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Abstract

	 Modern way of life intimately depends on fuels that are derived from 
fossil resources. With the depletion of resources and to meet the demand 
of the diesel fuel industry, alternative oil sources are being explored and 
developed in recent days. Biofuels derived from renewable biomass, organic 
matter could minimize the use and reduce the dependency on fossil fuel. 
It is eco-friendly, non-toxic, bio-degradable, stable, reduces the level of 
potential or probable carcinogens and has a favourable emission profile. 
Oleaginous microorganisms such as fungi and microalgae with 20% or 
more lipids in their cell have emerged as a potential feedstock for biodiesel 
production. Microalgal biodiesel production is considered to reduce the 
overall production costs of biodiesel in the global market, which is the major 
reason for researchers focusing their attention on oleaginous microalgae. Of 
late, combinatorial approaches such as genetic engineering and molecular 
engineering have been implemented in order to develop efficient microalgal 
platforms for the production of biodiesel. The present chapter describes the 
rapid progress made in this area in the past ten years. 

1. Introduction 

	 High energy prices, global warming, burgeoning population and uncontrolled urbanization 
are drawing considerable attention to find a renewable biofuels. The basic sources of energy 
are fossil fuels- petroleum, diesel, natural gas, coal and nuclear energy. Over 1.5 trillion barrels 
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of oil have been produced since Edwin Drake drilled the world’s first oil well in 1859 [1]. It 
is estimated that, the same amount is required to meet the global demand in the next 25 years 
alone. In 2008, the annual world primary energy consumption was estimated as 11,295 million 
tonnes of oil equivalent. Fossil fuels accounted for 88% of the primary energy consumption, 
with oil (35%), coal (29%) and natural gas (24%) as the major fuels, while nuclear energy and 
hydroelectricity account for 5% and 6% of the total primary energy consumption respectively. 
It is estimated that the global demand for petroleum will be increased to 40% by 2025 [2].

	 Extensive use of fossil fuels for transport, electricity and thermal energy generation 
has led to the emission of greenhouse gases (GHGs) to the atmosphere, thus contributing to 
global warming. They account for 98% of total carbon emission  [3]. Combustion of fossil 
fuels emits more than 6 billion tonnes of carbon-di-oxide annually in the atmosphere (Fig.1) In 
2006, associated GHGs emissions were 29G tonnes [4]. It is estimated that natural processes 
confiscate only about 12G tonnes. Petroleum diesel combustion also contributes for green house 
emissions. Furthermore, it is also a major source of other air contaminants including nitric 
oxide, sulphur oxide, carbon monoxide, particulate matter, carcinogens and volatile organic 
compounds. Therefore, it is important to develop suitable strategies and stringent policies to 
minimise the impact of excess GHGs [5].  Another disadvantage with petroleum based fuels is 
their uneven distribution in the world (Fig.2), followed by decline in its reservoirs (at a rate of 
2-3% predicted per year starting in 2010 [6].

Of late, with the rapid increase in the price of crude oil and projected decrease in fossil fuel and 
petroleum reserves, followed by the growing concern of the environmental hazards of the non-
renewable fuels has stimulated researchers to quest for alternative, sustainable and renewable 
energy sources.

Figure 1: Graph showing global increase in carbon-di-oxide emission

Source: [7]
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Source:  [6]

1.1. Development of biofuel resources

	 Finding suitable auxiliary clean energy for the future is one of the society’s most 
daunting challenges and is associated with global stability, economic prosperity and quality 
of life. Of late, production of biofuels from renewable resources such as plants or organic 
waste, oleaginous micro-organisms has received considerable attention. It is eco-friendly, 
biodegradable and sustainable renewable resources. 

1.2. Classification of biofuels

	 Biofuels are classified as primary and secondary biofuels. Primary biofuels are used in 
crude form, primarily for heating, cooking or electricity production such as fuel wood and wood 
chips etc. Whereas, secondary biofuels are produced by biomass processing  (e.g. bioethanol, 
biodiesel etc). It can be blended with petrol to drive the vehicles and in various industrial 
practices. Secondary biofuels are further divided as first, second and third-generation biofuels 
on the basis of raw material and the technology used for their production (Fig.3). Biofuels can 
be solid, such as fuel wood, charcoal, and wood pellets, in liquid form such as ethanol, butanol 
and biodiesel and gaseous such as biogas (methane)  [8].

Figure 2: Global distribution of crude oil and natural reserves 

Figure 3: Classification of biofuels 

Source: [8]



4

Advances in Biotechnology

1.2.1 First Generation Biofuels

	 First generation biofuels such as bioethanol is the most promising alternative renewable 
energy source and has attained commercial level production in several countries like Brazil and 
United States Of America [9].Together, these countries account for 89% of the current global 
bioethanol production [10]. It is a liquid fuel produced by fermenting sugar extracted from 
lignocellulose [10], corn starch  [11], sugarcane bagasse [12], sugar beets [13] and molasses 
[14], grains or seeds [15, 16]. It improves fuel combustion in vehicles, thereby, reducing GHGs. 
In Brazil, bioethanol accounts for 40% fuel needs [17].

	 Biodiesel, a monoalkyl esters of long chain fatty acids with short chain alcohols, primarily 
methanol and ethanol, resulting in fatty acid methyl esters (FAMEs) and fatty acid ethyl esters 
(FAEEs) [18]. It is obtained from dedicated oleaginous plants such as  pongamia, jatropa  
etc by transesterification processes. It is eco-friendly, biodegradable, stable, reduces GHGs 
emission, low flammability and good lubrication properties [19]. Pure biodiesel or biodiesel 
blended in any ratio with petroleum-based diesel can be used in conventional diesel engines 
with no or only marginal modifications. 

	 However, the first generation biofuels seemed to create scepticism to scientists. As 
vegetable oil is used for human consumption, harnessing it for biodiesel production could lead 
to an increase in price of food-grade oils. The extensive plantation of oil yielding plants could 
lead to land competition and biodiversity loss [20]. The cost of biodiesel production mainly 
depends on the price of the feedstocks that accounts for 60-75% of the total cost of biodiesel 
production [21]. To become a potential alternative fuel, biodiesel must compete economically 
with diesel. 

1.2.2 Second Generation Biofuels

	 Transition to second generation biofuels has attracted great attention. It is produced from 
two methods i.e. biochemical or thermochemical processing from agricultural ligno-cellulosic 
biomass (non-edible crop residues or whole plant biomass) and industrial or municipal organic 
waste. It is eco-friendly, inexpensive, renewable, reduces land requirement and limits the direct 
food versus fuel competition [22]. Biomass conversion by thermochemical method is achieved 
at extreme temperatures and pressures. The fuel thus obtained can be used directly in engines. 
Whereas, biochemical conversions, also called as saccharification involves application of array 
of enzymes such as cellulase, amylase, β-glucosidases, xylanase [23] obtained from fungi 
[24] and bacteria [23] on residual substrates such as ligno-cellulosic biomass [25], rice straw 
[26], sugarcane bagasse [27], molasses [28], sugar beet pulp [29] and starch [30]. However, 
it is cost effective, requires sophisticated equipment and larger-scale facilities which limits its 
economic feasibility and commercial production  [31].
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1.2.3 Third Generation Biofuels

	 Growing lines of evidence suggest that, micro-organisms such as yeast, fungi and 
microalgae can accumulate large amount of lipid. This has attracted great attention and can be 
used as potential candidate for third generation biofuel production. Bacteria, in general, do not 
produce triacylglycerols but instead, accumulate poly-β-hydroxy-butyrates and alkanaoates as 
storage polymers [32]. Several benefits can be envisioned from yeast, algae and fungi due to 
their advantages over higher plants such as similarity in fatty acid profiles with plant seed oils, 
easy to grow, simple cultural conditions and nutrients for growth, no requirement of agricultural 
land and consistency of the product yield has been shown to be an ideal alternative owing to 
its amicability for the separation, purification and industrialization [33]. Furthermore, it is 
devoid of the major drawbacks associated with first and second generation biofuels. Screening 
the potential oleaginous microbial cell factories or engineered strains for biodiesel production 
could be a promising way for renewable energy. The manipulation and regulation of microbial 
lipid biosynthesis opens a new avenue for academic researchers and harness its potential in its 
commercial application for biodiesel production.

2. Microalgae for Biodiesel Production

	 Microalgae comprises several groups of unicellular and multicellular, colonial or 
filamentous, photosynthetic or heterotrophic micro-organisms containing chlorophyll and other 
pigments. It can grow autotrophically or heterotrophically with a wide range of tolerance to 
different temperature, salinity, pH and nutrient [34]. More than 40,000 microalgal species have 
been classified as prokaryotes (cyanobacteria) and eukaryotes such as green algae, diatoms, 
yellow–green algae, golden algae, red algae, brown algae, dinoflagellates [35,36]

2.1. Classification

Algae is classified into four types

1. Prokaryotic Algae: Cyanophyta- Cyanobacteria are the only prokaryotic algae. It consist 
of chlorophyll and  phycobiliproteins.

2. Eukaryotic Algae:  It consist of chloroplasts which is surrounded by two membranes of the 
chloroplast envelope.

a. Phylum Glaucophyta: It includes algae that represent transitional position in the evolution 
of chloroplasts; photosynthesis is supported by modified endosymbiotic cyanobacteria. 
Example- Glaucocystis



6

Advances in Biotechnology

b. Phylum Rhodophyta: It comprises Chloro phyll a, phycobiliproteins, flagellated cells are 
absent,  storage product is floridean starch. Example - Red algae

c. Phylum Chlorophyta: It comprises chlorophylls a and b, storage product is starch. It  is 
found inside the chloroplast. Example: Green algae

3. Eukaryotic algae: It consist of chloroplast which is surrounded by one membrane of 
chloroplast endoplasmic reticulum.

a. Euglenophyta : It comprises chlorophyll a and b, one flagellum with a spiral row of fibrillar 
hairs and  proteinaceous pellicle in strips are present   under the plasma membrane; storage 
product is paramylon; character istic type of cell division. Example: Euglenoids 

b. Dinophyta (dinoflagellates) ): it comprises mesokaryotic nucleus, chlorophyll a and c. 
Cell is commonly divided into an epicone and a hypocone by a girdle and helical transverse 
flagellum.

a. Apicompexa : they are heterotrophic flagellates with colorless plastids.

4. Eukaryotic algae with chloroplasts are surrounded by two membranes of chloroplast 
endoplasmic reticulum.

a. Cryptophyta: Nucleomorph present between inner and outer membrane of chloroplast 
endoplasmic reticulum. Starch is stored in the form of  grains between inner membrane of 
chloroplast endoplasmic reticulum and chloroplast envelope. It consist of chlorophyll a and 
c, phycobiliproteins are present. Periplast are seen  inside the  plasma membrane. Example : 
Cryptophytes

b. Heterokontophyta : It usually consist of anterior tinsel and posterior whiplash flagellum. 
It consist of chlorophyll a and c along with fucoxanthin. Storage product is in the form of  
chrysolaminarin, present  in the heterokonts. 

Example : Paraphysomonas sigillifera.

	 Heterokontophyta consist of the following classes Chrysophyceaeec, Synurophyceae, 
Eustigmatophyceae, Pinguiophyceae, Dictyochophyceae, Pelagophyceae, Bolidophyceae, 
Bacillariophyceae, Raphidophyceae, Xanthophyceae, Phaeothamniophyceae, Phaeophyceae, 
Prymnesiophyta.

2.2 Selection and screening of oleaginous microalgae for biodiesel production

	 Due to variation and diversity of microalgal lipids in nature, selection of oleaginous 
microalgal strains suitable for biodiesel production requires screening of large number of 
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microalgal strains. In 1978, the first large-scale collection and screening of oleaginous algae 
was started, when the Aquatic Species Program, launched by U.S. National Renewable Energy 
Laboratory. Over 3000 strains were collected and eventually around 300 species were identified 
as oleaginous algae [37]. Screening of oleaginous microalgae and optimizing culture conditions 
to enhance lipid accumulation and evaluation of its potential for biodiesel production is well 
studied [38, 39, 40, 41]. Screening of microalgae encompass the following steps [Figure 4].

Sampling from the field i.e. isolation or  collection from algal collection library1.	

Identification and maintenance of the culture2.	

Biomass harvesting3.	

Determination of lipid content oil extraction [42, 43, 44, 45]4.	

Source: [43]

2.3. Harnessing microalgae for biodiesel production 

The advantages of microalgae as an alternate source for biodiesel production over high plants 
are as follows

1. Rapid growth, accumulates high content of lipid

2. Non-requirement of arable land for its growth

3. Phototropic microalgae marks it to be economical than oleaginous heterotrophic 
microorganisms that utilize glucose and other organic carbon sources [46]

4. It utilizes large amounts of carbon-di-oxide emitted by power plants and other industrial 

Figure 4: Process of biodiesel production in microalgae
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sources, thereby contributing to GHG mitigation [36]

5. It also produces other types of biofuels such as alkanes, ethanol, butanol and hydrogen 
[47]

6. Production of biodiesel from microalgae results in minimal release of sulphur dioxide, 
nitrous oxide and other contaminants when compared to petroleum-derived diesel  [48,42].

2.4. Biochemistry of lipid accumulation in microalgae

	 The process of lipid accumulation in microbial cells is well documented [49]. 
Microorganisms in general, are able to synthesize lipids for essential functioning of their 
membrane structures. However, a few microbes in the microbial kingdom have the ability 
to accumulate more than 20% lipids in their cells. These are called as oleaginous organisms 
and they store lipid in oil vacuoles as triacylglycerol. The process of lipid accumulation is 
known as lipogenesis. The pattern of lipid accumulation and fatty acid profile in microalgal 
species varies significantly (Table 1). It is influenced by factors such as light intensity  [50], 
nitrogen concentration [51,52], carbon-di-oxide concentration [53], salinity [54], temperature 
[35],  pH [39] etc. Overview of the metabolites and representative pathways in microalgal lipid 
biosynthesis is depicted in Figure.5. 
Table 1: Lipid content in selected  microalgae

Marine and freshwater microalgae 
species

lipid content
(% dry weight 

biomass)

Lipid
productivity (mg/L./

clay)

Volumetrk 
productivity of 

biomass (g/L/day)

Areal 
productivity
of biomass 
(g/&/clay)

Ankistrodesmus sp. 24.0-31.0 - - 113-17.4

Botryococcus braunii 25.0-75.0 - 0.02 3.0

Chaetoceros muelleri 33.6 21.8 0.07 -

Chaetoceros cakitrans 14.6-16.4/39.8 17.6 0.04 -

Morella emersonii 25.0-63.0 10.3-50.0 0.036-0.041 0.91-0.97

Chlorella protothecoides 14.6-57.8 1214 2.00-7.70 -

Chlorella sorokiniano 19.0-22.0 44.7 0.23-1.47 -

Chlorella vulgaris 5.0-58.0 11.2-40.0 0.02-020 0.57-0.95

Chlorella sp. 10.0-48.0 42.1 0.02-2.5 1.61-16.47/25

Chlorelia pyrenoidosa 2.0 - 2.90-3.64 72.5/130

Moreno 18.0-57.0 18.7 - 3.50-13.90

Chlorococcum sp. 19.3 53.7 0.28 -

Crypthecodinium cohnii 20.0-51.1 - 10 -

Dunaliella sauna 6.0-25.0 116.0 0.22-0.34 1.6-3.5/20-38

Dunaliella primotecta 23.1 - 0.09 14

Dunaliella tertioleao 16.7-71.0 - 0.12 -

Dunaliella sp. 17.5-67.0 33.5 - -
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Lipids are classified into phospholipids, spingolipids and neutral lipids. Triacylglycerols, 
main constituents of biodiesel are packed in neutral lipids. Biosynthesis of triglycerides in 
microalgae may consist of the following three steps:

(a) Formation of acetyl coenzyme A (acetyl-coA) in the cytoplasm

(b) Elongation and desaturation of hydrocarbon chain 

(c) Synthesis of triglycerides 

(a) Formation of acetyl coenzyme A (acetyl-coA) in the cytoplasm

Microalgae, in the presence of photon energy fix the carbon-di-oxide into sugars. Acetyl-coA 
is formed during the light reaction and Calvin cycle. It is synthesized in the chloroplast [55]. 
Further, the 3-PGA is exported to cytoplasm for consumption. Subsequently, carbon is directed 
for glucose synthesis via glycolysis and is further converted into starch, which acts as a storage 
product in cells [56].

After Calvin cycle, 3-phosphoglycerate (3-PGA) is synthesized in the chloroplasts followed 
by the glycolytic pathway to form pyruvate (Fig.5). Pyruvate releases CO2, generates acetyl-
CoA (acetyl coenzyme) in the presence of pyruvate dehydrogenase (PDH). Acetyl-CoA serves 
as the precursor for fatty acid synthesis in the chloroplast [55].

(b) Elongation and desaturation of carbon chain of fatty acids

	 In most of the organisms, the elongation of carbon chain of fatty acids is achieved by 
two enzyme machineries namely acetyl-coA carboxylase enzyme [ACCase] and fatty acid 
synthase [49]. During fatty acid synthesis, acetyl-coA acts as a primer and malonyl-coA serves 
as a substrate. Fatty acid synthesis is initiated by ACCase enzyme, it synthesizes malonyl-
CoA from acetyl-CoA and bicarbonate. Malonyl-CoA group is transferred to malonyl-ACP 
(acetyl carrier protein) catalyzed by an acyl carrier protein malonyltransferase. The C16 and 
C18 fatty acid thio-ester is formed after a series of elongation reactions [57]. Growing body 
of evidence suggest that, synthesis of short-chain fatty acids in microalgae  is similar to other 
living organism such as plants, animals, fungi and bacteria [49,57]. Desaturation of carbon 

Ellipsoidion sp. 27.4 47.3 0.17

Euglena gracilis 14.0-20.0 - 7.70

Haematococcus pluviatis 25.0 - 0.05-0.06 10.2-36.4

Isochrysis galbana 7.0-40.0 - 0.32-1.60

hoc/trysts sp. 7.1-33 37.8 0.08-0.17 -

Monodus subterraneus 16.0 30.4 0.19 -

Source:  [48, 45, 60]
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chain of fatty acid occurs from C18 and further elongation of carbon chain occurs thereby 
leading to the synthesis of long-chain fatty acids which are unusual in normal plant oils (Fig.5). 
Thus, selection of a potential strain is a crucial step for algal biodiesel production.

	 Triacylglycerol is synthesized by the sequential acylation of glycerol-3-phosphate 
(G3P)  backbone with three acyl-CoAs catalyzed by the enzyme acyltransferases. Acylation of 
G3P using glycerol-3-phosphate acyltransferase results in the synthesis of lyso-phosphatidic 
acid. This is further acylated to phosphatidic acid by (lysophosphatidic acid acyltransferase). 
Furthermore, phosphatidic acid phosphatase removes the phosphate group from phosphatidic 
acid to generate DAG (diacylglycerol). The oil synthesis is catalyzed by DGAT (diacylglycerol 
acyltransferase) from DAG to triacylglycerol [55, 57].

(Free fatty acids are synthesized in the chloroplast, while TAGs may be assembled at the 
ER. ACCase, acetyl-CoA carboxylase; ACP, acyl carrier protein; CoA, coenzyme A; DAGAT, 
diacylglycerol acyltransferase; DHAP, dihydroxyacetone phosphate; ENR, enoyl-ACP 
reductase; FAT, fatty acyl-ACP thioesterase; G3PDH, glycerol-3-phosphate dehydrogenase; 
GPAT, glycerol-3-phosphate acyltransferase; HD, 3-hydroxyacyl- ACP dehydratase; KAR, 
3-ketoacyl-ACP reductase; KAS, 3-ketoacyl-ACP synthase; LPAAT, lyso-phosphatidic acid 
acyltransferase; LPAT, lyso-phosphatidylcholine acyltransferase; MAT, malonyl-CoA:ACP 
transacylase; PDH, pyruvate dehydrogenase complex; TAG, triacylglycerols).
Source: [43]

2.5. Microalgae lipid accumulation and oil production

	 Microalgal species can be induced to accumulate substantial quantities of lipids [58, 59] 
thus contributing to high oil yield. Average lipid content ranges between 1%-70%. However, 
under certain physiological conditions few species can reach up to 90% of dry weight (Table 
1). Although microalgae oil yield is strain-dependent it is generally much higher than other 
vegetable oil crops (Table 2, 3 and  4).

Figure 5: Overview of the metabolites and representative pathways in microalgal lipid biosynthesis shown in black and 
enzymes in red.
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Table 2:  Oil content in selected microalgae

Sl. No Microalgae Oil content (wt% of dry basis)

1 Botryococcus braunii 25–75

2 Chlorella sp. 28-32

3 Crypthecodinium cohni 20

4 Cylindrotheca sp. 16-37

5 Dunaliella primolecta 23

6 Isochrysis sp. 25-33

7 Monallanthus salina >20

8 Nannochloris sp. 20-35

9 Nannochloropsis sp. 31-68

10 Neochloris oleoabundans 35-54

11 Nitzschia sp. 45-47

12 Phaeodactylum tricornutum 20-30

13 Schizochytrium sp. 50-77

14 Tetraselmis sueica 15-23

Table 3: Comparison of microalgae with other biodiesel feedstocks 

Sl. 
No

Plant source

Seed oil 
content

(% oil by wt 
in biomass)

Oil yield
(L oil/ha 

year

Land use
(m2 year/kg 

biodiesel)

Biodiesel 
productivity
(kg biodiesel/ 

ha year)

1 Corn/Maize (Zea mays L.) 44 172 66 152

2 Hemp (Cannabis sativa L.) 33 363 31 321

3 Soybean (Glycine max L.) 18 636 18 562

4 Jatropha (Jatropha curcas L.) 28 741 15 656

5 Camelina (Camelina sativa L.) 42 915 12 809

6 Canola/Rapeseed (Brassica napus L.) 41 974 12 862

7 Sunflower (Helianthus annuus L.) 40 1070 11 946

8 Castor (Ricinus communis) 48 1307 9 1156

9 Palm oil (Elaeis guineensis) 36 5366 2 4747

10 Microalgae (low oil content) 30 58,700 0.2 51,927

11 Microalgae (medium oil content) 50 97,800 0.1 86,515

12 Microalgae (high oil content) 70 1,36,900 0.1 1,21,104

Source:  [61]

Source: [43]
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3. Properties of biodiesel

	 Physicochemical properties of microalgal biodiesel are nearly similar to diesel fuel. 
Important properties of biodiesel are cetane number, heat of combustion, viscosity, oxidative 
stability, cold flow properties and lubricity [62]. The main properties of microalgal biodiesel 
compared with diesel and first generation biodiesel is shown in Table 5.

3.1. Cetane number 

	 It determines the quality of ignition of a fuel which increases with the number of carbon 
and decreases with the number of unsaturated carbon bounds [63]. A higher unsaturated 
biodiesel like microalgae biodiesel would have a lower cetane number.

3.2. Heat of combustion 

	 It indicates if a biodiesel is suitable to burn in a diesel engine. The heat of combustion 
increases with the length of the carbon chain [64].  In 2004, Miao and Wu reported that, 
lipids extracted from heterotrophic microalgae in the presence of sulphuric acid in methanol, 
obtained a biodiesel with a heat of combustion of 35.4 MJ/L which is in the range of diesel fuel 
(36-38 MJ/L) [65].

3.3. Viscosity 

	 It increases with the number of carbon and decreases with the degree of unsaturation. 
A higher kinematic viscosity would create engine problems like engine deposits [64]. 
Transesterification decreases the viscosity of the oil at values usually between 4 to 6 mm/s 
(40°C) [66].

3.4. Oxidative stability 

	 When fatty acid methyl esters (FAME) reacts with oxygen, hydrogen peroxides, 
aldehydes, acids and other oxygenates are formed, which could deposit in the engine [64]. It 

Table 4: Yield of various plant oils

Sl. No Crop Oil in litres per hectare 

1 Algae 1,00,000

2 Castor 1413

3 Coconut 2689

4 Palm 5950

5 Safflower 779

6 Soy 446

7 Sunflower 952

Source: [61]
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entirely depends on the degree of unsaturation [63]. Oxidation stability of microalgal lipids is 
therefore a real problem [67]. It can be overcome by adding antioxidants if the biodiesel blend 
is stored more than a few months [66].

3.5. Cold flow properties

	 It is an important parameter for biodiesel production in European countries such as 
Canada. Decrease in temperature could lead to the formation of visible crystals in the biodiesel 
at a limit called as cloud point [64]. Cloud point temperature decreases with the mole fraction 
of unsaturated compounds and slightly increases with the length of the carbon chain [68]. 

3.6. Lubricity 

	 Lubricity for a fuel is “the ability to reduce friction between solid surfaces in relative 
motion” [69]. The lubricant of diesel fuel is influenced by the viscosity, acidity, water content 
and the sulphur compounds [70]. For microalgae biodiesel, no lubricant study is yet reported 
from the literature.

Source : [71]
4. Mass Cultivation of Microalgae 

	 Large-scale production of microalgal biomass generally uses continuous culture system 
during daylight. In this method, fresh algal culture medium is fed at a constant rate and the 
same quantity of microalgal broth is withdrawn continuously. However, feeding ceases during 
the night, but the mixing of the culture medium should continue to avoid flustering of the 
biomass [72]. As much as 25% of the biomass produced during daylight, may be lost during 
the night because of respiration. The extent of this loss depends on intensity of sunlight under 
which the biomass was grown, temperature during day and night time. In general, for large-
scale production of microalgae, raceway ponds [3, 73] and tubular photobioreactors [3, 74] are 
widely used.

Sl. No Properties
Biodiesel from 
microalgal oil

Diesel fuel ASTM biodiesel standard

1 Density (Kg/l) 0.864 0.838 0.84-0.90

2 Viscosity (mm2/s, cSt at 40°C 5.2 1.9-4.1 3.5-5.0

3 Flash Point (°C) 115 75 Min 100

4 Solidifying Point (°C) -12 -50 to 10 -

5 Cold filter plugging point (°C) -11 -3.0 (max -6.7)
Summer max 0; winter max 

<-15

6 Acid value (mg KOH/g) 0.374 Max 0.5 Max 0.5

7 Heating Value (MJ/Kg) 41 40-45 -

8 H/C ratio 1.81 1.81 -

Table 5: Comparison of properties of microalgal oil, conventional diesel fuel, and ASTM biodiesel standard
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4.1 Open Pond System

	 It is also known as “Raceway Pond System”. At present, about 98% of commercial algae 
are cultivated using this system [75].  It is made up of a closed loop recirculation channel which 
is 0.3m deep (Fig.6). Mixing and circulation is mechanically achieved by paddlewheels, which 
are limited to 20cm- 30cm in depth (Fig.6). Flow is directed around bends by baffles placed 
in the flow channel. They are constructed from concrete, however, compact earth-line ponds 
lined with plastic have also been used [3]. During daylight, the culture is fed continuously 
in front of the paddlewheel where the flow begins (Fig.6). On completion of the circulation 
loop, broth is harvested behind the paddlewheel, which is operated continuously to prevent 
sedimentation.

Raceway ponds is most suitable for  mass cultivation of microalgal species which can tolerate 
high salinity and pH such as Dunaliella salina, Spirulina, Chlorella species etc [76]. Microbial 
contamination, seasonal variation and temperature fluctuations directly impede the biomass 
production [77, 45]. Due to low productivities, large areas of land may be required to meet the 
desired output of cultivation [76]. Maintenance and cleaning of open ponds are easier and less 
energy intensive than photobioreactors [3]. Although raceways are economical, they have a 
low biomass productivity compared with photobioreactor [77, 3]. 

4.2. Photobioreactor

	 Photobioreactors (PBRs) have received much attention because of its versatility, 
high biomass productivity and ease to control culture conditions [78,79]. Various types of 
photobioreactors used in microalgal mass cultivation are horizontal tubular PBRs, stirred 
PBRs, airlift and bubble column photobioreactor [79,80,81]. They are more versatile than open 
ponds as they can use sunlight, artificial light and various combinations and intensities of light 
sources. Advantages and disadvantages of the respective PBRs are summarized in Table. 6 

Figure 6: Aerial view of raceway pond

Source  [45] 
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	 Tubular PBRs is commonly used for mass cultivation of microalgae [81]. The 
productivities of PBRs are influenced by the light supply, carbon-di-oxide and fluctuations in 
temperature, pH, and dissolved oxygen levels [82]. It consist of a series of straight, transparent 
solar tubes which allows the light to pass through the dense culture (Fig.7). It is made up of 
plastic or glass with 0.1m in diameter. The orientation of the solar collector may be horizontal, 
vertical, inclined or as a helical coil around a supporting frame [3,79]. Microalgal broth is 
circulated from a reservoir (i.e. the degassing column in Fig.7) to the solar collector and back 
to the reservoir. The solar tubes are placed parallel to each other and flat above the ground 
(Figure.7). Horizontal, parallel straight tubes are sometimes arranged like a fence (Figure. 7). 
The tubes are always oriented North–South direction (Fig.7).

	 Photosynthesis generates oxygen. Therefore, cultures are generally reticulated by pump 
passing through a degasser at regular intervals in order to remove excess oxygen (Fig .7). 
Higher levels of oxygen lead to lower productivities due to photo-oxidative stress. As the broth 
moves along a photobioreactor tube, pH increases because of consumption of carbon dioxide 
[83]. Additional carbon dioxide injection points is required to prevent carbon limitation and 
an excessive rise in pH [72]. As much as 25% of the biomass produced during day light could 
be consumed during the night to sustain the cells until sunrise. However, this problem can be 
overcome by lowering the temperature at night.

Figure 7: A tubular photobioreactor 

Source: [45]
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Table 6: Advantages and disadvantages of different Photobioreactors

Sl. 
No

Type of 
photobioreactor

Advantages Disadvantages 

1
Horizontal tubular

PBR
High light conversion efficiency 

a. Causes photo bleaching  due to 
high concentration of dissolved 

oxygen   and thus  reduces 
photosynthesis efficiency

2 Strirred PBR
a. Expedient 

b. Carbon-di-oxide can be supplied efficiently 

a. Lack of internal light 
b. Mechanical agitation limits its 

use
c. Low surface area

3 Airlift PBR

a. High biomass production 
b. uniform mixing can be achieved

c. low hydrodynamic stress
d. Best suitable  for immobilization of algae

Cost- effective 

4
Bubble column

PBR
a. Economical 

b. Efficient release of oxygen
a. Lack of internal light 

b. Lack of mixing 

4.3.  Advantages and limitations of raceway ponds and photo bioreactors

	 In contrast to open ponds, photobioreactors have the advantages of low contamination, 
high productivity, minimal evaporation, reduced CO2 losses and better control over culture 
conditions (Table.7). The major drawbacks of photobioreactors are the high costs of construction, 
fluctuations in temperature [85], pH [84,85], oxygen [86], light [87] and carbon-di-oxide  [85]. 
Although these can be partially compensated by higher productivity, they still limit the cost-
effective production of microalgal biomass on a scale required for biodiesel production. Hybrid 
algae production system comprising photobioreactors and open ponds may be a promising 
way. Sufficient contaminant-free inoculum can be produced in photobioreactors, followed 
by transfer to open ponds or raceways to attain the biomass needed for biodiesel production 
[88].
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Sl. No Culture systems for microalgae Open Ponds Photobioreactors

1 Contamination control Difficult Easy

2 Contamination High Low 

3      Energy  consumption Low High 

4 Process control Difficult Easy

5 Species control Difficult Easy

6 Mixing Very poor Uniform

7 Operation regime
Batch / semi-
continuous

Batch / semi-continuous

8 Space required More Less 

9
Population (algal cell)

Density
Low High

10 Investment Low High

11 Operation costs Low High

12 Light utilization Efficiency Poor High

13 Temperature control Difficult Easy

14 Productivity Low 3–5 times more productive

15
Hydrodynamic stress

on algae
Very low Low–high

16 Evaporation of growth Medium High Low

17 Gas transfer control Low High

18 CO2 losses PBRs _ Ponds Depends on pH, alkalinity, etc.

19 Cultivation of algae 
Limited to few 

strains 
Versatile 

20 Biomass productivity Low High 

Source: [3,43,79, 81]

4.4. Hybrid production systems

	 This technique combines distinct growth stages in photobioreactors and as well as in 
open ponds. The first stage is in a photobioreactor where controllable conditions minimize 
microbial contamination and favour monocell culture system [89, 90]. Further, the production 
stage is carried out in raceway pond.  In this stage, microalgal cells are exposed to various 
nutrient stress, which enhances synthesis of the desired lipid product [3].

5. Methods of Recovery of Microalgal Biomass 

	 The fiscal recovery of microalgal biomass still remains as a major challenge. It is 
documented that, harvesting accounts to 20–30% of the total cost due to small size of microalgal 
cells (2-20 µm in diameter) and high water content of the broth [43]. Various methods such 

Table 7: Comparison between open ponds and photobioreactor
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as flocculation, sedimentation, flotation, filtration, centrifugation and drying have been under 
practice for harvesting the biomass. 

5.1. Flocculation 

	 It is the most cost-effective and reliable method used for harvesting different species of 
microalgae. It is achieved by addition of chemicals (organic and inorganic), micro-organisms 
and rarely by auto-flocculation to form larger clumps, which ease the process of separation 
(Table.8). An ideal flocculent should be non-toxic, inert and economical. For the recovery of 
most of the unicellular microalgae cultured in open or raceway pond system, flocculation is 
used as a pre-treatment step to increase the particle size [74, 91]. 

5.2. Sedimentation 

	 It is widely used separation technique in wastewater treatment processes. Lamella 
separators and sedimentation tanks are used for gravity sedimentation. Gravity sedimentation 
results in high microalgal harvesting efficiency only when preceded by flocculation. Factors 
influencing particle settling velocity of untreated microalgae are gravity force, particle diameter, 
density of the medium, density of particle and medium viscosity. It is the most appropriate 
method due to low capital costs even in large scale operations [74]. However, it is suitable 
for microalgal species with high sedimentation rates. The advantage of this technique is it is 
inexpensive, process control is easy with only a requirement of a settling tank and is amenable 
for large scale biomass harvesting [81].
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5.3. Floatation 

	 It is a process in which the algal cells are attached to the micro-air bubble surface 
and are carried on to the surface [104, 109]. Unlike flocculation, floatation does not require 
addition of chemicals [110]. Hanotu et al in 2012 reported that small bubbles take longer time 
to rise making them more susceptible to aggregate with the microalgae particles compared to 
large bubbles [111]. To achieve higher efficiency, the particle size should likely be less than 
500µm [112].  Chen et al  noted that flotation was more beneficial in microalgal removal than 
sedimentation and furthermore, it is relatively fast compared to sedimentation [32]. 

Sl. No Method Advantage Disadvantage

1 Gravity sedimentation 

Inexpensive 1.	

Low energy consumption2.	

Not suitable for all types of microalgal species1.	

Low reliability2.	

Low efficiency3.	

2 Flocculation 

High recovery 1.	

Reliable 2.	

Low energy consumption 3.	

Flocculants may be expensive1.	

Not suitable for all types of microalgal species2.	

Time consuming 3.	

3 Floatation 

Does not require addition of 1.	
chemicals 

Relatively fast 2.	

Particle size should be  less than 500µm  1.	

4 Centrifugation 

High recovery 1.	

Corrosion resistance 2.	

Rapid 3.	

High energy consumption 1.	

Expensive 2.	

Cannot be used for species 3.	 <30 μm

5 Filtration 

Reliable1.	

Able to harvest species of low 2.	
density

Filters may have to be replaced periodically1.	

Membrane fouling & clogging2.	

Time consuming 3.	

Expensive4.	

6 Electrolytic method

Inexpensive 1.	

Low risk of contamination 2.	

High efficiency3.	

No addition of chemicals4.	

Reduces operation time5.	

Cathode fouling1.	

Unsuitable for large scale operations2.	

7 Immobilization 
More stable 1.	

High efficiency2.	

Expensive 1.	

Unsuitable for large scale operations2.	

8 Drying
No addition of chemicals1.	 Requirement for large drying surfaces1.	

Risk of material loss2.	

Table 8: Different types of flocculants used for harvesting microalgae
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5.4. Centrifugation 

	 The use of centrifugation for biomass recovery and dewatering is considered to be rapid, 
easy, non-disruptive and high efficiency technique [81, 113]. Cell separation is achieved by 
increasing the gravitation field subjected to the microalgal suspension thereby concentrating 
the biomass into a cake with >95% cell harvest efficiency at 13000/g [88]. However, this 
technique requires high energy consumption and therefore it is not suitable for large scale and 
commercial scale operations [92, 45]. 

5.5. Filtration

	 Filtration is influenced by the size of microalgal cells and the nature of the filter used. 
Various types of filters are used for harvesting microalgae. Conventional filtration methods 
such as rotary drum pre-coat filters and press filters are unsuitable for harvesting all microalgal 
species, as the size range of microalgae range between 2-30µm [92]. Therefore, micro-filtration 
(pore size ranges from 0.1-10 µm) is appropriate for biomass recovery process. Macro-filtration 
(pore size is ˃10 µm) is suitable for flocculated and larger microalgal cell biomass recovery 
[104]. However, these methods are unsuitable for large-scale operations [114].

5.6. Electrolytic Method

	 It is another potential approach to separate microalgal cells without the addition of 
chemicals. In this method, an electric field drives algae to move out of the solution. Water on 
electrolysis generates hydrogen, binds to the microalgal cells, forms complexes and carries to 
the surface. Advantages of electrochemical method are highly efficient, versatility and safe. 
Limitations are high energy consumption and unsuitable for large scale purpose [74, 115].

5.7. Immobilization

	 Several microorganisms have a natural tendency to attach to surfaces and grow on them 
[116]. This property is used for immobilizing microbial cells on immobilizing agents such 
as sodium alginate. Immobilization of the microalgal cultures provides a ready-to-retrieve 
ancillary platform for biomass recovery [117]. Immobilized biomass can be used for biofuel 
conversion by thermal or fermentative means. For example, immobilization of hydrocarbon 
rich microalgae, Botryococcus braunii, Botryococcus protuberance on alginate beads yielded 
a significant increase in chlorophyll, carotenoids, dry biomass weight and lipids during the 
stationary and resting growth phases compared to free living cells. In addition, the immobilized 
cells are more stable than free cells.
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5.8. Drying 

	 Harvested biomass must be processed immediately after harvest. Dehydration or drying 
is commonly used to extend the viability depending on the final product required. Various 
methods of dehydration are sun drying  [118], low-pressure shelf drying [118], spray drying 
[119], freeze drying [120].

Sun drying is the most economical drying method. However, the main disadvantages is time 
consuming , requirement for large drying surfaces and the risk of material loss [118]. Spray 
drying is commonly used for extraction of high value products, but it is relatively expensive 
and can causes significant deterioration of certain algal pigments [119]. Freeze drying is 
equally expensive, especially for large scale operations, but it is unsuitable for the extraction of 
oils. Intracellular elements such as oils are difficult to extract from wet biomass with solvents 
without cell disruption, but are extracted more easily from freeze dried biomass [92, 120].

	

Table 9: Advantages and disadvantages of different microalgal harvesting methods

Sl. No Method Advantage Disadvantage

1 Gravity sedimentation 

Inexpensive 1.	

Low energy consumption2.	

Not suitable for all types of microalgal species1.	

Low reliability2.	

Low efficiency3.	

2 Flocculation 

High recovery 1.	

Reliable 2.	

Low energy consumption 3.	

Flocculants may be expensive1.	

Not suitable for all types of microalgal species2.	

Time consuming 3.	

3 Floatation 

Does not require addition of 1.	
chemicals 

Relatively fast 2.	

Particle size should be  less than 500µm  1.	

4 Centrifugation 

High recovery 1.	

Corrosion resistance 2.	

Rapid 3.	

High energy consumption 1.	

Expensive 2.	

Cannot be used for species 3.	 <30 μm

5 Filtration 

Reliable1.	

Able to harvest species of low 2.	
density

Filters may have to be replaced periodically1.	

Membrane fouling & clogging2.	

Time consuming 3.	

Expensive4.	

6 Electrolytic method

Inexpensive 1.	

Low risk of contamination 2.	

High efficiency3.	

No addition of chemicals4.	

Reduces operation time5.	

Cathode fouling1.	

Unsuitable for large scale operations2.	

7 Immobilization 
More stable 1.	

High efficiency2.	

Expensive 1.	

Unsuitable for large scale operations2.	

8 Drying
No addition of chemicals1.	 Requirement for large drying surfaces1.	

Risk of material loss2.	
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6. Extraction  Techniques

6.1. Press/ Oil expeller method

	 It is one of the simple, mechanical crushing method commonly used for extracting oil 
from plant seeds. Oflate, this method is also employed to extract lipid from algal biomass [61]. 
In this method, high mechanical pressure is applied for crushing and breaking the cells. This 
results in release of oil contents from the algal biomass. However, high mechanical pressure 
results in decreased lipid recovery, increased heat generation and choking problems .Oil 
recovery ranges between 70–75% [121]. To increase the extraction efficiency, occasionally 
solvents are used. The major drawback is unlike plant seed oil, extraction of oil from microalgal 
cells is hindered by the rigid cell wall. Furthermore, along with the oil, algal pigments also get 
extracted. Before conversion to oil, the pigments have to be separated, thus making the entire 
process cumbersome and expensive.

6.2. Solvent Extraction 

	 Solvent extraction is simple, rapid and inexpensive method compared. The choice 
of solvent for lipid extraction depends on the type of the microalgae grown. Solvents used 
should be inexpensive, volatile, non-toxic and non-polar and poor extractors of other cellular 
components. The most commonly used solvents for microalgal lipid extraction are n-hexane, 
benzene, diethyl ether and chloroform [122, 123, 124]. Some of the common methods used for 
the extraction of lipids are Bligh and Dyer method, Soxhlet extraction and Folch et al method 
[125, 126, 127] .

6.3. Ultrasonication

	 It is simple, rapid, imparting higher purity to the final product, economical, less energy 
consumption and can be operated under lower temperature [128]. Ultrasonic waves are 
produced that propagate in the liquid medium resulting in alternating high pressure and low 
pressure cycles. During high pressure cycle, the vacuum air bubble produced during the low 

Figure 8: Types of lipid extraction methods 
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pressure cycle ruptures and emits shock waves. This process is known as cavitation [129]. The 
shockwaves thus produced damage the microalgal cell wall and thereby favours the leakage of 
intracellular components. In addition, ultrasonic waves aid in the penetration of solvents such 
as hexane and facilitate the high efficiency transfer of lipids from the cell into the solvents. The 
disadvantage of this method is cost effective for large scale application [130].

6.4. Supercritical Carbon Dioxide Extraction

	 It is a promising technology for lipid extraction and could potentially replace the use of 
traditional organic solvents [131]. In this technique, carbon-di-oxide is compressed beyond its 
supercritical point (31°C, 74 bar). Now, the supercritical carbon-di-oxide is brought in contact 
with algal biomass in an extraction vessel. Due to its high penetrating power, it efficiently 
extracts oil from algae with less solvent residues compared to other extraction methods [132]. 
Advantages of SCCE extraction are high penetrating power, high efficiency, low toxicity of 
the supercritical fluid and minimum solvent residues. Carbon-di-oxide generated during the 
process  can be used for the cultivation of microalgae. This gives further value to the process 
[61]. Disadvantages are requirement of elevated pressure,  high capital and operating costs for 
a high-pressure SCCE   [133].

6.5. Microwave Assisted Extraction

	 Application of microwave assisted lipid extraction in seeds was first established in 
the mid-1980s. Microwaves are electromagnetic radiation of frequency ranging from 0.3 to 
300 GHz. The contact between a dielectric or polar material such as water (present in the 
microalgal cells) and a rapidly oscillating electric field, produced by microwaves generates 
heat, thus producing water vapour within the cell. Eventually, it results in cell disruption. It 
further leads to electroporation effect which promotes cell membrane damage, thus releasing 
the cellular constituents [134]. This method is relatively safe, rapid and high efficient in 
extracting microalgal oils under small scale production [103].
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7. Conversion of Lipid to Biodiesel

7.1 Hydrothermal Liquefaction

	 It is employed using subcritical water close to its critical point. Under this condition, 
hydrogen bonding within the water phase is reduced, transforming it from a polar, hydrogen-
bonded solvent to a non-polar solvent, capable of extracting and dissolving organic components 
from the biomass [135]. However, as shown in the phase diagram of water (Fig.9), HTL also 
requires high reaction pressures to maintain water in the liquid phase and minimise steam 
formation, in order to prevent the latent heat losses associated with vaporisation [136].

Sl .No Method Advantages Disadvantages

1 Oil expeller
1. Easy to use

1. Large amount of biomass  is required

2. Time consuming

3. Less efficiency

2 Ultra sonication 

Reduced extraction time1.	

Economical2.	

Reduced solvent usage3.	

Higher penetration power4.	

High energy consumption 

3
Supercritical carbon-di-
oxide 

Easy to use1.	

Rapid method 2.	

Cost effective3.	

 4.	

4	 Microwave 

Economical5.	

Safe and rapid method6.	

Reduced solvent usage7.	

Improved extraction yield8.	

Filtration/centrifugation is required to 
remove the solid residue

5 Solvent 
High efficiency

Cost effective1.	

Solvent recovery is energy 2.	
intensive

Not rapid3.	

Toxic and highly flammable 4.	

Table 9: Advantages and disadvantages of different extraction methods
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	 Hydro-thermal liquefaction encompasses four different product phases: solid ash, bio-
crude oil, water-soluble compounds and reaction gases. These reactions can be divided into 
three different stages namely:
	 First stage: Hydrolysis of the biomass macromolecules (lipids, proteins and carbohydrates) 
into smaller, water-soluble fragments

	 Second stage: Rearrangement of the fragments through decarboxylation, deamination 
and dehydration reactions

	 Third stage:  Dehydration, condensation, cyclisation and polymerization reactions to 
form the desired bio-oil  [135, 137].

 	 The overall process is influenced by temperature, reaction time, biomass concentration 
and lipid content. The main advantage of this technology is it does not require pre-drying of 
the biomass and ensures a relatively high product yield [138].

	 Thermochemical liquefaction of microalgae species such as Botryococcus braunii, 
Dunaniella tertiolecta and Spirullina platensis yielded 30-80% dry weight basis of oil.  This 
shows that the thermal conversion of biomass to biofuel is an attractive method for liquid fuel 
production. However, the major disadvantages are reactors for thermochemical liquefaction 
and fuel-feed systems are complex and expensive [139].

7.2. Pyrolysis

	 Pyrolysis involves chemically reducing triglyceride to fatty acid alkyl esters (FAAEs) 
by the application of heat and in the absence of oxygen [19]. In 1986, pyrolysis of microalgal 
biomass to produce biofuel was first demonstrated in Germany [140].

Figure 9: Hydrothermal Liquefaction

Source:  [136]
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	 There are two types of pyrolysis namely slow pyrolysis and fast pyrolysis. In slow 
pyrolysis, the biomass is associated with liquid fuels, at low temperature (675-775K) and in 
the presence of air [141]. However, in fast pyrolysis, biofuel is produced in the absence of air 
at atmospheric pressure, with a relat ively low temperature (450–550°C). In slow pyrolysis, 
the yield is 15–20% and the main products are char and char-oils whereas, the products of 
fast pyrolysis are oils and gases with a yield of approximately 70% respectively [142]. Fast 
pyrolysis has proved to be a promising way to produce bio-oils compared to slow pyrolysis  for 
the following reasons: 

(1) Low yield

(2) The viscous bio-oils obtained from slow pyrolysis is not suitable for liquid fuels

(3) Fast pyrolysis process is rapid and less energy intensive 

However, the major disadvantage of this process is high equipment cost for separation of 
various fractions. Also the product obtained was found to be similar to gasoline containing 
sulphur which makes it less eco-friendly [65]. 

7.3. Transesterification

	 It is a multi-step process, wherein, triacylglycerides present in the lipid reacts with 
methanol in the presence of a catalyst to produce diglycerides, monoglycerides and finally 
yielding corresponding fatty acid methyl ester (FAME) and glycerol as a by-product (fig.9 ). 
Short chain alcohols such as ethanol, propanol, butanol, and amyl alcohol are also used for 
transesterification. However, ethanol is most frequently used solvent because it is inexpensive 
and physical and chemical advantages. The production of biodiesel through transesterification 
can also be achieved by using an alkali catalyst such as sodium hydroxide, potassium hydroxide, 
sodium ethoxide and an acid catalyst such as sulfuric, sulfonic acid, hydrochloric acid and 
enzyme catalyst such as lipases (Table.10). Transesterification process is influenced by lipid 
content, temperature, moisture content, amount of free fatty acids, alcohol etc  [115].

Figure 10: Transesterification reaction of triacylglycerides extracted from microalgal oils for fatty acid methyl ester 
(biodiesel) production
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8. Genetic Engineering of Microalgae

	 Enhanced lipid synthesis and accumulation is pivotal to achieve economic viability 
of biodiesel production from microalgae. However, such a robust strain remains elusive for 
researchers even after decades of screening natural strains [153]. Most of the strains known to-
date possesses either one or few of the required characteristics.  The first pioneer work on genetic 
manipulation of microalgae was isolation and overexpression of Acetyl CoA Carboxylase 
(ACCase) from Cyclotella cryptica. This enzyme catalyzes a key metabolic step in the synthesis 
of fatty acid in algae. Although the full-length ACCase gene was overexpressed in yeast and 
C cryptica, no increased lipid production was observed [37]. Many attempts to up-regulate the 
ACCase encoding gene and other genes in the pathway of fatty acid synthesis failed to achieve 
anticipated results, showing that direct manipulation of the fatty acid synthesis pathway is 
not a hopeful strategy. However, up-regulation of TAG assembly genes, such as glycerol-3-
phosphate acyltransferase or diacylglycerol acyltransferase had enhanced oil content in many 
plant seeds suggesting that enzymes in TAG assembly pathway are interesting candidates for 
genetic manipulation to enhance lipid biosynthesis in microalgae [47].

Sl. No
Types of 

transesterification
Advantages Disadvantages Reference 

1 Chemical catalysis 

a. Reaction condition can be well 
controlled

b. Large-scale production 
c. Methanol produced can be reused

a. High temperature 
b. Energy intensive 

[ 143, 144]

2
Enzymatic catalysis

a. Moderate reaction condition 
b. High yield 

c. Eco-friendly 
d. Small amount of chemicals is 

required for the process

a. Conversion process is 
high 

b. Chemicals hinders the 
enzymatic activity

[145, 146, 
147, 44]

3
Supercritical fluid 

technique 

a. Reaction condition can be well 
controlled

b. Eco-friendly
c. Rapid 

a. Energy intensive
b. Expensive 

[148, 149, 
44]

4
In situ 

transesterification

a. High yield
b. Rapid 

c. Eco-friendly
d. Economical 

a. Energy intensive [150, 151, 
152]

Table 10: Types of transesterification methods
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9. Commercialization of Microalgae

	 Oflate, many attempts have been done to commercialize microalgal biofuels. In 2010, 
the U.S. Department of Energy (DOE) announced an investment of up to $24 million for 
three research groups aimed at commercializing biofuels derived from algae. The  Sustainable 
Algal Biofuels Consortium of Mesa, Arizona, led by Arizona State University was funded 
with  $6 million to investigate biochemical conversion of algae to biofuels and other value-
added  products. Another team led by the University of California, San Diego, is received $9 
million to develop algae as a robust biofuel machinery. Several companies are also attempting 
to commercialize microalgal biodiesel. For example, in July 2009, Exxon Mobil Corporation 
announced an alliance with Synthetic Genomics Inc. to develop next generation biofuels from 
photosynthetic algae. In U.K., Carbon Trust Company has invested millions of dollars in the 
commercialization and utilization of algae-based biofuel through Algae Biofuels Challenge 
project. The U.K. government announced it would contribute to the further funding of this 
project. Although the investments in biofuel production from algae are being increased 
worldwide, several challenges must be tackled before commercial-scale production of biofuels 
from algae can be achieved [79, 161, 162].

Sl. No Target protein Host 
Type of 

medication 
Gene source 

Primary 
phenotype 

change 
Reference 

1
Acetyl-CoA 
carboxylase

Cyclotella 
cryptica

Nuclear over 
expression

Endogenous
Navicula 

saprophila

No increase 
in total lipid 
accumulation

[154]

2
Malic enzyme 

(ME)
Chlorella 

pyrenoidosa
Overexpression of 

the gene PtME

Phaeodactylum 
tricornutum, a 

diatom

Lipid content 
increased by 

3.2 fold
[155]

3
Malic enzyme 

(ME)
Phaeodactylum 

tricornutum
Putative malic 
enzyme gene

Endogenous
Lipid content 
increased by 

2.5-folds
[156]

4
Pyruvate 

dehydroganase 
kinase

Phaeodactyllum 
tricornutum

Antisense Cdna
Endogenous

82% increase 
in neutral 

lipids
[157]

5 Malic enzyme
Phaeodactyllum 

tricornutum
Nuclear 

overexpression
Endogenous

2.5-fold 
increase in 
total lipids

[156]

6
Lipogenesis 
transcription 

factor

Chlorella 
ellipsoidea

Nuclear 
overexpression

Soybean
52% increase 
in total lipids

[158]

7
Overexpression 

of DGAT enzyme
Chlamydomonas 

reinhardtii
RNAi Endogenous

34% rise 
in TAG 

production
[159]

Table 11: Various studies on genetic engineering of microalgae for lipid synthesis 
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10. Conclusion 

	 Microalgae are considered as the most promising microbial cell factories for biodiesel 
production. It is the only renewable biodiesel that can potentially replace liquid fuels derived 
from petroleum Adequate oleaginous microalgal strains with increase tolerance to varying 
environmental stress can be grown in photobioreactors or open ponds on large scale for biodiesel 
production. However, new technologies have to be developed and improved, involving the 
harvesting of microalgal biomass, dewatering, extraction of microalgal oil, transesterification 
and downstream processing. The main hurdle of microalgal biodiesel production is lowering 
the cost to make it competitive with petroleum derived fuels. Producing low-cost microalgal 
biodiesel requires primarily improvements to algal biology through genetic and metabolic 
engineering. However, these technologies are still in the infancy stages and most have not 
been applied on a commercial scale. Therefore, further research in the development of novel 
upstream and downstream technologies will benefit the commercial production of biodiesel 
from microalgae.

11. References

1. Lee DH. Algal biodiesel economy and competition among bio-fuels. Biores Technol. 2011; 102: 43-49.

2. Jimenez C, Cossiio BR, Labella D, Niell FX. “The feasibility of industrial production of Spirulina (Arthrospira) in 
Southern Spain”. Aquaculture. 2003; 217: 179–190.

3. Brennan L, Owende P. Biofuels from microalgae—A review of technologies for production, processing, and extractions 
of biofuels and co-products. Renew And Sust Ene Rev. 2010; 14: 557-577.

4. EIA. International carbon dioxide emissions from the consumption of energy. 2006. 

5. Bilanovic D, Andargatchew A, Kroeger T, Shelef G. Freshwater and marine microalgae sequestering of CO2 at 
different C and N concentrations—response surface methodology analysis. Ene Con And Mgt. 2009; 50: 262-267.

6. Campbell C. The Rimini protocol an oil depletion protocol:heading off economic chaos and political conflict during 
the second half of the age of oil. Energ Policy. 2006; 34: 1319-1325.

7. Solomon S, Qin D, Manning M, Chen Z, Marquis M, Avery KB. IPCC, Climate Change. The physical science basis, 
contribution of working Group I to the fourth Assessment Report of the Intergovernmental Panel on climate change. 
Cambridge Univ Press, Cambridge. 2007.

8. Nigam PS, Singh A. Production of liquid biofuels from renewable resources. Prog in Ene and Combust Sci. 2011; 37: 
52-68.

9. Kang Q, Appels L, Tan T, Dewil R. Bioethanol from Lignocellulosic Biomass: Current Findings Determine Research 
Priorities. The Sci World J. 2014.

10. RFA. US fuel ethanol industry biorefineries and capacity. Washington, DC: Renewable Fuels Association. 2017.

11. Lu J, Li X, Yang R, Zhao J, Qu Y. Tween 40 pretreatment of unwashed water-insoluble solids of reed straw and corn 
stover pretreated with liquid hot water to obtain high concentrations of bioethanol. Biotechnol For Biofuels. 2013; 6: 



30

Advances in Biotechnology

159.

12. Hashmi M, Shah AA, Hameed A, Ragauskas AJ. Enhanced Production of Bioethanol by Fermentation of 
Autohydrolyzed and C4mimOAc-Treated Sugarcane Bagasse Employing Various Yeast Strains. Energies. 2017; 10: 
1207.

13. Pavlecic M, Rezic T, Ivancic- Santek MI, Horvat P, Santek B. Bioethanol production from raw sugar beet cossettes 
in horizontal rotating tubular bioreactor. Biopro Biosys Eng. 2017; 40: 1679-1688.

14. Fadel M, Keera AA, Mouafi FE, Kahil T. High Level Ethanol from Sugar Cane Molasses by a New Thermotolerant 
Saccharomyces cerevisiae Strain in Industrial Scale. Biotechnol Res Inter. 2013.

15. Zhao R, Bean SR, Wang D, Park SH, Schober TJ, Wilson JD. Small-scale mashing procedure for predicting ethanol 
yield of sorghum grain. J Cereal Sci. 2009; 49: 230-238.

16. Turhollow AF and Heady EO. Large-scale ethanol production from corn and grain sorghum and improving conversion 
technology. Ene in Agri. 1986; 5: 309-316.

17. Naik SN, Goud VV, Rout PK, Dalai AK. Production of first and second generation biofuels: a comprehensive review. 
Renew Sust Ene Rev. 2010; 14: 1578-1597.

18. Bajpai D, Tyagi VK. Biodiesel: source, production, composition, properties and its benefits. J Olio Sci. 2006; 55: 
487-502.

19. Bouaid A, Martinez M, Aracil J. Long storage stability of biodiesel from vegetable and used frying oils. Fuel. 2007; 
86: 2596-2602.

20. Gullison RE, Frumhoff PC, Canadell JG, Field CB, Nepstad DC, Hayhoe K, et al. Tropical forests and climate 
policy. Science. 2007; 316: 985-986.

21. Demirbas A. Comparison of transesterification methods for production of biodiesel from vegetable oils and fats. 
Energy Convers Mgt. 2008; 49: 125-130.

22. Johnston J. New world for biofuels. Ene Law. 2008; 86: 10-14.

23. Bisaria VS. Bioprocessing of agro-residue to glucose and chemicals. In: Martin AM (eds). Bioconversion of waste 
materials to industrial products. London: Elsevier. 1991; 210-213.

24. Singh A, Kumar PKR, Schugerl K. Bioconversion of cellulosic materials to ethanol by filamentous fungi. Adv 
Biochem Eng Biotechnol. 1992; 45: 29-55.

25. Zhao XQ, Zi LH, Bai FW, Lin HL, Hao XM, Yue GJ, et al. Bioethanol from lignocellulosic Biomass. Adv Biochem 
Engin/Biotechnol. 2012; 128: 25-51. 

26. Aggarwal NK, Goyal V, Saini A, Yadav A, Gupta R. Enzymatic saccharification of pretreated rice straw by cellulases 
from Aspergillus niger BK01. 3 Biotech. 2017; 7: 158. 

27. Borges DG, Junior AB, Farinas CS, Giordano RLG, Tardioli PW. Enhanced saccharification of sugarcane bagasse 
using soluble cellulase supplemented with immobilized ß-glucosidase. Biores Technol. 2014; 167: 206-213.

28. Da Silva GP, De Araujo EF, Silva DO, Guimaraes WV. Ethanolic fermentation of sucrose, sugarcane juice and 
molasses by Escherichia coli strain ko11 and Klebsiella oxytoca strain p2. Braz J of Microbiol. 2005; 36: 395-404.

29. Berlowska J, Pielech-Przybylska K, Balcerek M, Cieciura W, Borowski S, Kregiel D. Integrated Bioethanol 
Fermentation/Anaerobic Digestion for Valorization of Sugar Beet Pulp. Ener. 2017; 10: 1255.

30. Scully SM, Orlygsson J. Recent Advances in Second Generation Ethanol Production by Thermophilic Bacteria. 
Ener. 2015; 8: 1-30. 



31

Advances in Biotechnology

31. Stevens DJ, Worgetten M, Saddler J. Biofuels for transportation: an examination of policy and technical issues. IEA 
Bioenergy Task 39, Liquid Biofuels Final Report. 2001-2003. 

32. Giselrød HR, Patil V, Tran K. Towards sustainable production of biofuels from microalgae. Int J Mol Sci. 2008; 9: 
1188-1195.

33. Sukrutha SK, Janakiraman S. Harnessing Indigenous Plant Seed Oil for the Production of Bio-fuel by an Oleaginous 
Fungus, Cunninghamella blakesleeana-JSK2, Isolated from Tropical Soil. Appl Biochem Biotechnol. 2014; 172: 1027-
1035.

34. Brennan L, Owende P. Biofuels from microalgae-A review of technologies for production, processing, and extractions 
of biofuels and co-products. Renew and Sust Ener Rev. 2010; 14: 557-577.

35. Hu Q, Sommerfeld MM, Jarvis E, Ghirardi M, Posewitz M, Seibert M, et al. Microalgal triacylglycerols as feedstocks 
for biofuel production: perspectives and advances. Plant J. 2008; 54: 621-639.

36. Packer M. Algal capture of carbon dioxide; biomass generation as a tool for greenhouse gas mitigation with reference 
to New Zealand energy strategy and policy. Ener Policy. 2009; 37: 3428-3437.

37. Sheehan J, Dunahay T, Benemann J, Roessler P. Look back at the U.S. Department of Energy’s aquatic species 
program: biodiesel from algae. NREL/TP-580-24190, National Renewable Energy Laboratory, USA. 1998.

38. Li X, Hu HY, Yang J. Lipid accumulation and nutrient removal properties of a newly isolated freshwater microalga, 
Scenedesmus sp. LX1, growing in secondary effluent. New Biotechnol. 2010a; 27: 59-63.

39. Muthukumar A, Elayaraja S, Ajithkumar TT, Kumaresan S, Balasubramanian T. Biodiesel production from marine 
microalgae Chlorella marina and Nannochloropsis salina. J of Petroleum Technol and Alt Fuels. 2012; 3: 58-62.

40. Shimi HIE, Attia NK, Sheltawy STE, Diwani GIE. Biodiesel Production from Spirulina-Platensis Microalgae by 
In-Situ Transesterification Process. J of Sust Bioener Syst. 2013; 3: 224-233.

41. Beetul K, Sadally SB, Hossenkhan NT, Bhagooli R, Puchooa D. An investigation of biodiesel production from 
microalgae found in Mauritian waters. Biofuel Res J. 2014; 2: 58-64. 

42. Mutanda T, Ramesh D, Karthikeyan S, Kumari S, Anandraj A, Bux F. Bioprospecting for hyper-lipid producing 
microalgal strains for sustainable biofuel production. Biores Technol. 2011; 102: 57-70.

43. Mata TM, Martins AA, Caetano NS. Microalgae for biodiesel production and other applications: A review. Renew 
and Sust Ener Rev. 2010; 14: 217-232.

44. Huang GH, Chen F, Wei D, Zhang XW, Chen G. Biodiesel production by microalgal biotechnology. Appl Ener. 
2010; 87: 38-46.

45. Chisti Y. Biodiesel from microalgae. Biotechnol Adv. 2007; 25: 294-306.

46. Scott SA, Davey MP, Dennis JS, Horst I, Howe CJ, Lea-Smith DJ, et al. Biodiesel from algae: challenges and 
prospects. Curr Opin Biotechnol. 2010; 21: 277-286.

47. Radakovits R, Jinkerson RE, Darzins A, Posewitz MC. Genetic engineering of algae for enhanced biofuel production. 
Euk Cell. 2010; 9: 486-501.

48. Li Y, Horsman M, Wang B, Wu N, Lan CQ. Effects of nitrogen sources on cell growth and lipid production of 
Neochloris oleoabundans. Appl Microbiol Biotechnol. 2008; 81: 629-636.

49. Ratledge C. Fatty acid biosynthesis in microorganisms being used for single cell oil production. Biochimie. 2004; 
86: 807-815.

50. Li Y, Zhou W, Hu B, Min M, Chen P, Ruan RR. Effect of light intensity on algal biomass accumulation and biodiesel 



32

Advances in Biotechnology

production for mixotrophic strains Chlorella kessleri and Chlorella protothecoide cultivated in highly concentrated 
municipal wastewater. Biotechnol Bioeng. 2012; 109: 2222-2229.

51. Kim G, Mujtaba G, Lee K. Effects of nitrogen sources on cell growth and biochemical composition of marine 
chlorophyte Tetraselmis sp. for lipid production. Algae. 2016; 31: 257-266.

52. Dubey KK, Kumar S, Dixit D, Kumar P, Kumar D, Jawed A, et al. Implication of industrial waste for biomass and 
lipid production in Chlorella minutissima under autotrophic, heterotrophic, and mixotrophic grown conditions. Appl 
Biochem Biotechnol. 2015; 176: 1581-1595.

53. Mondal M, Goswami S, Ghosh A, Oinam G, Tiwari ON, Das P, et al. Production of biodiesel from microalgae 
through biological carbon capture: a review. 3 Biotech. 2017; 7: 99.

54. Bartley ML, Boeing WJ, Corcoran AA, Holguin FO, Schaub BT. Effects of salinity on growth and lipid accumulation 
of biofuel microalga Nannochloropsis salina and invading organisms. Biomass and Bioener J. 2013; 54: 32-38.

55. Fan J, Andre C, Xu C. A chloroplast pathway for the de novo biosynthesis of triacylglycerol in Chlamydomonas 
reinhardtii. FEBS Lett. 2011; 585: 1985-1991.

56. Li T, Gargouri M, Feng J, Park JJ, Gao D, Miao C, et al. Regulation of starch and lipid accumulation in a microalga 
Chlorella sorokiniana. Biores Technol. 2015; 180: 250-257.

57. Cagliari A, Margis R, Maraschin FS, Turchetto-Zolet AC, Loss G, Margis-Pinheiro M. (2011). Biosynthesis of 
triacylglycerols (TAGs) in plants and algae. Int J Plant Biol. 2011; 2: 40-52.

58. Zhu LD, Li ZH, Hiltunen E. Strategies for Lipid Production Improvement in Microalgae as a Biodiesel Feedstock. 
BioMed Res Int. 2016.

59. Sharma KK, Schuhmann H, Schenk PM. High Lipid Induction in Microalgae for Biodiesel Production. Ener. 2012; 
5: 1532-1553.

60. Spolaore P, Joannis-Cassan C, Duran E, Isambert A. Commercial applications of microalgae. J of Biosci and Bioeng. 
2006; 108: 87- 96.

61. Demirbas A, Demirbas FM. Importance of algae oil as a source of biodiesel. Ener Conversion and Mgt. 2011; 52: 
163-170.

62. Knothe G, Gerpen JV, Krahl J. The biodiesel handbook, AOCS Press, Campaign, Illinois, USA. 2005b.

63. Hart Energy Consulting. Establishment of the Guidelines for the Development of Biodiesel Standards in the APPEC 
Region. Asia Pacific Economic Cooperation. 2007; 1-136

64. Knothe G, Gerpen JV, Krahl J. The biodiesel handbook, AOCS Press, Campaign, Illinois, USA. 2005b.

65. Miao XL, Wu QY. High yield bio-oil production from fast pyrolysis by metabolic controlling of Chlorella 
protothecoides. J Biotechnol. 2004; 110: 85-93.

66. National Renewable Energy Laboratory. Biodiesel handling and use guide. 2009; 1-56

67. Stansell GR, Gray VM, Sym SD. Microalgal fatty acid composition: implications for biodiesel quality. J of Appl 
Phycol. 2011; 24: 791-801.

68. Imahara H, Minami E, Saka S. Thermodynamic study on cloud point of biodiesel with its fatty acid composition. 
Fuel. 2006; 85: 1666-1670.

69. Corporation C. Diesel Fuels Technical Review. Chevron Products Company, San Ramon, CA, USA. 2007; 1-116.

70. Seregin EP, Gureev AA, Bugai VT, Makarov AA, Sarantidi, PG, Skovorodin GB. Lubricity of diesel fuels. Chem 



33

Advances in Biotechnology

Technol of Fuels and Oils. 1975; 11: 360-363.

71. Xu H, Miao XL, Wu QY. High quality biodiesel production from a microalga Chlorella protothecoides by heterotrophic 
growth in fermenters. J Biotechnol. 2006; 126: 499-507.

72. Grima ME, Acien Fernandez FG, Garcia Camacho F, Chisti Y. Photobioreactors: light regime, mass transfer, and 
scaleup. J Of Biotechnol. 1999; 70: 231-247. 

73. Rogers JN, Rosenberg JN, Guzman BJ, Oh VH, Mimbela LE, Ghassemi A, et al. A critical analysis of paddlewheel-
driven raceway ponds for algal biofuel production at commercial scales. Algal Res. 2014; 4: 76-88.

74. Chen CY, Yeh KL, Aisyah R, Lee DJ, Chang JS. Cultivation, photobioreactor design and harvesting of microalgae 
for biodiesel production: A critical review. Biores Technol. 2011; 102: 71-81.

75. Kumar RR, Rao PH, Subramanian VV, Sivasubramanian V. Enzymatic and non-enzymatic antioxidant potentials of 
Chlorella vulgaris grown in effluent of a confectionery industry. J Food Sci Technol. 2014; 51: 322-328.

76. Borowitzka MA. Commercial production of microalgae: ponds, tanks, tubes and fermenters. J Biotechnol. 1999; 70: 
313-321.

77. Zhou X, Yuan S, Chen R, Ochieng RM. Sustainable production of energy from microalgae: Review of culturing 
systems, economics, and modelling. J of Renew and Sust Ener. 2015; 7: 012701. 

78. Zittelli GC, Rodolfi L, Bassi N, Biondi N, Tredici MR. Photobioreactors for Microalgal Biofuel Production. In: 
Borowitzka M, Moheimani N (ed) Algae for Biofuels and Energy. Develop In Appl Phycol, Springer. 2013; 115-131.

79. Gong Y, Jiang M. Biodiesel production with microalgae as feedstock: from strains to biodiesel. Biotechnol Lett. 
2011; 33: 1269-1284.

80. Khanna N. Perspectives on Algal Engineering for Enhanced Biofuel Production. In: Das D. (eds) Algal Biorefinery: 
An Integrated Approach. Springer, Cham. 2015; 73-101.

81. Rawat I, Kumar RR, Mutanda T, Bux F. Biodiesel from microalgae: A critical evaluation from laboratory to large 
scale production. Appl Ener. 2013; 103: 444-467.

82. Chisti Y. Biodiesel from microalgae beats bioethanol. Trends In Biotechnol. 2008; 26: 126-131.

83. Rubio CF, Fernandez AFG, Camacho GF, Perez SJA, Grima ME. Prediction of dissolved oxygen and carbon dioxide 
concentration profiles in tubular photobioreactors for microalgal culture. Biotechnol Bioeng. 1999; 62: 71-86.

84. Basu S, Roy AS, Mohanty K, Ghoshal AK. Enhanced CO2 sequestration by a novel microalga: Scenedesmus obliquus 
SA1 isolated from bio-diversity hotspot region of Assam, India. Biores Technol. 2013; 143: 369-377.

85. Kumar K, Dasgupta CN, Nayak B, Lindblad P, Das D. Development of suitable photobioreactors for CO2 sequestration 
addressing global warming using green algae and cyanobacteria. Biore Technol. 2011; 102: 4945-4953.

86. Kumar A, Ergas S, Yuan X, Sahu A, Zhang Q, Dewulf J. Enhanced CO2 fixation and biofuel production via 
microalgae: recent developments and future directions. Trends in Biotechnol. 2010; 28: 371-380.

87. Znad H, Naderi G, Ang HM, Tade MO. CO2 biomitigation and biofuel production using microalgae: photobioreactors 
developments and future directions. In: advances in Chemical Engineering, Dr Nawaz Z (ed), Intech. 2012; 230-244.

88. Greenwell HC, Laurens LML, Shields RJ, Lovitt RW, Flynn KJ. Placing microalgae on the biofuels priority list: a 
review of the technological challenges. J R Soc Interface. 2010; 7: 703-726.

89. Schenk PM, Thomas-Hall SR, Stephens E, Marx UC, Mussgnug JH, Posten C, et al. Second generation biofuels: 
high-efficiency microalgae for biodiesel production. BioEner Res. 2008; 1: 20-43.



34

Advances in Biotechnology

90. Amaro HM, Guedes AC, Malcata FX. Advances and perspectives in using microalgae to produce biodiesel. Appl 
Ener. 2011; 88: 3402-3410.

91. Ghernaout D, Ghernaout B. On the concept of the future drinking water treatment plant: algae harvesting from the 
algal biomass for biodiesel production -a review. Desalin and Water Treat. 2012; 49: 1-18.

92. Grima ME, Belarbi EH, Fernandes FGA, Robles M, Christi Y. Recovery of microalgal biomass and metabolites: 
process options and economics. Biotechnol Adv. 2003; 20: 491-515.

93. Papazi A, Makridis P, Divanach P. Harvesting Chlorella minutissima using cell coagulants. J Appl Phycol. 2010; 22: 
349-355. 

94. Granados MR, Acien FG, Gomez C, Fernandez-Sevilla JM, Grima EM. Evaluation of flocculants for the recovery 
of freshwater microalgae. Bioresour Technol. 2012; 118: 102-110.

95. Chen G, Zhao L, Qi Y, Cui YL. Chitosan and Its Derivatives Applied in Harvesting Microalgae for Biodiesel 
Production: An Outlook. J Of Nano. 2014.

96. Fabio R, Dries V, Milene R, Koenraad M, Cesar AP. Screening of commercial natural and synthetic cationic polymers 
for flocculation of freshwater and marine microalgae and effects of molecular weight and charge density. Algal Res. 
2015; 10: 183-188.

97. Zheng H, Gao Z, Yin J, Tang X, Ji X, Huang H. Harvesting of microalgae by flocculation with poly (?-glutamic 
acid). BioresTechnol. 2012; 112: 212-220.

98. Ummalyma SB, Mathew AK, Pandey A, Sukumaran RK. Harvesting of microalgal biomass: Efficient method for 
flocculation through pH modulation. Biores Technol. 2016; 213: 216-221.

99. Liu J, Zhu Y, Tao Y, Zhang Y, Li A, Li T, et al. Freshwater microalgae harvested via flocculation induced by pH 
decrease. Biotechnol for Biofuels. 2013; 6: 98.

100. Wu ZC, Zhu Y, Huang WY, Zhang CW, Li T, Zhang YM, et al. Evaluation of flocculation induced by pH increase 
for harvesting microalgae and reuse of flocculated medium. Biores Technol. 2012; 110: 496-502.

101. Vandamme D, Foubert I, Fraeye I, Meesschaert B, Muylaert K. Flocculation of Chlorella vulgaris induced by high 
pH: role of magnesium and calcium and practical implications. Biores Technol. 2012; 105: 114-119.

102. Knuckey RM, Brown MR, Robert R, Frampton DM. Production of microalgal concentrates by flocculation and 
their assessment as aquaculture feeds. Aquacul Eng. 2006; 35: 300-313.

103. Lee JY, Yoo C, Jun SY, Ahn CY, Oh HM. Comparison of several methods for effective lipid extraction from 
microalgae. Biores Technol. 2010; 101: S75-S77.

104. Uduman N, Qi Y, Danquah MK, Forde GM, Hoadley A. Dewatering of microalgal cultures: A major bottleneck to 
algae-based fuels. J of Ren and Sust Ener. 2010; 2: 012701.

105. Vandamme D, Pontes SC, Goiris K, Foubert I, Pinov LJ, Muylaert K. Evaluation of electro-coagulation-flocculation 
for harvesting marine and freshwater microalgae. Biotechnol Bioengg. 2011; 108: 2320-2329.

106. Ndikubwimana T, Zeng X, Murwanashyaka T, Manirafasha E, He N, Shao W, et al. (2016). Harvesting of freshwater 
microalgae with microbial bioflocculant: a pilot-scale study. Biotechnol Biofuels. 2016; 9: 47. 

107. Bilad MR, Discart V, Vandamme D, Foubert I, Muylaert K, Vankelecom IF. Harvesting microalgal biomass using 
a magnetically induced membrane vibration (MMV) system: filtration performance and energy consumption. Biores 
Technol. 2013; 138: 329-338.

108. Cerff M, Morweiser M, Dillschneider R, Michel A, Menzel K, Posten C. Harvesting fresh water and marine algae 
by magnetic separation: screening of separation parameters and high gradient magnetic filtration. Biores Technol. 2012; 



35

Advances in Biotechnology

118: 289-295.

109. Singh NK, Dhar DW. Microalgae as second generation biofuel. A review. Agronomy Sust. Develop. 2011a; 31: 
605-629. 

110. Wang B, Li Y, Wu N, Lan C. CO2 bio-mitigation using microalgae. Appl Microbiol and Biotechnol. 2008; 79: 
707-718.

111. Hanotu J, Bandulasena H, Zimmerman WB. Microfloatation performance for algal separation. Biotechnol Bioeng. 
2012; 109: 1663-1673.

112. Singh A, Nigam PS, Murphy JD. Renewable fuels from algae: An answer to debatable land. Biores Technol. 2011b; 
102: 10-16.

113. Taher H, Al-Zuhair S, Al-Marzouqi AH, Haik Y, Farid MM. A review of enzymatic transesterification of microalgal 
oil-based biodiesel using supercritical technology. Enz Res. 2011. 

114. Milledge JJ, Heaven S. A review of the harvesting of micro-algae for biofuel production. Rev Environ Sci Biotechnol. 
2013; 12: 165-178.

115. Arenas EG, Rodriguez Palacio MC, Juantorena AU, Fernando SEL, Sebastian PJ. Microalgae as a potential source 
for biodiesel production: techniques, methods, and other challenges. Int J Energy Res. 2016; 41: 761-789.

116. Moreno Garido I. Microalgae Immobilization: Current techniques and uses. Biores Technol. 2008; 99: 3949-
3964.

117. Rawat I, Kumar RR, Mutanda T, Bux F. Dual role of microalgae: phycoremediation of domestic wastewater and 
biomass production for sustainable biofuels production. Appl Ener. 2010; 88: 3411-3424.

118. Prakash J, Pushparaj B, Carlozzi P, Torzillo G, Montaini E, Materassi R. Microalgae drying by a simple solar 
device. Int J of Solar Ener. 1997; 18: 303-311.

119. Desmorieux H, Decaen N. Convective drying of spirulina in thin layer. J of Food Engg. 2006; 66: 497-503.

120. Grima ME, Medina A, Gimenez A, Sanchez Perez J, Camacho F, Garca Sanchez J. Comparison between extraction 
of lipids and fatty acids from microalgal biomass. JAOCS. 1994; 71: 955-959.

121. Niraj SJR, Tapare S, Renge VC, Khedka SV, Chavan YP, Bhagat SL. Extraction of oil from algae by solvent 
extraction and oil expeller method. Int J Chem Sci. 2011; 9: 1746-1750.

122. Malekzadeh M, Abedini Najafabadi H, Hakim M, Feilizadeh M, Vossoughi M, Rashtchian D. Experimental study 
and thermodynamic modelling for determining the effect of non-polar solvent (hexane)/polar solvent (methanol) ratio 
and moisture content on the lipid extraction efficiency from Chlorella vulgaris. Biores Technol. 2016; 201: 304-311.

123. Kumar AV, Agila E, Sivakumar P, Salam Z, Rengasamy R, Ani FN. Optimization and characterization of biodiesel 
production from microalgae Botryococcus grown at semi-continuous system. Energy Conversion and Mgt. 2014; 14: 
936-946.

124. Cheng J, Huang R, Li T, Zhou J, Cen K. Biodiesel from wet microalgae: extraction with hexane after the microwave-
assisted transesterification of lipids. Biores Technol. 2014; 170: 69-75.

125. Bligh EG, Dyer WJ. A rapid method for total lipid extraction and purification. Can J Biochem Physiol. 1959; 37: 
911-917.

126. Mercer P, Armenta RE. Developments in oil extraction from microalgae. Eur J Lipid Sci Technol. 2011; 113: 539-
547.

127. Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation and purification of total lipides from animal 



tissues. J Biol Chem. 1957; 26: 497-509.

128. Chemat F, Zill EH, Khan MK. Applications of ultrasound in food technology: processing, preservation and 
extraction. Ultrason Sonochem. 2011; 18: 813-835.

129. Adam F, Abert-Vian M, Peltier G, Chemat F. “Solvent-free” ultrasound-assisted extraction of lipids from fresh 
microalgae cells: a green, clean and scalable process. Biores Technol. 2012; 114: 457-465.

130. Bajhaiya AK, Mandotra SK, Suseela MR, Toppa K, Ranade S. Algal Biodiesel: the next generation biofuel for 
India: Review Article. Asian J Exp Biol Sci. 2010; 1: 728-739.

131. Santana A, Jesus S, Larrayoz MA, Filho RM. Supercritical Carbon Dioxide Extraction of Algal Lipids for the 
Biodiesel Production. Proc Eng. 2012; 42: 1755-1761.

132. Gavrilescu M, Chisti Y. Biotechnology-a sustainable alternative for chemical industry. Biotechnol Adv. 2005; 23: 
471-499.

133. Halim R, Gladman B, Danquah MK, Webley PA. Oil extraction from microalgae for biodiesel production. Biores 
Technol. 2011; 102: 178-185.

134. Amarni F, Kadi H. Kinetics study of microwave-assisted solvent extraction of oil from olive cake using hexane: 
Comparison with the conventional extraction. Innov Food Sci & Emer Technol. 2010; 11: 322-327.

135. Toor SS, Rosendahl L, Rudolf A. Hydrothermal liquefaction of biomass: A review of subcritical water technologies. 
Ener. 2011; 36: 2328-2342.

136. Raikova S, Le CD, Wagner JL, Ting VP, Chuck CJ. Biofuels for Aviation - Feedstocks, Technology and 
Implementation, C. J. Chuck (ed), Elsevier, London. 2016; 1-357.

137. Alba LG, Torri C, Samorì C, Spek JV, Fabbri D, Kersten SRA, et al. Hydrothermal Treatment (HTT) of Microalgae: 
Evaluation of the Process As Conversion Method in an Algae Biorefinery Concept. Ener Fuels. 2012; 26: 642-657.

138. Vlaskin MS, Chernova NI, Kiseleva SV, Popel OS, Zhuk AZ. Hydrothermal liquefaction of microalgae to produce 
biofuels: state of the art and future prospects. Thermal Engg. 2017; 64: 627-636.

139. Chiaramontia D, Prussia M, Buffia M, Casinia D, Rizzo AM. Thermochemical conversion of microalgae: challenges 
and 2 opportunities. Energy Procedia. 2015; 75: 819-826.

140. Milne TA, Evans RJ, Nagle N. Catalytic conversion of microalgae and vegetable oils to premium gasoline, with 
shape-selective zeolites. Biomass. 1990; 21: 219-232.

141. Minowa T, Yokoya SY, Kishimoto M, Okakura T. Oil production from algae cells of Dunaliella Tereiolata by direct 
thermochemical liquefaction. Fuel. 1995; 74: 1735-1738.

142. Maggi R, Delmon B. Comparison between ‘slow’ and ‘flash’ pyrolysis oils from biomass. Fuel. 1994; 73: 671-
676.

143. Lee AF, Bennett JA, Manayil JC, Wilson K. Heterogeneous catalysis for sustainable biodiesel production via 
esterification and transesterification. Chem Soc Rev. 2014; 43: 7887-7916.

144. Zhang X, Ma Q, Cheng B, Wang J, Li J, Nie F. Research on KOH/La-Ba-Al2O3 catalysts for biodiesel production 
via transesterification from microalgae oil. J of Natural Gas Chem. 2012; 21: 774-779.

145. Makareviciene V, Gumbyte M, Skorupskaite V, Sendzikiene E. Biodiesel fuel production by enzymatic microalgae 
oil transesterification with ethanol. J of Renew and Sust Ener. 2017; 9: 023101. 

146. Marcon NS, Colet R, Balen DS, Pereira CMP, Bibilio D, Priamo W, et al. Enzymatic biodiesel production from 

36

Advances in Biotechnology



microalgae biomass using propane as pressurized fluid. The Can J Of Chem Eng. 2017; 95: 1340-1344.

147. Surendhiran D, Sirajunnisa AR, Vijay M. An alternative method for production of microalgal biodiesel using novel 
Bacillus lipase. 3 Biotech. 2015; 5: 715-725.

148. Da Silva C, Oliveira JV. Biodiesel production through non-catalytic supercritical transesterification: current state 
and perspectives. Braz J Chem Eng. 2014; 31: 271-285.

149. Levine RB, Pinnarat T, Savage PE. Biodiesel Production from Wet Algal Biomass through in Situ Lipid Hydrolysis 
and Supercritical Transesterification. Ener Fuels. 2010; 24: 5235-5243.

150. Salam KA, Velasquez-Orta SB, Harvey AP. A sustainable integrated in situ transesterification of microalgae for 
biodiesel production and associated co-product-a review. Renew and Sust Ener Rev. 2016; 65: 1179-1198.

151. Cao H, Zhang Z, Wu X, Miao X. “Direct Biodiesel Production from Wet Microalgae Biomass of Chlorella 
pyrenoidosa through In Situ Transesterification”. Biomed Res Inter. 2013.

152. Haas MJ, Wagner K. Simplifying biodiesel production: The direct or in situ transesterification of algal biomass. Eur 
J of Lipid Sci Tech. 2011; 113: 1219-1229.

153. Vuttipongchaikij S. Genetic manipulation of microalgae for improvement of biodiesel production. Thai J Genet. 
2012; 5: 130-148.

154. Terri G. Dunahay, Eric E. Jarvis, Paul G. Roessler. Genetic transformation of the diatoms Cyclotella cryptica and 
Navicula saprophila. J of Phyco. 1995; 31: 1004-1012. 

155. Xue J, Wang L, Zhang L, Balamurugan S, Li DW, Hao Zeng, et al. The pivotal role of malic enzyme in enhancing 
oil accumulation in green microalga Chlorella pyrenoidosa. Microb Cell Fact. 2016; 15: 120. 

156. Xue J, Niu YF, Huang T, Yang WD, Liu JS, Li HY. Genetic improvement of the microalga Phaeodactylum 
tricornutum for boosting neutral lipid accumulation. Metab Engg. 2014; 27: 1-9.

157. Ma YH, Wang X, Niu YF, Yang ZK, Zhang MH, Wang ZM, et al. Antisense knockdown of pyruvate dehydrogenase 
kinase promotes the neutral lipid accumulation in the diatom Phaeodactylum tricornutum. Microb Cell Fact. 2014; 13: 
100.

158. Zhang J, Hao Q, Bai L, Xu J, Yin W, Song L, et al. Overexpression of the soybean transcription factor GmDof4 
significantly enhances the lipid content of Chlorella ellipsoidea. Biotechnol. Biofuels. 2014; 7: 128.

159. Deng XD, Gu B, Li YJ, Hu XW, Guo JC, Fei XW. The roles of acyl-CoA: diacylglycerol acyltransferase 2 genes in 
the biosynthesis of triacylglycerols by the green algae Chlamydomonas reinhardtii. Mol Plant. 2012; 5: 945-947.

160. Reijnders L. Biofuels from Microalgae: Biodiesel. In: Jacob-Lopes E, Queiroz Zepka L, Queiroz M (eds) Energy 
from Microalgae. Green Energy and Technology. Springer, Cham. 2018; 171-180.

161. Singh J, Gu S. Commercialization potential of microalgae for biofuels production. Renew Sust Ener Rev. 2010; 
14: 2596-2610.

162. Singh A, Pant D, Korres NE, Nizami AS, Prasad S, Murphy JD. Key issues in life cycle assessment of ethanol 
production from lignocellulosic biomass: challenges and perspectives. Biores Technol. 2010; 101: 5003-5012.

37

Advances in Biotechnology


