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Abstract Gradual increase in concentration of carbon

dioxide (CO2) in the atmosphere due to the various

anthropogenic interventions leading to significant alter-

ation in the global carbon cycle has been a subject of

worldwide attention and matter of potential research over

the last few decades. In these alarming scenario microalgae

seems to be an attractive medium for capturing the excess

CO2 present in the atmosphere generated from different

sources such as power plants, automobiles, volcanic erup-

tion, decomposition of organic matters and forest fires.

This captured CO2 through microalgae could be used as

potential carbon source to produce lipids for the generation

of biofuel for replacing petroleum-derived transport fuel

without affecting the supply of food and crops. This

comprehensive review strives to provide a systematic

account of recent developments in the field of biological

carbon capture through microalgae for its utilization

towards the generation of biodiesel highlighting the sig-

nificance of certain key parameters such as selection of

efficient strain, microalgal metabolism, cultivation systems

(open and closed) and biomass production along with the

national and international biodiesel specifications and

properties. The potential use of photobioreactors for bio-

diesel production under the influence of various factors

viz., light intensity, pH, time, temperature, CO2 concen-

tration and flow rate has been discussed. The review also

provides an economic overview and future outlook on

biodiesel production from microalgae.
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Introduction

Global climate change and increase in the trend of green-

house gas emissions, as well as the depletion of conven-

tional fuel reserves are a growing concern over the years.

The combustion of coal, oil and natural gas emits more

than 6 billion tonnes of CO2 annually in the atmosphere as

depicted in Fig. 1 (60 Years BP Statistical Review of

World Energy 1965–2011).

The United Nations promoted the Kyoto Protocol (1997)

with the objective of reducing greenhouse gases such as

CO2, CH4, SO2, NO2 by 5.2% on the basis of the emission

in 1990, and more than 170 countries have ratified the

protocol (Gutierrez et al. 2008). According to the Inter-

governmental Panel on Climate Change, the average con-

centration of CO2 increased from 315 ppm in 1960 to

380 ppm in the year 2007 and there has been a 35%

increase in CO2 emission worldwide since 1990 (Solomon

et al. 2007). This progressive rise of CO2 in today’s

atmosphere demands dedicated research on the develop-

ment of appropriate sequestration techniques to reduce the

impact of CO2 on global warming. Till date, various CO2

capturing techniques have been represented in Fig. 2.
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In this regard, mitigation of CO2 by biological means

has been gaining the momentum because it leads to the

generation of energy from biomass grown by CO2 fixation

through photosynthesis (Kondili and Kaldellis 2007).

Photosynthetic CO2 fixation is thought to be a feasible

technology as it is energy efficient, sustainable and envi-

ronmentally benign.

CO2 can be trapped biologically by green plants through

photosynthesis. However, the CO2 capture by agricultural

plants has been estimated to be only 3–6% of fossil fuel

emissions (Skjanes et al. 2007), as a consequence of slow

growth rates of conventional terrestrial plants. On the other

hand, microalgae may offer the opportunity due to its

abundance and faster growth rate. Microalgae are a group

of fast-growing unicellular microorganisms, which has the

ability to fix CO2 while capturing solar energy with effi-

ciency 10–50 times greater than that of terrestrial plants (Li

et al. 2008a, b). The uptake of CO2 from the atmosphere by

the microalgal cells is facilitated by the extracellular zinc

metalloenzyme carbonic anhydrase (CA). CA catalyzes the

conversion of CO2 to bicarbonates, which is taken up by

the microalgal cells through specific transporters (Mondal

et al. 2016a). Depending upon the species of microalgae

the CO2 captured is stored as lipids, carbohydrates or

proteins. The CO2 incorporated as lipids in microalgae can

be extracted and used as a biofuel. The reaction catalyzed

by the carbonic anhydrase enzyme is given by Eq. (1)

(Ramanan et al. 2009):

CO2 þ H2O�!CA HCO�
3 þ Hþ ð1Þ

Several microalgal species have been studied for CO2

reduction such as Scenedesmus obliquus, Chlorella kessleri

(Morais and Costa 2007b), Dunaliella tertiolecta,

Botryococcus braunii, Spirulina platensis (Sydney et al.

2010), Chlorocuccum littorale (Ota et al. 2009),

Nannochloropsis oculata (Chiu et al. 2009). These

studies have mainly focussed on the effect of various

concentrations of CO2 on biomass production. The CO2

sequestration process is also a function of light as well as

temperature, pH and flow rate (Yue and Chen 2005).

The exhaustive use of fossil fuels for the production of

energy has led to the global energy crisis and the demand

for energy is growing worldwide particularly in many of

the rapidly developing countries such as China and India.

Considerable amount of food crops which include sugar-

cane, maize, wheat, soybean, palm oil and sunflower oil

and their products are being used for the production of first

generation biofuels. Unfortunately biofuel derived from

food crops, waste cooking oil, edible oil and other veg-

etable oils are not enough to meet the increasing demand

for transport fuels (Ghosh et al. 2016). Moreover, biofuels

from food crops also contribute to land clearing if they are

produced on cropland or on newly cleared lands (Chisti
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Fig. 1 Graph showing the increasing level of CO2 since 1965

globally. The graph depicts that the growth rate of CO2 in emissions

over the past decade is faster than that of previous decades—

indicating that CO2 emissions have accelerated in recent years. Since

2002, 1 billion incremental tonnes have been added three times: In

2003, 2004, and 2010 (Solomon et al. 2007)

Fig. 2 Schematic

representation of the various

techniques used for CO2 capture

(Source: Rao and Rubin 2002)
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2007; Nepstad et al. 2008). Hence, biofuel produced from

the captured CO2 via microalgae could be one of the

potential options to reduce the utilization of food-based

lignocellulosic biomass.

Microalgal strains like, Synechococcus sp. PCC7942

(Silva et al. 2014), Schizochytrium mangrovi PQ6 (Hong

et al. 2013), Chlorococcum parinum (Feng et al. 2014),

Chlorella vulgaris (Cheirsilp et al. 2011) have been

reported as potential biodiesel feedstock. Many factors

influence the lipid accumulation and cell growth of

microalgae, such as CO2 concentration, light intensity,

temperature and nutrition. Nitrogen and phosphorus are the

most crucial elements in the nutrition. It has been reported

that nitrogen deficiency leads to higher amount of lipid

production in microalgal cells.

The most understudied methods for CO2 capture is the

use of the biological route through microalgae in which

CO2 is directly converted to biomass from point source

emissions of CO2 in specially engineered systems such as

photobioreactors (PBRs). Carbon fixation by phototrophic

algae has the potential to diminish the emitted CO2 into the

atmosphere and thus curtail global warming (Salih 2011).

Microalgal bio-fixation of CO2 in photobioreactors is a

promising approach for higher biomass and biofuel pro-

duction. The utilization of photobioreactors for capturing

CO2 by microalgae offers principal advantages of higher

microalgal productivity due to controlled environmental

conditions with optimized space or volume utilization

hence, more efficient use of costly land. Thus, microalgae

can serve a dual purpose of mitigating global warming

through CO2 fixation and generating renewable fuel to

satisfy the ever-increasing energy demand.

Biofuel from microalgae appears to be a suit-

able worldwide solution towards the replacement of con-

ventional fuels such as petrol and diesel. The estimated

annual consumption of petroleum in India is about 120

million tonnes per year and only microalgae have the

capacity to satisfy this huge demand for petroleum (Dar-

zins et al. 2010). It has been estimated that almost 21% of

the available agricultural land is required for biodiesel

production from crops such as soybean or palm to yield oil

enough for replacing the petro-diesel, which is not feasible

for the developing countries like India. However, if

microalgae can be used less than 2–3% of the total crop-

ping land would be required owing to its high yield of oil

per acre of cultivation (Bajhaiya et al. 2010).

This review work attempts to address the potential

application of microalgae for the biological CO2 capture

and production of biodiesel both in open ponds and pho-

tobioreactors. The essential factors which govern biofuel

production such as temperature, light intensity, pH, carbon

uptake, oxygen generated, mixing rates and nutrient uptake

have been discussed. It also gives a clear view of the

national and international specifications for making biofuel

a reality.

Current scenario of biofuel production

from microalgae

Currently, energy generated from fossils fuels is about 90%

and only 10% of energy is produced from renewable

energy sources (Demirbas 2010). Based on the ever-in-

creasing energy demand it is predicted that the conven-

tional oil reserves will vanish after 2050 (Chen et al. 2011).

So, there is an urgent need to develop alternate energy

sources towards the mitigation of the energy crisis.

Potential research is being carried out to wipeout

dependency on non-renewable energy sources and utilizes

renewable biofuels or bio sourced fuels. Biofuel includes

biomethanol, bioethanol, biobutanol, biomethane, biohy-

drogen, biodiesel, etc. (Owolabi et al. 2012). Biodiesel is

an immediate option as a renewable fuel source as it con-

tains no sulphur or aromatics and the burning of biodiesel

results in substantial reduction of emission of unburned

hydrocarbons, carbon monoxide and particulate matter

(Ananadhi and Stanley 2012). Attempts have been made to

produce biofuel from agricultural crops but the ‘food or

fuel’ controversy compels us to find an alternative source.

The alternative source is microalgae since it has a fast

growth rate and eliminates the food or fuel controversy.

Green microalgae produce a higher quantity of biofuel

in comparison to blue-green algae. Chlorella sp., Chloro-

coccum sp. and Neochlorosis oleabundans are found to be

potential biodiesel feed stocks. However, Haematococcus

pluvialis, a red microalga also seems to be a good option

for biofuel production (Lei et al. 2012). The production of

various types of biofuel greatly depends on feedstock

availability and the technological options that can be

implemented. The production of biofuel from microalgae is

confined to laboratories and small industries at this time.

According to many researchers use of algal biofuels

could reduce the Green House Gas emissions from

101,000 g of CO2 equivalent per million British thermal

units (BTU) to 55,440 g (Rittmann 2008). According to

United States Environmental Protection Agency Act bio-

diesel produced from microalgae has the potential to meet

the Renewable Fuel Standard (RFS 2007) requirement of

Environment Protection Agency (EPA). According to RFS,

under the Energy Independence and Security Act of 2007,

15.2 billion gallons of domestic alternative fuels could be

produced per year with 50% less emission of life-cycle

GHG than petroleum-based transportation fuels (Santana

et al. 2012; Renewable Fuel Standard Program (RFS2)

regulatory impact analysis. U.S. Environmental Protection

Agency 2010; National algal biofuels technology roadmap:

a technology roadmap resulting from the national algal
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biofuels workshop (DOE/EE-0332) U.S. Department of

Energy 2010). Therefore, microalgae can serve as a feed-

stock for large-scale biodiesel production (Li et al.

2008a, b).

Algal biology

Microalgae are microscopic and found in fresh water and

marine ecosystems. They are unicellular species which

exist individually or in groups. Microalgae are capable of

performing photosynthesis using the green house gas CO2

and growing photoautotrophically. They are known to

produce almost half of the atmospheric oxygen. The

microalgal biodiversity is massive and they represent an

almost untapped resource. Most of the microalgal species

produce unique products like carotenoids, antioxidants,

peptides, fatty acids, toxins and sterols. All the carbons

fixed by a microalgal species are stored in the cell as

proteins, starch and lipids. Hence, microalgae are the

excellent candidates for the generation of biofuel.

Algae reproduction generally takes place by three ways:

Vegetative, Sexually, or Asexually. Vegetative reproduc-

tion occurs merely by binary fission. Asexual reproduction

is achieved by the formation of various types of spores like

aplanospores or autospores. In sexual reproduction, the

exchange of genetic materials occurs, forming new com-

binations. This process is governed by three basic methods:

Isogamy, Anisogamy and Oogamy which leads to the

formation of a zygote. Sexual reproduction does not occur

in certain classes like Cyanophyceae. The exchange of

genetic material can occur by the formation of conjugation

tubes. The two different types of conjugation tube forma-

tion are scalariform and lateral conjugation.

A considerable amount of investigation is being carried

out around the world and researchers have found suit-

able microalgal strains that can fix CO2 directly from flue

gases and produce biofuel from them. Certain microalgal

species including Galdieria partita, Chlorella kessleri,

Chlorella sp. T-1, Chlorella KR-1, Chlorella emersonii,

Chlorella HA-1, Chlorella ZY-1, Chlorococcum littorale,

Synechococcus PCC7942, and Nannochloropsis oculata

(Ono and Cuello 2007; Kurano et al. 1995; Maeda et al.

1995; Sung et al. 1998; Yanagi et al. 1995; Morais and

Costa 2007a, b; Iwasaki et al. 1998; Kajiwara et al. 1997;

Hsueh et al. 2009) can be used to capture carbon dioxide

from power plants. An assortment of studies has been

performed to study the effect of various CO2 concentra-

tions on the biomass and biofuel production rate among

different microalgal species. Bio-ethanol has also been

produced by Spirogyra sp. along with fermentation by

Zymomonas mobilis and Saccharomyces cerevisiae (Sul-

fahri et al. 2011). Microalgal species like, Chlorella

sorokiniana BTA 9031 isolated from rare sampling sites

like coalmines have been utilized for capturing CO2 and

further for biodiesel production from the captured CO2

(Mondal et al. 2016a, b).

Photosynthesis and photo oxidation of water

Photosynthesis is a process carried out by some bacterial

species, algae and higher plants. It refers to the method by

which these organisms convert the energy of light into

chemical energy by harvesting light to drive CO2 fixation.

In this way, carbon is recycled from the atmosphere into

biomass. A supplementary feature of photosynthesis as

carried out by algae is the water-splitting reaction, resulting

in the production of oxygen. The photosynthetic reaction

takes place in specialized organelles known as chloroplasts.

Photosynthesis is carried out in two separate series of steps

namely, the biophysical and biochemical reactions. The

biophysical reactions take place in the thylakoid discs

present in the chloroplasts. It refers to the absorption of

photons of light by chlorophyll and accessory pigments

such as carotenes and xanthophylls. The water is oxidized

and oxygen is released (Fig. 3). In this reaction, Adenosine

triphosphate (ATP) and reduced nicotinamide adenine

dinucleotide phosphate (NADPH) are formed from the

electrons freed from water molecules. The energy produced

in the form of ATP and NADPH is used to fix CO2 in the

dark reactions. The biochemical reaction occurs in the

stroma and the products formed are mainly sugar mole-

cules with some other organic molecules required for cell

function and metabolism.

Bio-sequestration of CO2

The CO2 from the atmosphere gets sequestered during the

process of photosynthesis which is performed by microal-

gae to produce food. There are two methods by which

green plants fix CO2 from the atmosphere viz., C3 and C4

pathways. The C3 plants comprise about 250,000 species

and C4 plants have 7500 described species. Most algae use

the C3 pathway (Calvin Cycle) for CO2 fixation. In this

pathway, CO2 is combined with a 5-carbon compound to

yield two 3-carbon compounds. The enzyme that catalyzes

this reaction is Ribulose-1,5-bisphosphate carboxylase/

oxygenase (RuBisCo). Most algae are photoautotrophs,

which mean that they can derive the whole energy required

from photosynthesis and all of their carbon requirements

from the fixation of CO2.

On the other hand diatoms along with terrestrial crop

plants (including maize, sugarcane and millet), are known

as C4 plants because they use a different pathway for CO2

fixation. Rather than using RuBisCo to form two three-

carbon compounds, C4 plants combine CO2 with a three-
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carbon compound to yield a four-carbon compound

reducing energy losses due to photorespiration and

improving the efficiency of CO2 fixation. It has been esti-

mated that C4 plants have twice the photosynthetic effi-

ciency of C3 plants, though this difference becomes less

remarkable under high CO2 conditions. The fixed CO2 is

stored in the algal cells as carbohydrates and lipids. C4

plants use an additional cycle (the Hatch Slack cycle) to the

Benson Calvin cycle. This additional cycle promotes a pre-

acquisition of CO2 in the form of a four-carbon compound,

which is performed by the phosphoenolpyruvate carboxy-

lase (PEPcase) enzyme. Products formed from this reaction

are used to enrich the CO2 concentration at the site where

RuBisCO is present (the carboxylation enzyme of the

Benson Calvin cycle), avoiding, by this way, occurrence of

photorespiration.

The uptake of CO2 by the microalgal cells is facilitated

by the extracellular carbonic anhydrase (CA) enzyme. It is

considered to be the probable key enzyme of the carbon

concentration mechanism. The enzyme is widely dis-

tributed among both micro and macroalgal species. It cat-

alyzes the reaction between HCO3 and CO2 thus, helping in

the uptake of CO2 (Sultemeyer 1998). Moroney and

Ynalvez (2007) has also proposed a similar CO2 concen-

trating mechanism in Chlamydomonas reinhardtii.

In some cases, different forms of extracellular and

intracellular CA have been found to occur in the same cell.

The inorganic carbon present in the medium controls the

genes that codes for the CA isoforms. Hence, the activity of

CA increases with the decrease in concentration of the

inorganic carbon content of the medium (Sultemeyer

1998). CA is required in C4 photosynthesis to convert CO2

to HCO3 in the cytosol, and thus supply PEP carboxylase

with substrate. The existence of CA has been proven by the

evidences collected from the experiment carried out with

CA inhibitors. While CA activities have been examined in

a number of micro and macro-algae, most of the current

understanding of the role of CA in algae has arisen from

studies of the model green alga Chlamydomonas rein-

hardtii (Badger 2003).

The possible roles of algal cell CA in CO2 concentrating

mechanisms are:

• Promoting active and passive carbon uptake from the

environment.

• Delivering externally available CO2 to Rubisco.

• Preventing the leakage of CO2 from the sites of high

CO2 concentration in the cell.

A considerable amount of research has been performed

on the CO2 mitigation capabilities of some selected

microalgal species, the results has been summarized in

Table 1. In the CO2 capturing experiments the concentra-

tion of CO2 is generally regulated by controlling the flow

rates of CO2 with a gas mass flow controller that is mon-

itored by an online CO2 analyzer. In the experiments of

Yue and Chen (2005) with Chlorella, ZY-1 high growth

rates and cell concentrations were observed at 30 and 50%

CO2 concentrations in the incoming air. At 70% CO2

concentration strain ZY-1 grew and reached 0.766 g L-1

after 6 days of cultivation which was seven times higher

than the inoculum cell mass of 0.1 g L-1. Whereas

Kodama et al. (1993) reported that Chlorococcum littorale
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(a highly CO2 tolerate microalgal strain) had no growth at

70% CO2. The Chlorella, ZY-1 strain also exhibited a

broad range of response against pH values, it grew well

between pH 4–6 and best in pH 5.0. pH of the medium was

reported to rise up to 7.0 at 6th day of cultivation as no

measure was taken to control the pH. These results indi-

cated that strain ZY-1 has greater tolerance to high CO2

concentrations and this property can be used to sequester

stack gases from thermal power plant.

A microalgal strain Scenedesmus obliquus SA1, isolated

from a fresh water body in Assam, India was found to be

tolerant to 13.80% CO2 and 40 �C temperature. The stack

gases that are released from the industries are very hot and

the percentage of CO2 present in it is around 12–14%

hence, authors used 13.8% of CO2 in the incoming air for

growing Scenedesmus obliquus SA1. So, it is very impor-

tant for the CO2 sequestrating microalgal species to also be

tolerant to high temperatures. Hence, the strain found by

Basu et al. (2013) has proved to be a potential strain for

CO2 mitigation of the stack gases. Both the studies used

pure CO2 to generate flue gas by mixing it either with air or

inert N2, but the effect of heavy metals and other particu-

late matter on the growth of these species was not studied

by any researchers.

Most of the work done on CO2 capture by microalgae

focussed on lower CO2 concentrations (below 20%). The

effects of the CO2 concentrations from 5 to 50% on the

growth rate and the productivity of intracellular fatty acids

of microalgae have been investigated and it has been

concluded that the fatty acid composition and content of

microalgae varies significantly (Ota et al. 2009).

One of the main advantages of using microalgae for CO2

capture is that there is no need for the further disposal of

the trapped CO2. Carbon fixed by microalgae is incorpo-

rated into carbohydrates and lipids which can be used for

the production of chemicals, foods, or biofuel from the

microalgal biomass (Yue and Chen 2005).

Bio-ethanol can also be produced from different bio-

mass feedstock with higher amount of carbohydrates.

Brazil and United States are the two main bio-ethanol

producing countries in the world with 62% of the world

production from sugar cane. Microalgae have gained a

great attention in the field of bio-ethanol production.

Microalgae contain polysaccharides like starch, sugar and

cellulose which can be used for the production of bio-

ethanol after fermentation. Chlorella sp., Dunaliella sp.

and Scenedesmus sp. are some of the microalgal species

which have been reported to possess high amount of starch

which can be utilized for bioethanol production (Ozcimen

and Inan 2015).

Lipid biosynthesis in algal cells

Triglycerides (TAG) are the most common lipids found in

algal cells formed from fatty acids and glycerol. These

lipids are used by algal cells as a storage compound and are

similar to the lipids found in vegetable oil. In addition to

TAGs, algae produce a number of other lipid types

Table 1 Biomass production and carbon capturing capabilities of various microalgal species

Microalgal species Cultivation system Biomass

productivity

(g L-1 day-1)

Initial CO2

concentration (%)

CO2 fixation rate

(g L-1 day-1)

References

Chlorella vulgaris Vertical tubular bioreactor 2.03 2 0.43 Yeh and Chang (2011)

Chlorella kessleri Batch, conical flask PBR 0.87 18 0.163 Morais and Costa (2007b)

Chlorella sp. Semi-continuous PBR 1.21 2 – Chiu et al. (2008)

0.062 5

0.106 10

0.099 15

Scenedesmus obliquss Erlenmeyer flask 0.142 13.8 0.253 Basu et al. (2013)

Chlorococcum littorale Vertical tubular PBR 0.120 – 0.20

Chlorella sorokiniana. Airlift PBR 0.338 5 0.619 Kumar and Das (2012)

Botryococcus

braunii SI-30

Batch PBR 1.1 – 1 Murakami and

Ikenouchi (1997)

Anabaena sp. ATCC

33047

Continuous bubble column 0.31 0.2 1.45 Lopez et al. (2009)

Spirulina platensis Fermenter 2.18 5 0.32 Sydney et al. (2010)

Haematococcus

pluvialis

Outdoor 0.076 16–34 0.143 Huntley and Redalje (2007)
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including phospholipids (polar lipids, which are composed

of two fatty acids and a phosphate group on glycerol, it an

essential component of the cell membrane), glycolipids

(composed of a glycerol molecule combined with two fatty

acids and a sugar molecule, e.g. galactosyldiacylglycerides,

found in chloroplast membranes) and sulfolipids (sulphate

esters of glycolipids which are also found in chloroplast

membranes).

The main biological functions of lipid molecules are

energy storage and cell signaling. The biosynthesis process

consists of three independently regulated steps:

(i) the synthesis of fatty acids in the plastids,

(ii) formation of glycerol-lipids in the endoplasmic

reticulum (ER),

(iii) Packaging into the oil bodies.

The synthesis of fatty acid as shown in Fig. 4 is cat-

alyzed through multifunctional enzyme complex acetyl-

CoA carboxylase (ACCase) which produces malonyl-

coenzymeA from acetyl-coenzymeA and bicarbonate

(Maity et al. 2014).

Acetyl CoA Carboxylase (ACC) is one of the most

important biomolecules required for biofuel formation. It is

a multi-subunit enzyme found mostly in prokaryotes and in

the chloroplasts of plants and algae. This enzyme catalyzes

the irreversible carboxylation of acetyl-CoA to produce

malonyl-CoA through its two catalytic centres, biotin car-

boxylase (BC) and carboxyl transferase (CT). In eukaryotic

species it is present as a huge, multi-domain enzyme in the

endoplasmic reticulum. The function of ACC is to provide

the substrate for malonyl-CoA that is required for the

biosynthesis of fatty acids.

The lipid content in algae can range from 1 to[50% and

can vary greatly with growth conditions. High levels of

TAGs are seen mostly in eukaryotic algae and are not

common in cyanobacteria or other prokaryotes in general,

though some bacteria have been shown to produce up to

87% of their dry weight as TAG (Darzins et al. 2010).

Schenk et al. (2008) and Vince et al. (2012) have

reported that the lipid content of microalgae was 10–30%

of the dry weight under optimal growth conditions but in

some oleaginous species the lipid content increased up to

60–80% of dry weight when they are exposed to stress

conditions such as nutrient deprivation and high light

intensity. The fatty acid profiles of some microalgae are

summarized in Table 2.

Oil producing microalgal strain selection

It is noteworthy that successful commercial microalgal

growth essentially requires the development of strains and

conditions for culture that allow rapid biomass production

with high lipid content and minimal growth of contami-

nating strains. Established strains from culture collections

are advantageous as they are readily available as pure

culture along with prior knowledge on the strain of choice.

Isolation and screening of novel native algae allow the

selection of strains adapted to particular climate, water

chemistry and other selective conditions such as extremes

of pH, temperature, salinity, or ability to grow with flue gas

as the CO2 source. Strains that have already shown some

promise for lipid productivity may be further improved

through the classical genetic techniques of mutagenesis and

breeding. The application of genetic engineering tech-

niques and modern methods of systems to biology like,

genomics, proteomics, transcriptomics and metabolomics

for improvement of the microalgal strain has considerable

promise. Thus, selecting the right strain is a very important

task for the synthesis of microalgal biofuel.

When comparing different microalgal types, the lipid

production rate (mg L-1 day-1) in green microalgae is

much higher than those of red or blood-red microalgae.

The lipid productivity of C. protothecoides, C. vulgaris

CCAP 211/11b, N. oculata NCTU-3 and N. oculata was

found to be[100 mg L-1 day-1. Whereas in the contest of

lipid content (% dry weight biomass) and productivity C.

protothecoides, N. oculata NCTU-3 and N. oleoabundans

have exhibited more efficient productivity than others. The

lipid content (% dry weight biomass) can be summarized in

the order of: green algae[Yellow-green algae[ red

algae[ blood-red algae[ blue-green algae and lipid pro-

ductivity (mg L-1 day-1) was observed in the order of:

green algae[ red algae (Ota et al. 2009).

Calvin Cycle
CO2

3PGA

Glucose
-6-phosphate

Pyruvate

Acetyl-CoA

Malonyl-ACP

Malonyl-CoA

Acyl-ACP

3-Ketoacyl-
ACP

3-Hydroxyacyl-
ACP

trans-
Enoyl-ACP

Free fatty acids

Free fatty acids

CoA

Acyl-CoA

TAGs

Cytosol

Chloroplast

Nucleus

CO2

PDH

KAS

MAT

ACCase

ENR

HD

KAR

FAT

ER

Fig. 4 Schematic representation of microalgal lipid biosynthesis. The

enzymes are shown in red. Free fatty acids are synthesized in the

chloroplast. The TAGs are assembled at the Endoplasmic Reticulum

(ER). ACCase acetyl-CoA carboxylase, ACP acyl carrier protein, CoA

coenzyme A, FAT fatty acyl-ACP thioesterase, PGA phosphoglycer-

aldehyde, HD 3-hydroxyacyl-ACP dehydratase, ENR enoyl-ACP

reductase, KAR 3-ketoacyl-ACP reductase, KAS 3-ketoacyl-ACP

synthase, MAT malonyl-CoA ACP transacylase, PDH pyruvate

dehydrogenase complex, TAG triacylglycerols
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Bioactive molecules

Microalgae are prolific producers of natural products. They

are not limited to biofuel production only. Through pho-

tosynthesis, microalgae process more than 25% of the

annually available inorganic carbon into carbohydrates

which serve the other levels of the trophic networks.

Microalgae synthesize bioactive molecules such as lipids

and pigments that exhibit clinical properties (Mimouni

et al. 2012). Some of the bioactive compounds are listed in

Table 3. These bioactive compounds are produced when

the microalgae are exposed to abiotic stresses, such as

nutrient starvation, low temperatures and UV irradiation. A

phenotypically altered mutant of cyanobacterium Syne-

chocystis sp. was isolated using chemical mutagenesis and

penicillin selection. The strain showed a significant

increase in the phycobiliprotein content. The strain could

be used for the production of natural colouring agents such

as phycobilins (Prasanna et al. 2003). Red microalgae also

possess the characteristic pigment phycobiliproteins, which

are natural colourants used in pharmaceutical and cosmetic

industries. Spirulina (Arthrospira), is grown commercially

in open ponds as it is an excellent source of C-phycocyanin

(Sekar and Chandramohan 2008). Novel bioactive chemi-

cal compounds like carrageenans, fucoidans and ulvans

have been isolated from microalgae. Antioxidants and

anticancer effects of these compounds are in experimental

trials. Carotenoids are yellow to red pigments responsible

for colouration in fruits and vegetables. D. salina and H.

pluvialis has the highest beta-carotene and astaxanthin

content, respectively, of any organism (Borowitzka 2013;

Cysewski and Lorenz 2004). Carotenoids are used as

antioxidants as they are found to reduce the risk of car-

diovascular diseases and certain types of cancer like, lung

and breast cancer (Gouveia et al. 2010). Microalgal culture

systems are used for the production of long chain omega-3

polyunsaturated fatty acids which are important human

growth supplements. Since, the biofuel is a low-value

product it has been proposed that commercially viable

biofuel production can only be possible if the other valu-

able components of the microalgal biomass are exploited

and extracted as co-products (Wijffels and Barba 2010).

Microalgal cultivation

Microalgae can be grown in open culture systems such as

raceway ponds and also in highly controlled closed culture

systems like photobioreactors. The growth of microalgal

biomass requires light, carbon dioxide, water, organic salts

and appropriate temperature. The open systems comprised

of ponds containing growth medium, constructed in rows

on large areas exposed to sunlight. Rotating paddles are

generally used to provide turbulence in the algal suspen-

sions. Maintaining the appropriate supply of CO2 is a very

critical factor in open ponds systems and it is maintained

by pH–stat, which warrants both provisions for CO2 and

optimum pH of the culture simultaneously. Closed systems

Table 2 Summaries of fatty acid profiles of microalgal species (Sung et al. 1999)

Microalgal species Saturated (%) Monounsaturated (%) Polyunsaturated (%) Other (%)

Chlorella vulgaris 21 14 51 14

Neochloris oleoabundans 18 18 44 20

Phaeodactylum tricornutum 24 25 31 20

Nannochloropsis granulate 21 29 32 18

Isochrysis galbana 32 29 36 3

Botryocococcus braunii 0 74 8 18

Table 3 Some of the bioactive compounds obtained from microalgal species and their uses

Microalgal species Bioactive compounds Biological activity

Haematococcus Astaxanthin Anti-aging agent

Dunaliella Beta-carotene Anti-cancer agent, coronary disease prevention

Arthrospira Phycocyanin Anti-oxidant

Nannochloropsis Riboflavin Micronutrient

Tetraselmis a-Tocopherol Anti-oxidant, Anti-inflammatory agent

Phacodactylum Eicosapentanoic acid Nutraceuticals
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are those where growth medium is isolated from the

environment and allows exhaustive control of operating

conditions. The open systems have many disadvantages

when compared to the closed systems. In open systems,

biological contamination from the external environment is

high and it causes mutation (Znad et al. 2012). Closed

systems have less chances of contamination and are easy to

monitor as they require less space but they are not cost

effective (Campo et al. 2007).

Open pond cultivation

The choice of cultivation system depends on two factors

such as cost and reliability (Odlare et al. 2011). Open pond

cultivation can be set up in the form of large tanks or

raceway systems. The open pond systems are usually

cheaper and simpler because old water tanks can be mod-

ified for growing microalgae. Nevertheless, evaporation

and culture control remain a challenge in open ponds. Open

Culture systems are the main systems used to produce

microalgae commercially. It is considered to be the most

economical culture systems for large-scale microalgal

cultivation. However, its lower biomass productivity is a

grave shortcoming bearing in mind the competition of land

for traditional crops when commercial developments of

microalgae biofuel are promoted. Open ponds have the

widest application because they are relatively simple to

construct, with low-cost operation and maintenance

(Borowitzka 1999; Barbosa et al. 2003).

The illumination intensity of the pond with water-level

higher than 200 mm is below the photo-compensation

point for algae nil growth except in the upper thinnest layer

(Doucha and Livansky 2006). As a result, growth of

microalgae is limited. Thorough mixing may improve the

light path increasing the cultivation efficiency. Hence,

sunlight is the most predominant factor to influence the

growth of microalgae in a pond culture.

Many methods have been developed to increase the

cultivation efficiency of the open pond systems. Open

ponds have been equipped with new techniques for proper

mixing and CO2 mass transfer in the pond. Chen et al.

(2013) studied the effect of light/dark cycle in an open

pond but with forced light and dark cycles. A biomass

productivity of 36.5 g-2 day-1 for Scenedesmus dimor-

phus was achieved in the laboratory. Whereas biomass

productivity of outdoor cultivation practice with the forced

light/dark cycles were 28.5 g-2 day-1, which is double the

value obtained by usual open pond cultivations with 250 or

50 mm water depth without forced circulation.

The productivity of open pond microalgae cultivation

systems is strongly correlated to the location of the pond,

the layout of the pond system, microalgae species and

weather conditions. Studies have been done with two algal

species using the measured weather data for Netherlands

and Algeria. The calculation-based results showed that

climate conditions such as temperature changes and solar

irradiation play very important roles in open race-way

ponds. However, there are numerous limitations in open

pond culture systems:

(i) poor utilization of light by microalgae cells,

(ii) high evaporation,

(iii) low mass transfer,

(iv) loss or diffusion of CO2 into the atmosphere,

(v) amount of land required

(vi) chemical and biological contamination in the pond.

Hence, it is necessary to select algal species which have

a suitable growth rate, light absorption coefficient and have

the capability to grow over a broad temperature range

(Carlos et al. 2003).

The various seasons have a significant effect on the pond

culture systems. An optimized secondary wastewater and

25% liquor medium was used to study the capability of C.

luteoviridis and P. hussii for full seasonal cultivation in a

150 L open pond in a temperate climate. Growth was

observed for both species throughout the year but growth

rate, productivity and remediation characteristics were at

the peak in summer and spring (Osundeko and Pittman

2014).

In spite of the many advantages of the open pond sys-

tems, closed photobioreactors have become more popular

because of the high photosynthetic efficiency and biomass

productivity. Photobioreactors enable us to control the

environment in which microalgae are cultivated and

maintain the purity of the species.

Photobiorectors

A photobioreactor is principally a bioreactor in which an

illuminating source is incorporated so that the organisms

growing in it can grow by utilizing the light energy.

Bioreactors suitable for CO2 sequestration have the flexi-

bility of using CO2 rich gas as a means of mixing and as a

source of CO2 for the growth of algae. Agitation can be

done non-mechanically or mechanically by bubbling CO2

rich inlet gas into the photobioreactor. High mass transfer

is the requisite criteria for the bioreactors designed espe-

cially for CO2 sequestration. CO2 from the gaseous phase

transfers into the algal cell through the lipid phase

increasing the resistance to mass transfer. Unlike open

ponds, photobioreactors can ensure the growth of a single

alga species without the interference or competition from

other species (Das 2015).

Closed systems can be classified as horizontal tubular

photobioreactors; stirred photobioreactors; airlift and bub-

ble column photobioreactors represented in Fig. 5. The
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advantages and disadvantages of the respective PBRs are

summarized in Table 4.

Among the different PBRs available for microalgal

biomass production, the airlift reactor seems the most

suitable reactor for flue gas CO2 sequestration. High gas

transfer, uniform mixing, low hydrodynamic stress, and

ease of control are the characteristic advantages of this

reactor. But, none of these configurations present in the

bioreactor can effectively control all the various parameters

that are required for utmost microalgal growth, metabolic

activity, and bio-fixation of CO2 particularly at large scale

production process.

Factors affecting PBR cultivation

Temperature

Temperature is one of the major factors responsible for

microalgal growth particularly cellular morphology and

physiology. The metabolic rates of microalgae are

generally accelerated by higher temperatures, whereas

inhibition of microalgal growth is caused by lower tem-

peratures (Kumar et al. 2011). The optimal temperature for

growth varies among microalgal species ranging from 15 to

26 �C (Znad et al. 2012) If the microalgae culture is fed

with flue gas, then thermophilic organisms are required for

CO2 bio-sequestration. Since, Flue gas temperature can be

as high as 120 �C.

pH

Most microalgal species favour neutral pH, except for the

marine species, which prefer pH values from 8.0 to 8.4.

Some species like Spirulina platensis can even tolerate up

to pH 9. Higher biomass productivity can be obtained by

increasing the CO2 concentration but when the CO2 con-

centration is elevated the pH of the media drops down to 5

which can affect the microalgal physiology adversely

(Kumar et al. 2011). In the studies of Basu et al. (2013) the

pH values decreased from pH 9.1 to pH 5.3 for S. obliquus

Fig. 5 a–d Diagrammatic representation of the different types of photobioreactors used for microalgal cultivation
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and from pH 8.7 to pH 5.3 for C. pyrenoidosa when the

CO2 concentration was increased from 0.03 to 50%. The

decrease in pH also decreases the activity of extracellular

CA (Martin and Tortell 2008; Xia and Gao 2005).

Moheimani (2005) analyzed the effects low pH, resulting

from CO2, which inhibited the algal growth. The maximum

productivities of Pleurochrysis carterae in a plate photo-

bioreactor was found to be in the pH range of 7.7–8.0 and

in an outdoor raceway pond was pH 9.1–9.6. Depending

upon the pH, the functional groups present on the surface

of the cell may be or not protonated and thus may con-

tribute to autoflocculation of algal cells naturally without

any aid from agents (González-Fernández and Ballesteros

2013). So, it is very important to keep the pH of the media

constant using buffered solutions. Sometimes the rise in pH

can be beneficial for the inactivation of pathogens in

microalgal culture.

Light

Light is the energy source for phototrophic microorgan-

isms. Optimum light intensity is necessary for CO2 fixation

and biomass generation. Light becomes the limiting factor

for the microalgal productivity if it is below the optimum

range. While exposing cells for longer duration to high

light intensity causes photoinhibition. Znad et al. (2012)

reported good microalgal growth rates under a light

intensity of 4000 lmol m-2 s-1. Periods of low light

intensity significantly increases growth, CO2 assimilation

and lipid productivity in microalgae.

Carbon uptake

Microalgae posses a great ability to fix atmospheric CO2.

Generally the CO2 sources for microalgae include

atmospheric CO2, CO2 from industrial exhaust gas; and

chemically fixed CO2 in the form of soluble carbonates

(NaHCO3 and Na2CO3) (Kumar et al. 2010). Microalgal

cells preferentially uptake HCO3- over CO2 despite the

fact that former is a poor source of carbon than the latter.

Algal cells can tolerate CO2 up to a certain level after

which it becomes detrimental for the growth of the cells

because the environmental stress induced by the higher

CO2 concentration causes biological reduction in the

capacity of algal cells for CO2 sequestration (Kumar et al.

2011). When Chlorella sp. BTA 9031 was cultivated in a

tubular photobioreactor it produced a biomass concentra-

tion of 0.95 g L-1 and accumulated 25% of lipid as a

percentage of dry cell weight using 3% (v/v) of CO2 sup-

plied from the base of the photobioreactors (Mondal et al.

2016b).

Oxygen generated

The water splitting activity of photosystem II is responsible

for the oxygen evolution during photosynthesis. Trapped

oxygen in the liquid culture causes toxic effects like photo-

bleaching and reduces the photosynthetic efficiency. An

efficient degassing system is required for the removal of O2

(Kumar et al. 2010). Accumulation of O2 is a serious

problem in reactors with poor gas exchange like horizontal

tubular reactors. It is not a major concern in reactors which

have an open gas transfer area as in stirred tank and vertical

reactors.

Mixing rates

Proper mixing not only promotes uniform mixing of

nutrients, but also in better distribution of light over cells.

Low mixing rates hampers gaseous mass transfer and cause

Table 4 Advantages and disadvantages of different PBRs

Type of

photobioreactor

(PBR)

Advantages Disadvantages

Horizontal tubular

PBR

The shape is itself an advantage for their orientation towards sunlight

which results in high light conversion efficiency

High concentration of dissolved O2 causes photo

bleaching and reduces photosynthesis efficiency

High energy consumption

Strirred PBR Most conventional reactor, agitation is provided with the help of

impellers

CO2 enriched air bubbled through the bottom

Lack of internal light

Low surface area to volume ratio and mechanical

agitation limits its use

Airlift PBR High mass transfer, good mixing achieved

Good for immobilization of algae

Due to its complexity there is difficulty in scaling

up

Bubble column

PBR

Low capital cost, high surface area to volume ratio, lack of moving parts

Satisfactory heat and mass transfer, efficient release of O2

At gas flow rate less than B0.01 m s-1 circulation

flow pattern do not exist because of the lack of

back mixing

Lack of internal light
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biomass settling. Poor mixing also leads to development of

zones with limited light and nutrients and anaerobic con-

ditions are created, which decreases the productivity (Ku-

mar et al. 2011). Conversely, when higher mixing rates are

employed cells can be damaged due to shear force

(Carlsson et al. 2007). High mixing rates require large

energy input. Some of the methods which are used for

mixing microalgal bioreactors are mechanical stirring, gas

injection or pumping.

Nutrient uptake

In addition to carbon, nitrogen is the next most important

element in the nutrient required for microalgal growth

(Becker 1994). Nitrogen is a major constituent of both

nucleic acids and proteins. Sometimes certain fast-growing

microalgal Species prefer to use ammonium as a primary

nitrogen source rather than nitrates (Green and Durnford

1996). When the medium lacks nitrate then intermittent

nitrate feeding will enhance microalgal growth (Jin et al.

2006). It has found that when nitrogen is partially available

in the growth medium microalgae grow at much lower

rates but produce more lipid. Lipids are reserve compounds

manufactured by cells under stress conditions even, at the

expense of lower productivities (Lardon et al. 2009). Pre-

vious studies have shown that under nitrogen (nitrate)

limited conditions, nitrogen metabolism in the algal cell

decreases, contributing to the increased synthesis of non-

nitrogen compounds. Protein synthesis is inhibited due to

the lack of NaNO3 (Mata et al. 2010) Biomass concentra-

tion is reduced to some extent but lipid content increases.

Nigam et al. (2011) reported the same in his study with

Chlorella pyrenoidosa. Reduction of concentration of

nitrogen from 0.4 to 0 g L-1 in the media decreased the

biomass production from 0.315 to 0.075 g L-1 but lipid

content increased by 8% at exponential phase and by 1% in

the stationary phase. By adding trace elements such as Mg,

Ca, Zn, Cu, Mn, Mb and vitamins better cultivation can be

achieved (Becker 1994).

Harvesting of microalgae

The harvesting of algae consists of the recovery of biomass

from the culture broth. It contributes 20–30% of the total

biomass production cost (Mata et al. 2010). Common

harvesting methods include sedimentation, centrifugation

and filtration sometimes with an additional flocculation

step. Flocculation helps to aggregate the microalgal cells

by increasing the effective particle size which eases further

sedimentation and filtration processes. Four primary har-

vesting methods were studied by Weissman and Goebel

(1987) for the purpose of biofuel production: microstrain-

ing, belt filtering, floatation with float collection and

sedimentation. Mechanical simplicity and availability in

large unit sizes made microstrainers an attractive harvest-

ing tool. Recently, very fine mesh polyester screens have

been available which has revived the use of microstrainers

for microalgae harvesting. Alternatively, membrane

microfiltration and ultra-filtration are other promising

alternatives to conventional filtration processes used for

harvesting algal cells.

Processing of microalgal biomass

After harvesting the algal biomass (5–15% dry weight),

must be quickly processed as it has a tendency to spoil after

only in a few hours in a hot climate. Common dehydration

is applied since it increases the shelf-life of the final

product. Several methods like spray-drying, drum-drying,

and sun-drying have been employed for drying microalgal

species like Scenedesmus sp, Chlorella sp and Spirulina sp.

(Richmond 2004). Since, the algal biomass has a very high

water content sun-drying is not a very effective method for

algal powder production. Freeze-drying is a very good

option for drying of biomass but it is not economically

feasible.

Extraction of microalgal lipids

For biofuel production, lipids and fatty acids from the

microalgal biomass need to be extracted. Since the sol-

vent extraction is a quick and efficient extraction method

it is normally used to separate the lipids directly from the

lyophilized biomass. The lyophilization process removes

moisture from the microalgal cells by directly converting

water from a frozen state to a gaseous state without going

through a liquid phase. The cells remain frozen and in a

condition to be directly utilized for extraction. Solvents

such as hexane, ethanol (96%), or a hexane-ethanol (96%)

mixture are generally used (Richmond 2004). The

advantage of using an organic solvent for extraction is

that it has less reactivity with lipids and can be directly

applied to wet feedstock but it is slow and requires a

large amount of expensive and toxic solvents. Ultrasoni-

cation of microalgal cells reduced extraction times and

increases yield. Ultrasound techniques work best at dis-

rupting the tough algal cell-wall of marine microalgae

Crypthecodinium cohnii. The extraction yield increased

considerably from 4.8% (in soxhlet) to 25.9% as the

mechanical effect of ultrasonication promotes the release

of soluble compounds by disrupting cell walls thereby

enhancing mass transfer and facilitating the internalization

of solvent into the cells (Mata et al. 2010; Cravotto et al.

2008).

Literature describes successful extraction of algal lipids

with supercritical fluids, although on a small-scale, and the
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resulting extract converting into biofuel. Supercritical

fluid extraction (SFE) is a promising green and clean

technology that has the potential to replace the conven-

tional organic solvent extraction. The extracting ability of

a supercritical fluid is a function of its density and it can

be adjusted continuously by altering the extraction

pressure and temperature. Physical properties of super-

critical fluids are intermediary between a liquid and a gas

(Santana et al. 2012). The intermediary property allows

rapid penetration of the fluid through cell matrices,

which results in a higher total lipid yield with a shorter

extraction time. The studies performed under various

temperature and pressure conditions are tabulated in

Table 5.

The ability of SFE to operate at low temperatures pre-

serves the algal lipid quality during the extraction process

and minimizes the need for additional solvent processing.

Supercritical CO2 extraction has the potential for the large-

scale lipid extraction from microalgae. It is rapid, non-toxic

and highly selective towards acylglycerols and produces

solvent-free lipids but, the high capital cost and the energy-

need limits the use of this technology.

Recently, injection of supercritical fluid technology is

being carried out for extraction of biodiesel. It is claimed

to be an alternative and innovative approach towards the

efficient extraction of biodiesel from the feedstock.

Similar to the supercritical reaction, the solvent is heated

beyond its critical temperature and injected into the

vessel containing the feedstock (Ang et al. 2014).

Methanol and Ethanol has been successfully used for

supercritical fluid extraction but, these low-carbon alco-

hols are hygroscopic and corrosive with low energy

content. Farobie et al. (2016) suggested the use of

1-propanol as an alternative to methanol and ethanol.

More research needs to be performed and the best

alcohol could be established by comparing the results

obtained from each study.

Conversion of microalgal oils into biofuels

The microalgal lipids which are accumulated as triglyc-

erides can be transformed to fatty acid alkyl esters by

transesterification reaction. This reaction is also known as

the ester exchange reaction of microalgal lipids. The lipid

feedstocks are composed of 90–98% (by weight) of

triglycerides with small amounts of monoglycerides,

diglycerides and free fatty acids (1–5%). Small amounts of

phospholipids, phosphatides, tocopherols, carotenes, sul-

phur compounds and traces of water molecules are also

found (Bozbas 2008). TAGs are stored in the specialized

oil bodies in the cytosol of the cell. They function as the

energy reserve and are more desirable than phospholipids

and glycolipids for biodiesel production as they have

higher fatty acids content and no phosphate (Jin et al. 2006;

Mata et al. 2010).

Transesterification or alcoholysis is a multiple step

reaction in which triglycerides are reacted in methanol in

the presence of a catalyst. Transesterification chemically

means neutralizing the free fatty acids in a triglyceride

molecule by removing the glycerin and creating an alco-

hol ester. In the first step the triglycerides are converted to

diglycerides. Then the diglycerides are converted to

monoglycerides. Finally the monoglycerides are then

converted to esters (biofuel) and glycerol as a by-product.

Equation 2 describes the transesterifcation reaction where

the radicals R1, R2, R3 represent long-chain hydrocar-

bons, known as fatty acids.

Transesterification reactions can be acid or base cat-

alyzed in the presence of methanol to produce corre-

sponding fatty acid methyl esters. It is also recently

believed that enzyme catalyzed transesterification reaction

can increase the yield of biofuel. One such enzyme is the

lipase enzyme. The lipase enzyme is obtained from Pseu-

domonas fluorescence, Candida rugosa, Rhizopus oryzae

and Candida antractica (Teo et al. 2014).
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Effects of various cultivation factors on CO2

sequestration and lipid accumulation by microalgae

A considerable amount of work has been done on CO2

sequestration and biofuel production from microalgal spe-

cies. A high CO2 and temperature tolerant microalgae cap-

able of sequestering CO2 from flue gas was isolated and

identified as Scenedesmus obliquus (KC733762). At

13.8 ± 1.5% CO2 and 25 �C, maximum biomass

(4.975 ± 0.003 g L-1) and maximum CO2 fixation rate

(252.883 ± 0.361 mg L-1 day-1) was obtained which was

superior to many other relevant studies. There exists a rela-

tionship between the biomass concentration and the CO2

fixation rate of the microalgal species. As the biomass con-

centration increasesmore number of cells fix CO2 and hence,

theCO2fixation rate of the culture also increases. The similar

nature was observedwhen the biomass concentration and the

CO2 fixation rate of Scenedesmus obliquus, SA1 was plotted

and represented graphically in Fig. 6.

At elevated temperatures of 40 �C and 13.8 ± 1.5%

CO2 SA1 gave the maximum biomass of

0.883 ± 0.001 g L-1. Therefore, SA1 proved to be a

potential candidate for CO2 sequestration from flue gas, as

well as for the production of biofuel (Basu et al. 2013).

Higher CO2 concentration and aeration also increased the

biomass production and lipid accumulation of Nan-

nochloropsis oculata cultures (Chiu et al. 2009). Similar

results were also obtained for Scenedesmus obliquus and

Chlorella kessleri cultures which were isolated from a coal

fired thermoelectric power plant’s treatment pond located

in Brazil. It was concluded that these microalgae have the

potential to fix CO2 in thermoelectric power plants (Morais

and Costa 2007c).

Better growth of microalgal culture in an airlift biore-

actor was reported (Kaewpintong 2004). Aeration leads to

better mixing of microalgal culture which helps in main-

taining homogeneous conditions. Aerated cultures have

better contact between cells and nutrients. It also prevents

sedimentation. The author has reported that with the

increase in the light intensity the cell density, the specific

growth rate of the cell increased but only up to a certain

limit, above which the growth of microalgal cells were

inhibited. The oxygenic photosynthesis and respiration of

two distinct microalgal biofilms was studied using a

rotating algal biofilm reactor (RABR). Results showed

prominent differences in oxygenic photosynthesis and

respiration based on different culturing conditions,

microalgal composition, light intensity and nitrogen

availability. The net areal rate of biofilm photosynthesis, Pn

(% Pg) for field RABR top biofilm, field RABR bottom

biofilm, laboratory RABR nitrate replete and laboratory

Table 5 Methods and results summary of studies investigating supercritical carbon dioxide extraction of microalgal lipids

Study Microalgal

species

Extraction pressure

or P (bar)

Extraction

temperature or T (�C)
Use of

co-solvent

SC-CO2 flow rate;

extraction time

% of

Lipid

yield

Tang et al. (2011) Schizochytrium

limacinum

350 40 Ethanol

(95%, v/v)

Not specified;

30 min

33.9

Mendes et al. (2006) Spirulina maxima 100, 250, 350 50, 60 Ethanol;

10 mol % of

CO2

Not specified;

Not specified

3.1

Santana et al. (2012) Botryococcus braunii 200–250 50–80 None Not specified

Not specified

17.6

Cheung (1999) Hypnea charoides 241, 310, 379 40, 50 None 1 l min-1; 120 6.7

Cheng et al. (2011a, b) Pavlova sp. 306 60 None Not specified; 100 17.9

Andrich et al. (2006) Nannochloropsis sp. 400, 550, 700 40, 55 None 0.17 kg min-1;

360 min
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Fig. 6 Graphical representation of the relationship between the

biomass concentration and the CO2 fixation rate of Scenedesmus

obliquus, SA1 (Basu et al. 2013)
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RABR nitrate deplete were 3.01 9 10-4 lmol O2

cm-2 s-1 (25.4%), 3.55 9 10-4 lmol O2 cm-2 s-1

(67.9%), 2.31 9 10-4 lmol O2 cm-2 s-1 (30.8%) and

2.41 9 10-4 lmol O2 cm
-2 s-1 (42.3%), respectively. The

respiration in the dark, Rdark were for field RABR top

biofilm, field RABR bottom biofilm, laboratory RABR

nitrate replete and laboratory RABR nitrate deplete were

0.54 9 10-4 lmol O2 cm-2 s-1, 1.11 9 10-4 lmol O2

cm-2 s-1, 0.65 9 10-4 lmol O2 cm-2 s-1 and

0.74 9 10-4 lmol O2 cm-2 s-1, respectively. Areal res-

piration rates in dark were observed to be two times higher

than photosynthesis-coupled respiration rates for the bio-

films at the bottom in contrast to the biofilms on top.

Hence, bottom biofilms appeared to have a higher capacity

for light-independent heterotrophic respiration. According

to Myers and Graham (1971) linear relationship existed

between dark respiration rate and growth rate in microal-

gae, whereas Laws and Wong (1978) reported that in some

cases it has been observed that decrease in the respiration

rates have been observed for some species. The cultures

were also evaluated as potential biofuel sources with the

results of Gas Chromatography (Bernstein et al. 2014).

To study the effect of nitrogen, as well as salt stress on

the proximate chemical compositions, various algal species

were grown autotrophically on a mineral medium con-

taining CO2, bicarbonates and nitrates as carbon and

nitrogen sources. Under non-stressed conditions, Botry-

ococcus sp. contained the highest concentration of lipids.

Green algae, Nitzschia sp. and Isochrysis sp. produced an

average of 23, 12 and 7% per organic weight of lipids

(Richmond 2004). The effect of nitrogen stress on algae

lipid fraction was studied (Thomas et al. 1984), and it was

concluded that cultivation under nitrogen deficient condi-

tions increased the neutral lipid contents significantly for

Botryococcus sp. and Isochrysis sp. But halotolerant spe-

cies like Dunaliella bardawil and Dunaliella salina shifted

towards carbohydrate storage under nitrogen stress. Illman

et al. found that the drop in nitrogen in the medium

enhances the lipid content in five Chlorella strains, among

which C. minutissima, C. vulgaris and C. emersonii gained

an increase in lipid content of 56, 63, and 40% biomass by

dry weight, respectively (Illman et al. 2000). Macedo and

Alegre (2001) also demonstrated that in Spirulina sp lipid

content increased about three times at reduced nitrate

concentration and temperature.

Lipid accumulation can be induced by high iron con-

centration in the marine strain C. vulgaris (Liu et al. 2008).

From this study it was suggested that there are some

metabolic pathways related to lipid accumulation in C.

vulgaris which are dependent on iron or are most likely

customized by growing in a high iron concentration in the

initial medium.

Economic overview

While efforts were being made to commercialise the bio-

fuel conversion process, it was found that huge costs has to

be incurred on the production and downstream processing

(Das 2015). The cost of building a biodiesel plant depends

upon factors like feedstock, location of the plant, plant

capacity, plant design and equipment. When biodiesel is

produced from Soya or rapeseed oil the cost of biodiesel

production increases because the cost of feedstock is the

largest expense. Therefore, use of non-edible feedstock like

jatropha oil reduces the cost incurred on feedstock to a

considerable amount. The economic analysis of Jatropha

biodiesel revealed the cost of production of jatropha ethyl

ester to be 0.40 € per Litre (Nevase et al. 2012) whereas,

the cost of production of biodiesel from palm oil is 0.57 €
per Litre (Chisti 2007). Although the use of non-edible oil

for biodiesel production reduces the cost of production yet,

there are major drawbacks which prevent the industry to

flourish. A jatropha plant takes 2–3 years to grow and

produce seeds. Under such circumstances, the various

advantages of microalgae over other terrestrial crops make

them an interesting perspective for the future. The potential

benefits of microalgal feedstocks for biofuel production are

summarized below:

• Microalgae grow rapidly and have high per-acre

productivity.

• Using microalgae to produce feedstocks for biofuels

production will not compromise with the production of

food.

• Water used to grow microalgae can include waste water

and saline water that cannot be used by conventional

agriculture or for domestic use.

• Microalgae have a tremendous technical potential for

Green House Gas abatement through the process of

biological carbon capture.

• Once the CO2 is trapped with the microalgae there is no

need for further removal of the CO2. The CO2 gets

converted into lipids and carbohydrates.

• A microalgal bio-refinery could produce an array of co-

products including oils, protein and carbohydrates

along with biofuel. Conversion technologies can be

integrated for the production of biofuels including

biodiesel, green diesel, aviation fuel, methane or green

gasoline.

Therefore, microalgae have attracted many industries

for the commercialisation of the biofuel production pro-

cess. Schenk et al. (2008) reported that a sustainable bio-

fuel requires biomass at less than 300 USD ton-1 dry

weight. The biomass production costs for three different

production systems have been calculated by Norsker et al.
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(2011). He stated that the biomass production cost

including the dewatering process for open ponds, hori-

zontal tubular PBRs and flat panel PBRs are 4.95, 4.15 and

5.96 € per kilogram, respectively. If the influential factors

like irradiation, mixing, media constituents are well opti-

mized then the production cost could be reduced to 0.68 €
per kg. At this price microalgae could become a promising

feedstock for biofuel production (Medipally et al. 2015).

There are numerous funding programs created to pro-

mote and assist the use of renewable energy. The sustain-

able development program (SDTC) has applied $500

million to assist the construction of next generation

renewable fuels. The U.S Department of Energy’s Aquatic

Species Program focussed only on biodiesel production

from microalgae. The National Research council of Canada

has provided $5 million to a marine research station located

in Nova Scotia for growing microalgae. In India also huge

amount of money is given by the government towards the

research and development of microalgal biofuels. Many

companies are working together to produce microalgal

biodiesel and cater it to the world. Reliance industries of

India has collaborated with the Algenol, USA and com-

missioned a pilot plant to produce bio-oil in the year 2014

(Algenol and Reliance launch algae fuels demonstration

project in India). Origin oils Inc., Sapphire Energy, Sola-

zyme and Genifuels are some of the other companies

focused on different aspects of microalgal biofuel pro-

duction process.

National and International biofuel specifications

The fuel is a substance which when raised to its ignition

temperature burns producing heat, if sufficient oxygen or

air is available. The substances classified as fuel must

contain the combustible elements like carbon, hydrogen,

sulphur, etc. The scientific community throughout the

world is putting a lot of effort into creating an alternate

energy source which will reduce the use of fossils fuels.

The result of this immense research effort is the generation

of biofuel. The fuel produced from biological sources like

crops, plants or microorganisms is called biofuel. Biofuel

has gained worldwide acceptance as a solution to envi-

ronmental troubles and energy safekeeping. Biodiesel is

non-toxic and biodegradable in nature, and it is registered

with Environmental Protection Agency (EPA) as a fuel and

an additive for fuel. The biofuel produced can be used in

reality only if it possesses the characteristics of the existing

liquid fuel. So, the biofuel must meet certain international

standards like the American Society for Testing and

Materials or the EN14214 in Europe.

Development of the standards for biodiesel started in

1990s to encourage the escalating use of biodiesel based on

alkyl esters and its blends in car engines. ASTM Interna-

tional adopted the PS121 specification for biodiesel in

1999. In October, 2003 EN 14214 biodiesel standard was

finalized based on the former DIN 51606. The US and EU

standards have attained international significance and they

are considered as the basis for the biodiesel specifications

developed in other countries like India. The standard was

prepared keeping in view the application, production and

feed stock availability. Substantial aid has been taken from

ASTM D 6751-02 and EN 14214 while preparing the

Indian standard.

The US specification, ASTM D6751, defines biodiesel

as mono-alkyl esters of long-chain fatty acids derived from

animal fats and vegetable oils. Thus, mono-alkyl esters

could be produced with any alcohol, so long as it meets the

requirements outlined in the fuel specification (ASTM

‘‘Standard Specification for Biodiesel Fuel (B100) Blend

Stock for Distillate Fuels 2002). The European biodiesel

specification, EN 14214, applies only to mono-alkyl esters

made with methanol, fatty acid methyl esters (FAME). The

minimum ester content is specified at 96.5%. The addition

of components which are not fatty acid methyl esters, other

than additives is not allowed (ACEA ‘‘Biodiesel Guideli-

nes’’, European Automobile Manufacturers Association,

Brussels, Belgium 2009). The Indian Biodiesel Specifica-

tion defines biodiesel as a fatty acid alkyl (methyl or ethyl)

ester for use as a blend component (up to 20%) with diesel

fuel meeting the requirements of IS 1460 ‘Automotive

diesel fuel Specification’ (IS 15607: Bio-diesel (B 100)

blend stock for diesel fuel [PCD 3: Petroleum, Lubricants

and their Related Products 2005).

If the biofuel generated from microalgae does not meet

the specifications then, blending with some other fuel may

be required (Fajardo et al. 2007). Al-lwayzy and Yusaf

(2013) prepared a blend of petroleum diesel and biodiesel

from Chlorella protothecoides. The microalgal biodiesel

was obtained after transesterification of the lipid extracted

from the microalgae. The performance of the blend was

determined by examining the emission of a 25.8 kW

agricultural tractor engine. The physicochemical properties

of the blends prepared from microalgae S. platensis bio-

diesel and petro-diesel (B2, B5, B10 and B20) were by

Mostafa and El-Gendy (2013). The characteristics of the

B5-B20 blends corroborated with the petro-diesel marketed

in Egypt. Hence, microalgal biodiesel could be used effi-

ciently by preparing blends with other petro-diesel.

There are also certain guidelines adopted by America

and Europe for making biodiesel/fuel blends. The ASTM

D6751 standard defines two grades of biodiesel since 2012,

grade 2-B (identical to biodiesel defined by earlier versions

of the standard) and grade 1-B (with tighter controls on

monoglycerides and cold soak filterability). The Biodiesel

specifications of America, Europe and India are tabulated
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in Table 6. The guideline for B100 bears resemblance to

the EN14214 but there are also certain notable differences

including:

• the limitation of blends to B5 maximum

• increasing the oxidation stability of B100 to 10 h,

• fulfilling the condition of oxidative stability that

restricts the TAN limit to less than 0.12 mg KOH/g

• setting up a revised sulphated ash limit of 0.005% from

0.02% and redefining the ash limit to 0.001%

• introduction of a ferrous corrosion limit, inclusion of a

ferrous corrosion limit, free water and sediment limit

• stringency in the limits of kinematic viscosity, iodine

number and flash point were declined

• categorization of pumps disposing blends of B5 or less.

Future perspectives

Increasing emission of GHG and rapid depletion of con-

ventional fuels has made microalgal biofuel a more com-

pelling renewable and clean alternative fuel source.

Microalgae have been shown to be a potential candidate for

biological CO2 capture by many researchers. Some strains

of Chlorella sp. were found to capture 40% of CO2, based

on these studies CO2 emissions could be pumped from

industries and power plants through a sparger system at the

bottom of microalgae cultivating open ponds. The captured

CO2 is used by the microalgal cells to produce lipids. The

algal lipids can be extracted and converted to biodiesel to

be used as transportation fuel. Many researchers have

Table 6 Biodiesel specifications and test methods according to ASTM D6751, EN 14214 and IS 15607

Property ASTM D65751-12 EN14214:2012 IS 15607:2005

2-B 1-B Test Test Test

Density 860–900 kg/m3 EN ISO 3675

EN ISO 12185

860–900 kg/m3 ISO 3675

Flash point 93 �C D93 101 �C EN ISO 2719 120 �C
Cetane Number 47 D613 51.0 EN ISO 5165 51 min ISO 5156

Cloud point Report D2500

D4539

Location dependent EN 23015

Ester content 96.5% min EN 14103 96.5% min EN 14103

Water content 500 mg kg-1 EN ISO 12937 500 mg kg-1 D2709

ISO 3733

ISO 6296

Carbon Residue on 10%

distillation residue,

max

0.050%

wt5
D4530 0.050% wt D4530

ISO 10370

Sulphur, max Two grades: S15 15 ppm

S500

0.05%

D5453 10.0 mg kg-1 EN ISO 20846

EN ISO 20884

EN ISO 13032

50.0 mg kg-1 D5453

Polyunsaturated methyl-

esters, max

1.00% wt EN 15779

Monoglycerides,

diglycerides,

triglycerides, max

MG 0.4% wt D6584 MG 0.70% wt

DG 0.20% wt

TG 0.20% wt

EN 14105

Acid value, max 0.50 mg KOH/g D664 0.50 mg KOH/g EN 14104

Alcohol control 0.2% wt methanol max, or EN 14110

D93

0.20% wt methanol max EN 14110

130 �C flash point min

Free glycerin, max 0.02% wt D6584 0.02% wt EN 14105

EN 14106

0.02% wt D6584

Total glycerin, max 0.240% wt D6584 0.25% wt EN 14105 0.25% wt D6584

Oxidation stability 8 h min EN 14112 6 EN 14112

min minimum, max maximum
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demonstrated that the microalgal biofuel production

through captured CO2 is technically possible but there are

currently no biodiesel producing companies in the world

based on this route. There is no relevant question whether

biofuels from algae are possible, but rather whether they

can be made economical and at a scale sufficient to meet

the current demand for fuel. However, there are major

technical challenges which have to be conquered to achieve

this goal. Higher capital and operating cost prevent the

commercialization of algal biofuel. The downstream pro-

cess in microalgal biofuel production consumes a huge

amount of energy which increases the cost of production.

Hence, recovery of a co-product with high market-value

becomes an urgent necessity. Finally, the cost of microal-

gal biofuel production can be minimized by coupling with

microalgal bio-refinery. In the coming decade, genetic and

metabolic engineering will play a prominent role in the

development of microlagal biofuels for future. Therefore,

microalgal biofuel has strengths to overcome controversies

in terms of delivering clean and sustainable fuel to the

future world while eliminating global warming and food

versus fuel concerns.

Conclusion

Microalgae have attracted a great deal of attention for CO2

fixation and biofuel production because they can capture

and convert CO2 into algal biomass by photosynthesis at

much higher rates than other crops responsible for gener-

ating conventional biofuels. The fixation of CO2 by a

biological route could be the most effective carbon-cap-

turing method on earth. Until now most of the work on

biological carbon capture by microalgae has been on lower

CO2 concentrations (\20%). There are few studies avail-

able regarding the influence of high CO2 levels ([20%) on

the growth, CO2 biofixation rate and the fatty acid com-

position of microalgae. There is a need to focus on this area

as the concentration of CO2 is rising globally.

Most of the studies reported to date have been conducted

on bench scale units under strictly controlled conditions.

Certain factors, such as supply of adequate amounts of

CO2, nutrients and light should be investigated and opti-

mized for the application of best parametric conditions in

production of biodiesel commercially at large scale. The

technical feasibility has been proven at small scale and, in

fact, small samples of algal biofuel have been produced,

but economic feasibility is unknown. To be economically

feasible, microalgal biodiesel must be cost-competitive

with petroleum-based fuels. The process of biofuel pro-

duction from microalgae can be made cost-effective by

combining the process with utilization of CO2 from point

source flue gas emissions, with remediation of wastewater

or with the extraction of valuable compounds for applica-

tion in other industries. The concept of a pond culture is

economical but there are certain major environmental

conditions required for microalgal growth which can only

be fulfilled by employing photobioreactors.

Numerous works have been done on CO2 bio-seques-

tration and biofuel production by microalgae but still much

research is needed to meet the increasing demand for

energy. We hope that in the future, biofuel will replace

fossil fuel to a large extent and reduce the atmospheric CO2

concentration combating global warming. Hence, it can be

concluded that substantial investment in the development

of this technology and technical expertise in this area is

still required before biofuel can become a reality. The

growth of biofuel industries will definitely be economically

and environmentally beneficial and at the same time it will

create a large number of jobs at different levels of the

society.
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