Chapter 2
Microalgal Production Systems
with Highlights of Bioenergy Production

Mariana Manzoni Maroneze and Maria Isabel Queiroz

Abstract The purpose of this chapter is to provide an overview of the main sys-
tems of microalgae production with highlights of biofuel production. The
large-scale production systems (raceway ponds, horizontal tubular photobioreac-
tors, and heterotrophic bioreactors) and small-scale photobioreactors (vertical and
flat-plate photobioreactors) will be presented and discussed with a special emphasis
on the main factors affecting its efficiency, biomass productivities reported in the
literature, scaling-up, costs of construction and operation, and commercial appli-
cations. Besides this, the recent developments in microalgae cultivation systems
will be reviewed in their main aspects. Finally, the criteria for selecting an
appropriate bioreactor for microalgae cultivation will be presented, as well as the
pros and cons of each system will be discussed in this chapter.

Keywords Photobioreactor - Heterotrophic bioreactor - Biomass
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1 Introduction

Historically microalgae have been of interest since 1942, when Harder and von
Witsch (1942) suggested that microalgae could be viable sources of lipids to be
used as food or to produce biofuels. Since then, an increasing amount of research
involving microalgae and their bioproducts has been performed. Currently, these
microorganisms are considered one of the most promising sources for bioenergy
production (Chisti 2016; Chew et al. 2017; Raslavicius et al. 2018).
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Compared with conventional oil seeds, the biofuels produced from microalgae
have several advantages that include the higher productivities, the ability to use
nonarable land for microalgal cultivation and possibility to use wastewater and gas
flue as source of nutrients and carbon to promote growth (Jacob-Lopes et al. 2014;
Collotta et al. 2017). Microalgae also can produce different types of biofuels, such
as biodiesel, bioethanol, biohydrogen, syngas, biobutanol, and bioelectricity
(Chang et al. 2017; Su et al. 2017a, b). Unfortunately, until now, the majority of
economic analyses conclude that microalgae biofuels cannot compete with con-
ventional fuels (Lundquist et al. 2010; Sun et al. 2011). On the other hand, the
concept of biorefinery can be explored with the aim to improve economic aspects.
This is possible because of the wide variety of high-value compounds that
microalgae can produce, such as carotenoids, proteins, long-chain polyunsaturated
fatty acids, vitamins, and phycobilins (Chew et al. 2017).

Industrialization of microalgae products requires large-scale culture systems,
which generally are raceway ponds, closed photobioreactors (PBRs), or hetero-
trophic bioreactors. Open systems are much cheaper and easier to operate than
closed systems, however, have many operational problems, such as contamination,
evaporation, susceptibility to weather conditions, and extensive land requirements.
On the other hand, closed systems can eliminate these limitations, but with a high
capital cost, difficulty in scaling-up, and high shear stress. However, due to the high
operational control and the high productivity provided by the PBRs, researchers
have been invested heavily in the development of new photobioreactors designs, in
order to reduce these limitations, and thus make microalgae-based processes viable
(Chang et al. 2017).

This chapter discusses the systems of microalgae production in large-scale
(raceway ponds, horizontal tubular photobioreactors, and heterotrophic bioreactors)
and small-scale (vertical tubular photobioreactors and flat-plate photobioreactors),
with emphasis on major factors that influence their efficiency, biomass productiv-
ities, costs of biomass production, scaling-up, and commercial applications.
Moreover, recent developments in microalgae cultivation systems are presented.
Finally, the advantages and disadvantages of all microalgae production systems
discussed are compared, and the criteria for selecting an appropriate PBR are
presented.

2 Large-Scale Microalgae Biomass Production

2.1 Raceway Ponds

The raceway ponds were first developed in the 1950s for treating wastewater and,
since the 1960s, outdoor open raceways have been used in commercial production
of microalgae and cyanobacteria (Chisti 2016). Currently, it is the most utilized
system for commercial microalgae production, accounting for more than 95% of
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algae production worldwide, owing to their flexibility, low cost, and easy of
scaling-up (Fernandez et al. 2013; Chang et al. 2017).

A raceway pond is a closed loop recirculation channel with a typical culture
depth of about 0.25-0.30 m. The circulation mixes the nutrients, and cells are
provided by the paddle wheels. The ponds are usually kept shallow because the
algae need to be exposed to sunlight, and sunlight can only penetrate the pond water
to a limited depth (Singh and Sharma 2012; Chang et al. 2017).

These ponds can be simply constructed in compacted soil with a 1- to
2-mm-thick plastic membrane. However, although it is cheaper, it is not commonly
used for biomass production due to the high risk of contamination (Singh and
Sharma 2012). To produce a biomass with high added value, the ponds are often
made of concrete block walls and dividers lined with a plastic membrane to prevent
seepage. Depending on the end use of the biomass, special care may be required to
use liners that do not leach contaminating and inhibitory chemicals into the algal
broth (Borowitzka 2005; Chisti 2016).

2.1.1 Major Factors Affecting the Raceway Pond Performance
Choice of Location

The choice of location of a raceway system has the greatest impact on biomass
productivity. The factors to consider in the geographic location are average annual
irradiance level, prevailing temperature, rainfall, land slope, potential nutrient
sources, cost of the water, and land.

In terms of illumination, a minimum solar irradiation of 4.65 kWh/m?/d is
required to sustain high growth rates (Benemann et al. 1982). According to Chisti
(2013), in an ideal condition, the temperature should be around 25 °C, with a
minimum of diurnal and seasonal variations. A geographic location with rainfall not
more than 1000 mm of rain per year facilitates the microalgae cultivation, since that
can minimize the dilution of algae stock in the ponds (Bennett et al. 2014). In an
ideal situation, the land slope should not be greater than 2% to avoid significant
earthmoving costs during pond construction, but the US Department of Energy
(DOE) cites a 5% maximum slope (DOE 2010; Bennett et al. 2014).

Other factor that depends on the local climate is the evaporation, which is
influenced by the level of irradiance, the wind velocity, the air temperature, and the
absolute humidity. An average freshwater evaporation rate of 10 L/m?/d has been
noted for some tropical regions. In this sense, freshwater needs to be added peri-
odically to raceway to compensate the evaporation (Becker 1994; Chisti 2016).

Engineering Parameters

In raceways, the pond depth is one of the engineering parameters that has most
influence on cultivation performance, because it is closely related to temperature
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control, mixing, and light utilization efficiency. In general, the biomass productivity
is higher in cultivations with lower depth raceways, but this also depends on the
microalgae species used and the dimensions.

In raceway ponds, the mixing serves several purposes such as periodic exposure
of cells to sunlight, keeping cells into suspension, availability of the nutrient to algal
cells, and removal of photosynthetically generated oxygen. In this sense, an ideal
mixing supply can increase productivity by nearly 10 times. Conventionally, the
mixing is conventionally measured by the Reynolds number (Re), which in an ideal
situation is about 257,000, considering a 1.5 m wide channel with a broth depth of
0.3 m and a culture velocity of 0.3 m/s (Chisti 2016).

Carbon Supply and pH

The carbon is the major constituent of microalgal cells, with approximately 50% of
the cell mass. All carbon is photosynthetically assimilated from CO, and, this
assimilation is closely related to the pH of the medium, since that, if CO, is
consumed rapidly and not replenished, the pH becomes alkaline. In raceway ponds,
generally, the pH is instable, because the CO, absorption from atmosphere through
the surface of a raceway is insufficient to support the high photosynthesis rate for a
good part of the day (Chisti 2013). An alkaline pH results in generation of toxic
ammonia from dissolved ammonium salts, lowers the affinity of algae for CO,, and
increases the flexibility of mother cells, delaying completion of the cell cycle
(Juneja et al. 2013). For this reason, to obtain better productivities in raceway, it is
necessary to engineer a supply of CO,.

Gas diffusers are used in raceways to inject CO, in the form of fine bubbles.
According to Li et al. (2014), the CO, concentration greater than 73 umol/L at a pH
of 8.0 is optimal for the normal growth of microalgae. To produce high-value
compounds, commercial pure carbon dioxide has been extensively used in
microalgal cultures. However, this entails in additional economic costs and reduces
the economic viability and sustainability of the process. It is estimated that the cost
of the carbon source in microalgae production ranges from 8 to 27% of the daily
production cost (Li et al. 2014). Furthermore, in this type of system, between 35
and 70% of the pure CO, injected into a pond is lost to the atmosphere. As an
alternative, flue gas can be used, which also could contribute to the mitigation of
environmental problems (de Godos et al. 2014).

Oxygen Accumulation

The photosynthesis reaction produces stoichiometrically 1.9 tons of oxygen to
produce 1 ton of microalgal biomass. So, when there is intense microalgal growth,
an excess of oxygen is generated. At high concentrations of O,, the productivity of
microalgae reduces considerably due to photorespiration and photoinhibition effects
(Raso et al. 2012).
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In raceway ponds, the only mechanism commonly used for removal of oxygen
from the medium is the agitation by the paddle wheel and is not particularly
effective. Even with high surface areas, the oxygen removal is insufficient during
periods of maximum photosynthetic activity. At these photosynthesis peaks, the
performance of the system can decrease up to 35% due to the excess dissolved
oxygen in the medium, which can reach 300% of the air saturation value. Moreover,
the biochemical composition of microalgae biomass can be influenced by the
oxygen level in the pond (Richmond 1990; Chisti 2013).

Culture Contamination

As the raceway ponds are open to the environment, they are easily contaminated by
bacteria, viruses, fungi, and other microalgae species and by predators. An alter-
native to control the contamination is to place the lakes inside greenhouses with
controlled environmental conditions, but for the production of biofuels on a large
scale, this is economically unfeasible.

However, it is known that not many contaminants can survive under extreme
conditions. In this way, the contamination can be avoided by cultivating some
highly resistant microalgal strains at high pH or high salinity. The species with the
best performance in commercial cultivation in raceways includes Chlorella sp.,
Spirulina sp., and Dunaliella sp., which are cultivated under stringent conditions
that inhibit the growth of other microorganisms or other species of microalgae
(Chang et al. 2017).

2.1.2 Biomass Production in Raceway Ponds

Although biomass productivities of 0.40 g/L/d or higher have already been reported
(Wen et al. 2016), values much lower than these are typically found, as shown in
Table 1. The reported productivities are specific for the reactor designs, operating
conditions, local weather conditions, and algae species. For this reason, the pro-
ductivities obtained with a specific system cannot be simply extrapolated to other
growth conditions. The biomass productivities in raceways are considered low, but
generally are compensated by high product prices and low construction and oper-
ating costs.

2.1.3 Cost of Construction and Operation of Raceway Ponds

In terms of cost of construction, the plastic-lined earthen are the raceway ponds
with the best cost-benefit, as unlined earth ponds are not generally considered
satisfactory for producing algal biomass (Chisti 2013). According to Chisti (2016),
the cost estimated to produce a 100-ha plastic-lined pond of compacted earth was
about US$ 144,830 per ha in 2014. This cost data can be corrected for inflation and
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Table 1 Biomass productivities of different open raceway ponds located in different countries

Microalgae Location Total Culture Productivity | References
volume (L) |depth (cm) (g/L/d)
Nannochloropsis | Arizona, 780 25.4 0.013 Crowe et al.
salina USA (2012)
Spirulina La 2360-603 15-20 0.144-0.151 | Olguin et al.
(Arthrospira) Mancha, (2003)
MX
Scenedesmus Florida, 900 20 0.020 Lin and Lin
rubescens USA (2011)
Scenedesmus Arizona, 2300 75 0.066 Eustance et al.
acutus USA (2015)
Spirulina Malaga, 135,000 30 0.027 Jiménez et al.
platensis ES (2003)
Scenedesmus sp. | Almeria, 20,000 20 0.170 de Godos et al.
ES (2014)

thus provides a reasonable estimate of the current cost (Chisti 2013). In this way,
the capital cost estimated for 2017 is of US$ 149,598 per ha. This estimate includes
the earthworks, the plastic lining, the carbon dioxide supply tubing, inlets and
outlets, the baffles, the paddle wheel, and motor.

To produce dry microalgae biomass in outdoor commercial raceway ponds,
Nosker et al. (2011) and Chisti (2007) estimated a cost of € 4.95 and US$ 3.80 per
kg of dry weight, respectively. According to Nosker et al. (2011), the factors which
influence production costs are irradiation conditions, mixing, photosynthetic effi-
ciency of systems, culture media, and carbon dioxide costs. Thus, by optimizing
these factors, the production cost can reduce up to € 0.68 per kg.

2.1.4 Scaling-up in Raceway Ponds

The microalgae cultivation in open ponds is already a consolidated and widely
practiced method for large-scale cultivation, since that are easily scaled up. There
have been records of large-scale cultivation in raceways since 1987, where two
1000 m? raceway ponds were used as a test facility between 1987 and 1990 in New
Mexico. These tests were conducted to verify the potential of microalgal biomass
production for low-cost biodiesel production and were considered technically fea-
sible (Rawat et al. 2013).

Although already a widely used technology, cultivations in raceway ponds still
pose many challenges in terms of economic viability for large-scale biofuel pro-
duction. This is mainly due to the low biomass productivity presented in these
systems the need for extensive areas of land and substantial costs for harvesting
(Scott et al. 2010).
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2.1.5 Commercial Microalgae Cultivation in Raceway Ponds

The commercialization of biofuel from microalgae is still in its early gestation and
has lot of challenges to achieve cost-competitive fuels. Currently, the industrial
microalgae biomass production is restricted to high value.

Raceway ponds are under operation worldwide to produce a diverse range of
products. For example, Cyanotech Corporation, in Hawaii, has cultivations in
raceways of Spirulina platensis and Haematococcus pluvialis, to produce Spirulina
Pacifica® and BioAstin® Natural Astaxanthin, respectively. Nikken Sohonsha
Corporation (Japan) produces more than 40 different products (healthcare products,
medical products, cosmetics, dietary supplements, fertilizers, and animal feeds)
from microalgae as Chlorella, Dunaliella, Monodus, and Isochlysis. Tianjin
Norland Biotech (China) cultivates Spirulina, Chlorella, and H. pluvialis to pro-
duce Spirulina tablets, Chlorella tablets, astaxanthin, astaxanthin oil, and
phycocyanin.

However, it is important to point out that many companies are working with
pilot plant tests for biofuels production. Examples of companies that are using open
systems in their tests are the LiveFuels (USA), OriginQOil Inc. (USA), PatroSun
(USA), Neste Oil (FI), Ingrepo (NL), and Aquaflow Bionomics (NZ) (Su et al.
2017a, b).

2.2 Tubular Photobioreactor

Recently, closed PBRs, especially tubular photobioreactors have been successfully
used for commercial microalgal biomass production. Unlike open raceways, tubular
photobioreactors permit a good control of culture conditions and high solar radi-
ation availability and, consequently, a high biomass productivity, which makes this
type of system potential for biofuel production and compounds of high commercial
value (Kunjapur and Eldridge 2010; Abomohra et al. 2016).

A tubular photobioreactor consists of an array of straight transparent tubes that
are usually made of plastic or glass and have a diameter of 0.1 m or less. These
transparent tubes can be arranged in different patterns (e.g., straight, bent, or spiral)
and orientations (e.g., horizontal, inclined, vertical, or helical) in order to maximize
the sunlight capture (Huang et al. 2017). However, to increase the scale, the tubes
are usually arrayed in a horizontal fence-like, which improves the land utilization,
and also have a better angle for incident light (Junying et al. 2013).

Besides the solar array for algae growth, a tubular photobioreactor is also
composed of a harvesting unit to separate algae from the suspension, a degassing
column for gas exchange and cooling (heating) and a circulation pump (Wang et al.
2012). The microalgal culture flows through solar collector tubing and is recircu-
lated by maintaining highly turbulent flow, which is produced using either a
mechanical pump or a gentler airlift pump (Abomohra et al. 2016; Chang et al.
2017).
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This type of photobioreactor can be illuminated by artificial or natural light. The
artificial illumination is technically possible, but expensive compared with outdoor
cultivations, which is just viable for commercial production of high added value
products.

2.2.1 Major Factors Affecting the Tubular Photobioreactor
Performance

Light Supply

In autotrophic microalgae production, the light availability is the most important
factor that influences the cell productivity and is one of the most difficult to control
in outdoor cultures, due to the variation in solar radiation during the day and during
the change of season (Fernandez et al. 1997).

In terms of design, the light capture is influenced by the transparency of the
materials and the surface/volume ratio. The most common materials used for PBR
construction are glass, plexiglass, polyvinyl chloride (PVC), acrylic-PVC, and
polyethylene. All these materials have transparency suitable for the microalgae
cultivations. However, they all have their pros and cons and need to be evaluated
according to the type of process and desired product. Glass is strong and transparent
and very good material for the construction of laboratory-scale PBRs. However, it
requires many connection parts for the construction of large-scale PBRs, which
could be costly. For this reason, the plastic type is most suitable for large-scale
tubular photobioreactor, mainly of polyethylene (Wang et al. 2012).

Temperature

As already mentioned, the optimal temperature for microalgae cultures is generally
around 25 °C, and most microalgae species can tolerate temperatures between
16 °C and 35 °C. In closed PBR, generally, the volume is small because a thin
optical thick mixing ness is applied for the sake of light transfer. Therefore, vari-
ations in temperature during the day/night cycle and the seasons’ changes have
significant effects on microalgal cultivation. In this sense, it is necessary to set up a
cost-effective cooling system (Huang et al. 2017).

Several methods have been tested to prevent overheating of the microalgae
cultivation. Among them are as follows: (i) shading of the tubes with dark-colored
sheets (Torzillo 1997), (ii) cooling of the culture by spraying water on the surface of
the photobioreactor (Becker 1994), (iii) submerging part of the photobioreactor or
the entire culture on a large body of water (Becker 1994), and (iv) installing a heat
exchanger for the photobioreactor (Watanabe et al. 2011). However, shading the
PBR is inefficient because it greatly reduces the illumination and consequently in
the yield of biomass. Water spraying is efficient for cooling, but entails an increase
in the cultivation costs. On the other hand, the method of submersion besides
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efficient in the control of the temperature has been demonstrated to promote the
average light intensity in the culture (Huang et al. 2017).

CO,/0, Balance and Mixing

As explained in Sects. 2.1.1.3 and 2.1.1.4, the carbon dioxide and oxygen must be
maintained in equilibrium and in moderate concentrations, since the excess of both
causes damage to the cells. In this sense, the photobioreactor must contain a space
for exhaust gases and an efficient mixing system, where promote turbulence and
therefore mass transfer between the gas and liquid phases inside a photobioreactor
(Wang et al. 2012).

In addition to its key role in the balance of gases and pH of the system, the
mixing also is necessary to prevent sedimentation of algal cells, ensure that all cells
of the population have uniform average exposure to light and nutrient and facilitate
heat transfer and avoid thermal stratification. In tubular photobioreactor, the mixing
is usually provided by aeration with CO,-enriched gas bubbles or pumping,
mechanical agitation, or a combination of these means. The choice depends on the
scale of the system and the microalga species used, because some do not tolerate
vigorous agitations (Suh and Lee 2003; Wang et al. 2012; Huang et al. 2017).

2.2.2 Biomass Productivity in Tubular Photobioreactor

The high biomass productivity is the greatest advantage of tubular photobioreactors,
especially if compared to raceway ponds. Table 2 shows the biomass productivities
in different tubular photobioreactors. The values range from 0.05 to 1.9 g/L/d. This
variation is due to the type of geometric configuration used, microalgae species and
operating and environmental conditions used in each study. If we compare these
productivities values with those found in raceway ponds (Table 1), it is possible to
see that except to the values found by Olaizola (2000), all the other productivities in
tubular PRBs are greater than found in raceways.

2.2.3 Costs of Construction and Operation of Tubular
Photobioreactors

The cost of PBRs has a major influence on production cost for large-scale biomass.
The company AlgaeLink NV (Yerseke, The Netherlands) commercializes a hori-
zontal serpentine PBR made of large-diameter transparent plastic tubes. For a
system of 97 m>, 1200 m? of occupied area, made of 2000 m long, 25 cm diameter
PMMA tubes, according to Zitelli et al. (2013), the price was about € 194,000 in
2012. Through inflation calculation described in Chisti (2013), this price in 2017 is
about € 202,798.
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Table 2 Biomass productivities in tubular PBRs

M. M. Maroneze and M. 1. Queiroz

Microalgae Photobioreactor | Total Productivity References
volume (L) (g/L/d)
Porphyridium Airlift tubular 200 1.5 Camacho et al.
cruentum (1999)
Phaeodactylon Airlift tubular 200 1.2 Fernandez et al.
tricornutum (2001)
Phaeodactylon Airlift tubular 200 1.9 Grima et al.
tricornutum (2001)
Phaeodactylon Helical tubular 75 1.4 Ugwu et al.
tricornutum (2002)
Haematococcus Parallel tubular 25,000 0.05 Olaizola (2000)
pluvialis
Nannochloropsis Fence-type 340 0.59 San Pedro et al.
gaditana tubular (2014)

Norsker et al. (2011) calculated the cost for outdoor production of microalgae
biomass in tubular photobioreactor and concluded that € 4.15 is the price for
producing 1 kg of dry weight biomass, in a 100-ha plant. On the other hand, Grima
(2009) found a cost of € 25 per kg of dry weight, in a horizontal tubular PBR of
4000 L. However, according to these authors, it is possible to reduce this cost up to
€ 0.5 per kg, through of process optimization.

2.2.4 Scaling-up

The scale-up of a tubular photobioreactor is not so simple in an open system,
because it requires scaling-up of both the solar receiver and the airlift device. In
principle, the volume of the solar receiver may be increased by increasing the
diameter and the length of the tube. However, an increase in tube length can result
in unacceptable concentrations of dissolved oxygen along the tubes. For this reason,
in practice, only the tube diameter may be varied (Grima et al. 2001). Any change
in tube diameter would imply a change in the light/dark cycle inside of photo-
bioreactor. These cycles can improve the biomass productivity due to the ability of
some species to store light energy to maintain their metabolism in the absence of
light (Maroneze et al. 2016). Thus, the geometry of the PBR must be optimized
according to the species used.

Grima et al. (2001) concluded that for Phaeodactylum tricornutum, the optimal
photobioreactor (0.2 m®) configuration and operations conditions were as follows: a
solar receiver tube of 0.06 m diameter, 80 m long, connected to a 4 m tall airlift.
Although not having a simple scaling-up, the tubular PBR is already quite wide-
spread in large scale.
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2.2.5 Commercial Applications of Horizontal Tubular PBRs

Currently, many biotech companies around the world are using tubular photo-
bioreactors to produce microalgae biomass and several bioproducts. Among them
are the Algaelink in the Netherlands that use horizontal and tubular photobiore-
actors for biomass and jet fuel production. The Heliae (USA) is using spiral tubular
PBR to produce astaxanthin from H. pluvialis. In Cadiz, Spain, the Fitoplancton
Marino SL uses a horizontal serpentine PBR cooled by immersion in a water pool
to produce lyophilized microalgae biomass and slurries of several microalgae for
aquaculture use (Torzillo et al. 2015; Chang et al. 2017).

2.3 Microalgal Heterotrophic Bioreactors

The heterotrophic bioreactors are a feasible alternative to overcome the light energy
dependency that limits the scale-up and significantly complicates the design of
photobioreactors (Vieira et al. 2012). Although restricted to a few microalgal
species, the heterotrophic cultivation can be conducted in conventional reactor
configurations such as stirred tank and bubble column reactors, which are relatively
cheap, easily scalable, and generally present high kinetic performance (Queiroz
et al. 2011; Perez-Garcia et al. 2011).

Moreover, to reduce the cost related to microalgae biofuel production, the
organic carbon source and nutrients for the microalgae cultivation can be obtained
from agro-industrial wastes (Queiroz et al. 2011; Francisco et al. 2015; Katiyar
et al. 2017). In addition to meeting the demand for organic carbon, the use of
wastewater in these cultivations also contributes to agro-industrial waste manage-
ment (Maroneze et al. 2014).

On the other hand, the major limitations of these types of cultivation are the
contamination and competition with other microorganisms that grow faster than the
microalgae, inability to produce light-induced metabolites and inhibition of growth
by excess organic substrate.

2.3.1 Major Factors Affecting Bioreactors in Heterotrophic
Cultivations

Oxygen Supply

In aerobic bioprocesses, oxygen is a critical substrate for a cell metabolism that
needs continuous supply, as it can easily become rate limiting due to its low
solubility in water. According to Griffiths et al. (1960), independent of the organic
substrate or the microalgae species, the biomass productivity is enhanced by higher
levels of aeration.
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In contrast, the aeration system energy requirement is a significant cost in
bioreactors and also contributes to the carbon footprint of heterotrophic cultiva-
tions. So, for a viable biofuel production, a trade-off between the operating costs
related to energy required for aeration and the productivity of the bioprocess
(Santos et al. 2015). In this sense, Santos et al. (2015) concluded that for a het-
erotrophic bubble column bioreactor, the aeration of 0.5 VVM (volume of air per
volume of medio per minute) is an equilibrium between kinetic performance and
power requirements in bioreactor.

Mixing and Viscosity

Like in the cultivation systems already discussed, mixing is one of the most
important operations in heterotrophic microalgal cultivation. This operation is
necessary for uniformly distributing nutrients and for gas exchange. The adequate
mixing can be provided by impellers and baffles or by aeration with airlift or bubble
column systems (Perez-Garcia and Bashan 2015).

The viscosity of the medium is closely related to the mixing, where high vis-
cosity in cultures requires higher impeller speed or airflow, which increases power
consumption and operational costs. The viscosity comes mainly from the exoge-
nous carbon source used, but is also increased with the high cell concentration and/
or with the production of viscous cellular material.

2.3.2 Biomass Productivity in Heterotrophic Bioreactors

In terms of biomass production, the heterotrophic cultivations can present higher
values of productivity, when compared to the other large-scale systems discussed in
this chapter, as shown in Table 3, which summarizes the microalgal biomass
productivities in heterotrophic cultivations with different carbon sources, bioreac-
tors type, and microalgae species reported in the literature.

2.3.3 Costs in Heterotrophic Bioreactors

The production costs of the heterotrophic microalgae production depend on vari-
ables such as bioreactor, carbon source, microalgae strain, downstream processing
operations, type and quality of the end product, among others. Tabernero et al.
(2012) evaluated the production of microalgal biodiesel from C. protothecoides
biomass grown heterotrophically. The cost estimated to produce one kilogram of
biomass was US$ 1.29 per kg (corrected for 2017). This value was estimated for a
biorefinery producing biomass in 465 continuously stirred bioreactors each of
150,000 L and producing 10 million/L/year of biodiesel.

A value below this (US$ 0.06/kg, corrected to 2017) was found by Roso et al.
(2015) to produce P. autumnale biomass, in a techno-economic analysis of a
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Table 3 Biomass microalgae productivity in heterotrophic cultivations

Microalgae Bioreactor | Carbon source Total Productivity | References

volume (g/L/d)

(5)
Phormidium Bubble Slaughterhouse | 5 0.64 Roso et al.
autumnale column wastewater (2015)
Phormidium Bubble Cassava starch 2 1.02 Francisco
autumnale column et al. (2014)
Phormidium Bubble Cassava 2 6.68 Francisco
autumnale column wastewater et al. (2015)
Chlorella Fermenter | Glycerol 7 0.44 Katiyar
minutissima et al. (2017)
Chlorella Stirring Glucose 5 7.40 Xiong et al.
protothecoides tank (2008)
Chlorella Fermenter | Cassava powder |5 7.66 Lu et al.
protothecoides hydrolysate (2010)
Chlorella Stirred Food waste 2 345 Pleissner
pyrenoidosa bioreactor | hydrolysate et al. (2013)
Aphanothece Bubble Fish processing | 4.5 0.44 Queiroz
microscopica column wastewater et al. (2011)
Ndgeli

simulated large-scale process to produce bulk oil and lipid-extracted algae in an
agro-industrial biorefinery. These authors also found values of US$ 0.40/kg and
US$ 0.07/kg (corrected to 2017) to produce bulk oil and lipid-extracted algae,
respectively.

2.3.4 Scaling-up in Heterotrophic Bioreactors

Another differential of heterotrophic cultivation is the scaling-up relatively easy,
and the bioreactors are available commercially for cultivation of several microor-
ganisms with working volumes up to 100,000 L. Li et al. (2007) investigated the
scale-up from 250 mL flasks to 11,000 L bioreactors of a heterotrophic cultivation
with C. protothecoides to biodiesel production. The authors were successful in
scaling-up and suggested that it is feasible to expand heterotrophic Chlorella cul-
tivation for biodiesel production at the industry level.

According to Perez-Garcia and Bashan (2015), the practical aspects required for
large-scale biofuel production from heterotrophic cultivation of microalgae are as
follows: (i) the species must be robust and able to grow in the absence of light and
under extreme conditions, such as high or low pH, high temperatures, or high
salinity; (ii) the microalgae strain must also have a rapid growth to be able to
compete with other heterotrophic microorganisms and thus avoid contamination;
(iii) the exogenous carbon source must be inexpensive and easily found;
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and (iv) the biofuel generated must present a quality standard required by the
legislation and in quantity that makes the process economically viable.

2.3.5 Commercial Applications of Heterotrophic Bioreactors

The commercial production of microalgae via heterotrophic metabolism has been
made by the Solazyme Inc., in Moema, S@o Paulo (Brazil). Solazyme’s technology
enables it to successfully convert a range of low-cost plant-based sugars into bio-
fuels. The biofuels that this company has produced and tested are biodiesel
(SoladieseIBD®), renewable diesel (Soladiese]RD®), aviation turbine fuel
(Solajet™), and renewable jet fuel. Furthermore, Solazyme is producing renewable
oils for the chemicals, nutrition and skin and personal care space utilizing today’s
existing industrial scale fermentation capacity.

3 Small-Scale Photobioreactors

3.1 Vertical Photobioreactors

Vertical reactors were among the first algal mass culture systems described in the
literature (Cook 1950). These systems are compact, user-friendly bioreactors with a
high ratio of surface area/volume, low contamination risk, and high biomass pro-
ductivity. However, at present, these systems are not used as photobioreactors,
except for investigational purposes, due to their difficult of scaling-up (Mir6n et al.
1999).

Vertical photobioreactors consist of vertical tubes constructed with a transparent
material (polyethylene or glass tubes) to allow the penetration of light. An air
diffuser is located at the bottom of the reactor, where the sparged gas is converted
into tiny bubbles. This sparging with gas mixture provides the constant agitation of
the medium, mass transfer of CO, and also removes O, produced during photo-
synthesis. Based on their mode of liquid flow, vertical tubular photobioreactors can
be divided into bubble column and airlift PBRs (Singh and Sharma 2012; Chang
et al. 2017).

Bubble column photobioreactors are cylindrical vessel with height greater than
twice the diameter, simply agitated by bubbling CO, and air from a sparger at the
photobioreactor bottom without any special internal constructions and completely
lack any moving parts (Singh and Sharma 2012; Koller 2015).

Airlift photobioreactors are cylindrical tubes with two interconnecting zones.
One of the zones is called riser where gas mixture is sparged, whereas the other
zone, the downcomer, does not receive the gas. The system can be with internal
loop and external loop. In the first option, regions are separated either by a draft
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tube or a split cylinder. On the other hand, in the external loop, riser and down-
comer are separated physically by two different tubes.

3.1.1 Major Factors Affecting the Vertical PBRs Performance
Light Available

In vertical photobioreactors, the illumination is accomplished externally, which can
be natural or artificial. The light available plays an essential role for the good
performance of any photosynthetic culture. To obtain sufficient illumination, both
the airlift and the bubble column photobioreactors cannot exceed about 0.2 m in
diameter; otherwise, the light availability will be reduced severely, mainly in the
center of cylinder. Additionally, it must also be considered that the height of the
cylinder should not exceed 4 m due to structural reasons (Huang et al. 2017).
Furthermore, in a vertical tubular photobioreactor, the light availability also is
influenced by aeration rates, gas holdup, and superficial velocity (Mirén et al.
1999).

Aeration Rate, Gas Holdup, and Superficial Gas Velocity

As in horizontal photobioreactors, the agitation of the system gives only by
pneumatic path, the aeration is responsible for culture mixing. In an ideal aeration
rate, the microalgae are kept in suspension, the light/dark cycle is minimized, the
CO, is diffused homogeneously, and its excess is removed, thus maintaining the pH
stable and the produced oxygen is removed. In general, in airlift photobioreactors,
the mixing is better than bubble column and thus can sustain better biomass pro-
duction of different microalgae (Fernandes et al. 2014).

Gas holdup is one of the most important parameters characterizing airlift and
tubular photobioreactors. It is necessary to the hydrodynamic design in different
industrial processes because it governs gas phase residence time and gas—liquid
mass transfer. The gas holdup is defined as the volume of the gas phase divided by
the total volume. This parameter is influenced mainly by the superficial gas velocity
and the type of gas diffuser (Mirén et al. 1999).

Superficial gas velocity is the ratio of the volumetric gas flow rate and
cross-sectional area of the reactor. The photosynthetic efficiency of the culture is
affected by the dark zone that may exist at the center of the photobioreactor. This
dark zone is totally dependent on the gas superficial velocity, which is the ratio of
the volumetric gas flow rate and cross-sectional area of the reactor. According to
Janssen et al. (2003), high gas velocity (>0.05 m/s) is recommended for increasing
the photosynthetic efficiency.
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Table 4 Biomass productivity in vertical photobioreactors
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Microalgae Photobioreactor | Total Productivity References
volume (L) | (g/L/d)

Haematococcus Bubble column |55 0.06 Lopez et al.

pluvialis (2006)

Chlorella ellipsoidea Bubble column | 6-200 0.03-0.04 Wang et al.
(2014)

Anabaena sp. Bubble column |9 0.31 Lopez et al.
(2009)

Aphanotece Bubble column |3 0.77 Jacob-Lopes et al.

microscopica Négueli (2009)

Scenedesmus obliquus Bubble column |2 0.21 Maroneze et al.
(2016)

Chlorella sp. Airlift 100 0.21 Xu et al. (2002)

Isochrysis galbana Airlift 1 0.60 Hu and Richmond
(1994)

Chlorella sp. Airlift 4 0.37 Chiu et al. (2009)

Chlorella sp. Airlift 1.6 0.25 Lal and Das
(2016)

3.1.2 Biomass Productivity in Vertical PBR

Productivities of microalgal biomass in vertical photobioreactors vary with the type
of mode of liquid flow, dimensions, microalgae species, and operating and envi-
ronmental conditions implemented. The values of productivities in these systems of
production reported in the literature vary between 0.031 and 0.77 g/L/d, as shown
in Table 4.

3.1.3 Costs in Vertical Photobioreactors

According to Wang et al. (2014), for a 20 L indoor bubble column PBR, the cost of
biomass production was about US$ 431.39 per kg. On the other hand, in a 200 L
outdoor bubble column photobioreactor, the cost to produce 1 kg of dry weight
biomass was US$ 58.69. The estimated cost by the methodology proposed by
Chisti (2013) in 2017 for biomass production is of approximately US$ 445.58 and
US$ 60.63 per kg of dry weight biomass in a 20 L indoor bubble column photo-
bioreactor and a 200 L outdoor bubble column photobioreactor, respectively.

3.1.4 Scaling-up in Vertical Photobioreactors

The vertical tubular photobioreactors are limited to laboratory and pilot scales,
which is attributed to fragility of the material, gas transfer at the top regions of the
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system, temperature control, gas holdup, and a limited surface for illumination
especially at up-scaled devices in case of algal species with high demands for
illumination (Koller 2015). However, Mirén et al. (1999) affirm that such percep-
tions have never been substantiated and, according to their results, both bubble
column and airlift photobioreactors are more suitable to scaling-up that horizontal
PBRs.

A practical example of the difficulty of scale-up is the failure case of GreenFuel
Technologies Corporation, at Arizona in 2007. Firstly, GreenFuel designs vertical
inclined closed photobioreactors and installed pilot plant to recycle CO, emissions
into microalgal biomass for biofuels production. With the success of the pilot plant,
months later the company installed a photobioreactor at the same plant, but 100
times larger than its earlier test models. Due to incorrect scaling-up, the project of
millions of dollars failed, its photobioreactors turned out to be twice as expensive as
expected and the company had to fire nearly half its staff (Waltz 2009).

3.2 Flat-Plate Photobioreactors

Flat-plate photobioreactors have received much attention for microalgae biomass
production due to their large illumination surface area (Ugwu et al. 2008). In this
type of photobioreactor, a thin layer of culture is passed across a flat panel made of
a transparent material, as glass, plexiglass, or polycarbonate (Faried et al. 2017).
They can be oriented at different angles so as to modify the light intensity and use
diffused and reflected light. Agitation can be provided either by bubbling air from
its one side through perforated tube or by rotating it mechanically using a motor
(Chang et al. 2017).

Flat-panel photobioreactors feature important advantages for biomass production
of photoautotrophic microorganisms and may become a standard reactor type for
the mass production of several algal species (Sierra et al. 2008). However, the
capital and operational cost of such systems are still too high to produce microalgae
biomass as feedstock for biofuels or other low-value products with currently
available technologies (Li et al. 2014).

The construction of flat-plate reactors dates back to the early 1950s (Burlew
1953), since then, many different designs have been developed. Tredici and col-
laborators developed a rigid alveolar panel photobioreactor (Tredici et al. 1991;
Tredici and Materassi 1992). Pulz and Scheibenbogen (1998) proposed a flat-plate
PBR inner walls arranged to promote an ordered horizontal culture flow that was
forced by a mechanical pump. Recently, Li et al. (2014) developed a flat-panel
photobioreactor with internal bulk liquid flow and an external airlift with the pur-
pose of developing a scalable industrial photobioreactor.
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3.2.1 Major Factors Affecting the Flat-Plate Photobioreactor
Performance

Light Supply

The flat-plate photobioreactors can be illuminated artificially or through sunlight.
However, as the use of sunlight is much more economically feasible, and these
systems have an excellent setting to capture sunlight, this is the most commonly
used option.

The light absorption is totally dependent on the length of light path. In general,
the biomass productivity is highest at the smallest light path and smallest at the
longest light path PBR (Richmond and Cheng-Wu 2001). Other configuration that
has an influence on light capture is the tilt angle of flat-plate photobioreactor.
Throughout the year, the optimal tilt of the PBR that allows maximal incident light
will change due to the position of the sun (Wang et al. 2012). Hu et al. (1998)
described that as a general rule, the optimal angle for year-round biomass pro-
duction is equal to the geographic latitude of the location.

Gas Balance and Mixing

A great advantage of flat-panel reactors is that they have a much shorter oxygen
path than tubular reactors, so the accumulation of dissolved oxygen is low (Sierra
et al. 2008; Chang et al. 2017). According to Sierra et al. (2008), in a flat-panel
photobioreactor, an aeration of 0.25 VVM (volume of air per volume of lig-
uid per minute) and a power supply of 53 W/m® are sufficient to maintain the
balance of gases, mixing is ideally suited for most microalgal culture. Other authors
reported even much higher aeration rates up to 2.0 VVM with positive effects (Alias
et al. 2004; Wang et al. 2005).

Temperature

Microalgae cultivations in outdoor PBRs are exposed to seasonal and diurnal
variation of temperature. These variations have a direct influence on the cellular
growth and the chemical composition of the biomass, and therefore, for the
development of an efficient and controlled process, the temperature must be
maintained with the least possible variation.

Particularly, flat-plate photobioreactors are very susceptible to overheating due
to its thin layer of cultivation and high light exposure. For this reason, the PBRs
must have an efficient temperature control system. This control is usually done by
water spraying (evaporative cooling) or alternatively, by using internal heat
exchangers (Chang et al. 2017).
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Table 5 Biomass productivities in flat-plate photobioreactor

Microalgae Photobioreactor | Total Productivity References
volume (g/L/d)
@®
Nannochloropsis sp. Flat-plate 440 0.27 Cheng-Wau et al.
(2001)
Spirulina platensis Flat-plate 6-50 0.34.3 Hu et al. (1996)
inclined
Chlorella vulgaris Flat-plate airlift 30 0.16-0.95 Munkel et al.
(2013)
Thermosynechococcus Flat-plate airlift 10 29 Bergmann and
elongatus Trosch (2016)
Nannochloropsis Short-light path | - 12 Cuaresma et al.
oculata flat-plate (2009)
Chlorella sorokiniana Short-light path 1 2.9-14.8 Tuantet et al.
flat-plate (2014)

3.2.2 Biomass Productivity in Flat-Plate Photobioreactor

Some values of biomass productivity reported in the literature are shown in Table 5,
which range from 0.16—4.3 g/L/d. These values vary according to the species and
parameters used for photobioreactor construction and cultivation. Due to the large
light exposure surface area, high biomass productivity is found in these systems,
however, are still limited to laboratory scale and pilot scale.

3.2.3 Costs in Flat-Plate PBRs

Tredici et al. (2016) evaluated the production cost of the microalga Tetraselmis
suecica in a 1-ha plant made of “Green Wall Panel-II"” (GWP®-II) photobioreactors
located in Tuscany-Italy. The GWP® is flat disposable photobioreactor, designed
and patented in 2004 and commercialized by Fotosintetica & Microbiologica S.r.1.
Through a techno-economic analysis, they conclude that, for a 1-ha, the total capital
investment is about € 1,661,777 and the total fixed capital per annum is of
€ 101,260. Also in this analysis, they found a cost of € 12.4 to produce 1 kg of
biomass (dry weight). This cost can be reduced when the plant is installed in a
region with more favorable climatic conditions. The authors related that in Tunisia,
the cost of biomass production is of € 6.2 kg/in a 1-ha plant with the same PBR.
Lower production costs (€ 5.96/kg) in a vertical flat-panel photobioreactor of
commercial scale were found by Norsker et al. (2011), but if we update this value
by calculating the inflation correction described in Chisti (2013), this value is of
about € 6.36/kg.
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3.2.4 Scaling-up in Flat-Plate Photobioreactors

The scale-up in flat-plate photobioreactors presents some challenges, which are
usually caused by the large surface area of the photobioreactor. This type of design
requires many modules and supports materials, shows difficulty in controlling
culture temperature and is very susceptible to the fouling, which is the phenomena
that occur when cells attach to the plastic walls, causing a reduction in light
availability and an increased risk of contamination (Carvalho et al. 2014; Chang
et al. 2017).

Despite the limitations, several commercial large-scale flat-plate photobioreac-
tors have been developed. One example is the Green Wall Panel (GWP®) that has a
concept of ‘disposable panels’ for large-scale applications. This system commer-
cialized by Fotosintetica & Microbiologica S.r.l consists of vertical PBRs of
100-litre bags, made of a polyethylene foil enclosed in a rigid framework (Tredici
et al. 2016). Other systems available commercially are the flat-plate airlift patented
and produced by Subitec GmbH, in Germany. In this case, the photobioreactors are
produced on scales varying from 6 to 180 L per unit.

4 Recent Developments in Microalgae Cultivation Systems

Recently, biofilm cultivation of microalgae emerged as a new biomass production
strategy. These systems consist of a densely packed layer of microalgae that grow
attached to a solid surface, which should be illuminated and should be frequently
exposed to water containing nutrients. Among the advantages of the biofilm-based
microalgae cultivation are the cost reduction related to microalgae harvesting,
reduced light limitation, low footprint, low water consumption, and efficient CO,
mass transfer. In contrast, the limitations of the system are the formation of gradients
over the biofilm for pH, nutrients, and light (Gross et al. 2015; Hoh et al. 2015).

Another photobioreactor configuration that has attracted attention in recent years
is the membrane photobioreactor, mainly for the cultivation of microalgae using
wastewater. The membrane photobioreactor is a technology that integrates a con-
ventional enclosed PBR with a submerged or side-stream membrane filtration
process using microfiltration or ultrafiltration membranes for solid-liquid separa-
tion. These systems can operate in continuous mode, which increases the microalgal
biomass production, they produce a high quality treated effluent with low levels of
organic substances, pathogen, and suspended solids and are easy to operate and
scale-up. However, only limited studies exist about these techniques and for a
large-scale implementation, techno-economic analyses and environmental perfor-
mance assessment are required to assess their viability (Billad et al. 2015; Luo et al.
2016).

Finally, hybrid photobioreactors have proved to be a promising technology for
the mass production of microalgae compared with single PBRs. Hybrid photo-
bioreactors are systems that combine different growth stages in two types of PBRs,
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Table 6 Biomass productivities in emergent photobioreactors

Microalgae Photobioreactor Total Productivity References
volume (L) (g/L/d)

Chlorella Biofilm 20.3 0.015 Tao et al. (2017)

vulgaris photobioreactor

Chlorella Biofilm 0.6-0.7 7.07 Pruvost et al.

vulgaris photobioreactor (2017)

Chlorella Membrane 25 0.06 Marbella et al.

vulgaris photobioreactor (2014)

Chlorella Membrane 10 0.04 Gao et al. (2014)

vulgaris photobioreactor

Chlorella Hybrid 1 0.05 Heidari et al.

vulgaris photobioreactor (2016)

Chlorella Hybrid 1.5 0.66 Jacob-Lopes et al.

vulgaris photobioreactor (2014)

closed and open, in which the disadvantage of one PBR is complemented by the
other (Brennan and Owende 2010). These configurations aim to compensate the
drawbacks caused by the limitation of surface/volume ratio and scale-up of open
and closed conventional photobioreactors. These systems are based on a proper
height/diameter ratio, generating configurations of reactors with heavy workloads in
contrast to very long tubes or shallow ponds. The main advantages of these pho-
tobioreactors include low use of land area with high culture volume, low operating
costs and are potential to scaling-up. On the other hand, this type of configuration is
limited to the cultivation of microalgae species with the ability to store energy to
sustain cell growth for periods in the dark, without affecting the rate of photo-
synthetic metabolism (Ramirez-Mérida et al. 2017).

The biomass productivities found in microalgae cultivation with these photo-
bioreactors are shown in Table 6. All these systems are relatively new, and
therefore, only a limited number of studies are found in the literature and are
restricted to laboratory scale.

5 Ciriteria for the Selection of Microalgae Cultivation
System

According to Chang et al. (2017), the main criteria to be considered in the choice of
an ideal photobioreactor are as follows: (i) type and quality of the target product;
(ii) tolerance of microalgal strains; and (iii) scale and performance versus cost.
The first criterion to be considered is the type and quality of the desired product.
For the biofuel production, it is essential to produce a biomass rich in lipid or
carbohydrate with a low cost to be competitive with conventional fossil fuels. In
this case, a heterotrophic bioreactor integrated into a biorefinery system can be a
good choice due to the high productivity, low cost, and low-land demand.
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Additionally, these systems can operate in parallel in wastewater treatment, when
they are used as a source of carbon and nutrients for algal growing. On the other
hand, to produce light-induced metabolites and high-value products intended for
human consumption, a closed PBR is more advisable (Li et al. 2014; Chang et al.
2017).

The characteristics of the microalgae strain that will be used must also be
considered at the moment of the choice. Mainly in terms of adaptability and tol-
erance under outdoor conditions and shear forces and oxygen buildup generated by
PBRs. In open ponds, strains must be able to compete with other microorganisms
for nutrients and must have the ability to tolerate photoperiods and climate changes.
In the case of closed photobioreactors, the strains must withstand strong shear
forces generated by pumping or aeration and must be able to tolerate a possible
excess of oxygen in the system (Brennan and Owende 2010; Chang et al. 2017).

When a biofuel is the target product, the most important issue is the cost of the
biomass which will be processed to yield the fuel. For this, the systems must
present a high kinetic performance at large-scale production. It is known that closed
systems are significantly more efficient in biomass production compared with open
systems. At the same time, most closed systems have a difficult and expensive
scaling-up, and open systems can be scaled up easily and inexpensively to
accommodate larger production rates. So, the choice of cultivation system must be
based on the best trade-off between biomass productivity and production cost
(Chang et al. 2017).

Table 7 Advantages and limitations of microalgae cultivation systems

Cultivation Cultivation system Advantages Limitations

type

Commercial

Raceway ponds — Low investment — Require large area of
— Low power land
consumption — Cultures are easily

— Economical contaminated
— Easy to clean — Low productivity
— Easy maintenance — Limited to a few

microalgal strains
— Little control of
culture conditions
— Evaporation
— Small illumination
surface area

Horizontal tubular — High productivity — Large land area
photobioreactors — Large illumination demand
surface area — Poor mass transfer
— Suitable for outdoor — Photoinhibition
cultures

— Relatively cheap

(continued)



2 Microalgal Production Systems with Highlights ...

Table 7 (continued)
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Cultivation Cultivation system Advantages Limitations
type
Lab-scale
Vertical — High mass transfer — Small illumination
photobioreactors — Good mixing area
— Potential for — Sophisticated
scalability construction materials
— Easy to sterilize — Support costs
— Least land use — Modest scalability
— Reduced
photoinhibition
Flat-plate — High biomass — Difficult to scale up
photobioreactors productivity — Difficult temperature
— Large illumination control
surface area — Fouling
— Suitable for outdoor — Photoinhibition
cultures — Shear damage from
— Uniform distribution aeration
of light
— Low power
consumption
Heterotrophic — High productivity — Limited to a few
bioreactor microalgal strains
— Low cost — Susceptibility to
contamination
— Wastewater treatment
— Easy scaling-up
Emergent
Biofilm — Low cost of — Formation of
photobioreactors microalgae gradients
harvesting — Scaling-up
— Reduced light
limitation
— Low footprint
— Low water
consumption
— Efficient CO, mass
transfer
Membrane — High biomass — Limited studies
photobioreactors productivity — Cost
— High-quality treated
effluent
— Easy to operate
Hybrid — Low use of land area | — Limited to a few
photobioreactors — Low operating costs microalgal strains

— High stability
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In addition to considering all these factors, it is important to know all the
advantages and limitations of each microalgae cultivation system. In this sense,
Table 7 shows the pros and cons of all the systems presented in this chapter.

6 Final Considerations

The biofuels production from microalgae has been demonstrated to have broad
potential of application, but these currently still remain at the exploratory stage.
This chapter underlines several aspects involved in the microalgal production
systems in order to help the development of biofuels from microalgae. Despite that
a great deal of work has been done to develop systems for microalgae production, to
date, there is no system without limitations. The main difficulties are related to the
cost of construction and operation, scaling-up, contamination, and to a limited
knowledge about the new cultivation systems. Therefore, to choose a system,
trade-offs among productivity, costs, scaling-up, and value of final product should
be carefully made.
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