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Biofuels from algae are considered as promising alternatives of conventional fossil fuels, as they can
eliminate most of the environmental problems. The present study focuses on all the possible avenues of
biofuels production through biochemical and thermochemical conversion methods in one place, bringing
together both microalgae and macroalgae on the same platform. It provides a brief overview on the
mechanism of different biofuel production from algae. Factors affecting the biofuel process and the as-
sociated challenges have been highlighted alongwith analysis of techno-economic study available in

K?J/V\{OTde literature. Undoubtly, biodiesel is the center of attraction among other biofuels. However, their routes
Biodiesel and process need to be optimized in order to bring the minimum fuel selling price (MFSP) of biodiesel
g:gﬁ;ﬁizcg)len competitive. Technological challenges have not been overcome to make biofuel production process en-
Biogas ergetically and commercially viable. Macroalgae are low in lipid content. Therefore, the use of macro-

Hydrothermal liquefaction

algae is restricted for gaseous fuels or fermentative methods of liquid biofuels production. Anaerobic
digestion of algal biomass is easy and seems promising as the process is simple in terms of engineering
and infrastructure requirement. Hydrogen production by microalgae through biophotolysis seems in-
teresting as it directly converts the solar energy into hydrogen. However, the process has not been
scaled-up till today. Hydrothermal liquefaction (HTL) is more promising due to handling of wet biomass
at moderate temperature and pressure and conversion of whole biomass into high quality oil. However,
HTL process is energy intensive.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The gap between world energy requirement and supply is
growing wider. Fossil fuels resources are localized in few countries,
making most of the other countries to be dependent upon them
for their energy requirement. An increase in the energy demand,
technology and regulatory policies such as fuel efficient cars and
green house gas (GHG) reduction have great influence over the
choice of quantity and quality of energy carriers. Bioenergy can
play a significant role to meet the global challenges of clean, self
dependent, and sustainable energy requirement. Research on algal
biology is not completely explored; it has a great potential to
support bioenergy requirement. Microalgae have higher nutrients
and CO, uptake efficiency compared with terrestrial plants. This is
because of high surface to volume ratio of algal cells [1]. Micro-
algae have high growth rate and do not compete directly with the
food supply chain. It can be grown in non-arable land and can be
cultivated throughout the year. The algal biodiesel productivity
was estimated to be 10-23 times higher in comparison to the
highest oil producing terrestrial oil crop — palm [2]. In addition,
production of microalgae captures the CO, from the environment
and thus reduces the global warming [3].

The cost of algal biomass production and energy recovery from
the biomass is still too high to compete with the cost of fossil de-
rived energy carrier. Therefore, it is imperative to look for bior-
efinery approach utilizing most of the algal biomass for energy re-
covery. Algal biomass can be used as an energy carrier in the form of
solid (e.g. direct combustion of biomass), liquid (e.g. biodiesel,
bioethanol), and gas (e.g. biohydrogen, biogas, syngas) (Fig. 1). The
ratio of carbohydrates, proteins, and lipids determine the suitability
of microalgae for a particular type of energy carrier [4].

Biohydrogen
(Biophotolysis product)
Ex. C. reinhardtii

Hydrocarbons
Ex. B. braunii
Lipids
Ex. N. salina

Carbohydrates
Ex. Golenkinia sp;
Laminaria sp.

Microalgae

Macroalgae

Whole biomass

In recent times, algae has been treated as a vital source for
renewable biodiesel worldwide [5]. Synthesis of triglycerides
(TAGs) containing favorable fatty acid chain length in algae makes
them an ideal substrate to produce biodiesel [6]. The reported
physicochemical characteristics of algal biodiesel such as pH,
density, and viscosity were in the range of 6-7, 0.85-0.89 g cm 3,
and 3.8-4.4 mm? s~!, respectively which is similar to fossil de-
rived diesel [3]. Biodiesel has several advantages such as a re-
newable energy source of hydrocarbons derived from solar energy
and has a high amount of oxygen that leads to reduced emission of
CO, and particulate matters. Biodiesel has shown to emit nearly
70% less carbon dioxide compared to petroleum diesel [7]. In ad-
dition, the handling and storage are safer, because of higher
flashpoint, faster biodegradation, and greater lubricity. The con-
sumption of biodiesel instead of fossil diesel reduces the CO,
emission by 3.3 kgL' [1]. However, increased emission of NOy
and unsuitability for cold countries because of poor cold tem-
perature properties are some of the disadvantages of biodiesel.

The main cost of biodiesel currently includes land crop culti-
vation, constituting a load as high as 90% of the total costs for
biodiesel production. High microalgal productivity with high lipid
content are difficult to achieve, because of poor light penetration
in the culture [8] and trigger of lipid synthesis only in stress
conditions. The lipid content above 40% was found to trigger
generally under certain stress condition. For example, Nano-
chloropsis sp. attains 60% lipid content in dry cell weight under
nitrogen starvation stage in a flat alveolar photobioreactor. How-
ever, this stress condition compromises with the biomass
productivity.

Hydrogen production by biophotolysis is another area, where
microalgae can be harnessed for energy production. Gaffron and
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Fig. 1. Different routes of bioenergy generation from microalgae and macroalgae.
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Rubin reported the use of Scenedesmus obliquus as a source for the
hydrogen production under anaerobic conditions [9]. After a long
dark period followed by illumination the microalgal cells acquire
the ability to produce H, [10]. The hydrogenase enzyme catalyzes
the hydrogen production, which gets suppressed during oxygenic
photosynthesis due to oxygen evolution. Anaerobic conditions are
necessary to activate hydrogenase enzyme. Now a days, most of
the research is focused on creating the anaerobic environment and
enhancing the catalytic activity of hydrogenase enzyme.

Microalgal biomass is rich in carbohydrates, protein and lipids,
though the concentration varies depending upon the strain and on
various physico-chemical parameters influencing their metabolic
pathway during cultivation. Continuous supply of carbonaceous
feedstock of biomass could be ensured by ease of cultivation and
presence of a significant amount of these energy storage compo-
nents. Some microbes under dark fermentation are considered as
potent microorganisms for the biohydrogen production utilizing
glucose and other starch based waste materials such as distillery
effluents, rice spent water etc. In view of this, algal biomass as
carbonaceous substrates can be fermented by microbes for the
hydrogen or bioethanol production [11-13]. Bioethanol can be
blended with diesel in different proportions to use in vehicles.
Bioethanol is similar to biodiesel, however, having less energy
density. Ethanol has an energy content of 29.7 MJ] kg~ ! [1]. Ethanol
concentration greater than 8% is requisite in the fermentative
medium as the energy required during distillation rises ex-
ponentially in the lower level of ethanol concentration [4].

Anaerobic digestion of microlagal biomass has been the subject
of extensive research over the years [14,15]. It was started in fifties
by Golueke et al, when they reported biogas productivity of
0.5m3kg~! [16]. Generation of methane rich biogas through
anaerobic digestion can be considered for the conversion of algal
residuals to generate additional energy source [17]. Microalgal
biomass has a higher specific methane content (61-67%) compared
to maize silage (54%) [18]. Microalgae do not contain lignin, which
is the main component in many agricultural residues, and there-
fore, it has better prospects for efficient biodegadation for biogas
production. Biogas can be directly used to produce heat or elec-
tricity through co-generation or it can be further purified to use as
natural gas. The biogas production process has a high energy yield.
It does not require drying step as anaerobic fermentation is carried
out using wet fermentation. All microalgal biomass irrespective of
lipid content can be used for anaerobic digestion to produce bio-
gas. Co-digestion with other feedstocks is possible. In addition,
microalgae can be further utilized to improve the biogas quality by
sequestration of CO, from the biogas [19]. However, the bio-
methanation of microalgae depends on the microalgal chemical
composition which again is varying with the cultivation condi-
tions, seasonality, availability of nutrients etc. For example, Ar-
throspira plantensis cultivated under phosphorous limiting condi-
tions accumulated a higher amount of carbohydrates which in turn
led to increase bio-methane yields. The highest biomethane yield
was 203 + 10 mL CH, g COD;,q~! from biomass having 60% car-
bohydrates, while the lowest biomethane yield was 123 + 910 mL
CH4 g CODjpn~ !, when the biomass contained only 20% carbohy-
drates [20].

Similar to microalgae, several research groups are assessing the
suitability of macroalgal/seaweed biomass for biogas production
since the 1970s [17]. Macroalgae synthesize very low quantities of
oils, but are a good source of carbohydrate. Therefore, macroalgae
can be utilized for the production of bioethanol and biogas by the
process of fermentation and anaerobic digestion, respectively [21].
The US Marine Biomass Program of the 1970's and early 1980's
[22] studied the anaerobic digestion of macroalgae and established
the feasibility of converting Macrocystis pyrifera to methane. The
biochemical methane potential of M. pyrifera was comparable to or

exceeded that from all terrestrial biomass sources by over three-
fold [23].

The present review provides information for different routes of
biofuels production through biochemical and thermochemical
conversion methods that can be applied in algal biorefinery.
Pathways and mechanism of synthesis of different possible bio-
fuels such as biodiesel, bioethanol, biohydrogen, biogas, and bio-
oil from microalgae and macroalgae have been discussed in de-
tails. At the end, a brief discussion of techno-economic analysis is
included to identify the cost effective routes of algal biomass uti-
lization for biofuel production.

2. Biofuels production
2.1. Biodiesel production from microalgae

The total lipid (neutral and polar) content of algal biomass
varies from 1% to 75%, depending upon microalgae strain and
cultivation conditions, with values generally greater than 40% in
nutrient stress condition [4] (Table 1). Total lipid content in mi-
croalgae is generally higher than the cyanobacteria [27]. Contrary
to microalgae, macroalgae in general have very low lipid content
(up to 4.5%w/w) which make them unsuitable for biodiesel pro-
duction [28,29]. Biodiesel production can be summarized as a two
stage process: lipid extraction followed by transesterification to
produce biodiesel. Transesterification is a reaction between lipid/
oil and a monohydric alcohol using homogenous or heterogeneous
catalysts to produce mono alkyl esters (FAME) and glycerol as a
byproduct [30,31]. Transesterification converts TAG to diglycerides
followed by monoglycerides and then esters along with glycerol as
a byproduct [32]. Transesterification of lipid reduces the lipid/oil
viscosity near to the normal diesel oil. Generally methanol and
lipid is mixed in 1-9 ratio, which produce biodiesel and glycerol in
the ratio of 9-10:1, respectively [1]. Traditional two stage process
of transesterification is costly and replaced by a single stage pro-
cess. Direct or wet transesterification can significantly reduce the
downstream processing by reducing the two steps of lipid ex-
traction and transesterification into a single step [33].

Foam formation is a common bottleneck during the tranester-
ification process due to the presence of free fatty acids [1].
Cleaning of biodiesel is required to remove the foam and the or-
ganic acids. Further, microalgae have mostly polyunsaturated li-
pids having four or more than four double bonds [4]. Therefore,
biodiesel obtained from microalgae is susceptible to oxidation in
proportion to the extent of unsaturation [1]. The short life of
biodiesel can be enhanced by partial hydrogenation.

Transesterification of 100 kg of lipid produces nearly 100 kg of
biodiesel, which corresponds to 117.6 L of biodiesel assuming a
density of biodiesel equal to 850 kg m~> at 278-373 K [3]. This will
require 200 kg of algal biomass to produce 117.6 L of biodiesel
assuming algal biomass contains 50% (w/w) of lipid [34,35]. In
order to have an economically competitive biodiesel production,
algal biomass cost should be below approx. 0.5 $ kg~ algal bio-
mass based on the current oil price. However, the current cost of
algal biomass needs to decrease by at least 6-7 fold to make the
process economically viable. The price of biodiesel extracted from
microalgae seems to equate the cost of the diesel by the year 2050.
Some other reports estimated an optimistic view of biodiesel cost
in a range of US$ 0.42-0.97 L~ . Contrary to this, the cost calcu-
lated by Solazyme approximates US$17 L~ to produce biodiesel
using heterotrophic cultivation methods [21]. The cost of algal
biomass depends upon the type of algal species, growing system,
climatic conditions, availability of labour etc.
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Table 1
Some of the potential algae for high lipid production [24-26].

Microorganisms Biomass pro- Lipid con- Lipid productivity
ductivity (g/L d) tent (%, w/ (mg/L d)
w)
Botryococcus braunii 0.02 25.0-75.0 5-15
Chlorella emersonii 0.036-0.041 25.0-63.0 10.3-50.0
Chlorella 2.00-7.70 14.6-57.8 1214
protothecoides
Chlorella pyrenoidosa  2.90-3.64 20 58-72.8
Chlorella sorokiniana ~ 0.23-1.47 19.0-22.0 43.7-3234
Chlorella sp. 0.02-2.5 10.0-48.0 2-1200
Chlorococcum sp. 0.28 19.3 54
Dunaliella salina 0.22-0.34 6.0-25.0 13.2-85
Euglena gracilis 7.70 14.0-20.0 1078-1540
Nannochloropsis sp. 0.17-1.43 12.0-53.0 20.4-757.9
Phaeodactylum 0.003-1.9 18.0-57.0 0.54-1083
tricornutum
Scenedesmus obliquus  0.004-0.74 11.0-55.0 0.44-407
Scenedesmus sp. 0.03-0.26 19.6-21.1 5.88-54.6
Spirulina platensis 0.06-4.3 4.0-16.6 2.4-713.8
Spirulina maxima 0.21-0.25 4.0-9.0 0.84-2.25
Tetraselmis sp. 0.30 12.6-14.7 434

2.1.1. Lipid distribution and importance in algal cells

Neutral lipids (4-50% of total dry biomass, depending upon
algal strains) are distributed in the cytoplasm as free fatty acids,
sterols, waxes, tri-, di-, monoglycerides, isoprenoids such as car-
otenoids, etc. Polar lipids such as glycolipids and phospholipids
generally constitute cell membranes. Hydrophilic polar sugars,
phosphate moieties and degree of saturation of fatty acyl chains
determine the membrane fluidity [27]. Glycolipids are the esters of
fatty acids and glycerol in which one of the hydroxyl groups is
used to bind sugars like galactose [30]. Saturated and mono-
unsaturated fatty acids are most common in algal samples with
palmitic acid (C16:0), oleic acid (C18:1) as the major fatty acids
(Table 2). However, algae are able to synthesize significant amount
of very long chain-poly unsaturated fatty acids (VLC-PUFAs) which
probably helps them to adapt to abrupt changes in the environ-
ment, temperature, pH, UV radiation [8].

TAGs are highly reduced form of carbon consisting of three
fatty acids bound to a glycerol backbone which accumulate in the
cytoplasm. Algae mainly synthesis glycerol based membrane lipids
to support the growing needs of membranes under normal con-
ditions. In stress conditions, the metabolic pathway shifts towards
synthesis and accumulation of neutral lipids in the form of TAGs

Table 2
Fatty acid composition of some algal lipid.
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[8,41]. TAGs are synthesized in the algal cells when energy input
exceeds the energy consumption of the cells. Energy is stored in
TAGs that it can be readily utilized under favorable environmental
conditions [42]. Free fatty acids (FFAs) present in the cell's cyto-
plasm cause cell lipotoxicity. TAGs serve as a sink for FFAs and thus
save from cell lipotoxicity. In addition, TAGs save the cell from
oxidation during stress condition by removing excess energy and
electrons [33,41].

2.1.2. Different factors affecting TAGs synthesis

TAGs synthesis can be enhanced by various conditions causing
stress to the microalgae such as temperature, pH, salinity, nutrient
(ex. nitrogen, sulfur, phosphorous, zinc, iron, salt etc.) starvation
and algal culture age [21]. These factors also influence the fatty
acid composition. For example, a lower temperature encourages
the synthesis of unsaturated fatty acids in order to maintain
membrane fluidity for sustaining cellular processes [43]. Lower
temperature significantly increased the yields of EPA and PUFAs in
P. tricornutum [38]. Nitrogen starvation was found to divert the
flow of fixed carbon towards the formation of lipid and sugar in-
stead of protein [44]. More than fourfold increase in lipid synthesis
was observed in Chlorella vulgaris and accumulation of significant
amounts of C18:1 was favored during nitrogen deprivation, but the
amount of PUFAs such as C16:2, C18:2, C18:3 decreased [45]. In
case of C. reinhardtii, there was a significant increase in C18:1 and
C16:0 content, at the cost of linoleic acid (C18:2) [46]. Low light
intensity was found to support the formation of PUFAs, whereas
the higher light intensity induced saturated and mono-un-
saturated fatty acids synthesis [41]. An increase in PUFAs was
observed as the cell transfers from logarithmic phase to stationary
phase of the cell life cycle [47].

Higher amount of TAGs increases the yield and efficiency of
biodiesel, though all forms of the lipids can be converted into
biodiesel. The presence of saturated and unsaturated fatty acids in
the TAGs determines the quality of biodiesel. Ignition quality,
oxidative stability and cold storage properties are three important
parameters determining the characteristics of biodiesel. Higher
cetane number ensures quicker ignition and complete combustion
whereas oxidative stability prevents biodiesel from hydrolytic
degradation by water and helps in long term storage of biodiesel.
Higher concentration of unsaturated to saturated fatty acid com-
position improves the quality of cold flow properties of the bio-
diesel and prevents it from freezing at lower temperature. How-
ever, this compromises with the oxidative stability and the cetane

Fatty acids N. salina (%) P. tricornutum (%) B. braunii (%) S. obliquus (%) C. pitschmannii (%) C. vulgaris (%) C. Mexicana (%)
C12:0 5 0.0 0.7 11 10 34
C14:0 0.0 4.5 0.8 - - - -
C15:0 0.5 0.0 0.5 - - - -
C16:0 375 25.8 21 29 26 22 50
C16:1 233 375 2.0 - - - -
C16:3 0.0 0.0 15.2 - - - -
C17:0 0.4 0.0 0.1 - - - -
C18:0 0.9 13 2.9 17 20 5 6
C18:1 119 0.0 3.2 20 13 53 0.0
C18:2 15 5.1 13.6 - - - -
C18:3 0.0 2 33 23 23 0.0
C20:0 0.1 0.0 0.2 - - -
C20:4 2.2 1.6 - - - -
C22:0 0.0 0.0 0.1 - - - -
C20:5 153 131 0.0 - - - -
C22:0 0.4 0.0 0.0 - - - -
C24:0 0.0 0.0 0.2 - - - -
Others 0.0 0.0 0.0 0.0 8 7 10
References [36,37] [36,38] [37,39] [40] [40] [40] [40]
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number [42]. In this regard, it was proposed to channel the me-
tabolic pathways for enhancing the oleic acid and lowering the
saturated and polyunsaturated fatty acids in lipid [48]. Lower acyl
chain length (C8-C14) was shown to help in the transesterification
and purification of FAME [42,48].

2.1.3. Mechanisms of lipid synthesis

TAGs can be synthesized in the cell using two pathways, one
acyl CoA dependent pathway (de novo fatty acid biosynthesis
pathway) and another is an acyl CoA independent pathway. The
chloroplast of algal cell is the site for de novo synthesis of fatty
acids. The de novo pathway starts with carboxylation reaction with
formation of 3 carbon compound, malonyl CoA (Fig. 2). In this step,
acetyl CoA irreversibly combines with CO, with the help of acetyl
CoA carboxylase (ACCs) using ATP. Acetyl-CoA used in the reaction
can be obtained from either plastidial or cytosolic glycolysis, or
directly from dihydroxyacetone phosphate [30]. In green algae,
acetyl CoA is formed in both cytosol and chloroplast [33]. Over
expression of ACCs was proposed to push the substrate malonyl
CoA for the synthesis of fatty acids, because this is the first as-
signed step in fatty acid biosynthesis pathway. However, this only
increased lipid synthesis by 5% in seeds of higher plants [41]. Si-
milarly, in the diatom Cyclotella cryptic, ACCs was overexpressed
two to three fold with no increase in the oil content [49]. Further,
malonyl-CoA: ACP transferase (MAT) helps in the transfer of
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malonyl moiety to acyl carrier protein (ACP) forming malonyl-ACP.
Acetyl CoA combines with malonyl-ACP and undergoes con-
densation, reduction, dehydration and again reduction reaction by
enzymes 3-ketoacyl-ACP synthase (KAS), reductase (KAR), dehy-
drase (HD) and enoyl-ACP reductase (ENR), respectively. The four-
step of repeating cycles result in successive elongation of two
carbon per cycle to the precursor acyl-ACP moiety chain [30]. Sa-
turated 16 and 18 carbon chain fatty acid are form at the end of the
cycle. The conversion of acetyl CoA to 16 carbon compound pal-
mitic acid requires 7 cycles utilizing 7 ATP and 14 NADPH as
shown in Eq. (1) [30].

8 acetyl CoA+7 ATP+ 14 NADPH +6 H* — CH3(CH,);4COOH

+14 NADP™* +7 ADP+8 CoA+6 H,0+7 P; (1)

Double bonds are introduced in saturated fatty acid chain by
stearoyl ACP desaturase. The elongation reaction terminates by
either of the following: the removal of acyl group from ACP by the
action of acyl-ACP thioesterases (FATs) or direct transfer of the ACP
to glycerol-3-phosphate (G3P) backbone by acyltransferases in
Kennedy pathway. FATs hydrolyze the thioester bond of the acyl-
ACP and release free fatty acids (FFAs) to the cytosol by acyl-CoA
synthetase [50]. Kennedy pathway involves stepwise addition of
FFAs, adding to each hydroxyl group of glycerol beginning with
G3P. Over expression of G3P resulted in a 40% increase in oil

o/p amylase
PDH

ACCase

Plastid

MAT 1

Pyruvate

Acetyl - CoA

Malonyl CoA

Malonyl-ACP

S

Free Fatty Acids

cP
KAR \laC\I\' A
\-AEP—8 5 pydroX
e 1o

P
trans—EnO‘i\'A ¢

CcP
cy\-N
ok ?

Free Fatty Acids

Phosphatidic acid (PA)

CoA
Acyl-
CoA
Glycolipids PA phosphatase
GGGT
ER

DAG Acyltransferase

/ Lysophosphatidic acid (LPA)

|

Diacylglycerol (DAG)

\

Phospholipids

Triacylglycerol (TAG)

Oil bodies

Fig. 2. Schematic diagram of metabolites and fatty acid synthesis pathway in green algae. Synthesis of free fatty acids take place in chloroplast whereas TAG may assemble in
endoplasmic reticulum (ER). GWD: glucan-water dikinases; PWD: phosphoglucan water dikinases; 3 PGA: Phosphoglyceric acid; PDH: pyruvate dehydrogenase complex;
ACCase: acetyl-CoA carboxylase; KAS: 3-ketoacyl-ACP synthase; GGGT: galactolipid:galactolipid galactosyltransferase; MAT: malonyl-CoA:ACP transacylase; KAR: 3-ketoacyl-
ACP reductase; HD: 3-hydroxyacyl-ACP dehydratase; ENR: enoyl-ACP reductase; FAT: fatty acyl-ACP thioesterase (adapted and modified from Hu et al. [41] and Radakovits

et al. [117]).
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content of the algae [42]. Transfer of first FFA chain to position one
of G3P is catalyzed by glycerol-3-phosphate acyltransferase (GPAT)
to form lyso-phosphatidic acid (LPA). Second FFA transfers to LPA
forming phosphatidic acid (PA) using lyso-phosphatidic acid
acyltransferase (LPAAT). The dephosphorylation of PA forms DAG
using enzyme phosphatidic acid phosphatase (PAP). Lastly TAG
forms, when position three of DAG is occupied by another FFA with
the help of diacylglycerol acyltransferase (DGAT) [41,50].

Several approaches of genetic engineering have been reported
to enhance the lipid content and alter the fatty acid composition
such as increasing the supply of reducing sugar, overexpression of
thioesterase to decrease feedback inhibition due to increased acyl-
ACP concentration, elimination of enzymes responsible for p-oxi-
dation of fatty acid and optimizing fatty acid chain length by in-
troducing the plant derived thioesterase [24]. It is important to
identify the limiting factor controlling the lipid synthesis pathway
as previously, several attempts of over expression of genes in-
volved in fatty acid synthesis were not successful. For example,
malic enzyme is an NADPH-generating enzyme, which has been
found to play controlling role in lipid enhancement is fungi
[24,51]. It indicates an adequate supply of reducing equivalents
may be more important compared to supply of carbon for fatty
acid synthesis [24]. Similar strategies need to be implemented in
algal system also.

2.2. Bioethanol

Microalgae and macroalgae synthesize large amounts of car-
bohydrates that can be fermented to produce bioethanol or bio-
hydrogen. Carbohydrates are the main components of algae and
found in different combinations across different species. Besides
lipids, algae store energy in the form of carbohydrates. The single
carbohydrate unit (CH,0) has a 1/6 of the glucose (C¢H1,0¢) en-
ergy content i.e. 467 k] mol~'. The energy content in the photo-
synthetic active radiation (PAR) region (400-700 nm) can be
generalized to 217 K] mol~!, which is 43% of the incident light.
Therefore, the quantum limit of the energy storage efficiency in
the form of carbohydrate is 11.6% as 8 photons in the PAR region is
required to produce one carbohydrate unit [4].

2.2.1. Bioethanol from microalgae

2.2.1.1. Fermentable route. Algal biomass need to be pretreated to
extract fermentable sugars before its use as a substrate for mi-
croorganisms. The method applied for hydrolysis must be cost
effective, easy to handle, energy efficient, and give maximum yield
of fermentable sugars [52]. The pretreatment process can be
broadly divided into physical, biological and chemical methods.
Enzymes, concentrated and diluted acids are generally used for
algal biomass hydrolysis. The purpose of using concentrated H,SO,4
is to breakdown intra and inter chain hydrogen bonds of biomass
followed by dilution of acids to release fermentable sugars. Diluted
acid method reported by Zhou et al. was essentially a two stage
process to ensure the release of structurally different sugars like
hemicelluloses and cellulose. The addition of 2.5% MgCl, in 2% HCl
for algal biomass hydrolysis resulted in recovery of more than 83%
of total sugar consisting mostly xylose, glucose and arabinose [53].
This was a synergistic effect, because the effect was higher than
the sum of the sugar released individually by each of the com-
ponents, according to the author. Laurens et al. demonstrated an
integrated technology based on acid-catalyzed algal biomass pre-
treatment at moderate temperatures and low pH for simultaneous
extraction of soluble sugars and lipids, leaving behind a protein-
enriched fraction [54]. In enzymatic hydrolysis, starch is converted
into fermentable sugars by using two enzymes in sequence: alpha
amylase and gluco-amylase [1]. Being a cellulosic based material,
cellulase is often used in the hydrolysis of microalgal biomass.

Cellulose-hydrolysing enzymes mainly consist of 1,4-p-p-glucan
glucanohydrolases (endoglucanases); 1,4-p-p-glucan cellobiohy-
drolases and 1,4-p-p-glucan glucanohydrolases (exoglucanases); p-
p-glucoside glucohydrolases (p-glucosidases). Temperature, acid
concentration and algal loading were found to be the most im-
portant parameters in their order for the release of glucose
yielding 64.2% (w/w) at pH 4.5 and 40 °C using 10 g L~! of biomass
[55].

Ethanol from microalgae can be produced by two processes: i)
yeast fermentation of microalgal biomass and ii) direct production
by genetically engineered microalgae (Rojan et al. [56]). Starch
extracted from algae, can be fermented into ethanol through a
process technology similar to other starch-based feedstocks [56].
Bush and Hall reported a process for the production of ethanol by
harvesting starch-accumulating algal biomass selected from Zyg-
nemataceae, Cladophoraceae, Oedogoniales, or a combination of
different microalgal biomasses [57]. The harvested biomasses were
subjected to decay through an anaerobic aqua environment. The
digested biomass were fermented by the yeasts Saccharomyces
cerevisiae and S. uvarum. The process described by Bush and Hall
(2006) claimed to be superior to another patented technology [58]
which express a unique source of fermentable sugars. Single celled
and free floating microalgae are cultured by exposure to sunlight
in the presence of nutrients such as nitrogen and phosphorous
containing minerals. The main drawback of single cell free floating
approach is the lack of industrial applicability due to the need to
supply a large amount of carbon dioxide, thereby implying high
energy consumption and operating cost.

The residual lipid extracted algal (LEA) biomass are gaining
attention as a substrate for ethanol production. Harun et al. stu-
died ethanol fermentation using Chlorococum sp. as a feedstock
[59]. Lipids were extracted from the microalgal cells through su-
percritical extraction and the LEA was dried and used for further
bioethanol production. Results showed a maximum ethanol con-
centration of 3.83 g L~! obtained from 10 g L~! of lipid-extracted
microalgal debris (equivalent to ~76% of the maximum theoretical
yield based on the starch content of microalgae).

2.2.1.2. Direct biosynthesis by genetic modification. Several attempts
have been made to redirect 3-PGA (Phosphoglycerate) to ethanol
by introducing ethanol producing genes [56]. Deng and Coleman
(1999) genetically engineered a cyanobacterium, Synechococcus sp.
to produce very small amounts of ethanol [60]. The cyanobacter-
ium Synechococcus sp. strain PCC 7942 was transformed by in-
troducing the coding sequences of pyruvate decarboxylase and
alcohol dehydrogenase Il from the bacterium Zymomonas mobilis
through a shuttle vector. This ethanol concentration is much lower
than the recently reported benchmark ethanol derived from lig-
nocellulosic fermentation using S. cerevisiae [61]. However, the
technology for the commercial production of microalgae-based
bioethanol is yet under development and is being further in-
vestigated. Some private companies such as Algenol Biofuels Inc.
have used the above described ability of microalgae to photo-
synthetically produce ethanol, and have launched a photo-
synthetic ethanol production process [62]. The company has de-
veloped a technology that employs genetically modified blue-
green algae (cyanobacteria) to convert pyruvate made from carbon
dioxide into ethanol using horizontal plastic film photobioreactors
system. However, they have optimized the process by shifting
from a horizontal reactor system to a vertical one, which pushed
its annual production per acre to approximately 8000 gallons for
the company’s four most important fuels —ethanol, biogasoline,
biojet fuel and biodiesel —at a cost of approximately $1.27 per
gallon.
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2.2.2. Bioethanol from macroalgae

2.2.2.1. Fermentative route. Macroalgae such as kelp-species are
more promising for ethanol production compared to microalgae as
the former has high quantity of fermentable sugars. These sugars
can be utilized for the synthesis of biogas, bioethanol and butanol.
Macroalgae, in contrary to plants lack lignin, crosslinking mole-
cules in their cellulose structures, which is beneficial in pretreat-
ment [63]. In addition, depending on type of species, environ-
mental conditions, maturity, gender and season, the poly-
saccharide/carbon content of macroalgae can account for up to
60% of dry matter [29,64]. Further, the ethanol production process
is well established with yeast as a fermentative microorganism
and glucose as a carbon source [65].

The macroalgal sugars/polysaccharides are very different to the
land plant polysaccharides, which are mainly dominated by C6
plant polysaccharides such as starch and cellulose. Depending on
species and season, macroalgae composition involves some unique
polysaccharides such as ulvan, fucoidan, alginate, laminaran, flor-
idean starch; mannitol (a sugar alcohol), and monosaccharides
such as rhamnose, fucose, uronic acids. In some marine algae,
sugar is trapped in the form of agar, a polymer of galactose and
galactopyranose. Therefore, saccharification of biomass is neces-
sary to release galactose and glucose from the agar and cellulose,
respectively [63].

Horn et al. investigated the fermentation of liquid extracts from
the brown macroalga Laminaria hyperborea to produce ethanol by
conversion of mannitol and laminaran fractions [66]. Both man-
nitol and laminaran are by-products of alginate extraction. Pichia
angophorae was used as fermentative microorganism and was able
to ferment both laminaran and mannitol simultaneously, but with
different uptake rates. The final yield of fermentation attained
corresponds to 0.43 g ethanol g~ ' substrate in batch culture. In-
dustrial implementation of this process implies not only process
optimization, but also a successful utilization of all carbohydrate
fractions (alginate, laminarin and mannitol) to be converted to
ethanol at high yields and productivities. This may be achieved in
a two-step fermentation process in which both laminarin and
mannitol would be utilized in a first-step by P. angophorae; then in
a second step the alginate fraction may be converted into ethanol
by a single or different microorganism(s). Ethanol production may
also be performed by a single microorganism that can utilize all
substrates (alginate, laminarin and mannitol) simultaneously in a
single process-step. This necessarily implies that the single mi-
croorganism should be able to produce the enzymes to breakdown
both alginate and laminarin into their monomeric units [66].

Laminarin can be hydrolyzed into glucose by enzymes such as
laminarinase [67] and/or cellulose [68] while alginate can be
partially hydrolyzed into uronic acids by alginate lyases [69].
Conversion of one molecule of glucose to two molecules of pyr-
uvate has a net yield of two molecules of NADH in the net reaction
for glucose glycolysis (Eq. (2)).

Glucose + 2NAD* — 2Pyruvate + 2NADH
— 2Ethanol + 2C0O, + 2NAD* )

In ethanol fermentation, the pyruvate is converted first to
acetaldehyde and carbon dioxide, then into ethanol. Pyruvate to
NADH ratio of 1:1 is required for ethanol production (Eq. (2)).

However, mannitol is not readily fermentable to ethanol due to
the fact that one extra reducing equivalent (NADH) is produced
changing the ratio pyruvate to NADH and resulting in an im-
balance redox conditions (Eq. (3)).

Mannitol + 3NAD* — 2Pyruvate + 3NADH 3

The regeneration of all the NAD* requires either oxygen or
transhydrogenase [69]. Hence, many microorganisms are not able

to carry out this reaction in anaerobic environment.

In contrast to mannitol glycolysis, (Eq. (3)), the metabolism of
one molecule of uronic acid to two molecules of pyruvate has a net
yield of one molecule of NADH (Eq. (4)). This results in the deficit
of one reducing equivalent (NADH) to allow the pyruvate reduc-
tion to ethanol to proceed further.

Uronic acid + NAD*+ — 2Pyruvate + NADH (CY)

Therefore, in the catabolic pathway alginate provides both an
additional source of sugars (uronic acids) and a counter balance to
the excess-reducing equivalents produced by mannitol catabolism,
enabling the ethanol fermentation of all three substrates (glucose,
mannitol and uronic acids) in macroalgae simultaneously.

A project called “Ocean sunrise” presents a concept of an off
shore farm using the water face of less than 1% of an exclusive
economic zone of 4.48 million km? to cultivate Sargassum fulvel-
lum for bioethanol production in Japan [70]. This macroalgal bio-
mass would be processed using highly efficient fermentation
technologies aiming to convert alginate, mannitol and fibers con-
tained in macroalgae into ethanol. The fermentation technology
for ethanol conversion of alginates, relies on finding a fermenta-
tive microorganism that can survive the salty environment.

2.2.2.2. Genetic modification. Recently, Wargacki et al. have devel-
oped a microbial platform for direct bioethanol production from
brown algae [61]. The microbial platform consists of an engineered
Escherichia coli strain (which was named BAL1611) capable of
metabolizing alginate, mannitol and laminarin simultaneously.
Wargacki et al. [61] selected this microorganism due to its usual
aptitude to metabolize mannitol and glucose. This platform en-
ables bioethanol production directly from macroalgae via a Con-
solidated BioProcessing (CBP) [71]. In CBP a microbial community
produces all the required enzymes and ethanol in a single reactor.
The microbial platform was tested with Saccharina japonica as
feedstock achieving an ethanol concentration titer of 4.7% v/v
(37 gL~ 1), which is comparable with the minimal required etha-
nol concentration (4.0% w/v) for an economical distillation process
[72]. This ethanol titer corresponds to a bioconversion value of
0.28 g ethanol/g dry macroalgae and a yield of 0.41 g ethanol/g
total sugars (alginate, mannitol and glucan) (equivalent to ~80% of
the maximum theoretical yield from the sugar composition in
macroalgae).

2.3. Biohydrogen production

2.3.1. Fermentative route

Similar to bioethanol production, fermentable sugars extracted
from microalgae and macroalgae can be used as a substrate for
biohydrogen production by dark fermentation using mesophilic
and thermophilic microbes. The carbohydrate content may be in-
creased by applying stress conditions during algal cultivation.
Simple technology for conversion of biomass to hydrogen makes
the use of algal biomass economically viable [7]. Biohydrogen was
produced using algal biomass from the range of 6-14gL~' [11].
Pretreatment of algal biomass is a prerequisite to release fer-
mentable sugars. Studies on pretreatment methods emphasized
that HCl-heat method was the most suitable for maximization of
carbohydrate extraction [55]. The differences of structure between
cellulose and hemicelluloses were eliminated by the use of two
stage pretreatment method [51]. The morphological characteristics
of the algal cells also changed due to pretreatment. The intact,
separated and spherical cells of Chlorella sorokiniana turned brown
due to HCl-heat pretreatment. The cells ruptured and clumped
together released the internally stored sugars. The average COD
observed was about 1.83 g COD per g algal biomass, which stood
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proportional to algal biomass concentration. The highest cumula-
tive hydrogen production was 0.1 mol L~! corresponding to yield
of 5.78 mol H, (kg COD reduced)~! at initial algal biomass of
10gL~ ' [11].

2.3.2. Biophotolysis route

2.3.2.1. Microalgae. Microalgae can be utilized to produce hydro-
gen by biophotolysis of water. Hydrogen formation is not limited
by the slow CO, fixation rates and increases proportionally with
faster light harvesting complexes [4]. Water molecules split into
protons and electrons at PSII during oxygenic photosynthesis. It is
desired to reduce the PSII activity to such an extent so that re-
spiration by algal cells producing CO, exceed the oxygen evolution
activity by microalgae. This is necessary in order to create anae-
robic conditions in the algal culture as the hydrogenase enzyme is
oxygen sensitive. The residual amount of protons produced at PSII
is further utilized for hydrogen production. Sulfur deprivation re-
duces the PSII activity to a great extent and is considered as a
suitable approach for a sustainable hydrogen production. In this
condition, simultaneous supply of protons and electrons is possi-
ble in anaerobic condition [73]. Protons are stored in the lumen of
the thylakoid membrane, whereas electrons travel through several
electron carriers, and PSI to reach to ferredoxin [74]. The reduced
ferredoxin further transfers electron to ferredoxin NADP* re-
ductase (FNR) for the generation of reductants, which is further
utilized in the Calvin cycle for CO, fixation. However, in anaerobic
condition, reduced ferredoxin channels electrons towards hydro-
genase enzyme instead of FNR. Protons come out into the stroma
during ATP synthesis by ATP synthase, which is further catalysed
to produce hydrogen by reduced hydrogenase.

Hydrogenase enzymes need to compete with many other me-
tabolic processes for acquiring electrons. In addition, all the hy-
drogenase do not function equally. Therefore, understanding the
interaction of the hydrogenase enzyme with ferredoxin and other
metabolic processes is necessary in order to genetically modify
these interactions for the enhancement of biohydrogen production
[33]. Dasgupta et al. reported simultaneous enhancement of lipid
content and biodiesel quality in the sulfur deprived biomass of
Scenedesmus sp. after the end of the H, production by biophoto-
lysis [75].

2.3.2.2. Blue green algae (Cyanobacteria). Both unicellular non-ni-
trogen fixing and filamentous nitrogen fixing cyanobacteria have
potential to evolve hydrogen similar to green algae. Bidirectional
hydrogenase (NiFe) and nitrogenase present in the vegetative cells
and heterocysts, respectively, catalyse the hydrogen production
reaction. These enzymes are also sensitive to oxygen similar to
unidirectional hydrogenase (FeFe hydrogenase) of green algae.
NiFe hydrogenase causes hydrogen evolution or hydrogen con-
sumption depending upon the partial pressure of hydrogen in the
atmosphere. Nitrogenase enzyme is originally meant for nitrogen
reduction and hydrogen production is only by product of the re-
action. Hydrogen production using nitrogenase is energy intensive
as it requires large amounts of ATP [74]. The advantage of het-
erocysts based hydrogen production is in the spatial separation of
oxygen and hydrogen producing compartment. Lack of PSII causes
anoxygenic photosynthesis resulting into the anaerobic environ-
ment in heterocysts. Vegetative cells supply the carbohydrates
requirement of heterocysts in exchange of fixed nitrogen trans-
ported from heterocysts.

2.4. Hydrocarbons from microalgae

Triterpenes are long chain hydrocarbons, different from lipid
synthesized by common microalgae. Triterpenes have the formula
of CyH> .10 Where n is greater than 23. It can not be transesterified

to produce biodiesel due to lack of free oxygen atom. The feed-
stock of triterpenes can undergo hydrocracking and distillation to
produce different higher quality biofuels such as gasoline, kero-
sene, and diesel.

Botryococcus braunii is known to produce large amount of
unusual long carbon chain triterpenes hydrocarbons (up to 86% of
dry cell weight) along with lipid synthesis [21,76,77]. The inter-
esting thing with this microorganism is in secretion of hydro-
carbons outside the cell into the liquid culture, thus minimizing
the cost of lipid extraction. In addition, hydrocarbon synthesis
takes place during the growth without the need of nitrogen star-
vation. This microalga grows in large size colonies and hence ea-
sier for harvesting. However, this microalga has a slow growth rate
and low biomass productivity. The ability to synthesize different
length of hydrocarbon by B. braunii depends upon the different
races such as A (Cy3-Cs3), B (C3¢0—C37), and L (C40—C7g) [77]. Among
different races, race B accumulates triterpenes, predominately
botryococcene, squalene, and their methylated derivatives and
therefore considered as a promising microalga for renewable
petrochemicals and biofuels [76]. In one report at optimum con-
dition, B. braunii has a biomass concentration of 0.65 g L~! with a
hydrocarbon content of 50.6% (w/w) after four weeks of growth
[77]. Khatri et al. (2014) reported maximum botryococcene (Csp)
concentration of 4500 mg L~ !, equivalent to 225 mg g~ ! with its
productivity of 4 mg g~ ' h~! in a continuous culture [78]. Genetic
approaches are being carried out to install the triterpene hydro-
carbon biosynthesis pathway into other robust and flexible mi-
croorganisms such as Rhodobacter capsulatus. In the continuous
culture, maximum concentration and productivity of bo-
tryococcene (Cso) were 30mgg~! and 0.5mgg~"h~! respec-
tively using genetically engineered R. capsulatus [79].

2.5. Biogas from algal biomass

The biogas is produced under anaerobic condition by metha-
nogenic bacteria from the wide number of feedstocks having high
content of organic compounds. Biogas mostly contain methane
(55-75%), and CO, (20-40%) along with small quantities of H,, N,
0,, H,S, and water vapor [4]. A higher quantity of methane, and
lower quantity of toxic gases indicate good quality of biogas.
Otherwise, purification of gas is required before its use in large
scale production process. The biogas production process is slow
and takes weeks to complete, but it is considered as a robust
process. Algal biomass being rich in organic compounds is con-
sidered as a suitable feedstock for the biogas production. Algal
biomass obtained from algal blooms of lakes, ponds, oceans can be
utilized for biogas production that will help in bioremediation as
well as in energy generation [33]. However, the algal biomass
contain significant amounts of sulfur, which produces corrosive
H,S gas. The leftover of the biogas production process contains
liquid fraction containing salts, nitrogen and fiber fraction con-
taining indigestible biomass [4]. The liquid fraction can be utilized
as a fertilizer, but the fiber fraction is a challenging task as it is not
suitable for combustion due to high sulfur and nitrogen content
[4]. Some researchers utilized the residual algal residues obtained
during energy extraction in AD process, in order to make the
overall process economically and energetically favorable. For ex-
ample, Prajapati et al. reported utilization of diluted liquid diges-
tate (30% concentration) of AD process for algae cultivation and
thus making a closed loop biogeneration process [80]. Tommaso
et al. conducted study on the use of aqueous products from hy-
drothermal liquefaction for methane production in AD. The high-
est cumulative methane production was observed at 320 °C with
moderate lag phase [81].

From the energy point of view, energy content in biogas varies
from 16 to 30 MJ m~3 depending upon its quality. The reported
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biogas production from algal biomass was in the range of 0.15—
0.65 m> kg~ !, which is equivalent to 2.40-19.50 M] kg~ ! of algal
biomass. The use of algal biomass as a feedstock for biogas pro-
duction was considered as a most suitable technology for the en-
ergy recovery with an average net energy yield of 10 G] ton~ ' algal
biomass after purification [4].

2.5.1. Biogas from microalgae

Similar to other carbon rich feedstocks, microalgae can be
utilized for biogas production. The microalgal biomass can be used
along with other carbonaceous feedstocks. The process involves
high energy yields, direct use of microalgae biomass without
drying, and all types of microalgae can be utilized in the anaerobic
digesters [82]. A detail literature survey of the potential of mi-
croalgae and macroalgae has been shown in Table 3. Some of the
bottlenecks of biogas production from microalgal species are the
energy expenditure for heating the digesters and high investment
costs including land cost and infrastructure. Biogas production
from microalgae was found more energy intensive compared to
biodiesel production from microalgae [33,86].

2.5.1.1. Cell wall strength of microalgal species. Different species
have different extent of cell degradation and a low amount of in-
digestible residues. This is because the efficiency of biogas pro-
duction is species-dependent [18,33]. The microalgal cell wall is
composed mainly of carbohydrates (30-75%) and proteins (1-37%).
Algal biomass consisting of proteins, lipids, and carbohydrates are
the substrates for biogas production. However, the kinetics of the

process were hindered due to accessibility of substrates for bio-
degradability. Therefore, cell wall degradation to release in-
tracellular components is the main rate limiting step for the biogas
production process. The study of Mussgnug et al. found a corre-
lation of biogas formation with cell wall digestibility. C. reinhardtii,
D. salina, A. platensis and E. gracilis were found preferred species
over C. kessleri and S. obliquus, mainly because of differences in the
degree of degradation and lack of undigestable residue [18]. It was
recommended to prefer cell wall laking algal species or having a
protein based cell wall in the anaerobic digestion process. This will
decrease the energy intensive pretreatment process and enhance
the biogas formation [18]. Contrary to this, Zhong et al. found
acetate and propionate degradation as the rate limiting step rather
than hydrolysis [84].

Common pretreatments methods such as chemical (using acid,
base), mechanical (using instruments such as autoclave, homo-
genizers, microwaves, sonication etc) and enzymatic methods (a-
amilase, amylo-glucosidase, cellulose etc) can be applied prior to
anaerobic digestion [82]. The enzymatic pretreatment methods
was observed to be more suitable for CH, conversions than the
mechanical size reduced samples [87]. Mechanical, chemical, and
enzymatic methods enhance specifically the availability of total
organic compounds, availability of organic compounds generally
resistant to anaerobic hydrolysis, enhancing the cell wall hydro-
lysis, respectively. However, important things to consider during
pretreatment process are energy consumption and increase in the
biodegradability of cell wall rather than the solubility of organic
matter [82].

Table 3
Macroalgal pretreatments overview for biogas production.
Macroalgae Pretreatment Anaerobic digestion mL CH, gVS™! Source
conditions
U. lactuca Washed, macerated Batch (lab), 55 °C, 34 d 255+ 48 [95]
Washed chopped 152 +19
Unwashed, macerated Batch (lab), 55 °C, 42 d 271 [94]
Washed, macerated 200
Washed, 130 °C/20 min 187
Dried, ground 176
Washed, roughly chopped 171
Washed, 110 °C/20 min 157
Unwashed, roughly chopped Batch (lab), 37 °C, 58 d 162
Washed, macerated and dried, 80 °C Batch (lab), 37°C,30d 250.2
Dried 226 [96]
Washed and wilted 2211
Fresh 205
Fresh 183.2
Wilted and unwashed 165
Macerated 190.1 [97]
Ulva sp. Ground CSTR (lab), 35°C, 15 d 203 [98]
Ground Batch (lab), 35 °C, 64 d 177
Non ground Batch (lab), 35°C, 42 d 145
Non-washed Batch (lab), 35°C, 23 d 110
Washed Batch (lab), 35 °C, 44 d 94
Screw pressed (hydrolysate juice) Continuous fixed bed reactor (lab), 35°C, 10 d 290** [99]
S. latissima Chopped Batch (lab), 36.5 °C, 30 days 230 [92]
Semi continuous (lab), 35 °C, 24 d 230
Milled Semi continuous (lab), 35 °C, 34-40 d 220-270 [100]
Batch (lab), 35 °C, 32-35 days 25-200
Washed chopped Batch (lab), 55°C, 34 d 340 + 48 [95]
Washed, macerated 333+ 64
Co-digestion with wheat straw Batch (lab), 37 °C, 119 d 270 [93]
Ground, steam explosion, 130 °C/10 min 268
Ground, steam explosion, 160 °C/10 min 260
Untreated 223
Macerated Batch (lab), 37 °C, 30 d 341.7 [97]
L. digitata Macerated Batch (lab), 37°C,30d 218 [97]
Dried and milled Batch (lab), 35 °C, 36 d 196-254 [101]
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2.5.1.2. Carbon to nitrogen (C/N) ratio and ammonium inhibition.
Anaerobic digestion of the nitrogen residue generates a high
amount of ammonium ions (NH, "), which has an inhibitory effect
on anaerobic microbial community, especially methanogenic
bacteria [88,89]. Ammonium ions deprotonate into ammonia
(NHs) at high pH as shown in equation [84]. The feedstock loading
into anaerobic digestor also influences the degree of inhibition by
ammonia. It has been found that solid concentration greater than
2% starts posing inhibitory effect due to ammonia. The low carbon
to nitrogen ratio (C/N ratio) inhibits the methane yield. Algal
biomass has a low C/N ratio. Lipid extracted algal feedstock has
further decreased amount of C/N ratio, undesirable for anaerobic
digestion. The suitable C/N ratio in the feedstock was found to be
25-30:1 due to high requirement of carbon for bacterial metabo-
lism [1,84].

NHsaq)+H20 <> NH, * +OH (pKy=4-733 at 35 °C) (5)

Co-digestion of algae and/or LEA biomass with carbon rich
wastes having a high C/N ratio was successfully adopted to en-
hance the methane yield by reducing ammonia levels below their
inhibitory levels [1,14,19,90]. Zhong et al. reported an enhanced
methane production by anaerobic co-digestion of algae with corn
straw in continuous feed digesters [84]. In a continuous feed di-
gesters, methane yield and methane productivity were 234 mL
CH4 g VS~ ! and 1404 mL CH, L~! d~! respectively with solid re-
moval of 63% at OLR of 6.00gVSL~'d~'. The addition of co-
substrate can also enhance the enzymes synthesis and thus in-
creasing the hydrolysis and degradability of feedstock [14]. Re-
cently, Ras et al. investigated the feasibility of coupling algal pro-
duction of Chlorella vulgaris to an anaerobic digestion unit [15].
Reported methane yield was 240 mLg VS~ achieving 51% COD
removal. The cost of anaerobic biogas from micro algae is relatively
low and had high energy output.

2.5.1.3. Salt concentration. Marine microalgae poses problem in
anaerobic digestion as it is associated with high salt concentration.
Methanogenic bacteria require sodium at low concentration. This
is probably because of participation of sodium ions in ATP for-
mation and NADH oxidation. Sodium concentration in the range of
100-350 mg L~! promotes the growth of mesophilic bacterial
growth. However, a high concentration of sodium has a severe
inhibitory effect and causes dehydration in bacteria due to osmotic
pressure [82]. This eventually reduces the growth rate of meso-
philic methanogenic bacteria.

2.5.14. Microalgal cultivation conditions and nutritional composi-
tion. The composition of algal biomass | feedstock determines the
methane yield. Being an energy rich component, higher lipid
content in feedstock is more desirable. However, too much pro-
portion of lipid in the the feedstock can reduce the pH in the di-
gester leading to decreased lipid degradation due to increased long
chain fatty acids and volatile fatty acid inhibition [83]. A balance in
alkalinity is important to maintain lipolytic activity to enhance
lipid conversion into methane. In comparison with carbohydrates,
protein was found to play a more significant factor in the AD [83].
Increasing the protein content assists in favorable alkalinity levels
for the lipid degradation stability. However, a higher proportion of
protein in feedstock releases more ammonia in the AD, decreasing
the methanogenic activity and methane production [83]. Based on
the substrate composition, the theoretical methane yield can be
obtained using Eq. (6) [83,91].

CaHbNd+(4a_b_42C+3d]HzO
_)(4a+ b-2c- 3d)CH4+(4a_b+ 2c+3d)co2
8 4
+dNH3 (6)

Microalgae having low intracellular nitrogen or sulfur content
can enhance the suitability of algal biomass in biogas production
process. For example, microalgae harvested at stationary phase,
microalgae grown in nitrogen/sulfur limiting or depleted condi-
tions can improve the quality of biomass for biogas production.
Anaerobic digestion of sulfur deprived C. reinhardtii biomass after
H, production was found to enhance the biogas formation up to
123%. This was due to significantly increased storage compounds
such as starch and lipids at the end of H, production. C. reinhardtii
was found a promising microalga for biohydrogen production by
biophotolysis as well as biogas production (587 mL +8.8gVS™1!)
in anaerobic digestion. In addition, H,S generation during the
anaerobic digestion was found to reduce when sulfur deprived
biomass was used as a feedstock [18].

2.5.2. Biogas from macroalgae

Biomass of macroalgae species such as Macrocystis pyrifera
(Bird et al., 1982), Ascophyllum nodosum [92], Saccharina latissima
(former Laminaria saccharina) [92,93], Laminaria hyperborean [92],
M. pyrifera [23], Ulva lactuca [94] were investigated with respect to
their biomethane potential. Some of these studies have also fo-
cused on determining the optimal pretreatment conditions for
improving the solubilization of macroalgal biomass thereby en-
hancing its biodegradability.

Macroalgae do not have lignin and low level of cellulose, which
make them superior feedstocks for anaerobic digestion compared
to other terrestrial feedstocks. For example, the biochemical me-
thane potential of M. pyrifera was comparable to or exceeded that
from all terrestrial biomass sources by over three-fold [23]. Mac-
roalgae have higher content of total solids (TS) (8.3-22%) as
compared to microalgae (0.1-1%) [95]. Macroalgae cultivation does
not involve energy intensive harvesting processes. Brown sea-
weeds have low content of protein and high content of carbohy-
drates (high C/N ratio) in their biomass and therefore more sui-
table for anaerobic digestion compared to green algae [95].

Initially, the research was focused on the effect of several
variables on the anaerobic digestion process such as biomass
composition, separation of juice and non-juice fractions, tem-
perature, inoculum, nutrients, freshwater versus seawater dilution,
and non-dilution. Later the focus moved towards advanced di-
gester designs, process optimization and kinetics [23]. In general,
these studies concluded that this particular macroalgae is the
suitable feedstock for the anaerobic digestion process as demon-
strated by high conversion efficiencies, rapid conversion rates and
good process stability [23].

Depending on macroalgal composition and type of pretreat-
ment, reported methane yields were typically between 94-
340 + 48 mL CH, g VS~ (Table 4). One specific pretreatment can
effectively work for a specific macroalgae, but it might not have
the same results for another macroalgal species. For instance,
mechanical and thermal pretreatments have been shown to so-
lubilize the macroalgal biomass by breaking down the available
carbohydrates into simple sugars, and this resulted in a significant
increase (approximately 20%) in methane yield [93]. Nevertheless,
when thermal pretreatment was applied to U. lactuca, this seemed
to have the opposite effect, which decreased the methane yields
[94] as shown in Table 4. Saccharina latissimi was found one of the
best promising macroalgae for methane production based on the
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Table 4
The methane production potential of some of the microalgae in anaerobic digestion.

245

Algal feedstock Co-digested OLR (g Specific methane yield Volumetric reactor Methane con- Mode of Solid removal References
feedstock VSL™!  (LCHsg 'vsd1!) productivity (L CH4 L™ tent (%) operation rate (%)
d-" d-1)
Spirulina maxima - - 0.25-0.34g~' VS - 46-76 Fed-batch - [19,85]
Tretraselmis sp. - - 031g7'Vs - 72-74 Continuous - [19,85]
Dunaliella sp. - - 0.44-0.45g~' VS - - Batch - [19,85]
Chlorella vulgaris - - 0.31-035g' VS - 68-75 Batch - [19,85]
LEA of Nannochloropsis - - 014g-'Vs - - Batch (19 d) - [35]
salina
Nannochloropsis salina - - 043g-1VS - - Batch (19 d) - [35]
Chroococcus sp. —(9.26)° 032g7'Vs - - Batch (45 d) 70.0 -89.3 [80]
LEA of Nannochloropsis Fat, oil, and 3 0.54 1.62 69 Semi- > 60 (lipid) [83]
salina (50%) grease waste continuous
Algal biomass —(6:1)* 6 0.155 0.96 68.76 Continuous 42.24 [84]
Algal biomass (65%) corn straw 6 0.234 14 62.35 Continuous 63.17 [84]

(20:1)°

2 (C:N) ratio of final feedstock.

specific methane yield [97]. However, U. lactuca cultivation can be
more profitable as it forms natural blooms near the seashore. The
cleaning of macroalgae can generate additional revenue [97].
Macroalgae cultivation for methane production can have energy
productivity up to 365 G] ha—'yr—! [97].

2.6. Thermochemical conversions

2.6.1. Pyrolysis and gasification

Thermochemical conversion methods such as pyrolysis, gasifi-
cation, hydrothermal liquefaction and direct combustion can be
used in all the algal feedstocks including LEA for the production of
liquid and gaseous biofuels [21]. Pyrolysis and gasification require
dried algal biomass and operates under normal atmospheric
pressure and high temperature. Pyrolysis takes place at reducing
environment producing primarily CH4 and H, [102]. Algal biomass
can be gasified into a gaseous mixture consisting of primarily of
hydrogen and carbon monoxide in the presence of steam and a
controlled amount of oxygen [103]. Syngas is a mixture consisting
of primarily H, (30-40%), CO (20-30%), CH4 (10-15%) and a little
amount of C;H,4 (1%), N, CO and water vapor. Syngas has a calorific
value of 4-6 MJ L~ [28].

2.6.2. Hydrothermal liquefaction (HTL)

Hydrothermal liquefaction (HTL) takes place at medium tem-
perature (200-400 °C), and medium pressure (5-40 MPa) in aqu-
eous environment with or without catalysts [4,28]. HTL process
can be considered as a pressurized aqueous pyrolysis, but having a
lower oxygen and moisture content in biocrude [28]. Most of the
organic materials such as (proteins, lipids and carbohydrates) can
be used for the HTL process except lignin and cellulose. HTL pro-
cess produces biocrude looking similar to crude oil and comprises
of solid, asphaltene, non-asphaltene. The direct handling of wet
biomass into the reactor reduces the harvesting cost and makes
the process attractive. A biocrude is composed of 71-73% carbon,
7-8% hydrogen, 10-11% oxygen, 6-7% nitrogen and 0-1% sulfur
[104]. Compared to heating values of raw algal biomass
(22-24 MJ kg~ 1), a biocrude has significantly higher values, which
generally varies between 33-38 MJ kg~ !. The study of Sapphire
Energy indicated a lower amount of GHG emissions in the HTL
process than petroleum fuels and corn ethanol [21]. Biocrude is
upgraded into refined fuel products CH4 using catalytic hydro-
thermal gasification. Contrary to HTL of cellulosic substrate, use of
catalysts is not required. Higher energy content of the products
than the reactants is due to polymerization into a non aqueous
phase liquid energized by temperature and pressure [4]. Biocrude

can be catalytically upgraded to produce fuels such as gasoline, jet
fuel by removing oxygen, nitrogen, and double bonds. However,
HTL process has several disadvantages. HTL process has a sig-
nificantly lower energy return on investment than petroleum fuels
[21]. The requirement of high temperature and pressure make the
process less energetically and economically feasible. Nitrogen
content in the biocrude generally varies between 5-8%, which has
to be removed by refining because nitrogen causes emission of
toxic NO, [104].

A high carbon content in algal feedstock produces a higher
biocrude yield [104]. Being rich in the lipid, the performance of
microalgae in HTL process is better as compared to macroalgae
[104]. A detail literature survey of the bio-oil yield by the HTL
treatment of microalgae and macroalgae has been shown in Ta-
ble 5. Hydrothermal liquefaction of Dunaliella tertiolecta biomass
at 300 °C and 10 MPa having a moisture content of 78.4% resulted
into 37% oil yield having a calorific value comparable to that of fuel
oil [4,106]. The fast rate of heating and cooling the reactor was
observed to have a better yield due to better decomposition of
proteins and carbohydrates along with a favored formation of li-
quid hydrocarbons rather than solid or gaseous compounds [104].
Several researchers investigated the effect of different catalysts
such as Na,COs; [106,108,112] KOH [111], Pd/C, Pt/C, Ru/C,
Ni/SiO,-Al,03, CoMo/y-Al,05(sulfided), and zeolite [108] to im-
prove the biocrude yield. However, the yield was not significant
towards the presence or identity of catalyst, especially under high
pressure of hydrogen [106,108]. A catalyst was found to suit more
to macroalgae as compared to microalgae due to enhanced con-
version of carbohydrates into biocrude [104,112].

2.6.3. Direct combustion of algal biomass

The burning of biomass in the presence of air is called com-
bustion. The hot gases produced after combustion can be used to
produce energy in the form of heat, electricity or mechanical
power [113]. A suitable feedstock should have lower contents of
inorganic compounds as well as compounds containing sulfur and
nitrogen [4]. A high concentration of these components releases
toxic gases such as SOy, NOy H,S etc. Due to the fact that algal
biomass have several economical routes for energy generation,
direct combustion of algal biomass is never attempted for power
generation on a large scale [102]. Microalgae have a higher ash
content, which is comparatively lower compared to terrestrial
energy crops [28]. The moisture content of biomass reduces the
heat availability and the direct combustion of biomass is possible
only for biomass with a moisture not greater than 50% [28]. Dry
macroalgae can be easily combust, but have a low thermal value



246

Table 5
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The effect of hydrothermal liquefaction on microalgae and macroalgae for bio-oil production.

Algae Species Bio-oil yield  Dry biomass to water HHV (M]/ Temperature (°C) Catalysts References
(%, wiw) ratio (w/v) kg)

Microalgae Spirulina (freshwater) 31 moisture 78.4% (w/w) 35-37 300 - [105]
Scenedesmus (freshwater) 454 moisture 78.4% (w/w) 35.5 300 - [105]
LEA of Scenedesmus 36 moisture 78.4% (w/w) 35.3 300 - [105]
(freshwater)
Dunaliella tertiolecta 37 moisture 78.4% (w/w) 36 340 with & without [106]
(marine)
Desmodesmus (freshwater) 49 ~1:13 22-36 375 with & without [107]
Nannochloropsis sp. 57 1:18 38 350 Pd/C, Pt/C, Ru/C, Ni/Si02-Al203, CoMo/ [108]
(marine) 7-Al203 (sulfided), and zeolite
Botryococcus braunii 64 3:2 ~50 300 Na,COs3 [109]
(freshwater)

Macroalgae Laminaria saccharina 79 1:10 35.97 350 - [110]
(marine)
Laminaria saccharina 19.3 1:10 36.5 350 KOH [111]
(marine)
Enteromorpha prolifera 23 2:15 28-30 220-320 Na,CO3 [112]
(marine)
Oedogonium (freshwater) 26.2 1:14 33.7 330-340 - [104]
Cladophora (freshwater) 19.7 1:14 335 330-340 - [104]
Cladophora (marine) 13.5 1:14 333 330-340 - [104]
Derbesia (marine) 19.7 1:14 33.2 330-340 - [104]
Ulva (marine) 18.7 1:14 33.8 330-340 - [104]

typical of carbohydrate-rich biomass (14-16 MJkg~') [28].
Therefore, combustion of algal biomass is discouraged to produce
heat and electricity. Alternatively, the blending of algal with other
feedstocks has been reported. The blending of microalgal biomass
with coal powder in the ratio of 1:1 had the comparable calorific
value to the pure coal powder [114].

3. Techno-economic analysis

Microalgae is a highly productive but a cost intensive source of
biofuels. For example, besides an additional dewatering stage, the
energy required to support microalgae cultivation is nearly
2.1 times higher as compared to soy cultivation [115]. However, oil
extraction from microalgae requires less energy as compared to
soy. Based on the life cycle assessment and techno-economic
analysis, different researchers have recommended different routes
of biofuel generation from algae, and allocation of LEA in order to
reduce the minimum fuel selling price (MFSP). This is because of
different assumptions used in the simulation study and a large
variation in the data available in the literature. Chisti estimates the
MFSP of the biodiesel per liter to be $0.78 and $1.0 for PBR and
open ponds respectively [5]. The biodiesel costs in 2012 were es-
timated in the range of $0.42-0.97 L' (2012 USD values), which
was marginally improved as compared to a decade-old cost ana-
lysis by U. S. National Renewable Energy Laboratory [116]. Batan
[114] conducted a detailed techno economic analysis to calculate
the MFSP of the biodiesel and concluded that MFSP of biodiesel is
dependent upon the application of the LEA. The production costs
of the microalgal raw crude oil and refined diesel were $3.46 and
$3.72 per liter [115]. The selling of the LEA as a fish feed replace-
ment was calculated to be more beneficial as compared to energy
extraction from it in the form of co-firing. This is because Monte
Carlo simulations demonstrated that MFSP is reduced to negative,
when the LEA is sold as an aqua feed indicating that the revenue
generated by only selling co-products is sufficient to recover ca-
pital and operating costs to produce algal biodiesel [115]. Contrary
to this, Davis demonstrated the higher reduction in the MFSP,
when the carbohydrates and lipid extracted algal biomass was

utilized in anaerobic digestion as compared to other routes of algal
residue utilization such as animal feed or butanol production. The
MEFSP was found majorly sensitive to feedstock cost, daily feed rate
supply, lipid extraction yield, and total capital investment [116].
The economic feasible of biodiesel production was claimed to
enhance by increasing lipid content in microalgae as compared to
biomass productivity. However, this effect was more pronounced
in case of low lipid content of 20%(w/w), thereafter the effect
became less significant [116].

4. Conclusion

Microalgae and macroalgal have potential for the production of
various types of biofuels (solid, liquid, gaseous) through different
routes. Biodiesel attracts more attention to the researchers and
policy makers as this can be directly replace the fossil diesel
without any modification of the engine, whereas ethanol needs to
be blended with the diesel in limited ratio. However, currently the
energy requirement and cost of biofuels production from algae is
not competitive with fossil fuel based sources of energy. Techno-
logical challenges have not been overcome to make the biofuel
production process energetically and commercially viable. The
genetic engineering approaches should be applied to target the
limiting factor controlling the lipid synthesis pathway. Hydrogen
production by microalgae through biophotolysis seems interesting
as it directly converts the solar energy into hydrogen. However,
the production rate is too low to be scaled up and the process has
not been scaled-up even in the laboratory. Being a relatively
simple process in terms of engineering and infrastructure re-
quirement, most of researchers agree AD process as a more pro-
mising specially for macroalgae. The use of macroalgae is re-
stricted as a substrate for fermentative ethanol, butanol produc-
tion and as a feedstock in biogas generation and thermochemical
conversion. The focus should be given to cost effective way of
biomass hydrolysis to release fermentable sugars. Among the
thermochemical conversion methods of energy generation, HTL
seems more promising due to handling of wet biomass at mod-
erate temperature and pressure, and conversion of the whole



K. Kumar et al. / Renewable and Sustainable Energy Reviews 65 (2016) 235-249 247

biomass into high quality oil.

An integration of different routes of bioenergy production and
judicial use of entire algal biomass can make the process more
promising. It can be recommended to use the algal biomass after
hydrogen production by biophotolysis for the production of bio-
diesel, and bioethanol from lipid and starch respectively as these
energy storage compounds were found to enhance after sulfur
deprivation. The spent lipid and sugar extracted algal biomass can
be further utilized in anaerobic digestion because of better bio-
degradability of algal biomass and having a low sulfur content.
Alternatively, the LEA can be allocated for non-energy purpose, for
example, the aqua feed supplement was found to decrease the
MESP of oil to negative.
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