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1 Introduction

The continuous use of fossil fuels has led to the tremendous increase in atmospheric
CO2 and associated global warming trends and other related environmental issues.
These issues have clearly exaggerated energy security, alongside soaring oil prices
and climate change. With the increase use of petroleum or fossil fuel based
hydrocarbons for energy supply, the gap between demand of crude oil and supply
from indigenous sources is expected to increase over the years [1]. This has created
the need for energy alternatives that would reduce the dependence on fossil fuels.
Besides that, fuels derived from renewable sources are undoubtedly one of the top
alternatives to divert from the reliance of petroleum fuels [2, 3]. Renewable and
non-polluting biomass energy has received increasing attention from industries as
well as academic community.

Biofuels like biodiesel can be produced from feedstock such as canola oil, palm
oil, soybean oil, rapeseed oil and sunflower oil. Soybean and rapeseed are common
feedstocks for biofuel production in America and Europe, respectively. Countries
like Malaysia and Thailand have a surplus of palm crops and can generate large
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amounts of palm oil for biodiesel production [4, 5]. Many vegetable oil can be
converted to renewable fuels, they are favorable due to their environmental benefits
and sustainability. The esters from vegetable oils are good substitutes for diesel as
they do not require any modification in the current automobile engine design and
contain high energetic yields [6]. Fatty acids with longer chain length can also
produce biodiesel with high cetane number and reduced nitrogen oxide emissions.
It is possible to improve the properties of biodiesel through genetic engineering,
where modification of the parent oil could lead to an enriched fuel with certain fatty
acids for improved fuel properties.

The development of biofuels with dedicated energy drops like Jatropha and
soybean have raised many controversies, including land use changes and compe-
tition with food crops for agricultural resources. Biodiesel derived from oilseed or
animal fats is currently not able to meet the realistic demand as they can cover only
a small fraction of the transport fuel requirements. The infeasibility of these sources
become more apparent as large areas of land is needed for the production of oilseed
crops and animal feed [7, 8]. Therefore, it is essential to search for new feedstocks
which are economically competitive, renewable and can be produced in large
quantities without complicated processing. Moreover, the feedstock should provide
environmental benefits over fossil fuel sources and do not compete with food crops
production. Microbial lipids satisfy these criteria as they can be produced
cost-effectively and hence, they have generated interest due to their ability to lessen
the global crude oil and greenhouse gas crisis. Lipids are ubiquitous in all living
organisms, which form the permeable membranes of cells and organelles as a lipid
bilayer. The cultivation of lipid rich microorganisms could be independent from
climatic constraints and can valorize industrial wastes by using them as substrates
[9]. However, the broad commercialization of microorganisms-derived biofuel is
yet to be accomplished due to techno-economic constraints in the downstream
processing and mass cultivation [10].

Microalgae can be considered as the ideal feedstock for the production of bio-
diesel for the following reasons [3, 7, 8, 10]:

i. Microalgae are unicellular with simple nutritional requirements, they grow
easily in varied climatic conditions and habitats, thus providing a high
biodiversity.

ii. They have high photosynthetic efficiency compared to terrestrial plants, and
certain microalgae are able to tolerate very high concentrations of CO2 and can
be used for carbon sequestration. The carbon footprint in biofuel production
can be reduced.

iii. Microalgae can assimilate nutrients like nitrogen and phosphorus from
wastewater, hence wastewater can be used for biomass production and con-
comitant bioremediation.

iv. Microalgae can adsorb heavy metals in solution, and can be used for heavy
metal removal and reduce environmental pollution.
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v. Microalgae are rich in high value compounds like polyunsaturated fatty acids,
pigments, and proteins that has applications in pharmaceutical and nutraceu-
tical industries.

vi. Microalgal biomass has diverse applications in human health and nutrition,
aquaculture feed, animal feed and with the energy rich compounds like car-
bohydrates and lipids, they can be used as a sustainable feedstock for biofuel
production.

Substantial efforts have been taken for the development of high density culti-
vation processes in commercializing microalgal biomass production. Two examples
of these processes are (i) Utilizing the metabolic potential of microalage and
(ii) innovative cultivation systems designed for high cell density cultivation of
microalgae. The metabolic pathways depend on the requirement of light and carbon
sources for growth and cell division and can be divided into three types, namely
photoautotrophy, heterotrophy and mixotrophy [11]. Photoautotrophy is the sim-
plest cultivation system with sunlight and CO2, generally uses an open pond system
and is relatively simple to operate with low cost. Heterotrophic cultivation can
utilize a wide source of organic carbon to reduce the overall cost of biofuel pro-
duced. For the cultivation systems design, the choice between an open or closed
style plays a major role in affecting the efficiency of large scale biofuel production.
Open ponds systems can simulate the growth environment in its natural behavior
while closed system like photobioreactor which are constructed specifically for the
cultivation processes provide uniform and optimal growth conditions for the
culture.

Many oleaginous species have the ability to metabolize pentoses, revealing the
potential of producing triacylglycerol (TAG) from lignocellulosic biomass and
other cheap materials [12]. The cost of microbial oil production may be currently
higher compared to vegetable oil, however, the techno-economics of the production
processes can be significantly improved with various methods. The costs of biofuel
production can be reduced with further developments in using lignocellulose-based
carbohydrates as a feedstock. Besides that, the utilization of the by-product from the
microorganisms’ cultivation for value-added products may also improve the eco-
nomic potential. Optimization of the operating processes could help attain higher
lipid productivity and better cellular lipid content [13].

2 Microbial Lipids as a Potential Resource for Biofuels

The potential feedstocks that may be used as raw materials for biofuel production
has been widely extended due to the recent technological advantages in the related
areas. Microorganisms, because of their ubiquitous nature, is a potential source for a
variety of valuable compounds that can serve as feedstock for biofuel production
(Table 1). Microorganisms offer numerous benefits in the environmental, economic
and energy security outlook when used for the production of biofuels (Fig. 1).
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The cultivation of microbes for a desirable product is an age old process and all the
techniques have been established for major industrial microorganisms like E. coli,
the ethanol fermenting yeast Saccharomyces and the anaerobic Clostridia for
Acetone-butanol-ethanol (ABE) fermentation. They can be cultivated with rela-
tively less labor, regardless of the climate or season, can be easily scaled up and
contains much higher yield of lipids compared to plants [14]. Using microorgan-
isms to produce biofuels will also not compromise the production food and other
products derived from crops. Oleaginous microorganisms, that mainly comprises of
bacteria, algae, yeast and molds, are defined as microbes with lipid content
exceeding 20% of the cellular biomass content. Lipids produced by oleaginous
microorganisms have fatty acid compositions which are similar to that of vegetable
oils and this shows great potential for biofuels production.

2.1 Sources of Microbial Lipids from Oleaginous
Microorganisms

Oleaginous microorganisms belonging to different families such as algae, bacteria,
yeast and fungi are able to generate neutral lipids under certain cultivation condi-
tions. Of these, eukaryotic microorganisms like yeasts and microalgae can

Table 1 Types of biofuels and the sources and manufacturing process [15–20]

Biofuel Types of fuel Sources Microorganisms
sources

Manufacturing
process

Biodiesel Fatty acid
methyl esters
(FAME)

Microbial lipids,
animal fats,
vegetable oils

Microalgae, fungi,
bacteria, yeast,
Escherichia coli

Transesterification,
heterotrophic
fermentation

Biogas Methane Cow and pig
manure

Methanogenic
bacteria

Anaerobic
digestion

Biohydrogen Hydrogen Water Cyanobacterium Bio-photolysis

Cellulose, xylan,
pectin

Caldicellulosiruptor
saccharolyticus

Heterotrophic
fermentation

Bio-alcohols Methanol Methanol,
isobutene

Methanogenic
bacteria

Acid catalysis

Ethanol Enzymatically
hydrolysed
starch

Yeast,
Saccharomyces
cerevisiae

Homoacedogenic
fermentation

Propanol Starch rich
wastes

E. coli Anaerobic
fermentation

Butanol Starch rich
wastes

Bacteria, Clostridium
acetobutylicum

Anaerobic
fermentation

Bio-hydrocarbons n-Alkanes Sugars and
organic acids

Vibrio furnissii Heterotrophic
fermentation

Alkenes Branched chain
fatty acids

Micrococcus sp. Head-to-head
condensation
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synthesize and store triacylglycerol (TAG) in their cell when subjected to nutrient
derivation in the form of nitrogen limitation. In microalgae, under nitrogen limiting
conditions and the continued availability of carbon, cell growth is arrested because
of the limited availability of nitrogen for the synthesis of proteins that are
responsible for cell division. And nitrogen deprivation leads to the activation of
deaminases that particularly act on AMP. Reduction in the cellular and mito-
chondrial AMP can result in the reduced activity of isocitrate dehydrogenase, and
hence citric acid is accumulated, which is then exported to cytosol and converted to
acetyl CoA [21]. Acetyl CoA is the major precursor of fatty acid synthesis and
hence in nitrogen limiting conditions the metabolized carbon is continuously fun-
neled into lipid synthesis in eukaryotic oleaginous microorganisms. Since lipids are
the most reduced forms of carbon, they also need an uninterrupted supply of
reducing equivalents like nicotinamide adenine dinucleotide phosphate (NADPH).
For the synthesis of one mole of a C18 fatty acid, 16 mol of NADPH is required
[22]. The required NADPH is continuously supplied by the TCA cycle via the
activity of the malic enzyme or the pentose phosphate pathway [23]. The lipids thus
stored serve as an energy source or as precursors of fatty acid synthesis required for
cell growth and metabolism after rejuvenation. Hence eukaryotic oleaginous
microorganisms are capable of accumulating neutral lipids or TAGs from 40–80%
of their biomass [21]. Bacteria generally accumulate polyhydroxy alkonates as lipid
reserves and polyhydroxy butyrate is the major PHA to be synthesized and stored
and is also mainly studied in the bacteria Bacillus. Certain bacteria like
Mycobacterium sp., Rhodococcus sp., Streptomyces sp., Acinetobacter sp.,
Nocardia sp., Gordonia sp., Micromonospora sp., and Dietzia sp. are capable of
accumulating TAGs or neutral lipids [24]. Neutral lipids or TAG accumulation in
bacteria is modulated by enhanced activities of phosphatidate phosphatase

Fig. 1 Benefits of oleaginous microorganisms for the production of biofuels
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(PAP) and AcylCoA:Diacyglycerol acyltransferase (DGAT) that converts the fatty
acid palmitic acid to TAG, and with reduced b-oxidation of fatty acids by the
activity of the transcriptional regulator FadR [25]. Table 2 indicates that bacteria
have lower lipid content (20–40% of dry biomass) compared to the other
microorganisms. Nevertheless, bacteria have a very high growth rate, such that it
can achieve a huge biomass production in about 12–24 h, and the culturing method
for bacteria growth is relatively simple. Most bacteria are not oil producers, though
there are some types of bacteria which can synthesize high amounts of fatty acids
(up to 70% of the cellular dry weight) from simple carbon sources [26]. The
extraction of complicated lipoids from bacteria is difficult and hence less signifi-
cance is placed on the use of oleaginous bacteria as a raw material for the

Table 2 Oil content of
various microorganisms [29,
30]

Microorganisms Oil content (% dry weight)

Microalgae
Botryococcus braunii 25–75

Chlorella sp. 28–32

Crypthecodinium cohnii 20

Cylindrotheca sp. 16–37

Dunaliella primolecta 23

Isochrysis sp. 25–33

Monallanthus salina >20

Nannochloris sp. 20–35

Nannochloropsis sp. 31–68

Neochloris oleoabundans 35–54

Nitzschia sp. 45–47

Phaeodactylum tricornutum 20–30

Schizochytrium sp. 50–77

Tetraselmis sueica 15–23

Fungi
Aspergillus oryzae 57

Mortierella isabellina 86

Humicola lanuginosa 75

Mortierella vinacea 66

Bacterium
Arthrobacter sp. >40

Acinetobacter calcoaceticus 27–38

Rhodococcus opacus 24–25

Bacillus alcalophilus 18–24

Yeast
Candida curvata 58

Cryptococcus albidus 65

Lipomyces starkeyi 64

Rhodotorula glutinis 72
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production of biofuels. With the extended knowledge of lipid accumulation in both
prokaryotes and eukaryotes, it is believed that algal lipids has the highest chance to
be the alternative biodiesel source compared to yeasts and bacteria, because of their
economic production potential and increased accumulation of TAGs, next only to
oleaginous yeasts whose production costs should be sustained by alternative cheap
carbon sources [27]. Microalgae can grow very rapidly and many of its species
contain high amount of oil. This oil content may exceed 80% of its dry biomass
weight and its biomass doubling time during exponential growth can be as short as
3.5 h [28]. The oleaginous microalgae and yeasts can grow and accumulate sig-
nificant amounts of lipids and their maximum achievable lipid content can alter
immensely among different species and individual strains [29]. Table 2 shows the
potential microorganism for microbial oil production.

The oil productivity depends on the growth rate of the algal strain and oil content
of the biomass. Microalgae with high oil content and productivities are highly
sought after for producing biofuels. On the other hand, yeasts and fungi are
favorable microorganisms as an alternative oil resource as they typically contain
intracellular lipid as high as 70% of their biomass dry weight. Oleaginous yeast
Crptococcus curvatus is extremely efficient and can accumulate lipids up to 60% on
a dry weight basis. Oleaginous yeasts and molds can also accumulate triacylglyc-
erols that are rich in polyunsaturated fatty acids [31]. Certain species of yeasts are
known for their ability to produce large quantities of microbial lipids due to their
capability to obtain a high dry biomass and high cellular lipid content. Furthermore,
a recent report has shown that the filamentous fungus Mucur circinelloides has
potential as a feedstock for biodiesel production. This microbial lipids showed a
high content (>85%) of saponifiable matter and adequate fatty acid content for
biodiesel production. High purity of fatty acid methyl esters (FAME) was produced
and the direct transformation of fungal biomass to biodiesel without an intermediate
lipid extraction step was made possible [32]. This strengthens the potential of
oleaginous yeasts and fungi as an alternative for biofuels production. The lipids
extracted from oleaginous microorganisms also consists of a wide variation of lipid
classes, such as acylglycerides, phospholipids, glycolipids, free fatty acids (FFA),
lipoproteins, and sterols. These lipid classes will have different physico-chemical
properties which can be observed during extraction [2]. Table 3 shows the content
of various lipids in cell biomass from the oleaginous microorganisms.

2.2 Microbial Lipids Production from Renewable
and Waste Materials

For cost effective biofuels production with microbial lipids, it is essential to reduce
production costs and valorize wastes by recycling resources such as spent cell mass,
water and nutrients. Lipids are intracellular products and the technology involved
for the production of microbial lipids usually produces significant amounts of cell
mass by-products, which contain nutrient, proteins, polysaccharides and other trace
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elements. Besides that, wastewater contains residual nutrients and elements which
can be recycled to increase the efficiency of the microbial lipid technology [30, 41].
Biodiesel production commonly involves three processes which are drying of the
biomass, lipid extraction and transesterification. Recently, the use of direct trans-
esterification has been reviewed, as fatty acids in the lipid rich biomass can undergo
transesterification without a lipid extraction step. This would result in the reduction
of processing time and lessen the solvent needed for biofuel production.

The growth of microorganisms and the production of microbial lipids could also
be supported by fermentation material like food waste. Food wastes are uncon-
sumed food and food residues from residential areas or commercial businesses.
They contain protein, lipids, lignin, carbohydrate and organic acids, which are
promising sources of nutrients for the fermentation process and valuable raw
material for various biotechnological products. With the use of yeasts, some
low-cost fermentation substrates can be converted into bio-lipids. This indicates that
recycling food wastes as a low-cost fermentation substrate for yeast cultivation is
feasible for biological lipid production [42]. Furthermore, lignocellulosic materials
and organic wastes are suitable carbon sources for producing biofuels due to its
high availability and low impact on food prices. The cellulosic biomass will be
converted into simple sugars and these sugars are subsequently converted into
biofuels. Nonetheless, pre-treatment steps are needed and it may be quite energy
intensive as the usage of hazardous chemicals or large amount of enzyme during the
hydrolysis step is required. The pre-treatment step is necessary to reduce the
recalcitrance of lignocellulosic material and this is done by partially breaking
the recalcitrant structure [43].

Cheirsilp and Louhasakul [44] studied the cultivation of oleaginous yeast
Yarrowia lipolytica with industrial wastes like serum latex, palm oil mill effluent and
crude glycerol to evaluate their abilities to grow and synthesize lipid from the wastes.
Different types and mixtures of wastes were also analyzed to reduce the nutrients
requirements. It was found that the yeasts could grow and produce lipids from
various types of wastes, yielding a relatively high amount of lipid (1.6–1.7 g/L) and
high lipid content (48–61%) based on their dry cell mass [44]. Furthermore, in a
study by Poli et al. [45], two industrial wastes have been tested as the carbon and
nitrogen sources for Y. lipolytica QU21 cultivation. The wastes are crude glycerol
from a biodiesel industry and fresh yeast extract from brewery waste. Enhanced
biomass production was observed in crude glycerol waste due to the impurities
present. The additional amounts of peptides and proteins provided are beneficial as
nitrogen sources for yeasts and yeast was found to adapt, grow and accumulate lipids
rapidly on a large variety of wastes [45]. The optimum carbon to nitrogen ratio is
also significant to enable cells to initiate lipid storage, and the use of crude glycerol
for conversion was attractive for increasing the productivity of biofuels.

Microalgal cultivation in photoheterotrophic mode does not need any added
organic carbon source and the carbon is supplied as inorganic CO2 or soluble
carbonates. Industrial exhaust gases or flue gases are rich in CO2 and can be used as
a carbon source for the photoautotrophic cultivation of microalgae. Kao et al.
cultivated a Chlorella sp. MTF-15 on three different flue gases in both indoor and
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outdoor cultures and the growth, biomass and lipid productivities were examined
[46]. The microalgal strain could efficiently utilize CO2, SOx and NOx present in the
flue gas and a lipid accumulation of up to 35% was observed. Growth rate and lipid
production were 0.827/d and 0.961 g/L, respectively [46]. The experiments were
performed on site of a steel factory in Taiwan, making carbon capture feasible with
microalgal cultures. Similarly, Scenedesmus obliquus was grown on flue gas for
carbohydrate and lipid accumulation, and maximum biomass production was
obtained at 14% flue gas [47]. The growth rate, lipid productivity and carbohydrate
productivity were 1/d, 9.9 mg/L/d and 10.3 mg/L/d respectively [47]. Thus, flue
gas is a potential source of inorganic carbon for the photoautotrophic cultivation of
microalgae. However, in heterotrophic cultivation of microalgae, organic carbon
can be assimilated into biomass, resulting in high biomass and lipid productivities.
And as a cost cutting measure, various waste resources rich in organic carbon like
sugarcane bagasse [48], palm oil mill effluent [49], anaerobic digestate [50], lig-
nocellulosic biomass like rice straw [51] and biodiesel derived crude glycerol [52]
has been successfully used for the cultivation of various microalgae. Rice straw was
saccharified by the combination of gamma irradiation, alkali treatment and enzyme
hydrolysis, which was then used for the cultivation of Chlorella protothecoides.
A biomass concentration and fatty acid methyl ester concentration of 6.51 g/L and
2.95 g/L respectively [51]. Sugarcane bagasse hydrolysed by combined acid and
enzymatic treatment and it was shown that better biomass and lipid productivity
was obtained by fed batch fermentation. Biomass and lipid productivity were
24 g/L and 1.19 g/L/d respectively [48]. It was shown that the metabolism of
pentoes via the pentose phosphate pathway (PPP) supported lipid production much
better than the metabolism of glucose by glycolysis. As discussed earlier, the PPP
pathway is a source of NADPH which is much needed for the synthesis of lipids.
The utilization of waste materials as a nutrient source for the production of mi-
crobial lipids and further production to biofuels is a promising platform for the
effective transformation of renewable and waste materials. The combination of
different wastes rich in different nutrients can improve the economics of large scale
lipid production, and the main success factor lies in the selection of microbial
strains with high efficiency for lipid production.

2.3 Factors Affecting Microbial Lipids Production

Microalgae which are capable of producing large amounts of lipids and hydro-
carbons are a promising alternative feedstock for the next generation of biofuels.
They can be cultivated using relatively cheap resources like sunlight and carbon
dioxide (CO2) from flue gases as mentioned earlier and have higher lipid content
with rapid growth rate. However, the lipid accumulation and cell growth in algae
under phototrophic conditions are influenced by various factors, which include light
intensity, dissolved oxygen concentration, pH, carbon dioxide fraction, presence of
organic carbon sources and concentration of nutrients such as iron, nitrogen,
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phosphorus and silicon [39, 53, 54]. Apart from that, key parameters such as
cellular lipid content, lipid productivity and biomass productivity should be
improved to enhance the economic feasibility of algal oil production, though it is
apparent that algae species with high oil content tends to grow more slowly,
resulting in low rates of oil production [55].

Light is essential for cell growth and the specific cell growth rate increases with
increasing photon irradiation flux. The excess photonic energy will dissipate as heat
and this may lead to the photo inhibition of cellular functions [56]. To overcome
this, proper design of bioreactors are selected to elevate the higher limit of photonic
flux. The use of low methanol concentrations could also lead to an improvement of
phototrophic growth of algae by increasing photosynthesis and algae respiration
rates. This indicates that algae grown in a low light exposure condition will have a
higher total lipids content compared to algae exposed to higher light intensity [57].
The CO2 fraction in sparging gas also plays a major role on the cell growth and
lipid accumulation as it affects the medium pH and the availability of bicarbonates
as carbon source for the cells. Several studies reported that increasing the CO2

fraction in sparging air could increase the maximum limit of cell concentration and
promote the rapid growth of cells. However, further elevations on the CO2 fraction
completely inhibited cell growth in many cases as the concentration of CO2 above
5% (v/v) would reduce cell growth [58–60]. This has led to development of
pre-adaptation of cells to higher CO2 conditions and the use of high inoculums
levels to overcome the CO2 toxicity. The use of pure carbon dioxide in the sparging
medium had shown unfavorable pH changes and growth inhibition and hence, they
were replaced with sparging with ambient air and adjustment of pH for successful
cultivation of the algal culture.

The growth of algae was also found to improve at the temperature range of
25–35 °C. Reports have stated that the biomass production increased at temperature
of 30 °C, though the lipid content of certain species tends to decrease at higher
temperatures [61, 62]. Heterotrophic cultivation using carbon sources was intro-
duced to overcome the difficulty of delivering optimal photonic energy to cells in
photoautotrophic growth conditions. High lipid yield and high biomass production
were observed when heterotrophic algae were placed in low light conditions and
supplied with organic carbon instead of CO2 [63]. Another type of growth is the
mixotrophic growth, which utilizes a mixture of different source of energy and
carbon, and undergoes two distinctive processes within the cell: photosynthesis and
aerobic respiration. This type of growth resulted in several fold increase of maxi-
mum cell density and specific growth rates [11]. The nitrogen and phosphorus
limitation in the medium also enhances lipid production in algae cells. Many strains
of algae was found to contain higher lipid content when cultivated in low-nitrogen
medium [64]. The cessation of cell division may occur as a result of nitrogen
depletion, but if carbon metabolism continues, the conversion of carbon to lipid will
divert as described previously [65]. Apart from that, the nature of nitrogen sources
may also affect the algae cell growth and lipid productivity [66]. This is likely to
cause variation in the total fatty acid content in algae while the biochemical
composition of algae is influenced greatly by the growth phase.
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Certain oleaginous fungi can accumulate as much as 80% of their biomass as
lipids. The lipids in fungi are mainly affected by the carbon source, temperature,
pH, nitrogen source and agitation. Molds are often cultivated as they produce high
concentrations of c-linolenic acid (GLA) and arachidonic acid (AA), which is
favorable for the production of biofuels [67]. High oil yields could be obtained with
prolonged fermentation times, which are common in single cell oil fermentation
processes. Prolonged fermentation are carried out under nitrogen limitation, redi-
recting the carbon flux of metabolic pathways towards lipid accumulation [68]. In
Cunninghamella echinulata and Mortierella isabellina, the fatty acid content of the
microbial oil produced was not significantly affected by the carbon source used,
however, the production of these fatty acids in the cells is associated with the age of
the mycelia. The highest fraction of these fatty acids can be found in young
mycelia, while fully grown mycelia showed lower content as the cells have aged
[69]. However in general, the type of carbon source can strongly affect the pro-
duction and fatty acids content in lipids of fungi. The use of various carbon sources
may result in variation in the lipid and GLA content. Since each carbon source
would be utilized as a substrate by a different metabolic pathway, the resultant
metabolites will contribute to the variations in fatty acids content.

Oleaginous yeasts has a TAG fraction which is similar to that of plant oils, they
also have a high oil content and fast growth rate. Yeast can grow on various carbon
sources like glucose, mannose, glycerol, xylose, arabinose and other agriculture
residues. Most oleaginous yeast accumulate lipids up to 40% of their dry weight
and it can increase up to 70% under nutrient-limiting conditions [65]. Many studies
were conducted on the use of glycerol as a carbon source, resulting in highs yields
and enhanced lipid production. However, different yeast strains might have higher
potential of lipid accumulation in different mediums. The supply of excess carbon
sources as well as the limiting of certain nutrients in a medium can also help
increase the lipid production. Lipid production in yeast is strongly influenced by the
aeration, carbon to nitrogen ratio, temperature, pH and inorganic salts [70]. At high
temperatures, the cellular lipid content and production can be high with low degree
of fatty acid unsaturation, and the composition of the fatty acids might vary as a
result of the increased temperature. Moreover, a higher carbon to nitrogen ratio
yields higher lipid content [71]. Many strains of yeast requires a high carbon to
nitrogen ratio to accumulate large amount of lipids.

Bacteria can exhibit high cell growth rates under simple cultivation methods.
Their cellular composition and structure vary depending on the microorganism and
the carbon source used. Actinomycete group of bacteria are able to accumulate high
amounts of intracellular fatty acids of up to 70% of the cell dry weight from simple
carbon sources like glucose under growth-limiting conditions [29, 72]. The accu-
mulation takes place usually at the stationary phase of growth, which is when the
proteins are not being synthesized. However, not all bacteria can accumulate large
amount of fatty acids, they usually produce complex lipoids for energy storage and
stored them as insoluble inclusions in the cytoplasm when excess carbon sources
are available [73].
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3 Conversion of Microbial Lipids to Biofuels

Recently, microbial lipids-derived biofuels are found to contain equivalent qualities
with derivatives of fossil fuels. Biofuels are produced from microbial lipids through
different conversion processes. Some conventional processes to produce biofuels
are transesterification, esterification and anaerobic digestion. These processes are
optimized to obtain the maximum yield of biofuel from microbial lipids through
manipulating the operating parameters. In order to achieve high yields of biofuels,
the lipid accumulation in the feedstock is the key factor. Microbial lipids within the
oleaginous microorganisms are categorized as wax esters (WEs), free fatty acid
(FFA), TAG and polyhydroxyalkanoates (PHAs). WEs are esters that consist of
long chain fatty alcohol and fatty acid. The special properties of WEs resulted in
diverse applications of WEs such as lubricants, polishes, coatings and printing inks.
However, TAG and PHAs are the favorable lipids in biodiesel production compared
to WEs. This is due to the need of the conversion of lipids into a less viscous form
to be used in common internal combustion engines. FFA has always been a concern
in biodiesel production. The presence of FFA during the conversion process leads
to the formation of soap. Therefore, pretreatment has to be performed for removing
or reducing the existence of FFA in biofuel production.

In the biofuel production process, the transesterification of TAG will form fatty
acid alkyl esters (FAAE) and the esterification of PHAs will form hydroxyalkanoate
methyl esters (HAMEs), which could serve as fuel additives as well.
Transesterification is a process of reacting triglyceride, which is found in microbial
lipid, with an alcohol to produce esters (biodiesel) and glycerol as the products. The
common alcohols used are methanol and ethanol that will lead to the formation of
fatty acid methyl esters (FAME) and fatty acid ethyl esters (FAEE), respectively.
On the other hand, the esterification process will lead to the formation of esters and
water by reactions of the alcohol with an acid. The formation of HAMEs can be
obtained by using methanol in the esterification of PHAs. Besides that, the
anaerobic digestion is an established process applied for biogas production from
wastewater or sludge. The biofuels recovery from wastewater and sludge under
anaerobic condition are favorable as the bacteria will breakdown the organic matter
in the wastewater or sludge to produce biogas.

Microbial lipids extracted from oleaginous microorganisms are converted into
biofuels through two types of conversion processes: one-step process or multi-stage
process. In one-step process, energy intensive cell disruption and lipid extraction
steps are usually avoided and the biomass is directly subjected to the fuel pro-
duction process. This process often is more beneficial in the economic perspective,
as the process duration is shorter and reduces the use of harsh chemicals resulting in
less environmental impact. Hence, one-step process tends to be a more environ-
mental friendly conversion process compared to multi-stage process. However, the
microbial lipid yields, quality of biofuel and overall lipid productivity have to be
considered in order to obtain comparable final products from conventional methods.
Multi-stage process is performed by converting microbial lipids to biofuels in two

9 Biofuels from Microbial Lipids 371



or more processes simultaneously or sequentially, converting microbial lipids to
biofuels. The advantages and disadvantages between single stage and multi-stage
conversion process are yet to be weighed out by researchers for the optimum
biofuel production method.

3.1 Technologies for Converting Microbial Lipids
to Biodiesel

Biodiesel is a “drop-in” type of biofuel that can be utilized in most of the auto-
motive industry without changing the standard diesel engines. The conventional
process in biodiesel production is to perform the extraction of accumulated mi-
crobial lipids within the feedstocks followed by the transesterification process. The
products of transesterification, namely FAMEs and FAEEs, are known as biodiesel
as well. Additional of a catalyst is required in transesterification besides an alcohol.
The transesterification process includes catalytic transesterification and enzymatic
transesterification. The difference between these transesterification processes is the
use of catalysts. The common transesterification catalyst for catalytic transesterifi-
cation is chemicals such as acid or a base while the catalyst for enzymatic trans-
esterification is the biological catalyst lipase [74, 75]. The conventional process for
biofuel production by using catalytic transesterification is shown in Fig. 2.

The catalyst used in the process could be either homogenous or heterogeneous
catalysts. Transesterification reaction is shown as Eq. 1:

CH2�O�CO�R1 CH2�OH R�O�CO�R1

j catalystð Þ j
CH�O�CO�R2 þ 3ROH �! CH�OH R�O�CO�R2

j j
CH2�O�CO�R3 CH2�OH R�O�CO�R3

Triglycerideð Þ Alcoholð Þ Glycerolð Þ Mixture of fatty acid estersð Þ
ð1Þ

Among the types of transesterification processes mentioned above, base cat-
alyzed transesterification is an established process and is widely used in the
industrial production of biodiesel. Strong base chemicals such as sodium hydroxide
(NaOH) and potassium hydroxide (KOH) are common catalysts for base catalyzed
transesterification [77]. This is due to the relatively low cost of raw materials and
high biodiesel productivities [78]. In addition, a comparable yield of biodiesel with
conventional petroleum-based diesel could be obtained from base catalyzed trans-
esterification within a few hours [79]. The short duration of catalyzed reaction, high
conversion yield, requirement of low operating temperature and pressure (i.e.
ambient pressure and low temperature) have made base catalyzed transesterification
the most economical process in biodiesel production. However, the microbial lipids
that contain high composition of FFA will be required to undergo a pre-treatment
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process before proceeding to transesterification. This is to avoid the saponification
reaction that occurs when FFA reacts with NaOH as shown in Eq. 2:

R1�COOH þ NaOH �! R1COONa þ H2O
FFAð Þ Sodium hydroxideð Þ Soapð Þ Waterð Þ ð2Þ

This reaction is not favorable as the yield of esters will decrease with the
increase in soap formation and the soap formed will inhibit the separation of esters
and glycerol [80]. Furthermore, this reaction also lowers the efficiency of catalyst
due to competitive and futile binding of FFA with the catalyst. This resulted in the
requirement of higher amount of catalyst and thus, a higher operation cost.
Besides FFA, water within the microbial lipid or water formed from the saponifi-
cation reaction is another concern in transesterification. The water molecules tend to
hydrolyze the triglyceride into diglycerides and FFA by hydrolysis. The removal of
glycerol, catalyst and impurities such as soap are essential after transesterification
process to obtain biodiesel. The saponification compounds contain alkaline metal
which may result in the higher ash content in biodiesel and cause problems in the
engines. The deactivation of the catalytic converter or the corrosion of motor may
occur due to the alkaline metal [78].

Fig. 2 Conventional process for biofuel production by catalyzed transesterification [76]
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When the FFA content in lipid is higher than 1%, acid catalyzed transesterifi-
cation is used to overcome the wasteful saponification reaction [78]. This type of
transesterification has been intensively studied for the benefits of avoiding soap
formation and possessing feedstock with residual moisture. The moisture remaining
in low cost feedstock is acceptable in acid catalyzed transesterification and the final
product would be clear of impurities [81]. The disadvantages of acid catalyzed
transesterification are longer reaction time and the requirement of higher molar ratio
of catalyst to oil. The operating conditions of acid catalyzed transesterification are
more critical than base catalyzed transesterification. Operating cost are usually
higher as the highly corrosive catalysts utilized during the process will damage the
reactor. A large amount of wastewater will be generated to neutralize the remaining
acid catalysts in the system as well. Therefore, most of the biodiesel productions in
industries convert lipids into biodiesel by base catalyzed transesterification. So for
acid catalyzed process, intensive studies were performed to overcome the barriers.
Some strong common acids such as sulfuric acid, hydrochloride acid, and boron
trifluoride were used. Most of the studies conducted have utilized methanol with the
presence of catalysts (acid or base) with high yields of biodiesel, in the range of
80–98% purity can be obtained as the end product [32, 82, 83]. However, lower
productivity of biodiesel could be observed for microbial lipids from certain
feedstock, which range from 49 to 66% purity [84, 85]. The choice of catalysts is
important as the biodiesel yield vary with the type of catalyst used as studied by
Vicente et al. [32]. At the same time, higher operating temperature for the acid
catalyzed transesterification is favored compared to low operating temperature,
which results in lower ester yield from the microbial lipids [32].

The products from transesterification, FAMEs or FAEE, are analyzed by gas
chromatography with flame ionization detector. The temperature of flame ionization
detector is controlled at a high temperature of around 250–260 °C during the
analysis [86, 87]. The used catalysts may be recycled for next conversion process in
order to reduce the operating cost. Besides, the conversion process from lipid to
biodiesel, especially for microalgae-based biodiesel, is found to be influenced
significantly by several factors such as catalyst loading, types of catalyst, temper-
ature and stirring rate [86]. The reaction time for transesterification of microalgal
lipids might vary, ranging from 1 to 48 h, and is different in each study [32, 83, 86,
88]. The biodiesel products are separated from glycerin by allowing the biodiesel to
settle down for at least 24 h and biodiesel forms the top layer with glycerin at the
bottom. The glycerin is drained off to obtain biodiesel by decantation. For purifi-
cation, biodiesel is washed by warm distilled water and dried before calculating
their exact percentage extracted from the microbial lipids. Biodiesel is dried with
anhydrous CaCl2 and heated at 50 °C. After that, the volume of clean dry biodiesel
is determined and prepared for analysis.
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3.2 Alternative Pathways for the Conversion of Microbial
Lipids to Biofuels

The conventional methods in producing biofuel by microbial lipids were explained
in detail in the Sect. 3.1. The usage of enzymes as catalysts in transesterification
have been considered and studied. Extensive investigations have also been per-
formed by using lipase as the catalyst in transesterification. Lipase is a common
enzyme that is produced by all living organisms and a good choice for transes-
terification. The compatibility of lipase with various raw materials and reusability
have showed that it has high potential as a catalyst in transesterification [89]. Lipase
as biocatalysts has overcome the difficulty faced by acid and based transesterifi-
cation, which is the high energy consumption for multi-step purification and
wastewater treatment in order to obtain the final product [90]. However, certain
drawbacks are observed by using lipase as catalyst. For example, the reaction rate
of enzyme catalyzed transesterification is slower compared to acid or base catalyzed
transesterification. In addition, the cost of enzyme is comparatively higher than the
cost of common acid or base. The usage of enzyme will directly increase the
operating cost of whole process.

Most of the lipase utilized as biocatalysts are obtained from microbes, which
have comparatively higher yield than the lipase extracted from animal and plants.
Lipase to be used as catalysts are available in three forms: extracellular lipase,
intracellular lipase and immobilized lipase. Extracellular lipase is the lipase
extracted or purified from microbial fermentation broths and these are hydrolytic
enzymes secreted by the cells. Microbial lipase is normally produced through
submerged fermentation or solid state fermentation. The increased market price of
microbial lipase is high due to the need of a high degree of purity that is required as
a biocatalyst. Furthermore, the high cost of purification of enzymes is one of the
difficulties in commercializing enzymatic transesterification. The purification steps
depend on the source of the lipase and the structure [90]. The intracellular lipase
used in the transesterification process is the metabolic or cytosolic lipase present
inside the cells. Whole cell biocatalysts are microbial cells that are used as catalyst
in transesterification. This method is relatively inexpensive compared to pure
enzymes and the additional enzyme extraction steps has been eliminated. In order to
increase the reaction rate of transesterification, immobilized lipase was introduced.
Instead of free enzyme, whole microbial cells with intracellular lipase are immo-
bilized in porous biomass particles and can be directly used as a biocatalyst [90].

The wet biomass of Chlorella vulgaris ESP-31 with 63% lipid content was
successfully converted to biodiesel by transesterification with immobilized
Burkholderia lipase [91]. The wet microalgal biomass without lipid extraction (70%
water content) showed better results than lipid extracts, with a biodiesel conversion
efficiency of 97.3% and the lipase could be reused for six continuous cycles [91].
And it was shown that for direct transesterification of wet microalgal biomass with
lipases, the lipid content of the biomass determines the biodiesel conversion effi-
ciency and hence a microalgal biomass with high lipid content is preferable [86].
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The oleaginous yeast Rhodosporidium toruloides was cultivated in detoxified
sugarcane bagasse hydrolysate with a lipid content of 52.5%. When the lipids were
extracted and subjected to transesterification with commercial lipases in a
tert-butanol system, biodiesel yield of 88.4% was observed [74]. The immobi-
lization of lipase in iron-nanoparticles could help in easy removal of lipases after
the reaction with a magnet and it was found that the reaction efficiency remains
unchanged for at least 4 cycles [86]. In the transesterification of microalgal lipids
from Tetraselmis sp., enzyme catalyzed transesterification achieved 5 folds higher
biodiesel conversion yield compared to alkali catalyzed transesterification [92].

The alcoholysis process which uses methanol to produce biodiesel is also known
as methanolysis. This process is commonly used in plastic recycling by converting
polyesters into monomers. The direct methanolysis method is more advantageous
than conventional methods as oil extraction and cell disruption can be eliminated
prior to methanolysis. The study of Thliveros et al. [79] investigated the microbial
biodiesel production with different types of methanolysis: direct base catalyzed
methanolysis, direct acid catalyzed methanolysis and a conventional method with
cell disruption, oil extraction and acid-catalyzed esterification. Among these
methods, highest yield of FAME was obtained with direct base-catalyzed
methanolysis compared to the others and lowest yield of FAME was produced in
the conventional method [79]. Methanolysis is performed under atmospheric
pressure with temperatures ranging from 40 to 70 °C. Vigorous stirring of the
mixture is required to dissolve the base or acid catalyst completely in methanol. In
direct methanolysis, the dried microbial biomass is added after thorough mixing of
methanol and catalyst.

3.3 Improved Pathways for the Conversion
of Microbial Lipids

The conventional biodiesel production with pre-treatment to extract microbial lipid
prior to transesterification have been investigated in numerous studies. Yet, bio-
diesel produced by conventional transesterification requires longer time and it is a
multi-step process. Direct transesterification of the biomass is an excellent option
for efficient conversion of microbial lipids to biodiesel. Direct transesterification is a
simplified and improved pathway in yielding biodiesel. Direct transesterification is
similar to direct methanolysis, where the microbial lipids still inside the whole
microbes are directly converted into biodiesel without lipid extraction. Figure 3
shows the flowchart of both direct and indirect transesterification.

The microalga Nannochloropsis sp. CCMP1776 was cultivated outdoors in
tubular photobioreactors and the lipid content was 50% and the dried biomass had a
moisture content of about 8–10%. This biomass was subjected to direct transes-
terification with supercritical methanol (250 °C, 8% w/v methanol, 25 min) and
microwave assisted transesterification. Biodiesel conversion efficiency and FAME
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yield was higher in supercritical methanol method with FAME yield of 84.5% and
the biodiesel obtained was stable and pure. With the microwave assisted method,
80.3% FAME was obtained, but the energy consumed was considerably less, it was
only 250 kJ compared to 600 kJ in supercritical methanol. So, for large scale
purposes, microwave assisted transesterification could be a viable option [93]. The
wet biomass of the oleaginous yeast C. curvatus with a total lipid content of 42%
was subjected to microwave assisted direct transesterification with methanol and
KOH as a catalyst. The reaction conditions as optimized by statistical design are as
follows: methanol biomass ratio of 50:1, 5% KOH, 80% water, 2 min reaction time
and stirring at 966 rpm. The biodiesel yield reached 92% after two rounds of
reaction with 63.88% FAME content [94]. Cheirsilp and Louhasakul’s (2013) study
has investigated the transesterification of yeast lipid into fatty acid methyl ester
(FAME) [44]. The cells were subjected to conventional acid catalyzed transester-
ification, transesterification with dried biomass and direct transesterification of wet
biomass. The production of FAME is found to be highest for direct transesterifi-
cation with high methanol molar ratio (167:1 and 209:1) in 1 h reaction but the
reverse reaction of FAME to monoglyceride was observed at 6 h reaction time.
However, at high methanol molar ratio, the highest amount of FAME was produced
with transesterification of dried biomass at the reaction time of 6 h without any
reverse reaction. These methods have proved to be more efficient than the con-
ventional methods (lipid extraction followed by transesterification) and have
showed great potential in cost reduction of biodiesel production. Table 4 shows the
transesterification of various lipids.

4 Life-Cycle Assessment

Life-cycle assessment (LCA) is a systematic framework for evaluating the impli-
cations of products, processes and activities involved in the production of a par-
ticular product towards environmental damages. LCA uses specific metrics through
life-cycle impact assessment that can be assessed to determine the effect on the
environment. The development towards life-cycle based metrics for biofuel policies
also extends the sustainability criteria to non-greenhouse gas related projects and is
a very effective tool to compare alternative energy routes in terms of environmental

Fig. 3 Flowchart of direct and indirect transesterification process of biofuels [44]
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Table 4 Transesterification of various lipids

Lipid extraction process Source
(Microalgae)

Biodiesel
yield (%)

Remarks References

Direct transesterification
using immobilized lipase

Chlorella
vulgaris

63.2 Higher biodiesel
conversion can be
achieved with higher
lipid content, lower
biocatalyst loading
and better lipase
recycle efficiency

[86]

Enzymatic transesterification
using immobilized lipase

Chlorella
vulgaris

58.3 Direct conversion of
wet microalgae to
biodiesel reduces the
processing cost

[91]

Lipase catalysed
transesterification

Tetraselmis sp. 29.6 Lipase catalysed
reactions offer more
compatibility and
reusability of
enzymes

[92]

Direct transesterifcaiton Chlorella
pyrenoidosa

7.8–8.4 Single-stage reaction,
less time consuming
and less loss during
extraction

[95]

Direct transesterification Schizochytrium
limacinum

66.3 Single-stage method
led to higher yield of
crude biodiesel

[96]

Direct transesterification with
sequential wet extraction

Chlamydomonas
sp.

99 Higher catalyst
loading is needed in
direct
transesterification but
higher biodiesel yield
can be obtained

[97]

Simultaneous cooling and
microwave heating
transesterification

Nannochloropsis
sp;
Tetraselmis sp.

83.3
77.1

Consumes less
energy for higher
biodiesel productivity

[98]

Microwave-assisted
transesterification

Chlorella
pyrenoidosa

86.7 Hexane extraction
after microwave
treatment ensures that
polar pigments are
not extraction into the
crude biodiesel

[99]

Extractive-transesterification
under microwave irradiation

Chlorella sp. 96.2 Microwave extraction
method shortens
transesterification
time and lowers
solvents requirements

[100]

Alkaline in situ
transesterification

Chlorella
vulgaris

77.6 Higher yield achieve
using alkaline catalyst
instead of acid
catalyst

[101]

(continued)
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impact and indirect natural sources costs towards various services and commodities.
LCA has been widely conducted to estimate the life-cycle impact of various bio-
fuels produced from different feedstocks. It includes the entire life cycle of the fuel
production process from the collection of feedstock to the combustion of biofuels.
Life cycle assessment has shown that first generation biofuels, which are fuels
derived from sources such as sugar, starch, animal fats and vegetable oil, provided
little to no benefit regarding greenhouse gas (GHG) reductions compared to pet-
roleum fuels. It was expected that second generation biofuels, which are fuels
derived from non-food feedstock such as lignocellulosic materials, would be able to
achieve better GHG reductions as well as avoid sustainability issues. However,
great variability and uncertainty has been displayed by the LCA of this second
generation biofuels, hence creating an inconclusive analysis [105].

Oleaginous microorganisms such as microalgae have high growth rates and
photosynthetic efficiencies, which makes it potentially advantageous over con-
ventional terrestrial biofuel feedstock. In addition, algae has high lipid content and
can use non-arable land for cultivation. Microalgae cultivation has been compared
with conventional crops from a life-cycle perspective, the results indicated that
conventional crops had lower environmental impacts, greenhouse gas emissions,
water and energy use [106]. Algae performed more favorably in the aspects of total
land area used and eutrophication potential. Studies on crops such as canola, corn or
switchgrass resulted in less GHG emissions compared to that of algae. This sug-
gests that algae requires more fossil-based carbon to produce the equivalent amount
of bioenergy. However, significant developments are being made in algae culti-
vation to increase the feasibility of biofuel production. The direct nutrient discharge
from algae ponds and the resultant eutrophication improved as engineered ponds
were used and this allows better runoff control compared to that of terrestrial
cultivation. It is essential to establish and maintain the infrastructure for algae

Table 4 (continued)

Lipid extraction process Source
(Microalgae)

Biodiesel
yield (%)

Remarks References

Two-step in situ
transesterification

Chlorella
sorokiniana

65.2a;
94.9b

aH2SO4 + KOH
catalyst
bAmberlyst-15
recyclable catalyst

[102]

Micro-mixer reactor
transesterification

Chaetoceros sp.;
Chlorella
vulgaris;
Nannochloropsis

98.1 Yield optimized by
altering types of
reactor, volume ratio
and reaction time

[103]

Supercritical in situ
transesterification

Chlorella
protothecoides

89 Catalyst is not
required and higher
tolerance for
feedstocks containing
water and fatty acids

[104]
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cultivation and conversion as the efficient land use for algae cultivation will be
beneficial for the transportation energy system [107].

Besides that, life-cycle assessment on the effects of nitrogen supply and oil
extraction technologies showed promising results in the fossil energy ratio of algal
biofuel production. The life-cycle fossil energy ratio describes the ratio of energy
output to fossil energy consumption [108]. This factor is important for life-cycle
analysis to evaluate the depletion of non-renewable resource as well as in terms of
pollution to the environment. It was found that nitrogen deficiency successfully
elevated the oil content and productivity of algae. Moreover, the extraction of oil
directly from wet algae with subcritical solvents can efficiently enhance the
life-cycle fossil energy ratio of algal biomass compared to extraction from dried
biomass. Several other factors which affect the life cycle fossil energy ratio includes
the esterification efficiency, heat value or calorific value of algae, ratio of algal
residue and algae cultivation water recycling rate. Different life-cycle stages of the
utilization of algal biomass for the production of biofuels are presented in Fig. 4:
Life-cycle stages of bioethanol, biomethane and biodiesel production from algal
biomass. The cultivation of microalgae requires considerable amount of freshwater,
hence, this leads the necessity for the quantification of water footprint and nutrient
usage for microalgae biofuel production. It was shown that using seawater or
wastewater with recycling for the cultivation of microalgae could significantly
reduce the freshwater usage by as much as 90% [109, 110]. The usage of nutrients
such as phosphorus, potassium, nitrogen, magnesium and sulfur can also be
reduced by approximately 55% with harvest water recycling.

A comparative LCA study of algal biodiesel production was carried out by
Lardon et al. to assess the energetic balance and potential environmental impacts of
the whole process chain, from biomass production to biodiesel combustion. Two
different culture conditions (nominal fertilizing and nitrogen starvation) and two
extraction methods (dry and wet) were analyzed and the best scenario was

Fig. 4 Life-cycle stages of bioethanol, biomethane and biodiesel production from algal biomass
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compared with first generation biodiesel [111]. All the equipment for cultivation
showed high energetic consumption. However, it is worth noting that both fertil-
izers and energetic requirements were lower for the low nitrogen culture condition.
The use of wet oil extraction also reduced the energy requirements but had lower
extraction efficiency. Several factors were selected from a whole set of impacts to
evaluate the potential effects on human health, ecosystem quality and resource
usage. The production steps were categorized into several groups to examine the
contribution of the process chain to different impacts, where each impact is stan-
dardized with the worst situation for evaluation. It was found that a low nitrogen
condition with wet extraction method always showed lower impacts. Besides that,
the comparison of algal biodiesel with other fuels showed very low impacts for
eutrophication, land use and human toxicity effects, which can be attributed to
better control of fertilizers as well as the absence of pesticides [111]. Nevertheless,
algal biodiesel was not deemed favorable in terms of global warming, ozone
depletion and mineral resources as it requires large amount of heat and electricity.

Growing algae using carbon dioxide flue gases from various power stations has
also been regarded as a possible GHG capture mechanism. However, this mecha-
nism does not gain any carbon credits as the algae-derived fuel would eventually be
burnt and the captured carbon would return to the atmosphere. The carbon credit
arises from the fact that biofuel availability replaces the utilization of fossil fuels.
Similar case can be observed for electricity production, such that carbon credits are
obtained from the use of algal biomass instead of coal or gas for electricity pro-
duction [112]. A study by Jorquera et al. [113] showed that the energy return of
algae grown using ponds was greater than unity while algae grown using
photo-bioreactors were less than unity. A higher ratio of illuminated area to culti-
vation volume was needed for photo-bioreactor systems compared to open ponds,
but in order to generate the same amount of biomass, an area twice as large as the
photo-bioreactor was needed for the pond system. The water consumption in the
pond was also about 16 times higher than that required for the photo-bioreactor
[113]. Furthermore, the commercial scale production of algal biofuel needs much
consideration in terms of economic aspects. At present, the economical complica-
tion of producing biofuels shows greater uncertainty than the GHG emissions. To
make algal fuels profitable, a higher production rate is necessary as a lower pro-
duction rate would result in an expensive final product and would not be cost
competitive with fossil fuels. This situation should relatively improve with the
technological advances in algal biofuels production and the rise of crude oil price
due to its continuous depletion.

The improvements made on oil extraction techniques could directly impact the
sustainability of biofuel production, where almost 90% of the process energy is
reserved for lipid extraction. For example, the drying of biomass for lipid recovery
can be improved with alternative methods that are less energy consuming. A more
secure control on the energy consumption could very well reduce numerous impacts
and this will lead to better overall environment performance compared to other
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biofuels. With additional research on the optimization of growth conditions for
oleaginous microorganisms, along with industrial scale research, biofuels from
microbial lipids could be produced with low capital costs and eventually
commercialized.

5 Challenges and Future Perspectives

Many of the recent investments in green fuels are steering the market attention
towards the production of algal biofuels and development of outstanding production
systems. The major requirements for producing biofuels from microbial lipids is the
large-scale cultivation and harvesting systems, and the challenge rests on the ability
to reduce the cost per unit area. Apart from that, a large amount of land is needed to
grow oil crops and this may lead to the clearing of rainforests for the purpose of
monoculture plantations [114]. Besides that, the strong interest in sustainable
biofuel production requires industrial processes to exploit new genetically modified
microbial strains with enhanced photosynthetic efficiency, increased growth rate
and biomass production. Other desirable features in microalgal biofuel system
would be: increased oil content and productivity and enhanced temperature toler-
ance aiding in outdoor cultivation. Microalgal biotechnology has improved greatly
in the recent past and well defined genetic tools for gene silencing and heterologous
protein expression are available for model microalgae. These are the upstream
processes in arriving at a particularly robust strain with high biomass and lipid
productivity. Cultivation of the strain under optimal conditions, with efficient
process control and aided by process engineering strategies will greatly enhance the
biomass production potential. Valorization of wastes like flue gases, wastewater or
carbon rich waste and lignocellulosic biomass can be applied for the photoau-
totrophic or heterotrophic cultivation of microalgae, thereby cutting cultivation
costs.

Further efforts on oil rich microbial biomass production should concentrate on
the cost reduction for small and large scale systems as the feasibility of producing
viable biofuels is dependent on the efficiency, cost structure and ease of scale up
[115]. Biofuels from microbial lipids could play a major role in the future energy
systems and this will be realized through a defined set of technology breakthroughs,
based on the development of the optimum utilization of algal biomass for com-
mercial biofuel production. Moreover, the life cycle assessment of algal biofuels
concerning the environment benefits and impacts should be used for as a guide for
decisions on the operation and technology sides. Lastly, the possibilities of pro-
ducing high-value co-products from the biomass residues after the extraction of
microbial lipid should be considered. These biomass residues can be used in dif-
ferent applications like food, medicine, agriculture and this could well save raw
material costs, reduce waste amount as well as GHG emissions. The utilization of
wastes and residues from the microorganisms will contribute tremendously to the
sustainability and market competitiveness of the biofuel industry.
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6 Conclusion

In conclusion, the biofuels from microbial lipids have shown great potential as a
replacement for petroleum-based fuels. The nature of lipids varies in each microbe,
like yeasts, molds, bacteria and microalgae and they can serve as feedstock for the
production of different biofuels. Microbial lipids can be obtained with existing
infrastructure which will greatly improve the economics of biofuel production and
reduce the dependency on fossil fuels. The feedstock for biofuel production should
be chosen with prudence, which can be produced economically with high lipid
content. The lipid content of the microbial biomass is affected by the nutritional
status of the medium and is also modified by certain environmental stress. The
current technologies discussed in this chapter will provide sufficient information to
design a biofuel production facility which is comparable to petroleum based fuels in
an economic perspective. The limitation of nitrogen and the choice of oil extraction
methods for algae cultivation have significantly lowered the eutrophication
potential of the effluent as described in the life cycle assessment. Challenges in
commercializing microbial lipids based biofuels such as high production cost,
large-scale cultivation and harvesting systems are being overcome in order to
commercialize biofuel production.
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