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1 Introduction

Microalgae are eukaryotic (e.g. green algae, diatoms) photosynthetic organisms
capable of utilizing carbon dioxide and light for the synthesis of carbohydrates as
energy compounds. They have been known since many years, but their large-scale
cultivation has started a few decades ago. They have the potential to grow in open
systems such as raceway ponds, circular ponds and lakes and also in controlled
condition like closed photobioreactors. Microalgae are advantageous considering
their higher productivity than terrestrial oilseed plants and ease of cultivation in
wastewater and saline water. Microalgae do not compete with agricultural land for
cultivation. They have dual role such as utilization of CO, from atmosphere as well
as remediation of wastewater by utilizing nutrients from wastewater to grow into
biomass. Microalgae contain different types of major metabolites and high-value
products such as proteins, lipids, carbohydrates, vitamins, pigments, antioxidants,
minerals, etc. (Gupta et al. 2016; Mata et al. 2010; Rawat et al. 2011; Shriwastav
et al. 2014; Francavilla et al. 2015). Their major metabolites are rich in essential
amino acids and essential fatty acids, e.g. omega-3 fatty acids. Productivity of these
major metabolites can be increased through mode of cultivation and nutrient
limitation/stresses. Commonly, the lipids from microalgae are converted into bio-
diesel by the process of transesterification. After lipid extraction, a huge amount of
residual biomass is left that is known as lipid-extracted algae (LEA). LEA still
contains the high-value metabolites like proteins and carbohydrates in residual
biomass (Ansari et al. 2015; Ju et al. 2012). Lipid-extracted algae can also serve
as a good resource for biomethane, bioethanol and syngas production. In addition,
protein fraction of LEA has promising potential as food and feed additive for
animal and aquaculture. LEA biomass due to rich nitrogen content can also be
employed as a fertilizer. Therefore, considering the rich chemical composition of
microalgae, it can be considered as a good feedstock for the biorefinery.

2 Biochemical Composition of Microalgae

Proteins, lipids, carbohydrates, pigments, vitamins and minerals comprise the
biochemical constituents of microalgae. Among all, lipids, proteins and carbohy-
drates are the major constituents. The microalgal proteins (6-52%) are rich in
essential amino acids, and their yield percentage depends upon the mode of
cultivation and nutrient limitation. Microalgal lipids are very suitable for biodiesel
production via fatty acid esterification to produce fatty acid methyl ester (FAME).
The lipids are also a good source of essential unsaturated fatty acids such as alpha-
linolenic acid (ALA, C18:3), eicosapentaenoic acid (EPA, C20:5) and
docosahexaenoic acid (DHA, C22:6), so it has potential application to be used as
a food and feed ingredient. Microalgae are also a good source of carbohydrates
mainly in the form of starch, cellulose, sugar and other polysaccharides, and the
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biomass carbohydrate contents highly depend on types of species, cultivation
condition and environmental factors. The overall microalgae carbohydrates have
good digestibility.

2.1 Proteins

Microalgae abundantly are considered as a feedstock for biofuel production espe-
cially utilizing lipid, but besides lipid, they also contain many other valuable
components. Proteins are the major primary metabolites in living organisms includ-
ing the microalgae. Amino acids are the basic constituents of proteins which define
the nutritional quality or value of protein on the basis of essential amino acid
content, proportion and availability. Most of microalgal proteins are rich in essen-
tial amino acids. The proteins and amino acid profile of microalgae have been
compared to different sources of food proteins and their proportion in which algal
protein composition is nutritionally more favourable (Becker 2007). Recently, in
different cases, microalgae proteins have recommended as a replacement protein
source, due to their high nutrient quality and balanced content of essential amino
acids (Romero Garcia et al. 2012). High protein yield directly depends upon
cultivation condition and rich nitrogen source medium. In nitrogen limitation/
starvation, fixed carbon produced by photosynthesis switches the metabolic path-
way from protein to lipids or carbohydrates subsequently decreasing the protein
yield (Singh et al. 2016).

2.2 Carbohydrates

Among the three major metabolites, carbohydrates are least rich in energy (15.7 kJ/
g) (Wilhelm and Jakob 2011). The carbohydrates such as starch, cellulose and other
polysaccharides are found in the form of storage products or the structural compo-
nent of the cell wall. Microalgae cell lacks the lignin which makes them a good
feedstock for food/feed ingredients since it requires no energy-intensive
pretreatment. Although less in energy, microalgal carbohydrates have potential to
become preferable feedstock for the production of biohydrogen, bioethanol,
biobutanol and biomethane through integrating with biotechnological conversion
technologies. The carbohydrate content in marine and freshwater microalgae varies
significantly; microalgae P. cruentum and P. tricornutum contained 34.5 and 19.7%
carbohydrates, respectively. While in fresh microalgae Scenedesmus sp., carbohy-
drate content was noted to be 23.3%. In nitrogen limitation, C. vulgaris accumulates
38.41%, Tetraselmis cordiformis accumulates 35%, Spirulina maxima accumulates
35% and Spirulina platensis accumulates 55-65% carbohydrates (Markou et al.
2012). It is also known that light energy is one of the most important energy sources
for microalgae which affect the carbohydrate accumulation. High light intensity
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(200400 pmol m~2 s~ ") resulted in high carbohydrates; Porphyridium sp. and
Spirulina maxima were noted for threefold increase in carbohydrates upon
enhanced light intensity (Markou et al. 2012).

2.3 Lipids

Lipids are one of the major primary metabolites of microalgae. The content of lipids
varies between 15 and 60% on dry cell weight basis. Based on their polarity,
microalgal lipids are generally classified into polar (structural) and non-polar or
neutral (storage) lipids. Polar lipids are further subdivided into phospholipids and
glycolipids. The function of the non-polar lipids, predominantly found in the form
of TAG, is to store energy. These stored lipids are transesterified to produce
biodiesel. Polar lipids form bilayer cell membrane and typically have high amount
of PUFA; those have high potential for use in food/feed. Lipids in microalgae and
their composition vary species to species such as some microalgae contain high
amount of neutral lipid than others (Lv et al. 2010). Under starvation/nutrient
limitation condition, microalga changes the metabolic pathway towards the storage
of neutral lipids primarily in the form of TAG. For nutritional value of microalgae
lipid, the controlled cultivation is very important that produces saturated and
unsaturated fatty acids (PUFAs). Polyunsaturated fatty acids contained essential
fatty acids such ALA, EPA and DHA which are used in feed and food for animals
and humans.

2.4 Pigments

Microalgae colour is one of the most important characteristics which are deter-
mined by their pigments. These colour substances known as natural pigment have
predominant role in the photosynthetic metabolism (D’Alessandro and Antoniosi
Filho 2016). Apart from being photosynthetic components, they also have biolog-
ical activities and act as antioxidants, anti-inflammatory agents, etc. Microalgae
pigments are differentiated into three major classes: (a) carotenoids, (b) chlorophyll
and (c) phycobiliproteins.

2.5 Carotenoids

These are the fat-soluble pigments, and their colour varies from brown, red, orange
and yellow. The average carotenoid content in microalgae ranges in 0.1-0.2%
which can go up to 14% on dry weight basis. Due to solubility in fat, they enter
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in blood circulation and get attached to different lipoprotein. The human body
cannot synthesize these essential pigments, so it is important to supplement these in
diets. Based on chemical structure, carotenoids are divided into two groups, caro-
tenes including beta-carotene and lycopene and xanthophylls including astaxanthin,
lutein and canthaxanthin. On the basis of involvement in photosynthesis, caroten-
oids are subdivided into primary and secondary carotenoids. In primary caroten-
oids, only those carotenoids are included which are directly involved in
photosynthesis, e.g. beta-carotene and lutein. Both these carotenoids function in
light-harvesting and photoprotective action. Secondary carotenoid, e.g. astaxanthin
and canthaxanthin, is not involved in photosynthesis process. Haematococcus
pluvialis is known as a prime source of natural astaxanthin. It can produce more
astaxanthin under nutrient limitation and contains 0.2-3% astaxanthin on dry
weight basis (Batista et al. 2013). Beta-carotene is orange-yellow in colour. It has
a large demand as a natural pigment or nutritional supplementation, and it is also the
precursor for vitamin A. Dunaliella salina is used at industrial scale to produce
beta-carotene (14%) (Spolaore et al. 2006). Dunaliella salina is the first microalgae
used for the commercial production of the high-value product (beta-carotene) from
microalgae. The world market of carotenoid is growing by 2.3% annually; in 2010,
it had the market of 1.2 billion USD which is expected to reach 1.4 billion USD by
2018 (BCC-Research, The Global Market for Carotenoids 2011).

2.6 Chlorophyll

It is green-coloured, fat-soluble pigment with porphyrin ring in its structure and is
ubiquitously found in nature. These are responsible for photosynthesis by
converting solar energy into chemical energy. Chlorophyll is tetrapyrrole in struc-
ture in which magnesium ion is centrally placed. On the basis of light absorption
spectra of microalgae, chlorophyll has been grouped in many types, e.g. chlorophyll
a, b, ¢, d and f. Chlorophyll a has a blue-green colour, chlorophyll b is a brilliant
green, chlorophyll c is yellow green, chlorophyll d is a brilliant/forest green and
chlorophyll f is emerald green. Most of the microalgae have chlorophyll a and c as
the dominant chlorophylls in which chlorophyll a is the major light-harvesting
complex and contains chlorophyll in the range of 0.5-1.0% on dry cell weight
basis. The commercial application of chlorophyll is observed in food and feed
industries, cosmetics and pharmaceuticals.

2.7 Phycobiliproteins

It is water-soluble pigments, made up of cell protein and reasonably easy to isolate
and purify. Phycobiliprotein content varies from 2 to 8% on dry cell weight basis. It
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is water soluble, made up of protein and covalently bound with amino sulphur-
containing amino acid—cysteine. Phycobiliprotein functions to accumulate light
during photosynthesis. Phycobiliprotein, viz. phycocyanin and phycoerythrin, is
commonly produced on commercial level from Spirulina spp. and Porphyridium
spp., respectively. The phycobiliprotein is well known as the natural food colourant
in pudding and as an antioxidant in immunology laboratories. Annual market for
phycocyanin is around 5-10 million USD (Sekar and Chandramohan 2007).

3 Microalgae Cultivation

High-density cultivation of microalgae biomass for value-added product (VAP)
extraction is still challenging mainly due to unavailability of water, land area
requirement and inefficient illumination area, limitations of gas-liquid mass trans-
fer, operational complications and contamination and production cost. Low density
of microalgae biomass and small size of the microalgal cells add up more chal-
lenges to handle the culture for harvesting.

The commercial and cost-effective production of biofuels and other VAPs like
food and feed ingredients from microalgae requires economic production of large
quantity of algal biomass (Chisti 2007; Griffiths and Harrison 2009). Practically,
suitable large-scale microalgae cultivation can be achieved via (i) open pond
cultivation and (ii) closed photobioreactors (Carvalho et al. 2006). Figure 1
shows a generalized schematic representation of algae cultivation and biofuel
production.

Fig. 1. Schematic representation of algae cultivation and biofuel production
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3.1 Open Ponds and Raceways

Open raceway ponds are open systems that are most widely used for outdoor
microalgae cultivation using solar irradiations. The open ponds are generally
constructed using concrete, and since their shape resembles with racetrack, these
ponds are called as raceway ponds. The open raceway ponds are easy to construct,
operate and maintain. The depth of the open raceway ponds varies from one region
to another depending on the intensity of the available sunlight. The optimized depth
can be in the range of 15-30 cm from the surface. Depth is set such that the
shadowing effect of the microalgae culture can be avoided to enhance the biomass
productivity. The microalgae culture in the pond requires continuous stirring for
mixing and recirculation of both culture and the nutrients. The mixing helps to
avoid the formation of concentration gradients, also provides homogenous illumi-
nation and overcomes the shadowing effect if caused. Generally, stirring is pro-
vided by the use of paddle wheels.

There are many advantages and disadvantages of open raceway pond over closed
photobioreactor. The open raceway pond is directly affected by both biotic and
abiotic factors. The main disadvantages are lower productivity than closed
photobioreactor. It is mainly due to low atmospheric CO, concentration and low
gas-liquid mass transfer of CO, from the atmosphere resulting in lower dissolved
carbon in algal culture medium which remains insufficient to meet the needs of
photosynthesis. To overcome this challenge, an external chemical source of carbon
such as carbonates or direct injection of CO, is done. Open raceway pond cultiva-
tion is also affected by water evaporation, fluctuations in temperature and variations
in photoperiod. In addition, open raceway ponds, since being open to the environ-
ment, face contamination by other competing microalgal species making it a major
challenge to maintain the monoalgal culture of a selected microalga. Therefore,
extremophiles like Spirulina and Dunaliella salina are found to grow with lesser
issues of contamination.

Apart from disadvantages, open raceway ponds have several advantages which
include lower construction, operation and maintenance cost. Cleaning is less energy
consuming than closed photobioreactors. These ponds can be constructed in deserts
and nonarable lands. The net input energy is less than what is required for closed
photobioreactor (Brennan and Owende 2010).

The cost of per kilogram of oil from algae grown in open raceway pond (7.64
USD) is cheaper than algae grown in closed photobioreactor (24.60 USD). The
price of per kilogram algal biomass cultivated in open raceway pond (1.54 USD) is
lesser than biomass obtained from photobioreactor (7.32 USD) (Rashid et al. 2014).
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3.2 Photobioreactors

Basically, the photobioreactors allow monoalgal/axenic microalgae cultivation
under controlled conditions to obtain high biomass for various food-, feed- and
fuel-based applications. Several types of photobioreactors exist for cultivation of
microalgae biomass. Biomass productivity, lipid content and lipid productivity of
selected microalgae species in closed photobioreactors and the open ponds reported
from various authors are summarized in Table 1. These include widely used tubular
photobioreactors, plate reactors, bubble column reactors and not so frequently used
semi-hollow spheres. Vertical-column photobioreactors are characterized by high
mass transfer and good mixing with low shear stress. It has low energy consumption
and can potentially be scaled up. It has reduced photoinhibition and photo-
oxidation. In addition, it is advantageous for immobilization of microalgae and
can be readily tempered (Ugwu et al. 2008). Flat panel photobioreactors on the
other hand provide large illumination surface area and are noted for high biomass
productivities (Ugwu et al. 2008). These are relatively cheap and easy to clean up
and cause low oxygen build up. Tubular photobioreactor is considered for having
large illumination area and is also suitable for outdoor cultivation. However, the
vertical-column photobioreactors have limited/small illumination surface and are
not considered worthy for scale up. Possible hydrodynamic stress is a challenge in

Table 1 Biomass productivity, lipid content and lipid productivity of selected microalgae species
in closed photobioreactors and the open ponds

biomass Lipid
Cultivation | productivity | Productivity
Microalgae condition (gLflday’l) (gLfldayfl) Lipid (%) | Reference
C. vulgaris PBR 848mgL™" [103mgL~' |22.8 Frumento
day ™’ day ™! et al. (2013)
A. faculatus Flask - 7407 mg L™' |59.6 Singh et al.
day™! (2015)
N. atomus HBR 129 gm? - - Dogaris et al.
indoors day™! (2015)
N. atomus HBR 182 ¢ m? - - Dogaris et al.
outdoors day™ ! (2015)
N. oculata PBR 0.296-0.497 |0.084-0.151 22.7-41.2 | Chiu et al.
(2009)
Chlorella Flask 23mg/L™"  |416mg/L™" | 18.1 Chinnasamy
saccharophila day™! day™! et al. (2010)
Nannochloropsis | PBR 0.300-0.360 |- 32.0-60.0 | Briassoulis
Sp. et al. (2010)
Mix culture Flask 276 mg L™ |- 23.62 Hena et al.
day71 (2015)
Porphyridium - 0.37 95mgL™" [348 Ahmad et al.
cruentum day71 (2011)

(continued)
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Table 1 (continued)
biomass Lipid
Cultivation | productivity | Productivity
Microalgae condition (gL"'day™") | (gL 'day™") |Lipid (%) |Reference
S. quadricauda - 0.19 35.1 18.4 Ahmad et al.
(2011)
Skeletonema - 0.09 27.3 31.8 Ahmad et al.
sp. CS 252 (2011)
Scenedesmus - 0.26 53.9 21.1 Ahmad et al.
sp. DM (2011)
Pavlova salina CS | - 0.16 49.4 30.9 Ahmad et al.
49 (2011)
Anabaena sp. Open pond |- 0.24 - Milano et al.
(2016)
C. sorokiniana Inclined - 1.47 - Milano et al.
tubular (2016)
Tetraselmis Column - 0.42 - Milano et al.
(2016)
Scenedesmus sp. Jar - 0.07 - Milano et al.
(2016)
Chlorella Flat plate - 32-3.8 - Milano et al.
(2016)
C.vulgaris TISTR | Bottle - 12.9 28.1 Tongprawhan
8580 et al. (2014)
C. protothecoides | Bottle - 133 229 Tongprawhan
TISTR 8243 et al. (2014)
Chlorococcum Bottle - 15.4 31.8 Tongprawhan
sp. TISTR 8416 et al. (2014)
Chlorella sp. Bottle - 13.9 25.7 Tongprawhan
TISTR 8263 et al. (2014)
S. armatus TISTR | Bottle - 10.7 21.4 Tongprawhan
8653 et al. (2014)
Marine Chlorella | Bottle - 21.3 28.2 Tongprawhan

sp.

et al. (2014)

flat-panel photobioreactors. Tubular photobioreactors suffer with the disadvantage
of forming gradients of pH, dissolved oxygen and CO2 along the reactor tubes. The
major limitation with all these reactor systems is that they are costly to set up and

operate (Lam and Lee 2012).

4 Applications of Microalgae Biomass for Biofuels

Microalgal biomass is rich in lipids which are suitable to produce biodiesel by fatty
acid methyl ester (FAME). The biodiesel production from microalgae lipid can be
integrated with the other energy-producing processes that could make the biodiesel
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an economical and sustainable product. Apart from biodiesel, microalgae biomass
can also be used to produce bioethanol by fermentation, biomethane by anaerobic
digestion, biobutanol and syngas. Biofuel production capacities of various
microalgal strains are summarized in Table 2.

Table 2 Biofuel production capacities of various microalgal strains

Whole
cell/ Target
Microalgae LEA Pretreatment product Yield Reference
Mixed culture | Whole | Acid Biobutanol 3.74 g/ Castro et al.
(2015)
C. vulgaris Whole | Acid + alkali Biobutanol 13.1 g/L Wang et al.
JSC-6 (2016)
S. almeriensis | LEA 800°C Syngas 94% Beneroso
etal. (2013)
C. vulgaris Whole | Catalytic pyrolysis | Syngas 89.21% Hu et al.
(2014)
N. oculata Whole |N- Biomethane | 339 mLcpa/gys | Caporgno
Methylmorpholine- etal. (2016)
N-oxide
Tetraselmis LEA AD with waste Biomethane | 236 mL CH4/g | Hernandez
sp. sludge VS.dded etal. (2014)
- - Milling Biomethane |0.304-0.557 L | Zhao et al.
CH4/g VS (2014)
Tetraselmis LEA Sonication Biomethane |248 mL/g VS Ward and
spp- Lewis
(2015)
S. abundans Whole | Diluted acid Bioethanol 0.103 g of eth- | Guo et al.
PKUAC 12 anol/g DCW (2013)
C. vulgaris Whole | Acid Bioethanol 11.7 g/L Ho et al.
FSP-E (2013)
Chlorella LEA Diluted acid Bioethanol 0.16 g/g LEA Lee et al.
sp. KR-1 DCW (2015)
S. obliquus Whole |- Bioethanol 0.195 g EtOH/ |Ho et al.
CNW-N g biomass (2013)
S. obliquus Whole |- Bioethanol 0.202 g EtOH/ |Ho et al.
CNW-N g biomass (2013)
S. obliquus Whole |- Bioethanol 0.128 g EtOH/ |Ho et al.
CNW-N g biomass (2013)
S. obliquus Whole | Aspergillus niger Biodiesel 90.82 Guldhe
whole cell lipase etal. (2016)
C. sorokiniana | Whole |- Biodiesel 91 Misra et al.
(2014)
Scenedesmus | LEA Alkali and thermal | Biohydrogen | 45.54 mL/g- Yang et al.
sp. volatile (2010)

(continued)
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Table 2 (continued)

Whole
cell/ Target
Microalgae LEA Pretreatment product Yield Reference
Scenedesmus | LEA Thermal Biohydrogen |40.27 mL/g VS | Yang et al.
sp. (2011)
Mixed culture | Whole |- Biohydrogen |5.22 mmol Chandra
and
Venkata
Mohan
(2011)
C. vulgaris Whole | HCI Hydrolysis Biohydrogen | 0.94 mol/mol Liu et al.
sugar (2013)

4.1 Biodiesel

Microalgae are known as renewable feedstocks for biodiesel production due to
ability to accumulate high amount of lipids. Among all major metabolites (lipids,
proteins and carbohydrates) of microalgae, lipids have gained significant amount of
interest to overcome fossil fuel crisis. The lipid content depends on species, and
biomass condition such as lipids in lyophilized biomass of Chlorella pyrenoidosa
(47%), dried biomass of Nannochloropsis oculata (26.8%), wet biomass of
C. vulgaris ESP-31 (14-63%), algal cake of C. vulgaris ESP-31 (26.3%) and
dried biomass of C. pyrenoidosa (56.3%) varies from species to species (Cao
et al. 2013; Li et al. 2011; Tran et al. 2013). In normal cultivation condition, the
capacity of lipid accumulation of various microalgae is low which hampers the
biodiesel production cost. To surpass these challenges, many strategies have been
developed such as cultivation in nutrient limitation/starvation, use of mixed culture,
reactor design (open pond, closed photobioreactor, etc.) and supplementation of
chemicals and hormones. Among all the lipid-enhancing strategies, the nutrient
(nitrogen) limitation is widely used. Cultivation of Chlorococcum nivale and
Scenedesmus deserticola in nitrogen starvation condition significantly enhanced
lipid yield from 31.6 to 40.7% and 48 to 54%, respectively (Singh et al. 2016). In
another study, Gao et al. (2013) found that cultivation of Chaetoceros muelleri
under nitrogen limitation caused twofold increase in lipid yield (23-46%) and
decrease in biomass productivity (19—12 mg L™ 'day"). In chemical conversion
of microalgal lipid to biodiesel via transesterification, lipid reacts with alcohol
(e.g. methanol) in the existence of catalyst (e.g. acidic, alkaline or enzymes) and
results in FAME and glycerol. There are two methods of transesterification,
i.e. two-stage method in which biomass drying, lipid extraction and purification
steps are involved, while in in situ transesterification (direct), lipid extraction and
transesterification occur concomitantly. Johnson and Wen (2009) applied both
methods of transesterification for S. limacinum biomass, and they obtained crude
biodiesel (57%) and FAME (66.37%) by two-stage method and 66% of crude
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biodiesel and 63.46% of FAME by direct transesterification (Johnson and Wen
2009). Guldhe et al. (2016) achieved 90.87% of yield and 80.97% of biodiesel
conversion from Scenedesmus obliquus by using whole cell lipase enzyme of
Aspergillus niger as catalyst (Guldhe et al. 2016).

4.2 Biomethane

Lipid extraction for current liquid biofuel from microalgae leaves approximately
60-70% of residual biomass as byproduct. Anaerobic digestion of LEA biomass is
used as a substrate for the production of methane and the release of nutrients such as
soluble nitrogen, phosphorus, etc. Anaerobic digestion is a series of process in
which microorganisms break down the biodegradable substance in the absence of
oxygen. The four key steps involved in anaerobic digestion are hydrolysis,
acidogenesis, acetogenesis and methanogenesis. In hydrolysis process, large or
complex organic molecule (carbohydrate, proteins, lipids) is broken down in the
small constituents (e.g. sugar, amino acids and fatty acids) by microorganism. In
acidogenesis, microorganisms further break down the remaining complex mole-
cules into ammonia, CO, and H,S. In acetogenesis, acetoacetate, CO, and H, are
formed. In methanogenesis, methanogenic bacteria utilized intermediate product of
other steps and transform it into methane, CO,, and H,O. Among all four steps,
hydrolysis is a rate-limiting step; the whole process depends on hydrolysis. LEA
biomass used as a substrate and fermentative bacteria is used as an inoculum that
converts carbohydrates and proteins into biomethane. Several factors are involved
and influence biomethane production like upstream (cultivation, harvesting and
lipid extraction) and downstream processing (biomass pretreatment, C/N ratio and
inoculum). LEA biomass which has low C/N ratio is not suitable for biomethane
production (Rashid et al. 2014). To overcome low C/N ratio, in many cases, rich
carbon waste (e.g. biodiesel byproduct glycerol) is utilized to improve the
biomethane production. Widely, C/N ratio of microalgal biomass varies from
4.16 to 7.82, and when this ratio is lesser than 20, it is unsuitable for microorganism.
It has been observed that C/N ratio lower than 15 shows detrimental effect and
produces ammonia nitrogen (Ehimen et al. 2013; Ward et al. 2014). Pretreatment is
the vital step for methane production; pretreatment increases the surface area,
makes the substrate more digestible and improves the fluidity in the reactor.
Different types of treatment like mechanical, ultrasound, microwave, thermal,
chemical treatment, biological and combined pretreatments are used; however,
heat treatment is the most efficient and is widely used for biomethane production.
Thermal pretreatment of microalgal biomass (at 50-250°C) enhances solubiliza-
tion, sanitizes the feedstock and produces high yield of methane (Rodriguez et al.
2015). Thermal treatment on whole and LEA biomass of Nannochloropsis gaditana
shows that methane production has been enhanced by 40 and 15% by whole and
LEA biomass, respectively (Alzate et al. 2014). Thermal pretreatment (150-170°C)
on whole N. salina increased the methane yield by 40% (0.31 L/gVS) (Bohutskyi
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et al. 2015). Hernandez et al. (2014) used supercritical CO, extraction (SCCO,)
techniques for lipid extraction from Tetraselmis sp. and found that LEA biomass
has more potential (236 mL CH4/g VS,44eq) than whole algae. Lipid-extracting
solvent (hexane, chloroform, etc.) system also affects the methane production (Choi
et al. 2010; Yun et al. 2014).

4.3 Bioethanol

Bioethanol production from food crops (sugar cane and corn) can directly impact on
food prices and deforestation. Second-generation feedstock for bioethanol produc-
tion has a lot of challenges. Saccharification of lignocellulose is one of the major
challenges because of resistance due to high content of lignin (Guo et al. 2013). In
addition, these feedstocks are inexpensive than sugar, but lignocellulosic feedstock
requires strong pretreatment prior to fermentation. Whole microalgae biomass as
well as LEA biomass has potential to be used as an economical and sustainable
feedstock for the production of bioethanol. Polysaccharide-rich microalgae biomass
does not have lignin and therefore is easy and less resistant to conversion in
fermentable sugar. Microalgal species like C. vulgaris and C. reinhardtii UTEX
90 stored starch as energy source; these species easily hydrolyze in glucose with
chemical or enzymatic process (Branyikova et al. 2011; Choi et al. 2010). The
combination of diluted acid and enzyme (cellulase) pretreatment method employed
by Guo et al. (2013) for S. abundans PKUAC 12 biomass yielded 0.103 g of
ethanol/g of dry weight algae. Among all pretreatment (chemical, enzymatical,
combination of chemical and enzymatic, etc.) methods, dilute acid pretreatment is
widely used. Chemical and enzymatic pretreatment was used for C. vulgaris with
51% carbohydrates, which resulted in 93.6% and 90.4% glucose yield, respectively
(Ho et al. 2013). Hernandez et al. (2015) compared the acid and enzymatic
pretreatment of Chlorella sorokiniana and Nannochloropsis gaditana that caused
monosaccharide yield of 128 and 129 mg/g DW, respectively. In case of
Scenedesmus almeriensis under acid hydrolysis (for 60 min at 121°C), the yield
of monosaccharides was 88 mg/g. Harun and Danquah (2011) used diluted acid (1%
H,SO4 v/v at 140°C for 30 min) hydrolysis as pretreatment of Chlorococcum
humicola, and 7.20 g/L bioethanol was obtained whenl5 g/L of microalgae were
used for pretreatment. The cost of pretreatment can be minimized by using
carbohydrate-rich microalgal species.

4.4 Biobutanol

Carbohydrates are one of the major primary metabolites of microalgae, and its
contents depend on the type of species and mode of cultivation. In microalgae, most
knocked primary metabolite is lipids for biodiesel production which leaves the
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defatted biomass after lipid extraction. Hence, whole and LEA biomass which
contains carbohydrates can also be used to produce biobutanol. Butanol is one of
the most plentiful biofuels produced by acetone-butanol-ethanol (ABE) fermenta-
tion process in which microorganism converts carbohydrate residues into acetone,
butanol and ethanol via anaerobic process. Butanol is environmentally friendly, and
it has potential to direct use in vehicles, and it is better than ethanol because of its
greater energy content, better immiscible and lower volatility, corrodibility and
hygroscopicity (Castro et al. 2015; Srirangan et al. 2012). In ABE fermentation
process, the Clostridium species and Clostridium acetobutylicum are predominantly
used for biobutanol production, and the ratio of the three products ( acetate, butanol
and ethanol) in ABE fermentation is 3:6:1 (Cheng et al. 2015). Pretreatment is
crucial to increase the surface area of microalgal biomass and to make it more
susceptible for microorganisms for biobutanol production. Dilute acid hydrolysed
microalgal biomass produced the lower ABE (2.74 g/L), while combination of acid
and enzymatic hydrolysed biomass yielded highest ABE (9.74 g/L) (Kumar and
Gayen 2011). Castro et al. (2015) optimized the acid hydrolysis of microalgal
biomass, and they found that 1.0 M acid concentration at 80-90°C for 120 min is
optimum to get the sugar yield of 166.1 g/kg of dry algae and 3.74 g/L butanol
production. Cheng et al. (2015) used LEA biomass as a substrate and
C. acetobutylicum as a model microorganism and achieved butanol yield of
0.13 g/g carbohydrates.

4.5 Syngas

Microalgae are a feedstock for renewable energy production, but most of their
energy-forming processes are time consuming and energy intensive and required
chemicals and enzymes for the process. Hence, it is very important to select an
appropriate method that can make biofuel economically viable. Many conversion
strategies have been utilized for biofuel production, and among all, the pyrolysis is
a more explored technology in which microalgal biomass gets transformed into
solid, liquid and gaseous products (Shie et al. 2010). Syngas, also known as
synthetic gas, is a mixture of different gases such as CO,, CO and H,. The syngas
is produced by gasification in which microalgal biomass undergoes the heat treat-
ment and biomass breaks down and produces gases (synthetic natural gas and to
create ammonia or methanol) as primary product and char tars as byproducts.
Syngas production involves many reactions such as oxidation reaction, water gas
reaction, methanation reaction, water-gas shift reaction, etc. The production of
syngas also depends on microalgal biomass quality, instrument used for gasification
and process parameters such as temperature and catalyst used for gasification
(Raheem et al. 2015). In production of syngas, temperature is a vital parameter.
Syngas yield increases from 28 to 57% when temperature is increased from 552°C
to 952°C (Raheem et al. 2015). For production of syngas, Hiranoa et al. (1998)
partially oxidized the Spirulina sp. (at 850-1000°C) to find out theoretical
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biomethanol production, and the findings showed that the microalgae biomass at
1000°C has optimum theoretical yield (0.64 g) of methanol per gram of biomass.
Beneroso et al. (2013) carried out microwave-assisted pyrolysis to examine whole
and extracted residues of Scenedesmus almeriensis at 400-800°C. The high yield of
syngas (c.a. 94 vol%) was obtained at 800°C after pyrolysis of residues.

5 Process Constraints and Future Needs

Microalgae are the third-generation feedstock for biodiesel production. It has
promising potential for biofuel production and also offers many other valuable
products. Apart from CO, sequestration, microalgae also carry out
phytoremediation. The biggest process constraint is that high biomass is not
achieved in microalgae cultivation. Low biomass production and single-product
strategy are one of the bottlenecks in developing economical and sustainable
microalgae industry. The requirement of huge volumes of water always remains a
big challenge in microalgae cultivation. Economical and effective biomass
harvesting technology is still in demand. The cost of biomass production remains
high in closed photobioreactor, and open raceway ponds suffer from low biomass
productivity and contamination issues. Multiproduct development strategy from
microalgae biomass can make the microalgae biotechnology processes the viable
and economical one. Integration of microalgae production with simultaneous
wastewater treatment has the potential for sustainable biomass generation for
biofuel and feed-/fertilizer-related products.

5.1 Factors Limiting Growth and Biomass Production

For large-scale commercial production of microalgae biomass, closed
photobioreactor and open raceway systems are widely used. The choice of cultiva-
tion system depends on the final product; closed photobioreactors were always
preferred for high-value product synthesis from microalgae. Both cultivation sys-
tems have their own advantages and disadvantages. Microalgae are photosynthetic
organism, so light is one of the limiting factors for growth and biomass production.
Light does not penetrate in the dense microalgae culture. In an open system, it is
very hard to control and supply optimum light condition for optimum growth and
biomass production. The other evaporation of water causes changes in ionic
composition and pH of the medium. Seasonal variation also negatively affects
photoperiod hours and biological clock of microalgae. Large-scale open system
always has high-risk contamination. The unwanted microorganism such as pro-
tozoa, zooplankton and other undesirable microalgae species competes for nutri-
ents. These unwanted microorganisms are known as grazer that grazes microalgae
in 2-3 days. Zooplankton can reduce 90% of the microalgae cell density in 48 h,
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while Daphnia could bring massive change of over 99% in a few days (Rawat et al.
2013). In large-scale microalgae cultivation, mechanical failure in the system
cannot be ignored. Therefore, the high biomass production remains one of the
challenges in microalgae biotechnology.

5.2 Environmental Sustainability of Algal Biodiesel

Microalgae are the photosynthetic unicellular organism. It requires solar light and
CO, from environment to fix and grow into biomass. Biodiesel production from
microalgae is eco-friendly because it releases low levels of NO, and SOy after
combustion. Most importantly microalgal biodiesel is compatible with existing
combustion engines without any further modifications (Rashid et al. 2014).
Microalgae biodiesel also has similar fuel properties (density, viscosity, flash
point, cold flow and heating value) like petrodiesel. Around the globe, climate
change is one of the most debatable topics. In climate change, CO, which is emitted
by anthropogenic activities plays an important role. For production of one ton of
microalgae biomass, microalgae consume 1.83 tons of CO, (Chisti 2007). The
microalgae cultivation could be integrated with industry such as cement factory
to provide CO, in proper utilization. It is very important to determine the carbon
footprint. Carbon footprint of microalgal biodiesel is lower than the petroleum fuel.
Microalgae water footprint (WF) is the water required for cultivation and media
preparation. WF is predominantly based on evaporation rate, hydraulic retention
time and photosynthesis rate. Evaporation rate highly depends upon local climate
from 0.48 m® m~? year™ ' t0 2.28 m®> m~? year™ ' in arid regions (Usher et al. 2014).
The average annual WF of microalgae biodiesel grown in open raceway pond and
closed photobioreactor is 14-87 and 1-2 m*/GJ significantly lower than biodiesel
produced from soybean (287 m3/GJ) (Usher et al. 2014). The carbon footprint is
acceptable if it is lower than the petroleum fuel or equal on energy basis (Chisti
2013). Microalgae cultivation does not require freshwater; it can grow in domestic
wastewater, municipal wastewater, industrial wastewater and marine water. Inte-
gration of wastewater treatment and microalgae cultivation can make biodiesel
production a sustainable process (Gupta et al. 2016; Rawat et al. 2011; Shriwastav
et al. 2014).

5.3 Economic Sustainability of Algal Biofuels

The price of microalgal biomass cultivated in open raceway pond and closed
photobioreactor is $7.32 and $1.54, respectively, while the price of microalgae
oil per kilogram grown on raceway and photobioreactor is $7.64 and $24.60,
respectively. The cost of microalgal biodiesel is very high, and it must be reduced
to make it commercially viable. The price of microalgae biodiesel per barrel is US
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$300-2600 in oil market (Rashid et al. 2014). It is also found in many studies that
algal biofuel price is double of petrol fuel. According to Chisti et al., the price of
microalgae oil without transport charge and taxes is $2.80 per litre. In current time,
the price of crude oil is less than $60 per barrel. To replace 1% of annual US
petroleum consumption, a huge amount (~31 million tons) of biomass with 40% oil
(w/v) is required (Chisti 2013). To make microalgae economical and sustainable,
low-cost microalgae cultivation, widely accepted harvesting process and green
technology to extract high oil yield are required. Integration of microalgal biofuel
technology to other technologies is very important to further reduce the overall
biodiesel production cost. Integration like the use of treated wastewater for
microalgal cultivation, use biomass for aquaculture feed and LEA for other appli-
cations will help to reduce the overall cost of microalgae products. The use of wet
biomass directly to extract oil and transesterification for biodiesel production can
also be one of the strategies. The use of residual biomass in aquaculture feed,
piggery feed, poultry feed and animal feed could be alternative and novel idea. The
high content of carbon in residual biomass can be used for biomethane, bioethanol,
biobutanol and syngas production. It can also be used as a conventional fertilizer to
enhance the crop productivity.
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