
  → 2CO 

2
  + C 

4
 H 

10
 O + H 

2
 O. 

Electrofuels electricity pathway: 4CO 
2
  + 5H 

2
 O + 28e −  → C 

4
 H 

10
 O + 6O 

2
 . Electrofuels hydrogen path-

way: 4CO 
2
  + 14H 

2
  + O 

2
  → C 

4
 H 

10
 O + 9H 

2
 O.  Solid ,  dashed , and  dotted lines  represent the breakeven 

point for a sugar vs. electricity/H 
2
  plus CO 

2
  feedstock, with the  solid line  representing $80/ton 

CO 
2
 , the  dashed line  representing $40/ton CO 

2
 , and the  dotted line  representing $0/ton CO 

2
 .  Boxes  

with a given year are centered on the historical annual average cost of electricity, H 
2
  and sugar in 

the US Sugar costs are calculated from the yearly average price of a bushel of US Midwest corn 
assuming 15.5 wt.% moisture and 76.7 wt.% starch and sugar. Electricity costs are calculated from 
wind electricity developed in the US Midwest. H 

2
  costs are calculated using the yearly average 

Henry Hub price of natural gas with a hydrogen production cost model. The  arrows  indicate the 
change in average annual price over time. Future costs are taken from corn and natural gas futures 
prices and electricity cost projections (   sources:  [  12,   13,   20,   56,   57, 63–67  ]    )       
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 Both electricity and hydrogen feedstocks are clearly compatible with modern 

industrial infrastructure and both can supply the energy needed for an Electrofuels 

process (Fig.  5a ). While hydrogen can be produced  via  electrolysis or perhaps from 

catalytic water oxidation in the future, it might also be produced from natural gas or 

biomass reforming, offering gas-to-liquids or biomass-to-liquids (GTL/BTL) pos-

sibilities (Fig.  5b ). For example, steam reforming of industrial tail gases or low 

value hydrocarbons can produce hydrogen at less than $1.00/kg  [  32  ]  with concomi-

tant production of free, clean, concentrated inorganic carbon. These values would 

reduce feedstock costs to $1.34/GGE and overall costs to $2.25/GGE, even consid-

ering a likely increase in capital costs (Supp Calc 9).   
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  Fig. 4    Electricity supply curve ( top graph ) in the USA plotted against the LCOE, levelized cost 
of electricity. This supply includes the entire generation of the entire US  fl eet, which includes 
renewable and nonrenewable sources, as well as electricity produced in different locations at dif-
ferent times during the year. The  bottom graph  plots the corresponding supply curve of Electrofuels 
provided the electricity supply cost ( top graph ) and values from Table  3  (source: [ 47 ])       
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a

b
11 H2O

1 C4H10O

2 O2

4 CO2 + 16 H24 CH4 + 8 H2O

4 CO2 + 5 H2O 1 C4H10O + 6 O2

1 C4H10O + 9 H2O4 CO2 + 14 H2 + 1 O2

28 e-

heat

SMR Reactor Electrofuels

  Fig. 5    ( a ) Paths to Electrofuels using either direct current or dihydrogen as the energy source. ( b ) 
Proposed Electrofuels pathway as a gas-to-liquids technology where methane  fi rst passes through 
a steam methane reformer (SMR reactor) and then through a water–gas shift reaction, before the 
ef fl uent is cooled and fed to an Electrofuels reactor       

   Table 3       Major cost components of electrofuels process   

 

Item

Electricity Feedstock

CO2 Feedstock

O2 Co-product

Labor and Overhead

Maintenance and Taxes

Materials and Waste

Water Feedstock

Total Cost

Base Cost

$0.04/kWh

$40/ton CO2

$20/ton O2

$0.15/GGE

4% of TPI

$0.08/GGE

$2/1000 gallons

Supp Calc 8

Cost
 ($/GGE)

$2.15

$0.37

-$0.20

$0.15

$0.09

$0.08

$0.01

$3.09

$0.02

100%

25.3

1.23 2.0

52

50%

$0.06

Capital Cost $2/yearly GGE $0.45 $1 $6

$0 $100

$30

$0.07

$0.04 $0.16

$0.30

$0

1% 5%

$0 $3

$2 $3 $4 $5

Cellular Energy Efficiency

Cost of Electrofuels ($/GGE)

Item Base Value

100%

Delivered Voltage 1.5 V

e- Consumed per Butanol Produced 28 e-

Base Cost
$3.09/GGE

 

  Cost components and base values are tabulated to determine the individual cost of speci fi c compo-
nents as well as the overall cost of fuel production through electrofuels. With each cost item, a 
sensitivity analysis is provided in the Tornado chart on the  right  to illustrate how the variation in a 
single parameter in fl uences the overall cost. The  top  of the table/chart itemizes standard engineer-
ing parameters, whereas the  bottom  of the table/chart itemizes biological constraints, the latter 
which each of the Electrofuels projects address  

 



105538 Electrofuels: A New Paradigm for Renewable Fuels

    6   The Challenge of Scale 

 Current US electricity generation (4.2 × 10 12  kWh,  [  46  ] ) could produce roughly 24% 

of the Nation’s crude oil demands; the US installed base operating at 100% utiliza-

tion (1.12 TW nameplate capacity,  [  15  ] ) could produce roughly 55% of the Nation’s 

crude oil demands (Supp Calc 5). The economical production of fuel at even moder-

ate scales would require signi fi cant renewable energy feedstocks: at least 1 GW of 

renewable electricity would be required to synthesize 10,000 BOE/day via an 

Electrofuels approach (Supp Calc 5). No electrochemical process has ever 

approached such scales and implementation will clearly require signi fi cant advances 

in engineering. Still, the potential advantages of an Electrofuels platform for the 

production of liquid fuels through processes that avoid the constraints of photosyn-

thetic approaches is hard to overstate; replacement of 100% of the Nation’s gasoline 

demand using 20% ef fi cient solar collectors could be achieved harvesting the solar 

resource of approximately 7,000 mi 2  of nonarable land (Supp Calc 10), an area less 

than 5% of the acreage currently used for corn production in the USA  [  54  ] .  

    7   Conclusions 

 The Electrofuels program offers an opportunity to transform the US energy infra-

structure. By converting renewable electricity at times of low demand into fungible 

liquid fuels, engineered chemolithoautotrophic organisms could enable further inte-

gration of wind and solar energy on the electricity grid while diminishing US depen-

dence on foreign oil. The technical challenges remain signi fi cant, and the approach 

is still in its infancy. Those challenges notwithstanding the use of nonphotosynthetic 

autotrophic organisms offers a feedstock  fl exible and potentially high ef fi ciency 

synthesis of liquid fuels directly from renewable energy resources, without compe-

tition for arable land or scarce water resources. Continued development of the 

Electrofuels program offers a hedge against future resource constraints and the 

costly and unpredictable supply of foreign oil. 

  The Advanced Research Projects Agency  ( ARPA-E ) .  ARPA-E was created by the US 

Congress in 2007 to enhance our energy and economic security, strengthening 

national security through the way we generate, store, and use energy. ARPA-E 

invests in and manages the development of transformational energy technologies 

that hold the potential to radically shift our Nation’s energy reality. Modeled after 

the Defense Advanced Research Projects Agency (DARPA), ARPA-E considers 

high-risk/high-impact routes to energy innovation. ARPA-E aims to promote the 

rapid development of technologies toward a point where private investment funds 

demonstration at scale and deployment.      
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and Mr. Gregory Callman for their contributions to this chapter. We thank the 13 ARPA-E 
Electrofuels performer teams whose efforts make these goals possible.   
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      Appendix A. Supplementary Calculations 

    A.1   Supplementary Calculation 1: Energy Captured 

by Corn-to-Ethanol 

  Critical values  

 Annual solar radiance: 4.1 kWh/m 2 /day (Des Moines, IA—[ 40 ]) 

 Corn yield Midwest: 152.8 bushels/ac-yr  [  55  ]  

 Corn-to-ethanol yield: 2.8 gal ethanol/bushel corn     [  6,   10  ]  

  Annual solar energy 

    

× × × ×

= ×

2 6 2

13

(4.1kWh/m /day) (3.6 10 J/kWh) (4,047m /ac) (365days/yr)

2.2 10 J/ac - yr   
  

  Annual processed fuel energy 

    

×

× × ×

= ×

6

10

(152.8bushels corn/ac - yr) (2.8gal EtOH/bushel corn)

(3.785L EtOH/gal EtOH) (24 10 J/L EtOH)

3.9 10 J/ac - yr
  
  

  Fraction solar energy harness in ethanol fuel 

    
× × =

10 13(3.9 10 J/ac - yr) / (2.2 10 J/ac - yr) 0.18%
  
   

    A.2   Supplementary Calculation 2: Energy Captured 

by Sugarcane-to-Ethanol 

  Critical values  

 Annual solar radiance: 5.6 kWh/m 2 /day (Brazil— [  21,   23  ] ) 

 Brazil sugarcane yield: 33.4 tons harvested/ac-yr  [  55  ]  

 Sugarcane-to-ethanol yield: 19.5 gal ethanol/ton sugarcane  [  53  ]  

  Annual solar energy 

    

× × × ×

= ×

2 6 2

13

(5.6kWh/m /day) (3.6 10 J/kWh) (4,047m /ac) (365days/yr)

3.0 10 J/ac - yr
  
  



105738 Electrofuels: A New Paradigm for Renewable Fuels

  Annual processed fuel energy 

    

×

× × ×

= ×

6

10

(33.4tons sugarcane/ac - yr) (19.5gal EtOH/ton sugarcane)

(3.785L EtOH/gal EtOH) (24 10 J/L EtOH)

5.9 10 J/ac - yr   
  

  Fraction solar energy harnessed in ethanol fuel 

    
× × =

10 13(5.9 10 J/ac - yr) / (3.0 10 J/ac - yr) 0.20%
  
   

    A.3   Supplementary Calculation 3: Minimum Water 

Used by Electrofuels 

  Critical values  

 4CO 
2
  + 5H 

2
 O + 28e −  → 1C 

4
 H 

10
 O + 6O 

2
  (Electrofuels cell metabolism, 20e −  to convert 

2CO 
2
  to 2AcCoA, 8e −  to convert 2AcCoA to 1BuOH, assuming no diverted 

energy) 

  Minimum water use 

    

× ×

× × × × ×

=

2 2 2

6 6

2 2

2

(5mol H O/1mol BuOH) (18g H O/1mol H O) (1mol BuOH/74g BuOH)

(1,000g BuOH/36.6 10 J) (1L H O/1,000g H O) (34.2 10 J/L gasoline)

1.1gal H O/gal of gasoline equivalent
    

    A.4   Supplementary Calculation 4: Solar Ef fi ciency 

of Electrofuels 

  Critical values  

 4CO 
2
  + 5H 

2
 O + 28e −  → 1C 

4
 H 

10
 O + 6O 

2
  (Electrofuels cell metabolism) 

 Ef fi ciency of solar panel: 20%  [  25  ]  

 Voltage of delivered electricity: 1.5 V  [  39  ]  

  Solar ef fi ciency of electrofuels 

    

− − −

−

× × ×

× × ×

× × ×

=

=

18

23

6

(0.2J e /J solar energy) (1C( 1.5V) /1.5J e ) (6.24 10 e /C)

(1BuOH/28 e ) (1mol BuOH/6.02 10 BuOH)

(74g BuOH/mol BuOH) (36.6 10 J/1,000g BuOH)

13.3%

@

29.1%   
  

    (with state of art 43.5% solar cell,  [  25      ] )  
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    A.5   Supplementary Calculation 5: Land Requirements 

for Fuels Production 

  Critical values  

 Electrofuels solar ef fi ciency: 13.3% (Supp Calc 4) 

 Joule unlimited solar ef fi ciency: 7.2%  [  49  ]  

 Annual solar radiance: 5.7 kWh/m 2 /day (El Paso, TX—[ 40 ]) 

  Land use requirements 

    

× × ×

× × ×

=

=

=

2 6 2

9

(5.7kWh/m /day) (3.6 10 J/kWh) (4,047m /ac)

(1BOE/6.12 10 J) (365days/yr)

4,950BOE/ac - yr(solar energy)

660BOE/ac - yr(Electrofuels 13.3% Efficiency -Wood-Ljundahl)

360BOE/ac - yr(Electrofuels 7.2%

@

@ Effic

=

iency-3 - hydroxypropionate

bicycle or Calvin cycle, anaerobic)

360BOE/ac - yr(Joule Unlimited 7.2% Effici@ ency)
  
   

    A.6   Supplementary Calculation 6: Electrofuels Production 

from Wind Energy 

  Critical values  

 Annual wind energy: 0.053 kWh/m 2 /day (North Dakota—[ 41 ])

    
−

+ + → +2 2 4 10 24CO 5H O 28e 1C H O 6O (Electrofuels cell metabolism)
  
  

  Electrical ef fi ciency of electrofuels 

    

− − −
× × ×

× × ×

× ×

=

18

23

6

(1C( 1.5V)/1.5Je ) (6.24 10 e /C) (1 BuOH/28e )

(1mol BuOH/6.02 10 BuOH) (74g BuOH/mol BuOH)

(36.6 10 J/1,000g

@

BuOH)

66.8%   
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  Land use requirements 

    

× × ×

× × ×

=

=

=

2 6 2

9

(0.053kWh/m /day) (3.6 10 J/kWh) (4,047m /ac)

(1 BOE/6.12 10 J) (365 days/yr)

46 BOE/ac - yr (Wind Energy Energy)

31 BOE/ac - yr (Electrofuels 66.8% Efficiency-Wood-Ljungdahl)

17 BOE/ac - yr (Electro

@

@fuels 36.0%

Efficiency-3 - hydroxypropionate bicycle or Calvin cycle, anaerobic)
  
   

    A.7   Supplementary Calculation 7: Electricity Requirements 

for Fuel Production 

  Critical values 

    
−

+ + → +2 2 4 10 24CO 5H O 28e 1C H O 6O (electrofuels cell metabolism)
  
  

 Voltage of delivered electricity: 1.5 V  [  39  ]  

 US electricity nameplate capacity: 1.12 TW  [  15  ]  

 US electricity generation: 4.2 × 10 15  Wh/yr  [  46  ]  

 US annual petroleum consumption: 7.0 × 10 9  barrels of petroleum  [  15  ]  

  Electricity required to produce 10,000 BOE/day 

    

− − −

−

× × × ×

× × ×

× × × ×

=

9 6

23

18

(10,000 BOE / day) (6.12 10 J/BOE) (1kg BuOH/36.6 10 J)

(28mole / 0.074kg BuOH) (6.02 10 e /mole )

(1C/6.24 10 e ) (1.5J/1C( 1.5V)) (1 day/86@ ,400s)

1.06GW   
  

  Possible fuel production from current US electricity generation 

    

× × × ×

= ×

15 9

9

(4.2 10 Wh/yr) (10,000 BOE/day/1.06 10 W) (1 day/24 h)

1.7 10 BOE/yr (24% U.S. annual consumption)
  
  

  Possible Fuel Production from Current US Electricity Capacity (@ 100% capacity 

factor) 

    

× × × ×

= ×

12 9

9

(1.12 10 W) (10,000 BOE/day/1.06 10 W) (365days/yr)

3.9 10 BOE/yr (55% U.S. annual consumption)
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    A.8   Supplementary Calculation 8: Cost of Electrofuels 

from Electricity 

 Calculations for the cost of electricity, CO 
2
 , labor, maintenance, taxes, materials, 

waste, water, and value of O 
2
  coproduct and can be derived from base costs in 

Table  3 , and Supplementary Calculations 1–7. The annual cost of capital is derived 

by numerically solving for a net present value (NPV) of zero. This can be done 

assuming: 3-year construction period with constant spending rate, working capital 

equal to 15% of the total capital investment, 20-year facility life, 5-year MARCS 

depreciation of capital, 10% interest rate, 2% in fl ation rate, 50% nameplate utiliza-

tion in year 1, 75% in year 2, and 100% in years 3–20, and 10% down time in years 

1–20.  

    A.9   Supplementary Calculation 9: Cost of Electrofuels 

from Natural Gas 

  Critical values  

 4CO 
2
  + 14 H 

2
  + O 

2
  → 1C 

4
 H 

10
 O + 9H 

2
 O (Electrofuels cell metabolism) 

 Cost of H 
2
 : $1/kg H 

2
  (on-site production;  [  32  ] ) 

 Cost of CO 
2
 : $0/ton (coproduced with H 

2
  ef fl uent) 

 25% increase in the cost of capital 

 No O 
2
  coproduct 

 Balance of systems cost: $0.92/GGE 

  Cost of feedstock 

    

× ×

× × ×

× × × × ×

=

=

2 2 2

2

6 6

2 2

(14mol H /mol BuOH) (2g H /mol H ) (1kg/1,000g)

($1/kg H ) (1mol BuOH/74g BuOH) (1,000g/kg)

(1kg BuOH/36.6 10 J) (34.2 10 J/L) (3.785L/gal)

$1.34/GGE (H and CO combined cost contribution)

$2.25/GGE (overall cost)   
   

    A.10   Supplementary Calculation 10: Land Use Requirements 

for Electrofuels 

  Critical values  

 US daily crude oil consumption: 19,148,000 barrels/day  [  15  ]  

 US daily gasoline consumption: 9,034,000 barrels/day  [  15  ]  

 Electrofuels solar ef fi ciency: 13.3% (Supp Calc 4) 

 Annual solar radiance: 5.7 kWh/m 2 /day (El Paso, TX—[ 40 ]) 
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  Land use requirements 

    

× × ×

× × × ×

×

= ×

=

= ×

6 9

6 2 2

6

2

(19.148 10 barrel crude oil/day) (6.12 10 J/barrel crude oil)

(1kWh/3.6 10 J) (1m /day/5.7kWh) (1ac/4,047m )

(1J solar/0.133J fuel)

10.6 10 acres

16,600mi

129mi 129mi (for total U.S. crude oil production)
  

    

× × ×

× × × × ×

× ×

= × =

= ×

6

6 6 2

2

6 2

(9.034 10 barrel gasoline/day) (42 gal/barrel) (3.785L/gal)

(34.2 10 J/L) (1kWh/3.6 10 J) (1m /day/5.7kWh)

(1ac/4,047m ) (1J solar/0.133J fuel)

4.4 10 acres 6,950mi

83mi 83mi (for total U.S. gasoline production)
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  Abstract   Isobutanol (IBT) can be used as a 100% replacement for gasoline in 

existing automobile engines, has >90% of the energy density of gasoline and is 

compatible with established fuel distribution infrastructure. The facultatively auto-

trophic bacterium  Ralstonia eutropha  can utilize H 
2
  for energy and CO 

2
  for carbon 

and is also employed in industrial processes that produce biodegradable plastics. 

Using a carefully designed production pathway,  R. eutropha , a genetically tractable 

organism, can be modi fi ed to produce biofuels from autotrophic growth. Microbial 

    C.  J.   Brigham   •     C.  S.   Gai     

     Department of Biology ,  Massachusetts Institute of Technology ,

  77 Massachusetts Avenue ,  Cambridge ,  MA   02139 ,  USA       

     J.   Lu  

     Department of Chemistry ,  Massachusetts Institute of Technology , 

  77 Massachusetts Avenue ,  Cambridge ,  MA   02139 ,  USA    

    D.  R.   Speth  

     Department of Biology ,  Massachusetts Institute of Technology ,

  77 Massachusetts Avenue ,  Cambridge ,  MA   02139 ,  USA  

   Department of Microbiology ,  IWWR, Radboud University Nijmegen , 

  Heyendaalseweg 135 ,  6525 AJ   Nijmegen ,  The Netherlands    

    R.  M.   Worden  

     Department of Chemical Engineering and Materials Science , 

 Michigan State University ,   East Lansing ,  MI   48824 ,  USA    

    A.  J.   Sinskey   (*)

     Department of Biology ,  Massachusetts Institute of Technology ,

  77 Massachusetts Avenue ,  Cambridge ,  MA   02139 ,  USA  

   Engineering Systems Division ,  Massachusetts Institute of Technology , 

  77 Massachusetts Avenue ,  Cambridge ,  MA   02139 ,  USA  

   Health Sciences Technology Division ,  Massachusetts Institute of Technology ,

  77 Massachusetts Avenue ,  Cambridge ,  MA   02139 ,  USA    

e-mail:  asinskey@mit.edu   

    Chapter 39  

  Engineering  Ralstonia eutropha  for Production 
of Isobutanol from CO 

2
 , H 

2
 , and O 

2
        

       Christopher   J.   Brigham   ,    Claudia   S.   Gai   ,    Jingnan   Lu   ,    Daan   R.   Speth   , 

   R.   Mark   Worden   , and    Anthony   J.   Sinskey         



1066 C.J. Brigham et al.

production of IBT can be achieved by directing the  fl ow of carbon through a 

 synthetic production pathway involving the branched-chain amino acid biosynthe-

sis pathway, a heterologously expressed ketoisovalerate decarboxylase, and a broad 

substrate speci fi city alcohol dehydrogenase. We discuss the motivations and the 

methods used to engineer  R. eutropha  to produce the liquid transportation fuel IBT 

from CO 
2
 , H 

2
 , and O 

2
 .      

    1   Introduction 

 Increased demand for fossil fuels along with dwindling reserve supplies reveals an 

immediate need for alternative fuel sources. Bio-based fuels, or biofuels, are pro-

duced from many sources of biomass. Microbially produced biofuels offer a sus-

tainable approach to fuel production using inexpensive carbon sources, such as 

agricultural waste or CO 
2
   [  1  ] . The availability of H 

2
  derived from solar-powered 

electrolysis will eventually increase dramatically, creating demand for microbes 

that use this energy source to convert CO 
2
  into value-added chemical compounds, 

including liquid transportation fuels. Ethanol has been long discussed as a biofuel 

since Beall et al.  [  2,   3  ]  developed a method for producing ethanol from sugars using 

a recombinant  Escherichia coli  strain. However, ethanol is not the most suitable 

alcohol for biofuel use as its hygroscopicity is higher and its energy density is lower 

than for longer chain alcohols  [  4  ] . Isobutanol (IBT), on the other hand, can be used 

without gasoline-blending in existing internal combustion engines and is compati-

ble with the existing fuel infrastructure  [  5  ] . Recently, an automobile competed in 

the American Le Mans racing Series running on 100% IBT  [  6  ] . Although the source 

of IBT was not disclosed, the American Le Mans racing Series had recently approved 

IBT from corn, sugarcane, and cellulosic feedstocks for use as a fuel  [  7  ] . 

    1.1    Ralstonia eutropha  as IBT Production Organism of Choice 

 Despite the initial successes in IBT biosynthesis with  E. coli   [  4  ]  and yeast  [  8  ]  using 

glucose as the main carbon source, the lone published attempt to establish IBT produc-

tion in a host organism that can utilize CO 
2
  as a carbon source, the photosynthetic 

cyanobacterium  Synechococcus elongates , resulted in an IBT titer of less than 1 g/L  [  4  ] . 

The facultatively autotrophic Gram-negative bacterium  Ralstonia eutropha  is capable of 

reducing CO 
2
  in the presence of O 

2
 . It has also been observed to utilize H 

2
 , both exoge-

nously delivered to culture vessels and produced in situ via electrolysis  [  9  ] .  R. eutropha  

is a metabolically versatile bacterium that can also utilize sugars, fatty acids, amino 

acids, and triacylglycerols as carbon sources  [  10,   11  ] . When available in excess, carbon 

is typically stored by  R. eutropha  in the form of polyhydroxybutyrate (PHB), a natural 

polyester present in intracellular inclusion bodies  [  12–  14  ] . Designing a recombinant 

strain of  R. eutropha  to produce IBT as opposed to PHB would require a redirection of 

carbon  fl ux via the pathway shown in Fig.  1 . A well-developed collection of  R. eutropha  

basic biology and strain engineering tools, enumerated in Table  1 , exists allowing facile 
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modi fi cation of the  R. eutropha  genome. These factors make  R. eutropha  an ideal organ-

ism for metabolic engineering to produce IBT from CO 
2
 , H 

2
 , and O 

2
 .    

    1.2   Engineering  R. eutropha  to Produce IBT: Overview 

and Rationale 

 Autotrophic production of PHB in  R. eutropha  has been studied previously, and the 

fermentation parameters to maximize culture density and mitigate explosion risk 

  Fig. 1    Schematic diagram of the engineered isobutanol (IBT) production pathway in  Ralstonia 

eutropha . Shown in  red  are the steps of the pathway that direct carbon  fl ux away from branched 

chain amino acid (BCAA) biosynthesis towards isobutyraldehyde and IBT synthesis.  IlvB  aceto-

hydroxyacid synthase;  IlvC  ketoacid reductoisomerase;  IlvD  dihydroxyacid dehydratase;  IlvE  

transaminase;  Kivd  ketoisovalerate decarboxylase;  Adh  alcohol dehydrogenase;  3PGA  3-phospho-

glycerate;  2PGA  2-phosphoglycerate;  PEP  phosphoenol pyruvate. All enzymes present in this 

 fi gure are discussed in the text       

   Table 1    Catalog of  R. eutropha  strain engineering and culture analysis tools   

 Engineering/analysis tool  Research application for IBT production studies  Reference(s) a  

 Plasmid-borne gene 

expression 

 High-level expression of IBT pathway enzymes   [  97  ]  

 Targeted gene deletion  Removal of genes whose products divert carbon 

from IBT 

  [  98  ]  

 Microarray analysis  Identi fi cation of genes involved in CO 
2
   fi xation 

and IBT production 

  [  10  ]  

 Transposon mutant libraries  Creation of screens for product tolerance   [  99  ]  

 Fermentation product 

analysis 

 GC analysis of alcohols. Test of IBT production 

strain. Optimize and scale-up IBT production 

  [  100  ]  

   a Reference indicates an example of the technique from published literature  
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have been studied in detail  [  14–  16  ] . Also, stoichiometric formulae for autotrophic 

biomass and PHB production have been calculated, with the latter being  [  14  ] :

     
+ + → +

2 2 2 4 6 2 2
4CO 33H 12O C H O 30H O

 
  (1)   

 Adapting this stoichiometry for IBT production, the overall mass balance on the 

gaseous inputs and liquid products would be:

     
+ + → +

2 2 2 4 10 2
4CO 36H 12O C H O 31H O

 
  (2)   

 The standard free energy (∆ G °) for this overall reaction is −5.0 MJ/mol IBT, 

which demonstrates that IBT production is not in violation of thermodynamic laws. 

Assuming that 50% of the electrical energy used for H 
2
 O electrolysis (∆ G ° = 0.237 MJ/

mol H 
2
 O) is lost as heat, approximately ((0.237 MJ/mol H 

2
 ) × (36 mol H 

2
 )/

(0.5)) = 17.1 MJ of electrical energy are needed to produce 1 mol of IBT (C 
4
 H 

10
 O). 

As the approximate heat of combustion of IBT is 2.4 MJ/mol, the IBT production 

process involving a recombinant  R. eutropha  strain discussed here should be able to 

convert approximately 10% of the input electrical energy to transportation fuel 

energy. The required input H 
2
 :O 

2
  ratio of 3:1 can easily be achieved via H 

2
 O elec-

trolysis, which produces separate H 
2
  and O 

2
  product streams that can be fed to IBT-

producing  R. eutropha  cultures in any desired ratio. However, integrating the 

fermentation with in situ generation of H 
2
  and O 

2
  presents a reactor design chal-

lenge, which is discussed below (see Sects.  4.1  and  4.2 ). 

 When grown autotrophically,  R. eutropha  generates the energy and reducing 

equivalents required to drive carbon  fi xation by the oxidation of H 
2
  gas, catalyzed 

by hydrogenase enzymes. There are three types of hydrogenases present in  R. eutro-

pha.  Two of these are energy conserving hydrogenases (Fig.  2 ): a membrane bound 

hydrogenase (MBH, Fig.  2a ) and a soluble hydrogenase (SH, Fig.  2b ). The third is 

a regulatory hydrogenase (RH), which serves as a hydrogen sensor  [  17  ] .  

 Electrons generated by the MBH are directed into the respiratory chain, provid-

ing the reducing equivalents for reduction of O 
2
  to H 

2
 O and the proton gradient for 

ATP synthesis  [  18  ] . The cytoplasmic SH directly reduces NAD +  to NADH  [  19  ] , 

which is necessary to drive carbon  fi xation via the Calvin–Benson–Bassham (CBB) 

cycle  [  20  ] . Because all three hydrogenases in  R. eutropha  are resistant to inhibition 

by ambient oxygen concentrations, H 
2
  oxidation can be coupled to the reduction of 

O 
2
 , a rare property among microorganisms  [  21  ] . Despite the presence of a hydrogen 

sensor, expression of both energy-conserving hydrogenases is linked to global 

energy level, not the amount of available hydrogen  [  22  ] . The combination of consti-

tutive expression and oxygen resistance allows use of the hydrogenases in aerobic 

processes, such as the autotrophic production of IBT. 

 For design of an IBT production pathway in  R. eutropha , carbon must  fi rst be 

diverted from PHB biosynthesis. A deletion of the PHA synthase gene,  phaC , abol-

ishes PHB production  [  23  ] . However, to maximize carbon  fl ow to IBT, the  b -keto-

thiolase and acetoacetyl-CoA reductase genes ( phaA  and  phaB , respectively) have 

also been deleted. Further optimization of carbon  fl ow requires that many of the 
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genes and enzymes needed for the IBT biosynthesis pathway (Fig.  1 ), most which 

are native to  R. eutropha , be expressed concomitantly and that the temporal expres-

sion of the pathway is highest during “carbon storage” conditions. 

 The CBB cycle is used by a vast majority of autotrophic microorganisms for CO 
2
  

assimilation, and is often coupled with photosynthesis. Ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) is the key enzyme of the cycle. RuBisCO is a 

bifunctional enzyme that is involved both in photosynthesis and photorespiration in 

photosynthetic organisms. The enzyme catalyzes the initial step in the  fi xation of 

CO 
2
 . In this reaction, one molecule of CO 

2
  is added to ribulose-1,5-bisphosphate, 

yielding two molecules of 3-phosphoglycerate (3-PGA) which can be metabolized 

to pyruvate or other central metabolites. When  R. eutropha  is growing autotrophi-

cally, the reducing equivalents required for the CBB cycle are generated by the 

oxidation of hydrogen, rather than photosynthesis. Figure  3  shows a schematic of 

the  R. eutropha  CBB pathway.  

 To enhance CO 
2
   fi xation, organisms have developed ef fi cient methods to acquire 

inorganic carbon. Carbonic anhydrase (carbonate dehydratase) enzymes play important 

  Fig. 2    Roles of membrane-bound hydrogenase (MBH) and soluble hydrogenase (SH) in  R. eutro-

pha  during autotrophic growth. ( a ) The MBH complex ( green ) transfers electrons from hydrogen 

(H 
2
 ) down the electron transport chain to a cytochrome  a  ( blue ) that results in the reduction of 

molecular O 
2
  to H 

2
 O. Alternatively, protons are pumped into the cell by the F 

0
 F 

1
 -ATPase ( purple ) 

to produce ATP. ( b ) The soluble hydrogenase splits H 
2
  to produce NADH + H +  directly from NAD + . 

A transhydrogenase ( dark blue ) can then produce NADPH + H +  from NADP +  and NADH + H + . For 

information on the individual subunits of SH and MBH, refer to  [  17  ]        
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roles in this process  [  24  ] . Carbonic anhydrases (CAs) are zinc-containing enzymes that 

catalyze the reversible formation of bicarbonate (HCO  
3
  −  ) from water and carbon diox-

ide  [  25  ] . These enzymes are important to many physiological processes as well, such 

as respiration, photosynthesis, transport, and autotrophic  fi xation of CO 
2
  as well as 

HCO  
3
  −   or H +  coupled ion transport, pH regulation, or carboxylation reactions. Recent 

work has shown that CAs are present in a wide range of metabolically diverse species 

from both Archaea and Bacteria, indicating that the enzyme has a more extensive and 

fundamental role in prokaryotic biology than previously recognized  [  24,   26  ] . 

Maintenance of the optimal CO 
2
  concentration in the  R. eutropha  cell during auto-

trophic fermentation avoids CO 
2
  limitation during carbon  fi xation by the CBB cycle 

and, in consequence, ensures optimal IBT production. The action of CAs could play a 

central role in this process. 

 The 3-PGA produced in the CBB cycle is converted into pyruvate  [  27  ] , which 

can be utilized by the branched-chain amino acid (BCAA) production pathway to 

produce the intermediate ketoisovalerate (KIV) (Fig.  1 ). The BCAA valine, leucine, 

and isoleucine are synthesized by plants, algae, fungi, Bacteria, and Archaea through 

  Fig. 3    Schematic diagram of the Calvin–Benson–Bassham (CBB) cycle in  R. eutropha.  Ribulose-

5-phosphate is phosphorylated by the enzyme phosphoribulose kinase (CbbP). The resulting com-

pound, ribulose-1,5-bisphosphate is then carboxylated by ribulose-1,5-bisphosphate carboxylase/

oxygenase (RuBisCO) (CbbL and CbbS) The outcome of this carboxylation are two molecules of 

3-phosphoglycerate (3-PGA). 3-PGA is phosphorylated by phosphoglycerate kinase (CbbK) to 

yield 1,3-bisphosphoglycerate (1,3-BP). 1,3-Bisphosphoglycerate is reduced by NADPH to yield 

NADP +  and glyceraldehyde-3-phosphate (GAP) by glyceraldehyde-3-phosphate dehydrogenase 

(CbbG). GAP is then converted fructose-6-phosphate (F6P) by aldolase (CbbA) and fructose bis-

phosphatase (CbbF). The reversible reactions of the reductive pentose phosphate cycle involving 

erythrose-4-phosphate, fructose-6P, sedoheptulose-7P, xylulose-5P, and ribose-5-P are catalyzed 

by the enzymes: Transketolase (CbbT), fructose-bisphosphate aldolase (CbbA), fructose/sedohep-

tulose bisphosphatase (CbbF), ribulose-5-epimerase (CbbE), and triosephosphate isomerase 

(TpiA). Ribose-5P is isomerized by ribose-5-phosphate isomerase (RpiA) to yield ribulose-5P, 

which can then be put back into the cycle  [  27,   96  ]        
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a common pathway  [  28  ] . The common enzymes in BCAA biosynthesis pathways 

(Fig.  4 ) are acetohydroxyacid synthase (AHAS), ketoacid reductoisomerase (KARI), 

dihydroxyacid dehydratase (DHAD), and transaminase (TA). These enzymes are 

involved in synthesis of all three BCAAs, and their expression and activity are 

tightly regulated through tRNA BCAA  repression, substrate speci fi city, and feedback 

inhibition.  R. eutropha  BCAA biosynthesis enzymes have not been studied previ-

ously. However, sequence alignment with other characterized BCAA biosynthesis 

enzymes from  E. coli, Corynebacterium glutamicum ,  Bacillus subtilis , and 

 Streptomyces avermitilis  revealed that the  R. eutropha  enzymes are most similar to 

the ones from  E. coli  on the level of primary sequence.  

 The KIV produced in the BCAA pathway is a key intermediate in IBT production 

(Fig.  4 ). To decarboxylate KIV to isobutyraldehyde, the precursor of IBT, a heter-

ologous enzyme must be expressed in  R. eutropha . To accomplish this, the ketois-

ovalerate decarboxylase ( kivd ) gene from  Lactococcus lactis  is expressed, either on 

a plasmid or inserted into the  R. eutropha  genome, to allow production of isobutyr-

aldehyde from 2-KIV (data not shown). Subsequently, an alcohol dehydrogenase 

(Adh) converts isobutyraldehyde to IBT. Initial assays for Adh activity in cell 

extracts of  R. eutropha  using isobutyraldehyde as the substrate yielded no detectable 

activity. Multifunctional Adh activity is repressed in  R. eutropha  during growth 

under ambient O 
2
  concentrations  [  29–  31  ] . Thus, a native, constitutively expressed 

Adh or a heterologous Adh with substrate speci fi city for isobutyraldehyde is needed 

for the  fi nal step of IBT production. A “short-chain alcohol dehydrogenase” has 

  Fig. 4    Schematic diagram of BCAA metabolism in  R. eutropha . Pyruvate is the common precur-

sor, which is reacted by acetohydroxyacid synthase (AHAS). AHAS can also incorporate 2-keto-

butyrate, allowing a branch point to isoleucine biosynthesis. Ketoacid reductoisomerase (KARI) 

and dihydroxyacid dehydratase (DHAD) then produce the key intermediate 2-ketoisovalerate 

(KIV). A transaminase (TA) produces valine from 2-KIV. The IBT production pathway competes 

with TA for 2-KIV. Other enzymes:  IPMS  isopropylmalate synthase;  IPMD  isopropylmalate syn-

thase;  IPMDH  isopropylmalate dehydrogenase       
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been described in  R. eutropha , but in wild-type cells is only expressed under anaerobic 

conditions  [  31  ] . Thus, the enzyme must be expressed under the right conditions for 

use in IBT production. Additionally, heterologous Adh enzymes, such as YqhD, 

have shown promise for converting isobutyraldehyde to IBT. The  yqhD  gene from 

 E. coli   [  32  ]  has been used in previous iterations of IBT production pathways in 

heterotrophic organisms  [  4,   33  ] .  

    1.3   IBT Production Conditions 

 Wild-type  R. eutropha  will accumulate up to 80% of its dry cell mass as the carbon 

storage compound PHB when it encounters nutrient stress  [  34  ] . During this strin-

gent response,  R. eutropha  stops growth and slows down central metabolism 

(Brigham et al., manuscript in preparation) so that most of the intracellular carbon 

 fl ux is redirected towards PHB synthesis. 

 Eliminating the PHB synthesis pathway from  R. eutropha  causes an over fl ow of 

the intermediate pyruvate during nutrient starvation, which is excreted to prevent 

toxicity  [  35  ] . Because pyruvate feeds the BCAA synthesis pathway used to generate 

IBT  [  4  ] , nutrient starvation could be used to maximize carbon  fl ux towards IBT.   

    2    R. eutropha  IBT Production Pathway 

    2.1   Hydrogenase Enzymes 

 Hydrogenases are classi fi ed in three families, the [Fe]-hydrogenases, the [FeFe]-

hydrogenases, and the [NiFe]-hydrogenases, based on their catalytic-site metal 

cofactors  [  21  ] . Only the NiFe hydrogenases are discussed here, as all three hydro-

genases present in  R. eutropha  belong to this family  [  17  ] . Furthermore, the RH are 

not discussed since it does not have a role in the hydrogen metabolism of  R. eutro-

pha  H16  [  22  ] . As mentioned previously, the two types of energy conserving hydro-

genases, MBH and SH, produce the energy and reducing equivalents supporting 

autotrophic growth of  R. eutropha . Because of their oxygen tolerance, these hydro-

genases in  R. eutropha  have been studied in detail (reviewed in  [  17,   36  ] ). 

 MBH uses extracellular hydrogen to provide reducing equivalents to the respira-

tory chain, allowing the four-electron reduction of O 
2
  to H 

2
 O. The electrons gained 

in oxidation of hydrogen at the NiFe catalytic site are transported through the three 

iron-sulfur (FeS) clusters of the electron transfer subunit to a cytochrome  b  in the 

membrane anchor  [  37  ] . From cytochrome  b  the electrons are directed into the qui-

none pool. The proximal FeS cluster, closest to the catalytic site, is critical for oxy-

gen tolerance of the MBH, which is inferred from rapid reduction of O 
2
  bound to the 

catalytic site  [  38  ] . The required electrons for the three-electron reduction of the 



107339 Engineering  Ralstonia eutropha  for Production of Isobutanol from CO
 2
 , H 

2
 , and O 

2
 

peroxide radical, bound to the active site after oxidation by O 
2
 , are transferred from 

the quinone pool. 

 The cytoplasmic SH uses intracellular H 
2
  to directly reduce NAD +  to NADH, 

through electron transfer from its catalytic subunit, through an FeS-containing elec-

tron transfer subunit, to a  fl avin containing diaphorase moiety consisting of two 

subunits  [  19  ] . The remaining two subunits create a binding pocket for NADPH, 

which is required for catalytic activation of the enzyme  [  39  ] . The autotrophic growth 

rate of  R. eutropha  decreases twofold in an SH deletion mutant, illustrating that it is 

necessary to support the high reducing equivalent requirement of the CBB cycle 

 [  20  ] . The oxygen tolerance of the SH is thought to have a different molecular basis 

than that of the MBH, since it cannot access the quinone pool as rapidly. The coor-

dination sphere of the NiFe active site is proposed to contain two additional cyanide 

(CN) ligands, one coordinating each metal atom  [  40,   41  ] . However, a recent study 

suggests that these two CN ligands are not present in situ, suggesting an alternative, 

yet to be elucidated, mechanism for oxygen tolerance  [  42  ] . 

 In summary, both types of energy-conserving hydrogenase are oxygen tolerant at 

ambient concentrations and serve a distinct purpose in maintaining the energy bal-

ance of the cell. Optimal IBT production requires a balance of both hydrogenase 

activities.  

    2.2   Carbonic Anhydrase 

 Carbonic anhydrase (CA) catalyzes the reversible hydration of dissolved CO 
2
  via a 

two-step mechanism that involves an attack of zinc-bound OH −  on a CO 
2
  molecule 

loosely bound in a hydrophobic pocket. The resulting zinc-coordinated HCO  
3
  −   ion 

is displaced from the metal ion by H 
2
 O  [  25  ] . The overall reaction is as follows:

     
+ −

+ ↔ +
2 2 3

CO H O H HCO
 
  (3)   

 Although this reaction occurs without CA, the uncatalyzed hydration and dehy-

dration reactions are slow. Therefore, CA is important when the availability of CO 
2
  

or HCO  
3
  −   becomes limiting to a metabolic reaction  [  43  ] . Because the reaction shown 

in ( 3 ) involves protons, the equilibrium ratio of the two carbon forms is a function 

of pH. At physiological ionic strengths, CO 
2
  predominates at a pH of less than 6.4, 

and HCO  
3
  −   is the dominant form in the pH range of 6.4 and 10.3. 

 Three main evolutionarily distinct families of CAs were initially identi fi ed ( a ,  b , 

and  g -CAs), and recently two more CA classes, the  d  and  z  classes, have been found 

in marine diatoms  [  44  ] . All CA families require zinc at the active site to activate the 

water molecule, although the  g -CAs have been shown to use iron at the active site 

under anaerobic conditions. However, there is no signi fi cant sequence homology 

between families, and they appear to be examples of convergent evolution of cata-

lytic function. 
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    2.2.1   Types of CA Present in  R. eutropha  

   a -CA : The best-studied group of the CAs is the  a -class,  fi rst described and mostly 

studied in mammals, but also found in other organisms  [  24,   26  ] . Most  a -CAs are 

monomeric enzymes, with an active site zinc ion coordinated by three histidine resi-

dues. Members of this family may be involved in maintaining pH balance, in facili-

tating transport of carbon dioxide or bicarbonate, or in sensing carbon dioxide levels 

in the environment  [  25,   45  ] . 

   b -CA : The  b -class has been identi fi ed in plants, Bacteria, red and green algae, fungi, 

and Archaea  [  46,   47  ] . For many organisms, including  R. eutropha ,  b -CA is essential 

for growth at atmospheric concentrations of CO 
2
   [  47,   48  ] . The fundamental struc-

ture of  b -CA, a dimer, is the only one known to exhibit allosteric regulation by 

bicarbonate ion  [  46  ] . 

   g -CA : The  g -CAs, which are predominantly found in Archaea, have strikingly dif-

ferent sequence features than the  a - and  b -CAs, The  g -CAs. are trimeric enzymes 

that contain a zinc in the active site. In an anaerobic environment, the zinc is replaced 

by iron as the physiologically relevant active site metal  [  45,   49  ] .  R. eutropha  is 

capable of growth under anaerobic conditions, and may utilize a  g -CA (see below) 

under these conditions. 

 Although the primary structure and number of subunits of the various classes of 

CAs are strikingly different, the metal- (in most cases zinc) coordinating site is 

remarkably similar at the structural level  [  45,   46  ] . 

 Four putative CA genes were identi fi ed in the genome sequence of  R. eutropha  

strain H16. Two are located on chromosome 1, and two on chromosome 2. H16_

A1192 encodes a  g -like-CA/acetyltransferase,  can  (locus tag H16_A0169) and  can2  

(locus tag H16_B2270) encode  b -CA enzymes, and  caa  (locus tag H16_B2403) 

encodes a periplasmic  a -CA. The presence of genes for multiple carbonic anhy-

drases in  R. eutropha  suggests that these enzymes play a major role in its physiology 

and that the function of the different types is complementary  [  24  ] . However, the 

exact roles of all four CA enzymes are still largely unknown. The only  R. eutropha  

CA gene studied to date is  can   [  48  ] , which was identi fi ed as being essential for 

growth under atmospheric concentrations of CO 
2
 . Either the presence of the other 

three CAs was not suf fi cient to support growth under ambient CO 
2
  concentrations, 

or these other CA genes were not expressed  [  48  ] . The metabolic processes in which 

the activity of the other three CAs plays a role remain to be identi fi ed. 

 Since CO 
2
  and HCO  

3
  −   are both involved in a wide range of cellular processes, 

CAs can have different physiological roles. One role is to increase the supply of CO 
2
  

or HCO  
3
  −   for metabolic reactions. For example, during the carboxylation reaction of 

RuBisCO, which uses only CO 
2
 , competition between CO 

2
  and O 

2
  for the active site 

is attenuated when the concentration of CO 
2
  is higher. It is mainly for this purpose 

that CA activity, and enhancement thereof, may be crucial for autotrophic IBT pro-

duction in  R. eutropha.  Other roles CA may play include delivery of carbon to the 

correct location within the cell and retention of CO 
2
 . Both of these roles are impor-

tant, as CO 
2
  can readily pass through biological membranes and quickly leak out of 
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the cell. The role of CAs in transportation and retention of CO 
2
  is shown through the 

carboxysomes, or CO 
2
  concentration mechanism (CCM), which are important in 

cyanobacteria and algal carbon  fi xation  [  50,   51  ] . The action of CAs may also be 

important in pH homeostasis  [  43  ] . The roles of CA enzymes in IBT production are 

likely to prove important, both for concentrating CO 
2
  to drive the RuBisCO reaction 

towards carbon  fi xation and for increasing CO 
2
  tolerance.   

    2.3   Calvin–Benson–Bassham Cycle 

 Autotrophic CO 
2
   fi xation via the CBB cycle in  R. eutropha  is genetically determined 

by two operons ( cbbLSXYEFPTZGKA ), one of which is located on chromosome 2 

(H16_B1383 to H16_B1396) and the other on megaplasmid pHG1 (PHG416 to 

PHG427). The chromosomal operon ( cbb  
 c 
 ) of the strain has a length of about 

15.2 kilobase (kb) pairs comprising 13 genes. The second, highly homologous 

operon ( cbb  
 p 
 ) is located on the megaplasmid pHG1 and contains only 12 genes, 

totaling approximately 12.8 kb. With the exceptions of the triose-3-phosphate 

isomerase ( tpiA , H16_A1047) and ribose-5-phosphate isomerase ( rpiA , H16_

A2345), all enzymes of the CBB cycle are encoded in the  cbb  operons  [  52,   53  ] . The 

chromosomal and plasmid-borne  cbb  promoters in  R. eutropha  are functionally 

equivalent despite minor structural differences  [  54  ] . Transcription of all genes in 

either  cbb  operon depends on a single promoter upstream of  cbbL   [  52,   54–  56  ]  that 

is subject to strong regulation  [  57  ] . Growth of  R. eutropha  under autotrophic condi-

tions leads to high expression of the  cbb  operon genes  [  58  ] . The  cbbR  gene encodes 

for the transcriptional regulatory protein of the operon  [  55,   56  ] . In many organisms, 

the  cbbR  gene is typically located adjacent and in divergent orientation to its cognate 

operon. Inactivation or deletion of the  cbbR  prevents  cbb  operon transcription  [  55, 

  59  ] . The activating function of CbbR appears to be modulated by metabolites that 

signal the nutritional state of the cell to the  cbb  system. CbbR from  R. eutropha  is a 

sensor of the intracellular phosphoenol pyruvate (PEP) concentration. PEP increases 

the af fi nity of the activator to its operator target site, resulting in a decreased activat-

ing potential of the CbbR protein in vitro  [  60  ] . This observation suggests that the 

role of CbbR in  cbb  operon transcription can thus be as an activator or a repressor. 

 The existence of subpromoters within the operons was excluded, and premature 

transcription termination thus represents an important mechanism leading to dif-

ferential gene expression within the  cbb  operons of  R. eutropha   [  61  ] . There is evi-

dence for the participation of additional regulators in  cbb  control  [  59  ] . 

 The enzymes of the entire CBB cycle are represented in Fig.  3 . Additionally, the 

 cbb  operons contain  cbbX  and  cbbY , which have no known function in  R. eutropha.  

However, the gene  rbcX  from cyanobacteria, located between the two RuBisCO 

subunit genes, is responsible for the assembling the RuBisCO holoenzyme, together 

with chaperones GroEL/ES  [  62  ] . The CbbX protein product presents no homology 

to RbcX, but has conserved domains of the AAA family proteins, ATPase proteins 
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that often perform chaperone-like functions assisting in the assembly, operation, or 

disassembly of protein complexes  [  63  ] . 

 The structure of the RuBisCO from  R. eutropha  was published (Protein Data 

Base 1BXN). As in most bacteria and higher plants with form I of RuBisCO, the 

enzyme complex is built up from eight large subunits and eight small subunits 

(L8S8)  [  64  ] . 

 Distinct residues from each subunit of RuBisCO thus comprise the active site 

required for both carboxylation by CO 
2
  and oxidation by O 

2
 , with the two gaseous 

substrates clearly competing for the same active site. The speci fi city factor (SF) is 

calculated as follows:

     

=
2 2

2 2

CO O

O CO

SF
V K

V K
 
  

(4)
   

 In ( 4 ),     
2CO

V   ,     
2O

V   ,     
2CO

K   ,     
2O

K    refer to the Michaelis–Menten constants of 

RuBisCO for the different substrates. SF de fi nes the ratio between carboxylation 

and oxidation rates performed by each enzyme  [  65  ] , but does not provide a direct 

measure of the rates, rate constants, or catalytic ef fi ciencies of either carboxylation 

or oxygenation  [  66  ] . In  R. eutropha  SF = 75  [  67  ] . 

 The rate-limiting step in CO 
2
  assimilation is catalyzed by RuBisCO, which is a 

very poor catalyst, exhibiting low af fi nity for CO 
2
  and using O 

2
  as an alternative 

substrate. Protein engineering could potentially be used to increase RuBisCO’s CO 
2
  

carboxylation activity, thereby increasing SF  [  68  ] . However, because both CO 
2
  and 

O 
2
  compete for the same active site  [  66  ] , a short-term strategy to enhance IBT pro-

duction would be to increase the intracellular CO 
2
  concentration. 

 RuBisCO’s oxygenation reaction produces one molecule of 3-PGA and one mol-

ecule of 2-phosphoglycolate  [  69  ] . The  cbbZ  gene, which encodes a phosphogyco-

late phosphatase on the  cbb  operon might be an evolutionary adaptation in response 

to the presence of the 2-phosphoglycolate produced by RuBisCO during the oxida-

tion reaction. CbbZ would prevent the accumulation of potentially toxic concentra-

tions of 2-phosphoglycolate and rescue part of the carbon that would otherwise be 

lost through the glycolate metabolism  [  56  ] . In summary, the CBB cycle will play an 

important role in autotrophic IBT biosynthesis by  R. eutropha  and increasing car-

bon  fl ux through the CBB cycle is likely to enhance the IBT production rate.  

    2.4   Branched-Chain Amino Acid Metabolism 

and Its Role in  R. eutropha  IBT Production 

 Pyruvate produced from the CBB cycle is converted to the key intermediate  a -KIV 

by the BCAA biosynthetic pathway. AHAS catalyzes the  fi rst step in the biosynthe-

sis of all three BCAAs (Fig.  4 ). It is capable of synthesizing (2S)-acetolactate, a 

precursor of valine and leucine from two molecules of pyruvate and synthesizing 

(2S)-2-aceto-2-hydroxybutyrate, a precursor of isoleucine, from pyruvate and 2-keto-
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butyrate. In most organisms, a single AHAS catalyzes both of the above-mentioned 

reactions, whereas in other organisms these reactions are catalyzed by separate 

enzymes  [  28  ] . The AHAS enzyme consists of two subunits, one being catalytic and 

one playing a regulatory role. No crystal structure with both subunits has been 

obtained to date, although individual subunits have been crystallized separately. 

Catalysis is believed to occur at the subunit interface, since the catalytic subunit 

alone has little to no activity  [  70  ] . Expression of AHAS is controlled by the amount 

of tRNA BCAAs  available in the cell. High levels of tRNA BCAAs  repress the transcription 

of AHAS. Additionally, AHAS activity is controlled allosterically at the activity 

level by its regulatory subunit, through binding of valine at the homodimer interface 

 [  71  ] . Combined site-directed mutagenesis and BCAA-binding studies have shown 

that valine binding at the homodimer interface potentially causes a conformational 

change resulting in a less stable complex with decreased enzymatic activity  [  72  ] . 

 A promising approach to counter valine inhibition of AHAS can be found in 

 E. coli. E. coli  has three AHAS isozymes, each with a different substrate speci fi city 

and regulation mechanism. The sequence of  E. coli  AHAS isozyme II differs from 

other AHAS, and its regulatory subunit is insensitive to direct feedback inhibition 

by valine  [  70  ] .  R. eutropha  AHAS (IlvBH in Fig.  1 ) shares most sequence similarity 

with  E. coli  AHAS isozyme III and is also subject to allosteric feedback inhibition 

by pathway intermediates (dihydroxyisovalerate and ketoisovalerate; Sinskey labo-

ratory, unpublished data) and end products (valine, leucine and isoleucine; Sinskey 

laboratory, unpublished data). Thus, minimizing allosteric inhibition by products 

and intermediates is essential to optimize IBT production in  R. eutropha . N-terminal 

amino acid residues that are conserved in all valine-sensitive AHAS could contrib-

ute to the binding of valine or other BCAAs that cause allosteric feedback inhibi-

tion. These residues can be mutated to the ones that are present in the valine-insensitive 

AHAS isozyme II from  E. coli . C-terminal truncation studies on the valine-sensitive 

 E. coli  AHAS isozyme III show decreased valine inhibition. However, the exact 

mechanism of inhibition alleviation is unknown, since valine and other BCAAs are 

hypothesized to bind only at the N-terminus of the regulatory subunit  [  73  ] . 

 An AHAS enzyme’s selectivity ( R ) for aceto-2-hydroxybutyrate production over 

acetolactate production can be calculated by the following equation:

     

[AHB] [2KB]

[AL] [P]
=R

 
  

(5)
  

where AHB, 2KB, AL, and P represent aceto-2-hydroxybutyrate, 2-ketobutyrate, 

acetolactate, and pyruvate, respectively.  R  values for  E. coli  AHAS isozymes I, II, III, 

and  C. glutamicum  AHAS are 2.0, 65, 40, and 20, respectively, all of which favor the 

formation of AHB over acetolactate.  R. eutropha  AHAS has  R  value of ~45  [  28  ] . 

 As actetolactate is a precursor of IBT, reducing the AHAS  R  value would help 

direct carbon  fl ow towards  a -KIV, and consequently IBT. Previous mutagenesis 

studies on the  E. coli  AHAS II catalytic subunit revealed a tenfold reduction in  R  

when a tryptophan residue at position 464 was mutated to lysine, glutamine, or 

tyrosine  [  74  ] . It is suggested that the indole ring of tryptophan interacts with the 
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extra methyl group on 2-ketobutyrate and stabilizes it in the active site. Site-directed 

mutagenesis could also be used to decrease the  R  value for  R. eutropha  AHAS. 

 KARI, encoded by  ilvC  in  R. eutropha , catalyzes the formation of 2,3-

dihydroxyisovalerate from 2-acetolactate and the formation of 2,3-dihydroxy-3-

methylvalerate from 2-aceto-2-hydroxybutyrate (Fig.  4 ). KARI has similar substrate 

preference towards both substrates. A unique feature of its reaction mechanism is 

that it simultaneously catalyzes both an isomerization and a reduction reaction. 

Mutations in active site residues that abolished the reductase activity also elimi-

nated the isomerization reaction, suggesting that isomerization and reduction are 

coupled without any intermediate. KARI requires NADPH and a divalent metal ion, 

in most cases Mg 2+ , for catalysis. The metal cofactor is involved in the alkyl migra-

tion isomerization step, whereas NADPH is the electron donor for the reduction step 

 [  28  ] . Since KARI has no substrate bias, simple overexpression of  ilvC  is likely 

suf fi cient to provide ample precursor amounts for the production of IBT. 

 DHAD catalyzes the formation of ketoacids from the products of KARI. The 

mechanism of action is unknown, but it likely involves the dehydration of vicinal 

diols to ketoacids via an enol intermediate.  E. coli ’s oxygen sensitive DHAD con-

tains a [4Fe-4S] 2+  cluster. The reaction mechanism is proposed to be similar to that 

of aconitase in the TCA cycle, which also involves an FeS cluster  [  28  ] . The activity, 

feedback inhibition and oxygen sensitivity of  R. eutropha  DHAD have not been 

studied. As shown in Figs.  1  and  4 , the combined activities of DHAD, KARI, and 

AHAS convert pyruvate into the key IBT intermediate 2-KIV.  

    2.5   Role of a Heterologously Expressed 2-Ketoisovalerate 

Decarboxylase 

 To convert 2-KIV to isobutyraldehyde, a 2-Kivd enzyme is used. The Kivd enzyme 

from  L. lactis  is an uncommon enzyme with a traditional industrial role of aldehyde 

production for aroma development in cheese  [  75  ] . Given its activity with branched 

chain ketoacid substrates, this enzyme is uniquely suited to the task of bridging the 

BCAA production pathway to Adh to allow for heterologous IBT production  [  33  ] . 

The enzyme is a non-oxidative, thiamine diphosphate dependent, Mg 2+ -dependent 

keto acid decarboxylase  [  75  ] . The  kivd  gene can be expressed in an active form in 

 R. eutropha  (Sinskey laboratory, data not shown).  

    2.6   Alcohol Dehydrogenase 

 In  R. eutropha  cells grown in the presence of O 
2
  under heterotrophic conditions, no 

detectable Adh activity is seen (Sinskey laboratory, data not shown). Adh has been 

assayed in  R. eutropha  grown under anaerobic conditions  [  31  ] . To ensure IBT 
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production under aerobic autotrophic conditions, the use of a constitutively 

expressed, broad substrate speci fi city Adh enzyme is required. A broad substrate 

speci fi city Adh has been characterized in  R. eutropha , encoded by the  adh  gene 

(locus tag H16_A0757). This enzyme has been shown to exhibit activity on ethanol 

and 2,3-propanediol  [  29–  31  ] . Constitutively expressed  adh  mutants have been iso-

lated and characterized. These mutant strains contain alterations in the promoter 

region of  adh , and in some cases have been shown to utilize short-chain alcohols for 

growth  [  29  ] . The Adh enzyme has recently been demonstrated to use isobutyralde-

hyde as a substrate to produce IBT (Sinskey laboratory, data not shown). The 

 R. eutropha  strains constitutively expressing  adh  can be used as parental strains to 

produce the IBT production strain. 

  E. coli  alcohol dehydrogenase YqhD catalyzes the reaction between many alco-

hols and their corresponding aldehydes. YqhD belongs to the NADPH-dependent 

Adh superfamily and is subclassi fi ed as zinc-dependent long chain Adh  [  32  ] . The 

crystal structure of YqhD reveals Zn(II) and NADPH as cofactors for catalysis  [  76  ] . 

The active site contains a relative large substrate-binding pocket, which explains its 

ability to catalyze reactions involving both normal and branched-chain aliphatic and 

aromatic alcohols and their corresponding aldehydes and ketones. Using YqhD for 

IBT production could affect the cofactor balance. Because many native metabolic 

pathways require NADPH, an IBT biosynthetic pathway constructed with an 

NADPH-dependent enzyme could disturb the native metabolism by competing for 

this cofactor necessary for growth and maintenance, thus potentially resulting in 

slower growth or a decreased production yield.  Clostridium acetobutylicum  has two 

NADH-dependent Adhs, AdhE1, and AdhE2. AdhE1 is expressed under anaerobic 

conditions and is active towards ethanol, acetaldehyde, butanol, and butyraldehyde 

 [  77  ] . AdhE2 has the same substrate speci fi city as AdhE1, but is only expressed in 

high NADH/NAD +  ratio alcohologenic cultures. AdhE2 has a conserved iron-bind-

ing motif and is hypothesized to require Fe 2+  as a cofactor for catalytic activity  [  78  ] . 

The activities of AdhE1 and AdhE2 towards the reduction of isobutyraldehyde have 

not been explored. AdhE1 and AdhE2 are potentially advantageous for IBT produc-

tion because they are both NADH-dependent and can use NADH produced directly 

from the oxidation of hydrogen by the soluble hydrogenase.  

    2.7   Cofactor Balance 

 The intracellular ratio of NADH to NADPH may strongly in fl uence cell growth, 

metabolism, and IBT production, as key steps in the pathway require NADPH as a 

source of reducing potential (Fig.  1 ). PHB biosynthesis, the typical method for stor-

ing reducing potential in  R. eutropha   [  79,   80  ]  has been inactivated; thus an alternate 

method for refreshing the NADPH pool, such as the transhydrogenase reaction shown 

in Fig.  5a , could be needed. The  E. coli  pyridine nucleotide transhydrogenase enzyme 

(UdhA) has been shown to oxidize NADPH to produce NADP +  while reducing NAD +  

to NADH in wild-type cells under conditions of excess intracellular NADPH  [  81  ] . 
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The UdhA reaction occurs in an energy (ATP)-independent manner. In a heterolo-

gous  E. coli  system, the reversibility of UdhA was exploited via overexpression of 

the enzyme to increase NADPH availability and PHB production  [  82  ] . The increased 

intracellular NADPH concentration allowed a greater cofactor availability for the 

acetoacetyl-CoA dehydrogenase reaction  [  82  ] . A similar strategy was used in 

 Pseudomonas  fl uorescens  to increase production of hydromorphone  [  83  ] . This strat-

egy for altering redox cofactor pool size can be used in the IBT synthesizing strain of 

  Fig. 5    Schemes for alteration of NADH/NADPH pool sizes in  R. eutropha  IBT production strain. 

( a ) The use of the soluble pyridine nucleotide transhydrogenase (UdhA) can directly perform 

transhydrogenation to increase NADPH pool levels. ( b ) Malic enzyme (encoded by  maeA  and/or 

 maeB  in  R. eutropha ) can increase the NADPH pool at the expense of ATP. ( c ) The nonphospho-

rylating glyceraldehyde-3P dehydrogenase (GapN) produces NADPH by conversion of glyceral-

dehyde-3P to phosphoglycerate       
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 R. eutropha  to ensure ef fi cient activities of NADPH-requiring enzymes in the biosyn-

thetic pathway.  

 In most organisms, the redox cofactor NADPH is generated via the pentose-

phosphate pathway by glucose-6-phosphate dehydrogenase and 6-phosphoglucon-

ate dehydrogenase. Proteomic studies of  R. eutropha  revealed no active 

6-phosphogluconate dehydrogenase under heterotrophic growth conditions  [  27  ] , 

suggesting that  R. eutropha  synthesizes its cofactor NADPH from other pathway(s) 

during organoheterotrophic growth. One potential pathway involves the  maeA  or 

 maeB  genes, encoding malic enzyme. The malic enzyme catalyzes the conversion 

of malate to pyruvate and is part of a metabolic cycle that also includes pyruvate 

carboxylase and malate dehydrogenase (Fig.  5b ). An increase in transcription of the 

malic enzyme gene also upregulates the transcription of both pyruvate carboxylase 

and malate dehydrogenase  [  84  ] . Another enzyme, nonphosphorylating glyceralde-

hyde 3-phosphate dehydrogenase (GapN) bypasses 1,3-bisphospho- d -glycerate in 

glycolysis and generates an additional NADPH from NADH, at the expense of one 

ATP (Fig.  5c ). In order to increase the intracellular NADPH pool,  udhA  and  gapN  

can be heterologously expressed in  R. eutropha  or  maeA  could be overexpressed to 

increase IBT production.   

    3   Challenges and Considerations 

    3.1   Carbon Sinks 

 As mentioned in the pathway overview, removing alternative sinks of pathway 

intermediates would improve the IBT yield. However, when the removal of carbon 

sink creates auxotrophy, supplementation of the essential nutrient will drive up the 

production cost. Promoter regions of genes exhibiting low-level constitutive expres-

sion during conditions permissive for IBT production have been identi fi ed based on 

microarray analysis of  R. eutropha  during nitrogen limitation (Brigham et al., man-

uscript in preparation). These promoters will be used to maintain low expression 

levels of genes encoding essential metabolic reactions, thus preventing auxotrophy 

while limiting carbon  fl ux to alternative sinks. 

 The    3-phosphoglycerate (3-PGA) generated in the CBB-cycle is converted to 

pyruvate via glycerate-2-phosphate and PEP. Since pyruvate is the only substrate of 

valine synthesis, control of its concentration is essential for high IBT yield. As a key 

intermediate in central carbon metabolism, pyruvate concentration is tightly regu-

lated, for example through the PEP-pyruvate-oxaloacetate node  [  27,   85  ] . The high 

PHB accumulation during nutrient starvation suggests that the stringent response of 

 R. eutropha  keeps a tight control on any sink but PHB synthesis. This notion is 

con fi rmed by the excretion of pyruvate when the PHB synthesis operon is disrupted 

 [  35  ] . This control of pyruvate sinks can be used to optimize IBT production using a 

two-stage fermentation strategy (see Sect.  4.2 ). 



1082 C.J. Brigham et al.

 The  fi nal precursor of valine, 2-KIV, can be decarboxylated by a heterologous 

Kivd to yield isobutyraldehyde, the direct precursor of IBT. However, KIV is also a 

substrate of seven additional enzymes in  R. eutropha  (Fig.  6 ). To optimize the  fl ux 

from KIV to IBT, alternate utilization of KIV needs to be minimized.  

 Of the seven enzymes representing KIV sinks, at least three are likely to be 

essential for survival of  R. eutropha  without auxotrophy. Isopropylmalate synthase 

(LeuA1, Fig.  6 ) is essential for leucine synthesis, BCAA aminotransferase (IlvE, 

Fig.  6 ) catalyzes the  fi nal step of valine synthesis, and 3-methyl-2-oxobutanoate 

  Fig. 6    Key intermediates in the IBT ( boxed in red ) production pathway and their roles in biosyn-

theses of other molecules. ( a ) Pyruvate and ( b ) 2-KIV. Shown in  bold  are enzymes that utilize these 

key intermediates as substrates       
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hydroxymethyltransferase (PanB, Fig.  6 ) catalyzes the formation of 2-dehydropan-

tanoate, a precursor of Coenzyme A (CoA)  [  86  ] . Since use of an auxotrophic strain 

for IBT production would increase the cost of production, the promoter exchange 

strategy discussed previously could be used to minimize the activity of the above 

enzymes. 

 The remaining four enzymes representing KIV sinks can likely be deleted from 

the genome without auxotrophy, either because the enzyme is nonessential or has a 

redundant function. Leucine dehydrogenase (B0449, Fig.  6 ) and aminotransferase 

AlaT (Fig.  6 ) catalyze the conversion of KIV to valine and are thus redundant with 

BCAA aminotransferase  [  86  ] . Additionally, the second copy of isopropylmalate 

synthase (LeuA2, Fig.  6 ) will be removed from the genome to minimize the amount 

of protein available. Finally, 2-ketoisovalerate dehydrogenase (BkdAB, Fig.  6 ) is 

involved in valine degradation  [  86  ] . Minimizing degradation of valine will reduce 

the necessity to synthesize it from KIV; thus removing the genes encoding this 

enzyme from the genome offers two potential bene fi ts.  

    3.2   Improvement of Hydrogenases 

 As archetypes of O 
2
  tolerant hydrogenases, the  R. eutropha  enzymes have been 

extensively studied using various spectroscopic techniques and site directed muta-

genesis (reviewed in  [  17,   36  ] ). Although these studies have proven that direct 

manipulation of the hydrogenases is possible, it has also shown the dif fi culty of 

improving activity of the enzymes. Therefore, direct manipulation of the hydroge-

nases to optimize the generation of energy and reducing equivalents for IBT produc-

tion would be a signi fi cant challenge, and likely not a viable approach. In contrast, 

hydrogenase gene expression will be enhanced to assure that suf fi cient reducing 

equivalents will be available for optimal IBT yield. 

 To optimize IBT yield, it is important to balance the reducing equivalents gener-

ated by the SH with the ATP synthesized by the MBH. Since carbon  fi xation will be 

maximized and the IBT synthesis pathway consumes two NAD(P)H molecules for 

every two molecules of pyruvate reduced to IBT, the hydrogenase activity balance 

will be shifted towards the SH.  

    3.3   Enhancement of Carbonic Anhydrase 

 Because of the inef fi ciency of the enzyme, the CO 
2
   fi xation by RuBisCO is likely 

the limiting step for an ef fi cient production of IBT by  R. eutropha . Enhancing 

expression and/or activity of CAs could help to increase the CO 
2
  concentration in 

the cytosol, thereby limiting the competing oxygenation reaction by RuBisCO and 

increasing the CO 
2
   fl ux through the CBB cycle and subsequently to IBT.   
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    4   Outlook 

    4.1   Prevention of Explosive Mixtures 

 In most autotrophic fermentations with  R. eutropha  reported in the literature, the 

initial gas mixture (typically 8:1:1 H 
2
 :CO 

2
 :O 

2
 ) is within the explosive range for the 

H 
2
  and O 

2
  gas concentrations. The low aqueous solubility of both H 

2
  and O 

2
  presents 

challenges in making these gases bioavailable to  R. eutropha  cells  [  14  ] . As with 

many aerobic microbial biotransformations, the rate of gas mass transfer (dissolu-

tion) from the gas to the liquid phase represents another potential rate-limiting step. 

 One strategy to reduce the explosion risk during autotrophic growth of  R. eutro-

pha  is to keep the H 
2
  and O 

2
  gas streams physically separated. This can potentially 

be performed by the hollow  fi ber reactor setup discussed in Sect.  4.2  (Fig.  7 ). 

However, for initial screening, microfermenters (bioreactors with 1 mL or less 

working volume, discussed in  [  87–  90  ] ) can be used to optimize growth and produc-

tion conditions prior to culture scale-up. Risk of explosion still exists in such sys-

tems, but the small scale of the reactors would control the potential damage.   

    4.2   Fermentation Strategies 

 Unlike PHB, which is accumulated intracellularly  [  91  ] , IBT is excreted from the 

cell (Sinskey laboratory, data not shown). Thus, continuous autotrophic IBT pro-

duction is possible. A two stage approach could be used, in which the cells are  fi rst 

grown heterotrophically to a high cell density on the porous wall of hollow  fi bers. 

Then, the heterotrophic medium would be replaced by a nitrogen-de fi cient auto-

trophic medium to induce the stringent response and trigger rapid IBT production. 

The gaseous substrates would then be added, with the H 
2
  and O 

2
  being maintained 

on opposite sides of the  fi ber wall. A schematic drawing of this hollow  fi ber reactor 

setup is shown in Fig.  7 . 

 Since no growth will be supported by the production medium, the cells will need 

to be periodically regenerated by brief exposure to the heterotrophic growth medium. 

However, the intervals on growth medium can be short since there will be no require-

ment to start the culture anew, thus maximizing the production time.  

    4.3   IBT Recovery 

 Like most alcohols, IBT is expected to be toxic to microbial biocatalysts. Removal 

of the IBT as it is formed will help avoid product inhibition and maintain high reac-

tor productivity. Thus, in situ product recovery will be an integral part of the biore-

actor design effort. Because the physical properties of IBT are similar to those of 
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 n -butanol, methods developed to remove  n -butanol from fermentation broths are 

also likely to work for IBT. A variety of adsorbents have proven effective at recover-

ing  n -butanol from fermentation broths  [  92–  94  ] , including polymeric resins, which 

adsorb  n -butanol through hydrophobic interactions  [  95  ] . Hydrophilic polymers, like 

polyamides, polyurethanes and polyesters showed weak  n -butanol adsorption. In 

addition, low-alumina zeolites, such as silicalite, effectively adsorb alcohols from 

dilute solutions. After the butanol has been adsorbed, it can be recovered from the 

resin by heat desorption. This desorption technique is less energy intensive 

(~2,000 kcal/kg alcohol) than steam stripping (~6,000 kcal/kg alcohol) or gas strip-

ping (~5,000 kcal/kg alcohol)  [  93  ] .   

    5   Summary and Conclusion 

 The nation’s reliance on fossil-based fuels creates problems for the environment and 

our national security. The production of a renewable source of motor fuels is 

required. We have designed a production pathway for synthesizing IBT biofuel from 

CO 
2
 , H 

2
 , and O 

2
  using the genetically tractable and metabolically versatile bacte-

rium,  R. eutropha . The majority of the genes required for this pathway are already 

present in  R. eutropha . Metabolic engineering strategies are being implemented to 

establish a semisynthetic pathway to produce IBT from CO 
2
 , H 

2
 , and O 

2
 . This IBT 

production pathway has the potential to affect two high-priority environmental con-

cerns, capture of CO 
2
  and production of an alternative nonfossil-based fuel.      

  Fig. 7    Schematic diagram 

of reactor with hydrogen 

and oxygen gases maintained 

on opposite sides of the 

hollow  fi ber walls       
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  Abstract   We are developing an integrated Microbial-ElectroCatalytic (MEC) 

 system consisting of  Ralstonia eutropha  as a chemolithoautotrophic host for meta-

bolic engineering coupled to a small-molecule electrocatalyst for the production of 

biofuels from CO 
2
  and H 

2
 .  R. eutropha  is an aerobic bacterium that grows with CO 

2
  as 

the carbon source and H 
2
  as electron donor while producing copious amounts of poly-

hydroxybutyrate. Metabolic  fl ux from existing  R. eutropha  pathways is being diverted 

into engineered pathways that produce biofuels. Novel molybdenum electrocatalysts 

that can convert water to hydrogen in neutral aqueous media will act as chemical 

mediators to generate H 
2
  from electrodes in the presence of engineered strains of 

 R. eutropha . To increase the local concentration of H 
2
 , we are engineering  R. eutropha ’s 

outer-membrane proteins to tether the electrocatalysts to the bacterial surface. 

The integrated MEC system will provide a transformational new source of renewable 

liquid transportation fuels that extends beyond biomass-derived substrates.      

    S.  W.   Singer   (*)

     Earth Sciences Division ,  Lawrence Berkeley National Laboratory ,   Berkeley ,  CA   94720 ,  USA    

e-mail:  swsinger@lbl.gov  

     H.  R.   Beller  

     Earth Sciences Division ,  Lawrence Berkeley National Laboratory ,   Berkeley ,  CA   94720 ,  USA    

    S.   Chhabra  

     Physical Biosciences Division ,  Lawrence Berkeley National Laboratory ,   Berkeley ,  CA   94720 ,  USA    

    C.  J.   Chang  

     Department of Chemistry ,   University of California-Berkeley ,  Berkeley ,  CA   94720 ,  USA    

    J.   Adler  

     Logos Technologies ,   Arlington ,  VA   22203 ,  USA    

    Chapter 40  

  Microbial ElectroCatalytic (MEC) 
Biofuel Production       

      Steven   W.   Singer      ,    Harry   R.   Beller   ,    Swapnil   Chhabra   , 

   Christopher   J.   Chang   , and    Jerry   Adler      



1092 S.W. Singer et al.

    1   Introduction 

 Liquid transportation fuels are a critical component of the energy infrastructure of 

the United States. New sources of liquid fuels are required to replace petroleum-

derived fuels because current supplies of petroleum are unstable and CO 
2
  produced 

by combustion of liquid transportation fuels is a signi fi cant contributor to green-

house gas emissions. Currently, there is signi fi cant interest in transforming lignocel-

lulosic biomass into liquid transportation fuels through hydrolysis of the biomass to 

monomeric sugars and fermentation to fuels, providing a carbon-neutral, renewable 

source of liquid fuel  [  20  ] . However, problems associated with generating engineered 

crops, ef fi cient use of arable land, development of cost-effective pretreatment pro-

cesses, and the cost of deconstructing enzymes still remain largely unsolved  [  24  ] . 

An elegant alternative to the production of cellulosic biofuels would be to transform 

CO 
2
  directly into liquid fuels, mitigating CO 

2
  emissions and creating a biofuel pro-

duction process with the potential to be carbon-neutral  [  7  ] . Autotrophic microor-

ganisms have evolved multiple pathways to utilize ubiquitous natural reductants to 

reduce CO 
2
   [  23  ] . Diverting these pathways to produce liquid fuels is an intriguing 

opportunity to develop fuels to replace petroleum-based fossil fuels. Algal and 

cyanobacterial species have signi fi cant potential for generating biofuels, however 

these organisms absorb light inef fi ciently and are expensive to culture at industrial 

scale  [  17  ] . Chemoautotrophic organisms that use inorganic reductants ([S 2− , Fe(II), 

H 
2
 ]) or electricity have the possibility to overcome these limitations, as they may be 

able to reduce CO 
2
  more ef fi ciently, are not dependent on available light, and may 

be adapted readily to industrial conditions  [  7  ] . However, these chemoautotrophic 

organisms, which are often isolated from extreme environments, tend to grow to low 

cell densities and are very dif fi cult to manipulate genetically. 

 One class of chemoautotrophic bacteria, “Knallgas” bacteria that grow with H 
2
 /

CO 
2
  under aerobic conditions, does not have these limitations. The model species of 

this class,  Ralstonia eutropha , can grow to very high cell densities ( >200 g/L) and 

has been extensively manipulated genetically  [  16  ] . Under nutrient limitation, 

 R. eutropha  directs most of the reduced carbon  fl ux generated by the Calvin cycle 

to synthesis of polyhydroxybutyrate (PHB), a biopolymeric compound stored in 

granules. Under growth with H 
2
 /CO 

2
 , 61 g/L of PHB was formed in 40 h, which 

represents ~70% of total cell weight  [  10  ] . PHB and related polyhydroxyalkonate 

polymers have been produced at industrial scale and marketed as Biopol™ 

(Monsanto) and Mircel™ (Metabolix)  [  16  ] . 

 The PHB synthesis pathway in  R. eutropha  involves three genes expressed as an 

operon (Fig.  1 )  [  15  ] . The gene products of this operon are PhaA, a  b -ketothiolase, 

PhaB, an acetoacetyl-CoA reductase, and PhaC, the PHB synthase (Fig.  1 ). 

Numerous mutants have been generated that are impaired in PHB synthesis and 

these mutagenesis studies have demonstrated that PHB synthesis can be blocked 

with minimal effects on cellular function  [  19,   22  ] . An  R. eutropha  strain generated 

by chemical mutagenesis that is impaired in PHB synthesis has been shown to 

secrete large amounts of pyruvate into the medium under autotrophic conditions, 
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suggesting that the mutant maintains a similar magnitude of carbon  fl ux in the 

absence of PHB synthesis  [  4  ] . Metabolic engineering strategies have been success-

fully employed to increase carbon  fl ux through the PHB pathway, suggesting that 

 R. eutropha  will be a suitable host for synthetic biology applications  [  5,   13  ] .  

 Current efforts to produce biofuels using synthetic biology have focused on using 

model organisms ( Escherichia coli  and  Saccharomyces cerevisiae ) as hosts for met-

abolic engineering  [  3,   6  ] . These efforts have concentrated on using biomass-derived 

carbohydrates as the sources for renewable biofuel generation     [  12  ] . These strategies 

require redirection of central metabolic pathways by introduction of new pathways 

that redirect metabolic  fl ux to a desired end-product. This approach has been used 

to produce alcohols, alkenes, and isoprenoids that may be used as liquid fuel substi-

tutes for petroleum products  [  8  ] . Rewiring the metabolism of these model organ-

isms so that they can utilize CO 
2
  as the carbon input for biofuel production would 

have substantial bene fi ts in broadening the substrate scope for metabolic engineer-

ing and reducing CO 
2
  emissions.  R. eutropha  is an attractive host for biofuel pro-

duction from CO 
2
  as it already has the capability for autotrophic growth, is amenable 

to metabolic engineering, and expresses a metabolic pathway that supports 

signi fi cant carbon  fl ux. 

 An inexpensive source of H 
2
  will be essential for the effective development of 

 R. eutropha  as a biofuel-producing platform. For fuel production to be sensible, the 

method of H 
2
  generation must utilize methods that do not themselves consume 

 fossil-derived energy, or draw low-carbon energy away from carbon mitigating 

uses. Known small-molecule metal catalysts generally require organic acids, addi-

tives, and/or solvents that are also incompatible for use with living organisms  [  9  ] . 

Molybdenum polypyridyl complexes (MoPy5) have been shown to be excellent 

catalysts for the electrochemical reduction H +  in neutral water at rates that approach 

to that of hydrogenase enzymes (Fig.  2 )  [  11  ] . These electrocatalysts are stable and 

evolve H 
2
  in seawater and are compatible with microbial growth media.  R. eutropha  

is an ideal microbe to couple with electrocatalysis, as growth with H 
2
  generated in 

situ by an electrode has already been demonstrated  [  18  ] . Electrocatalysis will be 

coupled in two ways: the MoPy5 catalyst will be tethered to the electrode surface 

and H 
2
  generated at the surface will be used for chemoautotrophic growth and 

  Fig. 1    Polyhydroxybutyrate (PHB) synthesis pathway in  Ralstonia eutropha        
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 biofuel production by engineered strains of  R. eutropha . In the second con fi guration, 

MoPy5 catalysts will be tethered directly to the surface of engineered  R. eutropha  

strains and the strains will interact directly with the electrode surface. In this 

con fi guration, the tethered catalyst will generate H 
2
  at the electrode, which will be 

used by engineered  R. eutropha  strains for growth and biofuel production.  

 The integrated MEC (Microbial-ElectroCatalytic) system, the combination of a 

novel catalytic system to generate H 
2
  directly from water coupled to a chemolithoau-

totroph,  R. eutropha , that is metabolically engineered to produce high titers of bio-

fuels from H 
2
  and CO 

2
 , will be a novel technology that will provide a new source of 

renewable liquid transportation fuels that extends beyond biomass-derived sub-

strates (Fig.  3 ).   

  Fig. 2    Molybdenum polypyridyl-oxo catalyst for electrochemical generation of H 
2
  in the presence 

of  R. eutropha        

  Fig. 3    Conversion of electricity and CO 
2
  to biofuels in a Microbial-ElectroCatalytic system with 

 R. eutropha  as microbial host       
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    2   Experimental Approach 

    2.1   Strain Selection and Genetic Engineering 

 The strain that is being used for metabolic engineering is  R. eutropha  H16 (cur-

rently classi fi ed as  Cuparividus necator ), which is a facultative chemolithoauto-

troph that has been extensively studied for both PHB production and 

chemolithoautotrophic metabolism  [  16  ] . The genome of  R. eutropha  H16 has been 

sequenced, demonstrating that it consists of three circular replicons: two chromo-

somes (4.0 and 2.9 MB) and a megaplasmid (0.45 MB), termed pHG1  [  15  ] .  R. eutro-

pha  H16 is capable of growing either heterotrophically on reduced carbon substrates 

under aerobic conditions or growing autotrophically under an atmosphere of 

H 
2
 /CO 

2
 /O 

2
 . 

 A critical element in the success of this project will be the development of 

genetic tools for metabolic engineering of  R. eutropha . Engineering of  R. eutropha  

will entail successful implementation of the following elements: (1) heterologous 

DNA delivery; (2) compatible plasmid system for rapid construction and testing of 

heterologous pathways; (3) chromosomal manipulation comprising insertions and 

knockouts, and (4) deployment of tunable parts such as promoters, ribosomal bind-

ing sites, spacers, and terminators for precise control of heterologous genetic cir-

cuits. To ensure expression compatibility, we will perform in silico analyses of 

codon usage and transcript stability of all heterologous genes and parts described 

in this project and if necessary, commercially synthesize optimized sequences.  

    2.2   Biofuel Production in  R. eutropha  

 We have chosen three potential biofuel molecules as targets for which we will meta-

bolically engineer  R. eutropha  (Fig.  4 ). We have targeted three classes of biofuel 

  Fig. 4    Pathways for the production of biofuels in engineered strains of  R. eutropha        
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molecules: butanol, which will be derived from modi fi cations to the PHB pathway; 

farnesene, which will be produced by introduction of a heterologous pathway to 

produce isoprenoids; and long-chain alkenes, which will be produced by modifying 

the fatty acid biosynthesis pathway and introducing genes for alkene biosynthesis. 

We have genetically modi fi ed wild-type  R. eutropha  to knock out the genes associ-

ated with the PHB biosynthesis pathway  [  15  ] . We are comparing biofuel production 

from plasmid-encoded heterologous pathways in the wild-type strain with produc-

tion in the PHB −  strains.  

    2.2.1    n -Butanol 

  n -Butanol has favorable properties as a gasoline blending agent and provides a valu-

able target to validate  R. eutropha  as a host for synthetic biology  [  14  ] . The PHB 

synthesis pathway in  R. eutropha  proceeds through 3-hydroxybutyryl-CoA, which 

is also an intermediate in the  n -butanol synthesis pathway. Our strategy will be to 

divert the  fl ux from 3-hydroxybutyryl-CoA to PHB and to redirect it to  n -butanol. 

Recent work has demonstrated that high titers of  n -butanol can be produced in 

 E. coli  by choosing heterologous genes judiciously and maximizing reducing equiv-

alents available for  n -butanol production  [  2  ] . Therefore, a detailed understanding of 

the expression of heterologous genes for  n- butanol production in  R. eutropha  and 

the metabolic  fl ux in  R. eutropha  PHB −  mutants will be essential in achieving high 

titers of  n -butanol. 

 Although  n -butanol can be used directly as a gasoline replacement due to its 

higher energy content and lower water solubility and corrosivity relative to ethanol, 

it would only address short-haul ground transportation, since it could not be used to 

power aircraft or long-range rail and trucks. Dehydration of butanol to butylenes 

(C 
4
 ) and oligomerization affords C 

8
 , C 

12
  and C 

16
  ole fi ns with some disproportion-

ation to non-oligomer C 
9
 , C 

10
 , C 

11
 , C 

13
 , C 

14
 , and C 

15
  ole fi ns. These ole fi ns can 

undergo double-bond isomerization, skeletal isomerization, cyclization and/or aro-

matization, forming isoalkenes, cycloalkenes, and/or aromatic products. 

Hydrogenation of this mixture may provide hydrocarbons suitable for use as jet 

fuels. We will transform the  n -butanol obtained from H 
2
 /CO 

2
  cultivation of engi-

neered  R. eutropha  to these hydrocarbon mixtures and evaluate them as replacement 

for jet fuel. We are currently exploring novel catalysts for the dehydration and oli-

gomerization of butanol to hydrocarbon mixtures that resemble jet fuel.  

    2.2.2   Alkenes 

 Aliphatic hydrocarbons are excellent biofuel targets, as they are already predomi-

nant components of petroleum-based gasoline and diesel fuels and would be com-

patible with existing engines and fuel distribution systems. Recently, genes for 

alkene biosynthesis ( oleABCD ) have been identi fi ed in multiple bacteria and 

the functions of these genes elucidated in in vivo and in vitro studies (e.g.,  [  1  ] ). 
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The OleABCD proteins catalyze the condensation of fatty acids to long-chain 

 alkenes and this production is enhanced in  E. coli  by the overproduction of fatty 

acids. To produce long-chain alkenes in  R. eutropha , fatty acid overproduction will 

be engineered into  R. eutropha  using techniques that have been used successfully in 

other proteobacteria  [  1,   21  ] .  

    2.2.3   Farnesene 

 The isoprenoid pathway represents an important source of advanced biofuel precur-

sors such as farnesene. Chemical hydrogenation of farnesene produces farnesane, 

which can serve as a diesel fuel. All terpenoids originate from the same universal 

precursors (isopentenyl pyrophosphate [IPP] and its isomer dimethylallyl pyrophos-

phate [DMAPP]), which can be generated through two known biosynthetic path-

ways—the mevalonate-dependent (MEV) isoprenoid pathway mostly found in 

eukaryotes and the deoxyxylulose 5-phosphate (DXP) pathway found in most 

prokaryotes. The  R. eutropha  genome encodes the DXP pathway, which generates 

the precursor molecules IPP and DMAPP demonstrated to be essential in prokary-

otes for the prenylation of tRNAs and the synthesis of farnesyl pyrophosphate 

(FPP), which is used for quinone and cell wall biosynthesis  [  15  ] . While farnesene 

may be produced in  R. eutropha  through the manipulation of its native DXP path-

way, the tight regulation of essential metabolites produced through this route may 

pose a signi fi cant challenge in achieving reasonable titers. For optimal production 

of isoprenoid-based fuel molecules, we therefore propose the incorporation of the 

MEV pathway, which we expect to be unregulated by this host. We will synthesize 

and express genes originating from distinct prokaryotic and eukaryotic sources to 

enable production of  a -farnesene in the  R. eutropha  strains.   

    2.3   Optimization of Mo-Py5 Electrocatalyst 

 We are optimizing the chemical properties of soluble Mo-polypyridine electrocata-

lysts for water-to-hydrogen conversion to increase turnover frequency and stability 

in microbial growth media. We are also seeking improvements to minimize electro-

chemical overpotential for H 
2
  production. In particular, we are targeting the incor-

poration of electron-withdrawing groups at the axial and equatorial pyridine donors 

as well as methine bridges. Additionally, we are developing synthetic routes to more 

potential ligand frameworks where all the pyridines can be differentially functional-

ized. The overall goal is to move the reduction potentials of these complexes to 

more positive values, which may lead to a decrease in the overpotential for catalytic 

reduction of water to hydrogen. We are also testing conditions and electrode materi-

als that will allow  R. eutropha  to grow autotrophically with H 
2
  generated in situ 

from electricity by the MoPy5 electrocatalyst. 
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 As mentioned in the Introduction, we are pursuing two strategies to use these 

catalysts to generate H 
2
  electrochemically for autotrophic growth and biofuel pro-

duction. These strategies involved tethering the electrocatalyst to the electrode sur-

face and to the surface of  R. eutropha  by expressing heterologous proteins on the 

surface that will bind metal complexes (Fig.  5 ). These two strategies will be evalu-

ated in comparison to standard methods for electrolysis of H 
2
 O to generate H 

2
  and 

O 
2
  for  R. eutropha  growth.        
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   Chlamydomonas reinhardtii  , 623  

 ethanol-tolerance assays , 412  

 genetic switch , 380, 396  

 hydrogen production pathway , 371–373  

 proof-of-principle assay , 378, 379   

  Chloroform/methanol , 612   

  Chlorophyll 

 chemical structure , 808, 809  

 description , 808  

 extraction from  T. suecica  

 acetone extraction , 824–825  

 chemicals and reagents , 821  

 cultivation , 824  

 dewatering , 824  

 methanol extraction , 824–825  

 pre-treatment , 824  

 spectrophotometric determination , 

825–826  

 strain , 824  

 light harvesting propensity , 808  

 production from microalgae 

 cultivation systems , 812–815  

 dewatering and pre-treatment , 815–816  

 downstream processing steps , 811, 812  

 fractionation and puri fi cation , 820–821  

 organic solvent extraction , 816–818  

 SFE , 818–820  

 types of , 808  

 uses 

 commercial applications , 809–810  

 medical industries , 810  

 pharmaceutical applications , 810  

 yield experimental results , 826–829   

  Chlorophyta 

 AD characteristics, green seaweeds , 

900–903  

 biochemical and chemical composition , 

883–884  

 description , 878  

 habitat , 878  

 organic matter characteristics , 881  

 productivity of , 882  

  Ulva  

 biochemical composition , 904  

 components , 898  

 growth conditions , 904  

 methane yield , 904, 905   

  Chloroplast transformation technologies , 931   

  Chromatographic adsorbents , 820–821   

  Closed photobioreactor 

 aeration with membranes , 645  

 bubble columns , 639–640  

  fl at plate reactors , 640–643  

 infrared radiation , 646  

 light capturing and distribution , 646  

 power input , 639  

 spatial separation , 646  

 tubular reactors , 643–645   

   Clostridium acetobutylicum  

 butanol production , 250  

 NADH-dependent Adhs , 1079   

   Clostridium thermocellum  , 270–271   

   13 C NMR spectroscopy , 80–81   

  CO 
2
  biosequestration , 740   

  CO 
2
  temperature-programmed-desorption 

(CO 
2
 -TPD) 

 activity and selectivity, CO 
2
  hydrogenation , 

234–236  

 CO 
2
  selectivity , 234–236  

 mono-promoted Fe catalysts , 231–233  

 promoter combination effect , 231–233   

  Coal-to-liquid technology , 186   

  Co-digestion 

 advantage , 935  

 macroalgae , 937  

 microalgae , 936, 937   

  Computational  fl ow dynamics 

(CFD) , 637, 638   
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  CoM/SiO 
2
  catalysts 

 activity and selectivity , 218–219  

 binding energies , 216  

 particle size estimation , 214–215  

 surface area , 214–215  

 temperature programmed reduction 

pro fi les , 215  

 XPS , 215–216   

  Consolidated bioprocessing (CBP) 

 description , 268  

 native cellulophile approach 

  Clostridium thermocellum  , 

270–271  

  Thermanaerobacterium 

saccharolyticum  , 271–272  

  Trichoderma reesei  , 272  

 native ethanologen approach 

  Saccharomyces cerevisiae  , 273–274  

  Zymomonas mobilis  , 274–275  

 rationale and potential for , 268–270   

  Copenhagen Climate Conference , 554   

  Cornstarch ethanol-production , 

405–406   

  Corn stover hydrolyzate (CSH) , 253–254   

  Co/SiO 
2
  catalysts 

 activity and selectivity , 218–220  

 CO 
2
  formation , 220  

 CO conversion , 217–218  

 condensable product distribution , 

220–221  

 particle size estimation , 

211, 214–215  

 surface area , 211, 214–215  

 temperature programmed reduction 

pro fi les , 212  

 total pore volume , 211  

 XPS , 213, 215–216   

  Crocin bleaching test, antioxidant 

activity , 842   

  Crude oil , 31, 226   

  Curcin , 530   

  Cyanobacteria 

 anaerobic digestion 

  Arthrospira maxima  , 907  

 BMP assay , 907  

 characteristics , 913–915  

 methane yields , 907, 912  

 biochemical and chemical composition , 

876, 877  

 organic matter characteristics , 876, 877  

 productivity of , 877  

 uses , 877   

  Cyanophyta.    See  Cyanobacteria  

  Cyclic voltammetry, antioxidant activity , 843    

  D 

  DDGS.    See  Distillers dry grains and solubles 

(DDGS)  

  Degradation assays, cellulose 

 chromatographic assays , 355  

 live-cell assays , 356  

 plate assays , 356  

 spectroscopic assays , 353–354  

 time-resolved isothermal batch 

calorimetry , 355  

 viscometric assays , 354–355   

  Degradation enzymes, cellulose.    

See  Cellulases  

  Designer biochar 

 manufacturing criteria , 83  

 Southeastern USA coastal plain soil 

 Bonneau series , 73  

 Coxville soil , 74–75  

 geomorphic properties , 71–72  

 hybrid biochars , 89–91  

 improved soil fertility , 84–87  

 increased soil C storage , 83–84  

 N 
2
 O dynamics , 88–89  

 Norfolk soil series , 72–73  

 pre-Columbian Amazonian 

inhabitants , 70  

 soil organic carbon , 74  

 soil physical issues , 87–88  

 tillage management practices , 76  

 water storage , 75–76   

  Designer Calvin-cycle-channeled pathway 

production 

 1-butanol , 500, 507–508  

 1-hexanol and 1-octanol , 503, 511–512  

 1-pentanol, 1-hexanol and 1-heptanol , 

504, 512–513  

 2-methyl-1-butanol , 501, 509  

 3-methyl-1-pentanol , 505, 513–515  

 4-methyl-1-hexanol , 505, 513–515  

 4-methyl-1-pentanol , 506, 515–516  

 5-methyl-1-heptanol , 505, 513–515  

 5-methyl-1-hexanol , 506, 515–516  

 6-methyl-1-heptanol , 506, 515–516  

 isobutanol and 3-methyl-1-butanol , 

502, 510–511   

  Designer production-pathway enzyme 

 butanol 

 de fi nition , 456  

 designer modi fi ed enzymes , 477  

 DNA construct , 478  

 isozymes , 477  

 selection , 458–476  

 ethanol 

 de fi nition , 413  
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 DNA constructs and transformation , 

429–431  

 genetic switch , 427–428  

 selection , 413–425  

 stroma region of chloroplasts , 425–427   

  Designer proton-channel algae 

 autotrophic photosynthesis , 375–377  

 envisioned transgenic designer algae 

 DNA construct, design of , 380, 381  

 DNA sequence, designer proton-

channel gene , 383–387  

 green machine materials , 382  

 hydrogenase promoter , 380  

 nitrate reductase promoter , 380–381  

 proton-channel structures , 380  

 targeting DNA sequences , 383  

 transformant generation , 387–388  

 transit peptide sequences , 383–384  

 photobioreactor , 387–390  

 physiological problems , 373–374  

 problem solvation , 375  

 proof-of-principle assay , 378, 379   

  Designer switchable-photosystem-II algae 

 DNA construct , 391–392  

 H 
2
 -consuming activity, devoid of , 398  

 host organisms, selection of , 398  

 hydrogenase promoter , 392  

  Nia1  promoter , 396  

 oxygenic photosynthesis , 392–396  

 photobioreactor , 400–403  

 RNA interference technique , 397  

 streptomycin-production gene , 398–399   

  DHAD.    See  Dihydroxyacid dehydratase 

(DHAD)  

  Dietary  fi bers , 853–854   

  Digalactosyl diacylglycerols (DGDGs) , 848   

  Dihydroxyacid dehydratase (DHAD) , 1071   

  Dinitrosalicylic acid (DNS) assay , 354   

  2,2-Diphenyl-1-picrylhydrazyl (DPPH), 

antioxidant activity , 842   

   13 C Direct polarization/magic angle spinning 

(DP/MAS) , 49 – 50   

  Dissolved air  fl otation (DAF) , 574   

  Distillers dry grains and solubles (DDGS) , 255   

  Dockerins , 357–358, 363–364   

  Downstream processes, biodiesel production 

 dewatering , 608–609  

 lipid extraction , 609–610  

 microalgal culture harvesting , 608  

 pre-treatment , 609  

 solid-liquid separation techniques , 

608–609  

 steps , 608  

 transmethylation , 610    

  E 

  Eileen Gas Hydrate Accumulation, USA , 

988–990   

  Electrofuels , 10–11  

 ARPA-E , 1039, 1055  

 bene fi ts , 1039–1040  

 biofuels , 1041  

 CBB cycle , 1038  

 challenge of scale , 1055  

 challenges 

 land resources , 1046–1047  

 NPK resources , 1049  

 reducing equivalents and inorganic 

carbon , 1049–1050  

 water resources , 1047–1049  

 chemolithoautotrophy 

  Acidithiobacillus  , 1043  

 biofuel synthesis , 1046  

 carbon  fi xation , 1043–1046  

 c-type cytochromes , 1043  

 energy assimilation , 1045  

  Geobacter sulfurreducens  , 1043  

 MBH , 1042  

 organisms , 1042  

 portfolio , 1045  

  Ralstonia eutropha  , 1042  

 RH , 1042  

 SH , 1042  

 technology modules , 1045–1046  

 costs 

 cost of sugar  vs.  electricity , 1051, 1052  

 cost of sugar  vs.  hydrogen , 1051, 1052  

 demand rising factors , 1051  

 economic sustainability , 1050  

 electricity supply curve , 1051, 1053  

 electrofuels process components , 

1051, 1054  

 proposed electrofuels pathway , 

1053, 1054  

 sustainable synthesis , 1050–1051  

 description , 1038–1039  

 electrotrophs , 1041  

 energy conversion pathways , 1039, 1040  

 photosynthesis , 1041  

 photosynthetic microorganisms , 1041  

 production , 1038  

 solar photons to liquid fuel process , 

1038–1039  

 transportation , 1038  

 USA , 1039   

  EN590 diesel , 585–586   

  EN14214 standard, biodiesel , 585   

  Enclosed photobioreactors, microalgae 

biomass productivity , 564–567   
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  Endoglucanases (EGs) , 150   

  Envisioned transgenic designer algae 

 DNA construct, design of , 380, 381  

 DNA sequence, designer proton-channel 

gene , 383–387  

 green machine materials , 382  

 hydrogenase promoter , 380  

 nitrate reductase promoter , 380–381  

 proton-channel structures , 380  

 targeting DNA sequences , 383  

 transformant generation , 387–388  

 transit peptide sequences , 383–384   

  Enzymatic breakdown, of cellulose , 344, 345   

   Escherichia coli  

 AHAS isozyme II , 1077  

  n -butanol , 1096  

 strains , 251, 252  

 UdhA , 1079–1080   

  Ethanol production 

 CBP   ( see  Consolidated bioprocessing 

(CBP)) 

 photosynthetic   ( see  Photosynthetic ethanol 

production) 

 plant cell wall modi fi cation   

( see  Plant cell walls)  

  Expansins , 288   

  External loop reactor (ELR) , 714    

  F 

  Farnesene , 1097   

  Fast screening method 

 antibacterial activity , 843  

 anticoagulant activity , 844  

 antifungal activity , 843  

 antihelmintic activity , 843  

 anti-in fl ammatory activity , 844–845  

 antioxidant activity 

 chain reaction method , 841–842  

 direct competition method , 842  

 indirect approach method , 842–843  

 antiviral activity , 844  

 toxicological tests , 845   

  Fatty acid methyl esters (FAME) , 610, 

695–701   

  Fed-batch process,  Spirulina platensis  

cultivation.    See Arthrospira 

platensis  cultivation, 

fed-batch process  

  Ferric reducing antioxidant power (FRAP), 

antioxidant activity , 843   

  Fertiliser applications, microalgae , 588   

  Fe/SiO 
2
  catalysts 

 CO 
2
  formation , 220  

 CO conversion , 217–218  

 condensable product distribution , 220–221  

 particle size estimation , 211  

 surface area , 211  

 temperature programmed reduction 

pro fi les , 212  

 total pore volume , 211  

 XPS , 213   

  First-generation biofuels , 554   

  Fischer–Tropsch (FT) synthesis 

 carbon monoxide hydrogenation , 187–189  

 catalysts , 190–192  

 activity , 217–219  

 characterization , 211–217  

 preparation , 210–211  

 characteristics , 191  

 Fe catalyst 

 CO 
2
 +CO hydrogenation , 229–230  

 CO 
2
  hydrogenation , 228–229  

 with SiO 
2
 , for CO 

2
  hydrogenation , 

237–240  

 WGS reaction , 228  

 feedstocks , 186–187  

 importance of , 226  

 integrated biomass to liquid process 

 back-end approach , 203–204  

 co-gasi fi cation process , 205  

 economics , 204  

 front-end approach , 203  

 isosynthesis , 192–194  

 methanol synthesis 

 commercial process , 190  

 direct CO hydrogenation , 188–189  

 water gas shift reaction , 189–190  

 products separation and upgrading , 201  

 reactor , 201  

 selectivity , 219–222  

 syngas production   ( see  Syngas production) 

 technical issues in , 227  

 total world energy supply , 185, 186   

  Flat plate photobioreactors 

 aeration and mixing , 641  

 airlift reactor , 642–643  

 plastic bags , 641  

 submerged  fl at panels , 642   

  Flexi-fuel vehicles (FFV) , 556   

  Flocculants , 716   

  Flocculation , 574   

  Fossil energy ratio (FER) , 178   

  Fourier transformed infrared spectroscopy , 

81–82   

  Free fatty acids,  Jatropha  oil , 529, 530   

  Free-radical induced decay of  fl uorescence, 

antioxidant activity , 842   

  Fucoxanthin , 847   

  Functional foods , 834    
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  G 

  Gas-assisted mechanical expression (GAME) , 

533–534   

  Gas hydrates (GH) 

 Class 1 deposit strategy , 995, 996  

 Class 2 deposit strategy , 995, 997  

 Class 3 deposit strategy , 998–999  

 deposit classi fi cation , 994–995  

 description , 978–979  

 economic challenges , 1017–1019  

 environmental challenges , 1019–1020  

 fast P-T-X parametric relationships , 1017  

 geophysical surveys, analysis and 

interpretation , 1001–1002  

 global research activities 

 China , 983  

 deep sea drilling expeditions , 984  

 India , 983  

 Japan , 982–983  

 Korea , 984  

 US , 983  

 hydrate deposits 

  fi eld operations , 1006–1007  

 geomechanical challenges and well 

stability , 1004–1006  

 well design, operation, and installation , 

1006  

 hydrate dissociation , 979–980  

 hysteretic P-T behavior , 1016–1017  

 IODP , 984  

 laboratory investigations 

 electromagnetic properties , 1014  

  fl ow properties , 1013–1014  

 geophysical properties , 1015  

 laboratory-synthesized samples , 

1011–1012  

 measurements , 1015  

 mechanical properties , 1014  

 natural samples , 1011  

 thermal properties , 1013  

 thermodynamic properties , 1012–1013  

 wave velocities and attenuation , 1015  

 magnitude and global distribution 

 geographic occurrences , 981–982  

 natural gas estimation , 980–981  

 multiphase  fl ow , 1016  

 numerical simulation 

 code availability , 994  

 reliability and accuracy factors , 993  

 oceanic deposits 

 GC955 and WR313 deposits , 991–993  

 Nankai Trough, Japan , 990, 991  

 Oligocene Frio Formation, Tigershark 

Deposit , 991, 992  

 oceanic hydrates , 981–982  

 ODP , 984  

 permafrost deposits 

 Eileen Gas Hydrate Accumulation, 

USA , 988–990  

 hydrate resource pyramid , 985, 986  

 Mallik Gas Hydrate Accumulation, 

Canada , 987–989  

 The Messoyakha Field, Russia , 990  

 wells location , 987  

 production 

 beyond sand reservoirs , 1007–1008  

 geophysical measurements , 

1009–1010  

 hydrate targets , 985, 999–1001  

 monitoring , 1008–1009  

 simulation model , 1009–1010  

 resource pyramids , 984–985  

 sampling and sample analysis , 

1002–1003  

 thermodynamic knowledge gaps , 1016  

 time-dependence issues , 1016  

 universal standards , 1016  

 well testing and interpretation issues 

 practical challenges , 1004  

 PTA techniques , 1003  

 theoretical challenges , 1003   

  GC955 and WR313 deposits , 991–993   

  Genetic engineering technology 

 chloroplast transformation 

technologies , 931  

 gene manipulation tools , 930  

 metabolic network reconstruction and 

simulation model , 931  

 metabolites and recombinant protein 

production , 930   

   Geobacter sulfurreducens  , 1043   

  Global carbon cycle , 26, 28, 29   

  Glucuronoxylans (GXs) , 289, 292   

  Gram-positive lactic acid bacteria 

(LAB) , 251–252   

  Green algae.    See  Chlorophyta  

  Green diesel production process , 

938–941   

  Green extraction techniques 

 MAE , 840  

 PLE , 838–839  

 SFE , 836–837  

 UAE , 839–840   

  Greenhouse gas (GHG) effects , 746   

  Greenhouse Gases and Regulated Emissions, 

and Energy Use in Transportation 

(GREET) model , 761   

  Green Wall Panel reactor , 635    
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  H 

   1 H– 13 C recoupled long-range dipolar 

dephasing , 51–52   

  Harvesting techniques, microalgae biomass 

 cell immobilisation , 575  

 dissolved air  fl otation , 574  

  fi ltration , 574–575  

  fl occulation , 574  

 and processing pathways , 573  

 sedimentation , 574  

 thermal drying , 575   

  Heat treatment temperature (HTT) biochars , 

48–49   

  Hemicelluloses 

 biocrude production , 167  

 biopolymers, cell wall , 289, 292–294  

 composition and degree of polymerization , 

151–152  

 hydrothermal gasi fi cation , 172  

 reaction pathway, of lignin , 161, 162  

 in secondary cell wall , 318  

 selective fast pyrolysis , 132–133  

 structure , 150–151   

  Heterogeneous enzyme catalyst, biodiesel 

production , 536–538   

  Heterogeneous solid super base catalyst, 

biodiesel production , 536   

  Heterokonts 

 biochemical and chemical 

composition , 888  

 description , 881  

 organic matter characteristics , 885  

 productivity of , 886   

  High pressure liquid chromatography (HPLC) 

 cellulose degradation , 355  

 chlorophyll fractionation , 821  

 phytoplankton pigments , 821–823   

  Homogalacturonan , 325   

  Homogeneous chemical catalyst, biodiesel 

production , 535–536   

  HPLC.    See  High pressure liquid 

chromatography (HPLC)  

  Hybrid biochars , 89–91   

  Hydraulic retention times (HRT), ADP , 

890–891   

  Hydrocarbon extraction,  Botryococcus braunii  

 chemical  vs.  thermochemical extractions , 

667–668  

 pyrolysis 

 advantages , 662  

 biochar , 664  

 bio-oil , 663, 664  

 GC-FID chromatogram , 665  

 solid-phase micro-extraction , 663  

 thermogravimetric analysis , 665–666  

 solvent-based extraction systems , 

666–667  

 switchable polarity solvents (SPS) 

 alcohol , 657  

 chemical processes , 657  

 DBU and alcohol , 657  

 extraction process kinetics , 658  

 greenness , 657  

 liquid algal culture extraction , 660–662  

 recyclability , 659  

 solvent selection , 658, 659   

  Hydrocarbon synthesis from biosyngas.    

See  Fischer–Tropsch (FT) synthesis  

  Hydrogenases 

 classi fi cation , 1072  

 improvement , 1083  

 MBH , 1072–1073  

 SH , 1073   

  Hydrogen production, from water 

 designer proton-channel algae 

 autotrophic photosynthesis , 375–377  

 envisioned designer algae creation   

( see  Envisioned transgenic 

designer algae) 

 photobioreactor , 387–390  

 physiological problems , 373–374  

 problem solvation , 375  

 proof-of-principle assay , 378, 379  

 designer switchable-photosystem-II algae 

 DNA construct , 391–392  

 H 
2
 -consuming activity, devoid of , 398  

 host organisms, selection of , 398  

 hydrogenase promoter , 392  

  Nia1  promoter , 396  

 oxygenic photosynthesis , 392–396  

 photobioreactor , 400–403  

 RNA interference technique , 397  

 streptomycin-production gene , 

398–399  

 pathway, in  Chlamydomonas 

reinhardtii  , 371–373  

  trans -thylakoidal proton gradient-

associated physiological problems , 

373   

  Hydrothermal carbonization 

 biochar production 

 advantages , 169  

 chemical transformation , 169–170  

 coali fi cation , 169  

 dehydration , 169  

 oxygen removal , 169  

 switchgrass , 170  

 carbon-rich microspheres , 170–171   
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  Hydrothermal gasi fi cation 

 alkali salts , 173  

  vs.  conventional gasi fi cation , 172  

 fuel gas , 172–173  

 lignin and hemicelluloses , 172  

 SCWG operation , 172  

 synthesis gas , 171   

  Hydroxyacetaldehyde , 139    

  I 

  Integrated Ocean Drilling Program 

(IODP) , 984   

  Iodine value,  Jatropha  oil , 529   

  iRNA techniques 

 photosynthetic butanol production , 488  

 photosynthetic ethanol production , 

433–434   

  Isobutanol (IBT),  Ralstonia eutropha  

 3-PGA , 1070–1071  

 AHAS , 1071  

 BCAA , 1070–1071  

 carbon  fi xation , 1069–1070  

 CAs , 1070  

 catalog , 1066, 1067  

 CBB cycle , 1069, 1070  

 challenges 

 carbon sinks , 1081–1083  

 CAs , 1083  

 hydrogenases , 1083  

 description , 1066  

 DHAD , 1071  

 electrons , 1068  

 explosive mixtures prevention , 1084  

 fermentation strategies , 1084, 1085  

 KIV , 1071–1072  

 MBH , 1068, 1069  

 NADH/NADPH , 1079–1081  

 PHB , 1066–1068  

 production conditions , 1072  

 production pathway 

 2-Kivd , 1078  

 alcohol dehydrogenase , 1078–1079  

 branched-chain amino acid metabolism , 

1076–1078  

 CA , 1073–1075  

 CBB cycle , 1075–1076  

 cofactor balance , 1079–1081  

 hydrogenase enzymes , 

1072–1073  

 recovery , 1084–1085  

 RuBisCO , 1069  

 schematic diagram , 1066, 1067  

 SH , 1068, 1069  

 short-chain alcohol dehydrogenase , 

1071–1072  

  Synechococcus elongates  , 1066  

 TA , 1071   

   Isochrysis galbana  , 576, 577    

  J 

   Jatropha curcas  

 biodiesel production 

 environmental impact potential , 545  

 global warming potential , 543–545  

 heterogeneous enzyme catalyst , 

536–538  

 heterogeneous solid super base 

catalyst , 536  

 homogeneous chemical catalyst , 

535–536  

 in situ transesteri fi cation , 539  

 life cycle energy analysis , 546  

 postreaction processing , 539–540  

 process control approach , 542–543  

 supercritical alcohols , 538  

 using lipase-catalyzed in situ reactive 

extraction , 538–539  

 chemical composition , 526–528  

 fatty acid composition , 528, 529  

 nontoxic  Jatropha  seedcake production , 

540–541  

 oil preparation 

 AOE , 532  

 GAME , 533–534  

 mechanical press extraction , 531  

 SCE , 533  

 three phase partitioning extraction 

method , 533  

 origin , 526  

 physicochemical properties , 528–530  

 seeds and toxicity , 530    

  K 

  Ketoacid reductoisomerase (KARI) , 1078   

  Ketoisovalerate (KIV) , 1071–1072   

  2-Ketoisovalerate decarboxylase (2-Kivd) , 

1078   

  KIV.    See  Ketoisovalerate (KIV)  

  Knallgas bacteria , 1092   

  Korrigan , 327    

  L 

  Land resources, electrofuels , 1046–1047   

  Lectin , 530, 541   
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  Levoglucosan , 134–135   

  Life cycle assessment (LCA) 

 algae-derived bioenergy 

 allocation , 770–771  

 application , 760–761  

 attributional , 762  

 consequential , 762  

 data sources , 769–770  

 functional unit , 764–766  

 GREET model , 761  

 interpretation , 773–775  

 metrics , 766–769  

 modeling assumptions , 761  

 system boundaries , 762–764  

 uncertainty , 771–772  

 microalgae biodiesel production , 753–755   

  Light inhibition , 634–635   

  Lignin 

 modi fi cation 

 bio-switch , 330  

 biosynthetic pathway , 329–330  

 selective fast pyrolysis , 134   

  Lignocellulosic biomass 

 ash , 154  

 biofuel conversion 

 biochemical process , 156  

 direct combustion , 154  

 gasi fi cation , 156  

 pyrolysis , 155–156  

 sub-and supercritical water technology   

( see  Sub-and supercritical water 

technology) 

 cellulose 

 cellobiohydrolases , 150  

 elemental  fi brils , 149  

 endoglucanases , 150  

 hydrogen bonding , 149  

 polymorphs , 149–150  

 structure , 149  

 cell wall biopolymers   ( see  Biopolymers, 

cell wall) 

 cell wall structure and synthesis, 

modi fi cation of 

 biomass quantity and energy density , 

301–305  

 biomass recalcitrance , 296–300  

 composition , 148  

 dif fi culties , 268  

 extractives , 154  

 hemicelluloses , 150–152  

 importance of , 316–317  

 lignin , 153–154  

 polysaccharide modi fi cations   ( see  Plant 

cell walls) 

 primary cell wall , 281–282  

 secondary cell wall , 282  

 second-generation crops 

 perennials and forages , 31  

 straws and stovers , 319–321  

 woody biomass feedstocks , 321–322   

  Lignocellulosic recalcitrance , 6, 406, 448   

  Lipase-catalyzed in situ reactive extraction, 

biodiesel production , 538–539   

  Lipid-based biodiesels , 9   

  Lipids 

 classi fi cation , 603  

 compositions of , 604  

 fatty acid composition , 605  

 lipidic fraction, algae 

 DGDGs , 848  

 fatty acids pro fi le , 848–850  

 fucosterol content , 851  

 glycolipids , 848  

 MGDGs , 848  

 phytosterols , 850–851  

 polyunsaturated fatty acids , 848, 850  

 sterol composition , 850, 851   

  Lique fi ed petroleum gas (LPG) , 686   

  Live-cell assay, cellulose degradation , 356    

  M 

  Macroalgae 

 ADP 

 chlorophyta , 898, 900–905  

 phaeophyceae , 905–907  

 rhodophyta , 895–898  

 components , 876  

 marine , 858–859  

 morphology of , 876   

  MAE.    See  Microwave-assisted extraction 

(MAE)  

  Mallik gas hydrate accumulation, Canada , 

987–989   

  MBH.    See  Membrane-bound hydrogenase 

(MBH)  

  Mechanical press extraction , 531   

  MEC system.    See  Microbial-electrocatalytic 

(MEC) system  

  Membrane bound hydrogenase 

(MBH) , 1042  

 IBT,  R. eutropha  , 1068, 1069   

  Messoyakha  fi eld, Russia , 990   

  Metabolic manipulations, algae 

 description , 928  

 heterotrophic growth , 929  

 light characteristics , 930  

 mixotrophic growth , 929  
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 nutrient starvation conditions , 928  

 silicon-de fi cient conditions , 928–929  

 trace metal availability , 929   

  Methane production 

 algae-biofuel conversion technologies , 

944–945  

 algal biomass production , 944  

 biomass improvement 

 algal digestibility , 921–922  

 algal productivity , 920–921  

 pretreatment , 921–927  

 life-cycle assessment , 944, 945  

 limitations , 875  

 net energy ratio (NER) , 944, 945   

  Microalgae 

 ADP 

  Chlorella  species , 918  

 green microalgae , 912, 916–917  

 methane yield , 918  

  Scenedesmus  species , 918  

 biochemical composition , 602, 876  

 biodiesel production   ( see also  Microalgal 

biodiesel production) 

 downstream processes , 607–610  

 lipid extraction , 610–620  

 microalgal biochemical composition , 

603–606  

 bioethanol production 

 biomass fermentation , 620–625  

 microalgal biochemical composition , 

606–607  

 biomass 

 biofuel-directed microalgae species, 

characteristics of , 560, 562–563  

 biology , 558, 560  

 CO 
2
  bio-sequester , 811  

 commercial applications , 811  

 enclosed photobioreactors , 564–567  

 with environmental impact mitigation , 

570–573  

 extraction and puri fi cation, oils and 

bioproducts , 576–578  

 genetic engineering , 565–568  

 growth and productivity monitoring 

systems , 575–576  

 harvesting techniques , 574–575  

 intracellular chlorophyll extraction , 816  

 open pond systems , 561, 564, 565  

 production , 811  

 production scenarios and strategies , 

568–570  

 strain selection , 560  

 chlorophyll production , 812–821  

 closed photobioreactor designs 

 aeration with membranes , 645  

 bubble columns , 639–640  

  fl at plate reactors , 640–643  

 infrared radiation , 646  

 light capturing and distribution , 646  

 power input , 639  

 spatial separation , 646  

 tubular reactors , 643–645  

 C/N ratios , 936  

 co-digestion , 936, 937  

 computational  fl ow dynamics , 637, 638  

 cultivation system , 812–814  

 description , 807–808  

  fl uid dynamics 

 CO2 distribution , 636–637  

 hydrodynamics , 636  

 liquid movement , 637  

 mass transfer , 636  

 intermittent light effect , 637–638  

 light distribution 

 cell concentrations , 633  

 Green Wall Panel reactor , 635  

 on growth kinetics , 634  

 light inhibition , 634–635  

 surface areas , 636  

 photobioreactors , 631, 632  

 photoconversion ef fi ciency , 630  

 products , 629–630  

 and sustainability , 810–811  

 unsaturated fatty acids , 629   

  Microalgal biodiesel production 

 algal dewatering systems design 

 centrifugation , 720  

  fi ltration , 720  

  fl occulation , 718–719  

 multi-step dewatering , 720, 721  

 annual costs , 727  

 biodiesel production , 724  

 capital costs and investment , 726–727  

 carbon and energy audit 

 biodiesel production , 739  

 climate change , 732–733  

 cultivation systems , 735  

 dewatering , 736–739  

 impact analysis , 734  

 inventory , 734  

 life cycle assessment , 733–734  

 lipid extraction , 739  

 system boundary , 734  

 centrifugation , 717  

 cultivation systems 

 design basis , 714–716  

 microalgae , 710–712  

 dewatering , 715  
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 Microalgal biodiesel production (cont.) 

 economic model and process , 726  

 economics evaluation 

 cultivation , 728–730  

 dewatering , 730–731  

 extraction and transesteri fi cation , 

731–732  

 production costs , 732  

 equipment costs , 726  

  fi ltration , 717  

  fl occulation , 716–717  

 lipid extraction 

 process design , 723–724  

 technologies , 722  

 multiple step dewatering , 717–718  

 plant design , 710  

 process recommendations , 739–741  

 running costs , 727–728  

 solvent extraction , 723  

 sustainability evaluation of   

( See  Sustainability evaluation, 

microalgae biodiesel production) 

 transesteri fi cation process design , 725  

 tubular reactors design 

 airlift pump , 711  

 culture velocity , 714  

 degassing column , 712–713  

 dissolved oxygen accumulation , 

713–714  

 pH , 714  

 reactor tubing , 713  

 solar irradiance , 713   

  Microbial-electrocatalytic (MEC) system , 11  

 electricity and CO 
2
  conversion , 1094  

  Escherichia coli  , 1093  

 experimental approach 

 biofuel production,  R. eutropha  , 

1095–1097  

 strain selection and genetic 

engineering , 1095  

 hydrogen , 1093  

 Knallgas , 1092  

 liquid transportation fuels , 1092  

 MoPy5 , 1093, 1094  

 Mo-Py5 electrocatalyst optimization , 

1097–1098  

 PHB synthesis pathway , 1092–1093  

  Saccharomyces cerevisiae  , 1093   

  Microwave-assisted extraction (MAE) , 840   

   Miscanthus  , 321   

  Molybdenum polypyridyl-oxo catalyst 

 electrochemical generation, H 
2
  , 1093, 1094  

 optimization , 1097  

 tethering , 1098   

  Monogalactosyl diacylglycerols 

(MGDGs) , 848   

  Monometallic systems 

 catalyst characterization , 211–214  

 catalyst preparation , 210–211  

 catalytic activity , 217–218  

 selectivity , 219–221   

   myo -inositol oxygenation , 292    

  N 

  NADPH/NADH conversion mechanism 

 butanol , 486–488  

 ethanol , 431–433   

  Nankai Trough, Japan , 990, 991   

   Nannochloropsis oculata  

 biochemical and chemical composition , 

888  

 cell-intrinsic light scatter of , 577  

 lipid extraction , 603, 604   

  Native cellulophile approach 

  Clostridium thermocellum  , 270–271  

  Thermanaerobacterium saccharolyticum  , 

271–272  

  Trichoderma reesei  , 272   

  Native ethanologen approach 

  Saccharomyces cerevisiae  , 273–274  

  Zymomonas mobilis  , 274–275   

  Nelson-Somogyi assay , 354   

  Neutral lipids , 603   

  Nia1 promoter 

 butanol , 493, 497  

 ethanol , 428   

  Nitrogen,  Spirulina platensis  cultivation 

 biomass production , 792  

 natural media , 795  

 nitrate source , 793  

 urea and ammonium , 793–794  

 wastewater , 795   

  Non-polar lipids , 654–656   

  NPK resources, electrofuels , 1049   

  Nucleic acid constructs 

 butanol , 484–486  

 ethanol , 429, 430   

  Nutrition supplements, microalgae , 586–588    

  O 

  Ocean Drilling Program (ODP) , 984   

  Oil extraction,  Jatropha curcas  

 AOE , 532  

 GAME , 533–534  

 mechanical press extraction , 531  

 SCE , 533  



1117Index

 three phase partitioning extraction 

method , 533   

  Oligocene frio formation , 991, 992   

  Open-air microalgal cultivation system , 

812, 814   

  Open pond systems, microalgae biomass 

production , 561, 564, 565   

  Organic loading rate (OLR), ADP , 890–891   

  Organic solvent extraction 

 biodiesel production 

 modi fi cations , 613–615  

 operating parameters , 612–613  

 principles , 611  

  vs.  SCCO2 extraction , 620, 621  

 solvents selection , 612  

 microalgal chlorophyll , 816–818   

  Original equipment manufacturers (OEMs), 

biofuels , 555–556   

  Oxidation–reduction potential (ORP), ADP , 

890   

  Oxygen plasma process , 39–40    

  P 

  Paper chromatography, chlorophyll 

fractionation , 820   

  Partially oxygenated biochar 

 ash and volatile matter , 44  

 biomass-to-fuel process , 43  

 carbon and nitrogen content , 44  

 carbon sequestration , 36  

 cation-exchanging property , 36–37  

 closed system , 41  

 heatable closed system , 41–42  

 incomplete combustion process , 

38, 40–41  

 open system , 41  

 oxygenating compounds , 39  

 oxygen plasma process , 39–40  

 plant-derived biomass materials , 38–39  

 reactive oxygenating compounds , 40  

 soil-fertilizing compounds , 44  

 uncontrolled combustion process , 38  

 integrated process , 43  

 nonintegrated process , 43  

 oxygen and hydrogen content , 44  

 oxygen-to-carbon molar ratio , 43  

 oxygen to carbon ratio , 37  

 particle size , 44  

 phosphorus and calcium content , 44  

 soil-fertilizing compounds , 44  

 speci fi c surface area , 44  

 sulfur content , 44   

   PARVUS  gene , 292   

  Peroxide value,  Jatropha  oil , 529   

  Phaeophyceae 

 anaerobic digestion , 905–907  

 biochemical and chemical composition , 

886–887   

  PHB.    See  Polyhydroxybutyrate (PHB)  

  Phenolic compounds , 140–141, 857–858   

  Phenylalanine , 294   

  3-Phosphoglycerate (3-PGA) , 1070–1071   

  Photobioreactor 

 cultivation system , 814–815  

 designer proton-channel algae 

 algal culture , 389  

 algal reactor and gas-separation-

utilization system , 387–389  

 designer switchable-photosystem-II algae 

 aerobic reactor and the anaerobic 

reactor , 400–401  

 biocatalysts , 403  

 hydrogen production , 402  

 photoautotrophic culture growth , 402  

 ethanol-separation-harvesting system , 

437–444  

 photosynthetic butanol production , 

516–520  

 photosynthetic ethanol production , 

437–444   

  Photoconversion ef fi ciency (PCE), microalgae , 

630   

  Photosynthetic butanol production 

 cornstarch , 448  

 designer Calvin-cycle-channeled 

production 

 1-butanol , 500, 507–508  

 1-hexanol and 1-octanol , 503, 511–512  

 1-pentanol, 1-hexanol and 1-heptanol , 

504, 512–513  

 2-methyl-1-butanol , 501, 509  

 3-methyl-1-pentanol , 505, 513–515  

 4-methyl-1-hexanol , 505, 513–515  

 4-methyl-1-pentanol , 506, 515–516  

 5-methyl-1-heptanol , 505, 513–515  

 5-methyl-1-hexanol , 506, 515–516  

 6-methyl-1-heptanol , 506, 515–516  

 isobutanol and 3-methyl-1-butanol , 

502, 510–511  

 designer photosynthetic organisms 

 algae , 454–456  

 aquatic plants , 453  

 designer enzyme selection , 456–479  

 DNA constructs and transformation , 

484–486  

 enzyme in stroma region of 

chloroplasts , 479–481  
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 Photosynthetic butanol production (cont.) 

 genetic switch application , 481–484  

 host photosynthetic organisms , 

453–456  

 nonaquatic plants , 453–454  

 photobioreactor , 516–520  

 reducing power (NADPH) and energy 

(ATP) , 450–452  

 host modi fi cations 

 biosafety , 493–498  

 designer oxyphotobacteria , 492–493  

 designer starch degradation and 

glycolysis genes , 488–491  

 distribution between chloroplast and 

cytoplasm , 492  

 iRNA techniques , 488  

 NADPH/NADH conversion 

mechanism , 486–488  

 oxyphotobacteria , 449   

  Photosynthetic ethanol production 

 Calvin cycle , 406–407  

 cornstarch , 405–406  

 designer photosynthetic organisms 

 algae , 410–411  

 aquatic plants , 409–410  

 designer enzyme selection , 412–425  

 DNA constructs and transformation , 

429–431  

 enzyme in stroma region of 

chloroplasts , 425–427  

 genetic switch application , 427–428  

 host plant, plant tissue and plant cell , 

409–412  

 photobioreactor and 

ethanol-separation-harvesting 

system , 437–444  

 solar-to-ethanol energy-conversion 

ef fi ciency , 408  

 host modi fi cations 

 designer starch degradation and 

glycolysis genes , 434–437  

 iRNA techniques , 433–434  

 NADPH/NADH conversion 

mechanism , 431–433   

  Phototrophic microbial fuel cell (PMFC) , 942   

  Plant cell walls 

 lignin modi fi cation 

 bio-switch , 330  

 biosynthetic pathway , 329–330  

 primary wall modi fi cation 

 cellulose binding modules expression , 

324–325  

 cell wall modulation , 323–324  

 pectic polysaccharide , 

325–326  

 plant biomass, increase in , 323–324  

 sucrose metabolism, manipulation 

of , 326  

 secondary wall modi fi cation 

 genetic manipulation, cellulose 

characteristics , 327  

 hemicellulosic polysaccharides , 328  

 structural diversity of , 317–319  

 Trojan Horses , 331   

  Plate assay, cellulose degradation , 356   

  PLE.    See  Pressurized liquid extraction (PLE)  

  PMFC.    See  Phototrophic microbial fuel cell 

(PMFC)  

  Polar lipids 

 bipolarity , 603, 604  

 extraction , 617   

  Polyhydroxybutyrate (PHB) 

 IBT,  R. eutropha  , 1066–1068  

 synthesis pathway , 1092–1093   

  Polyunsaturated fatty acids (PUFAs), 

microalgae , 586   

  Porphyrans , 855   

  Potassium iodide test, antioxidant , 842   

  Precipitated Fe catalyst 

 CO 
2
 +CO hydrogenation , 229–230  

 CO 
2
  hydrogenation , 228–229  

 promoter activation   ( see  CO 
2
  

temperature-programmed-

desorption (CO 
2
 -TPD)) 

 with SiO 
2
 , for CO 

2
  hydrogenation , 

237–240  

 WGS reaction , 228   

  Pressure transient analysis (PTA) 

techniques , 1003   

  Pressurized liquid extraction (PLE) 

 advantages , 838  

 principles , 838  

 vs. SFE , 838–839  

 SWE , 839   

  Primary cell wall 

 description , 281–282  

 modi fi cation 

 cellulose binding modules expression , 

324–325  

 cell wall modulation , 323–324  

 pectic polysaccharide , 325–326  

 plant biomass, increase in , 323–324  

 sucrose metabolism, manipulation 

of , 326   

  Proof-of-principle assay,  Chlamydomonas 

reinhardtii  , 378, 379   
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  Proton-shuttling effect , 378   

  Proviron photobioreactor , 642   

  Pyrolysis system, hydrocarbons extraction 

 advantages , 662  

 biochar , 664  

 bio-oil , 663, 664  

 GC-FID chromatogram , 665  

 scanning electronic microscopic 

image , 664  

 solid-phase micro-extraction , 663  

 thermogravimetric analysis , 665–666    

  R 

   Ralstonia eutropha  

 biofuel production, MEC system 

 alkenes , 1096–1097  

 farnesene , 1097  

  n -butanol , 1096  

 pathways , 1095–1096  

 chemolithoautotrophy, 

electrofuels , 1042  

 IBT production   (s ee  Isobutanol (IBT),  

R. eutropha )  

  Red Algae.    See  Rhodophyta  

  Regulatory hydrogenase (RH) , 1042   

  Relative crystallinity index (RCI) , 289   

  Residual oil and fat valorization 

 animal fats , 674–675  

 biodiesel production 

 acid-catalyzed process , 

681–682  

 alkali-catalyzed transesteri fi cation , 

675, 680–681  

 biological catalyzed process , 

684–685  

 catalytic cracking , 686  

 co-solvents, transesteri fi cation , 685  

 economic and environmental 

considerations , 687–688  

 feedstocks , 672  

 heterogeneous catalyzed process , 

683–684  

 in situ transesteri fi cation , 

685–686  

 microwave-assisted transesteri fi cation , 

686  

 non-catalytic supercritical processes , 

682–683  

 oil/fat extraction , 676–677  

 post-processing , 687  

 pre-treatment, oil/fat , 677–679  

 lipid content, in  fi sh , 673–674  

 physical and chemical properties , 674   

  RH.    See  Regulatory hydrogenase (RH)  

  Rhodophyta 

 anaerobic digestion , 895–898  

 biochemical and chemical composition , 

880  

 description , 878  

  Gelidium  , 878  

  Gracilaria  , 878  

 habitats , 878  

 organic matter characteristics , 878  

 productivity of , 879   

  Ribulose-1,5-bisphosphate carboxylase/

oxygenase (RuBisCO) , 1069    

  S 

   Saccharomyces cerevisiae , CBP , 273–274   

  Sation exchange capacity assay protocol , 

60, 62–63   

  Scaffoldins , 357–358   

  Secondary cell wall 

 description , 282  

 modi fi cation 

 genetic manipulation, cellulose 

characteristics , 327  

 hemicellulosic polysaccharides , 328   

  Second-generation biofuels , 554–555   

  Selective fast pyrolysis 

 biomass fast pyrolysis 

 acetic acid , 140  

 anhydro-oligosaccharides , 137–138  

 furfural , 138–139  

 hydroxyacetaldehyde , 139  

 levoglucosan , 134–135  

 levoglucosenone , 135–137  

 light aromatic hydrocarbons , 141  

 phenolic compounds , 140–141  

 cellulose , 131–132  

  vs.  conventional fast pyrolysis , 130  

 crude bio-oils , 130  

 hemicelluloses , 132–133  

 lignin , 134   

  Separate hydrolysis, fermentation and 

recovery (SHFR) , 258–259   

  SFE.    See  Supercritical  fl uid extraction (SFE)  

  SH.    See  Soluble hydrogenase (SH)  

  SHFR.    See  Separate hydrolysis, 

fermentation and recovery (SHFR)  

  Short-chain alcohol dehydrogenase , 

1071–1072   

  Simultaneous hydrolysis, fermentation and 

recovery (SSFR) , 259–261   
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  Slow-pyrolysis technology 

 bene fi ts , 99  

 capital costs , 102–103  

 carbon storage , 98  

 energy ef fi ciency , 100–101  

 feedstock  fl exibility , 101  

 future aspects , 114–115  

 greenhouse gas outcomes , 113–114  

 improved yields and quality , 101  

 intensive agriculture 

 bene fi ts , 109  

 greenhouse gas , 109–110  

 livestock waste management , 108–109  

 operators , 109  

 waste materials , 108  

 municipal organic wastes , 106–108  

 operability , 101  

 operating costs , 102  

 pulp and paper 

 activated sludge , 104  

 bene fi ts , 105  

 carbonate content , 105  

 contaminants , 105  

 greenhouse gases , 105–106  

 waste paper sludge , 104  

 reduced pollution , 101  

 revenue streams , 101–102  

 scalability , 101  

 very low-grade waste organics , 98–99   

  Smokeless biomass pyrolysis 

approach, biochar 

 biomass-pyrolysis reaction , 26  

 carbon dioxide capture and sequestration , 

26, 27, 29–30  

 charcoal, wild fi re , 29  

 global carbon cycle , 26, 28, 29  

 Terra Preta soils , 24–26  

 yield and characteristics , 26–27   

  Solar electricity-based electrofuel process , 

10–11   

  Solids retention times (SRT), ADP , 890–891   

  Solid-state  13 C NMR spectroscopy, biochars 

 aromatic cluster sizes , 51–52  

  13 C CP/MAS , 49  

 chemical structure , 48–49  

 DP/MAS , 49–50  

 fused-ring aromatics , 51  

 slow-pyrolysis biochar, switchgrass , 

52–54   

  Solix biofuels , 641   

  Soluble hydrogenase (SH) , 1042  

 IBT,  R. eutropha  , 1068, 1069   

  Solventogenic phase , 249   

  Soxhlet apparatus , 614   

   Spirulina platensis  cultivation.    

See Arthrospira platensis  

cultivation, fed-batch process  

   spo0A  gene , 250–251   

  SSFR.    See  Simultaneous hydrolysis, 

fermentation and recovery (SSFR)  

  Stochastic tools , 772   

  Sub-and supercritical water technology 

 bene fi ts , 158–159  

 biofuels, hydrothermal medium 

 biochar, 168–170 (   see also  Biochars) 

 biocrude   ( see  Biocrude production) 

 bioethanol   ( see  Bioethanol production) 

 carbon-rich microspheres , 170–171  

 cellulose , 160–161  

 corrosion , 177  

 gasi fi cation   ( see  Hydrothermal 

gasi fi cation) 

 hemicellulose , 161  

 heterogeneous catalyst , 177  

 high pressure biomass feeding , 

176–177  

 lignin reaction , 162  

 salt precipitation , 177  

 dielectric constant , 159–160  

 energy balance , 177–178  

 ionization constant , 159–160  

 microalgae to biofuels conversion 

 algal composition , 173  

 anaerobic digestion , 175  

 dewatering , 174  

 diverse composition , 175  

 dry gas composition , 176  

 gasi fi cation , 175–176  

 high nitrogen content , 174–175  

 pyrolysis , 175  

 pressure-temperature phase , 159  

 sub-and supercritical water 

  vs.  ambient water , 157, 158  

 density and dielectric constant , 157  

 dielectric behavior , 157  

 H-bonding , 157  

 physical properties , 157, 158  

 supercritical  fl uids 

 advantages , 157  

 applications , 156–157  

 transport properties , 156   

  Subcritical water extraction (SWE) , 839   

  Sugarcane ethanol 

 for automobiles , 17–18  

 Brazilian Alcohol Program , 14–15  

 consumption , 15–16  

 production and potential demand 

for , 18–19  
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 sugarcane productivity, Brazil , 16–17  

 world re fi ned sugar price , 13–14   

  Sulfated polysaccharides , 854, 855   

  Supercritical carbon dioxide (SCCO 
2
 ) 

 chlorophyll extraction , 820  

 effective extractant , 818  

 extraction , 533, 616–618  

 solvent power of , 818  

 thermolabile compound extraction , 818   

  Supercritical  fl uid extraction (SFE) 

 advantages , 818  

 bioactive compounds , 836–837  

 carbon dioxide phase diagram , 818, 819  

 classi fi cation , 818–819  

 description , 818  

 microalgal chlorophyll , 820  

 pilot-scale preparative system , 819  

 SCCO 
2
  , 818, 820   

  Sustainability evaluation, microalgae 

biodiesel production 

 indicators 

 analysis and selection , 752  

 complications , 755–756  

 energy intensity , 752–753  

 global warming potential , 755  

 life cycle assessment , 753–754  

 supply chain stages , 752  

 sustainability indicators 

 procedure , 748–749  

 three dimension model , 747–748  

 system boundary de fi nition 

 algae species , 750  

 cultivation , 751  

 limitations , 751  

 supply chain stages , 750   

  Sustainability indicators , 747–749   

  SWE.    See  Subcritical water extraction (SWE)  

  Switchable polarity solvents (SPS), 

hydrocarbons extraction 

 alcohol , 657  

 chemical processes , 657  

 DBU and alcohol , 657  

 extraction process kinetics , 658  

 greenness , 657  

 liquid algal culture extraction , 660–662  

 recyclability , 659  

 solvent selection , 658, 659   

  Switchgrass hydrolyzate (SGH) , 254–255   

   Synechococcus elongates  , 1066   

  Syngas production 

 fossil fuel pretreatment 

 advantages and disadvantages , 

195–196  

 coal , 194  

 impurities , 194  

 leaching , 196  

 torrefaction , 196, 197  

 gasi fi cation 

 circulating  fl uidized bed , 198  

 coal , 199  

 gas cleaning and conditioning , 199–200  

 gasi fi ers , 196–197  

 supercritical media , 198  

 wood , 199, 200   

  Syringealdehyde , 255    

  T 

  TA.    See  Transaminase (TA)  

  Tangential  fl ow  fi ltration (TFF) , 715   

  Terpenoids , 859   

  Terra Preta soils , 24–26   

  Tetra-hydro-furan (THF) , 685   

  Tetramethylammonium hydroxide 

(TMAH) , 696–697   

   Tetraselmis suecica  

 chlorophyll extraction 

 acetone extraction , 824–825  

 chemicals and reagents , 821  

 cultivation , 824  

 dewatering , 824  

 methanol extraction , 824–825  

 pre-treatment , 824  

 spectrophotometric determination , 

825–826  

 strain , 824  

 fatty acid composition , 605   

   Thermanaerobacterium saccharolyticum  , 

271–272   

  Thermochemical liquefaction , 581–582   

  Thin layer chromatography (TLC) 

 cellulose degradation , 355  

 chlorophyll fractionation , 820–821   

  Third-generation biofuels , 555   

  Three phase partitioning extraction method , 

533   

  Tigershark deposit , 991, 992   

  TLC.    See  Thin layer chromatography (TLC)  

  Transaminase (TA) , 1071   

  Transesteri fi cation    See also  Biodiesel 

production 

 de fi nition , 534  

 in situ , 539  

 variables affecting biodiesel yield , 

534–535   

  Transmethylation , 610   

  Triacylglycerols (TG) , 603   

   Trichoderma reesei  , 272   
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  Trojan Horses , 331   

  Tubular photobioreactor 

 application , 644–645  

  Arthrospira platensis  cultivation , 798  

 con fi gurations , 815  

 design 

 airlift pump , 711  

 culture velocity , 714  

 degassing column , 712–713  

 dissolved oxygen accumulation , 

713–714  

 pH , 714  

 reactor tubing , 713  

 solar irradiance , 713  

 gas exchange , 643–644  

 light penetration , 643  

 power supply , 644    

  U 

  Ultrasound-assisted extraction (UAE) , 

839–840   

   Ulva  

 biochemical composition , 904  

 components , 898  

 growth conditions , 904  

 methane yield , 904, 905   

  United States Department of Energy 

(DOE) , 11    

  V 

  Van Krevelen diagram , 79   

  Vertical column photobioreactor , 

565, 566   

  Vitamins , 856–857    

  W 

  Waste streams, algal production 

 anaerobic digester ef fl uent , 943  

 domestic/industrial/agricultural 

wastewater treatment , 942–943   

  Water resources, electrofuels 

 advanced biofuel systems , 

1047, 1049  

 resource requirement comparison , 

1047, 1048  

 scarce resource , 1047  

 terrestrial energy crops , 1047   

  Well testing , 1003–1004   

  Wet oxidation , 927   

  Wheat straw hydrolyzate (WSH) , 253   

  Willow short-rotation coppice 

production, system boundaries 

for , 556, 557    

  Z 

   Zymomonas mobilis  , 274–275           
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