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he need for fossils fuels, including oil, coal and natural gases, has increased dramatically due to a vast 
expansion in human population and economic growth. The emission of greenhouse gases from fossil 
fuels leads to disastrous alterations in the earth's climate. In a few decades, fossil fuels will run out 

because of their non-renewability. Many researchers are motivated to develop new renewable energy sources 
to replace fossil fuels. Recent research has identified microalgae as a promising resource for the production of 
biohydrogen and biodiesel. Biohydrogen production affords an environmentally friendly and sustainable 
approach to generate clear, clean and reliable energy from renewable resources. Green microalgae use sunlight 
to convert water molecules into oxygen and molecular hydrogen under special conditions. Microalgae have also 
been reported as a promising feedstock for biodiesel production, as biodiesel is considered the best alternative 
to petroleum-derived diesel. In the present review, the production of biohydrogen and biodiesel from 
microalgae through different methods, including indirect and direct biophotolysis, transesterification and lipid 
synthesis, enhancement approach, is briefly discussed. This article is critical for exploring ideas for future 
research that can be applied in the commercialization of biohydrogen and biodiesel from microalgae biomass. 
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Introduction  

Scarcities in oil, coal and other fossil energy have 
occurred in the modern era in addition to environmental 
harm caused by the use of such fossil energy sources. For 
a country's economic and social development, energy is 
not only a basic national resource but also a vital 
material foundation. Both of these problems have 
completely hindered worldwide fossil fuel development. 
Development of innovative energy is both a primary 
method of solving the energy crisis and also an 
important development strategy for several countries 
[1]. The accumulation of greenhouse gasses in the 
environment and the use of fossil fuels as an energy 
source is unsustainable. The major contributors of 
carbon dioxide (CO2) release have been identified as the 
combustion of coal, natural gas, and petrol, which are 
the main causes of global warming. Rapid 
industrialization and an increase in population growth 
compound the problem further, so that fossil fuels are 
being depleted more rapidly [2]. It is estimated that in 
almost 40 to 64 years, natural gas and oil will be 
depleted. The world will need almost 60% more energy 
in 2030 than what is needed today [2]. During the last 
century, an increased release of greenhouse gasses and 
waning water quality were caused by human activities. 
Each year, approximately 590-880 million tons of 
methane are released by microbial activities into the 
atmosphere, and 90% come from biogenic sources [2]. To 
solve these environmental problems, new renewable 
technologies need to be developed to generate energy 
that will reduce CO2 emissions to almost zero in 2100 [1]. 
Microalgae are mostly photosynthetic eukaryotic 
organisms that can be altered to live in different 
environments because of their simple multicellular or 
unicellular structure. Photoautotrophically, microalgae 
use CO2 for growth and produce almost half of the 
atmospheric oxygen. The four divisions of microalgae 
are included in terms of their abundance: Bacillariophyta 
(diatoms), Chlorophyta (green algae), Cyanophyta (blue-
green algae) and Chrysophyta (golden algae). Microalgae 
can also be cultured heterotrophically and further 
subdivided into chemoheterotrophic and 
photoheterotrophic [3]. The former can oxidize organic 
compounds to produce energy, and the latter mostly 
uses solar light as a source of energy. Autotrophic 
microalgae need inorganic compounds to grow, such as 
light, salts (phosphate, nitrate ion) and CO2. This 
autotrophic group can also be further subdivided into 
chemoautotrophs and photoautotrophs. Microalgae 
exist as more than 100,000 species around the world, but 
no more than 30,000 have been classified and 
investigated according to their pigments, size, color, 
and cell wall constituents or metabolism, which are 

important for human requirements [4]. Biofuel 
production from microalgae is attractive, as algae 
produce 10-100 times the amount of oil from waste 
when compared to other well-known oil and food crops 
[3]. When compared to land-based plants, the algal 
growth rate is 100 times faster, and the doubling time 
can be as low as 3-4 h under promising growth 
conditions [3]. Due to the simple cell composition and 
vast ratio of surface to volume in algae, algae can uptake 
a large quantity of nutrients from water to promote 
growth rate. Algae can transform CO2 and light during 
photosynthesis into a biomass rich in mineral 
components. They can grow in fresh, waste and marine 
water, which shows their robustness and versatility, and 
the photosynthetic yields of algae increase with year-
round production. An algae biomass rich in minerals can 
be harvested for various kinds of biofuels, including 
bioethanol from carbohydrate fermentation, 
biomethane from anaerobic digestion, biohydrogen 
production, and biodiesel from microalgae lipid and 
protein via thermochemical processes or biochemical 
processes (Fig. 1) [4,5]. The starch-based cytoplasm and 
high-carbohydrate content of their holocellulose-based 
cell walls have made the algal biomass a suitable 
feedstock for bioethanol production. These 
carbohydrate polymers are broken into simple sugars 
during microbial hydrolysis, followed by fermentation to 
yield bioethanol. To produce bioethanol via 
fermentation, starch-rich microalgae have been 
extensively studied, and different pretreatment 
methods have been appraised to release the fermentable 
sugars from the algal biomass to boost bioethanol 
production. Significant research efforts have been 
carried out to use the algal biomass as a feedstock for 
bioethanol production. Although the overall process can 
vary, the production of bioethanol from biomass usually 
contains the following steps: (i) pretreatment of 
feedstock; hydrolysis; and (iii) fermentation of 
bioethanol [5]. 

 

Figure 1:  Biohydrogen, biodiesel and bioethanol production from 
microalgae [3]. 
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Methods 

Literature survey and selection criteria  
The Google scholar, Xue Baidu, and Google Web 
databases were used to obtain data for this review 
manuscript. Through various keywords, research 
articles were retrieved such as biodiesel, biohydrogen, 
microalgae, and biofuels. The literature achieved for this 
manuscript were further screen by exclusion and 
inclusion criteria. More than 40 articles were selected 
which were published in the last 10 to 15 years.  

Discussion 
Biohydrogen Production from Microalgae 
Currently, there is an abundant need for hydrogen 
energy in the world; the exhaustion of hydrogen 
increased up to 900 billion m3 in 2011. Currently, 96% 
of all hydrogen is produced from fossil fuels: 18% from 
coal, 48% from natural gas, and 30% from different 
hydrocarbon-containing fossils [6]. Hydrogen will be 
used in the future as a substitute source for fossil fuels, 
and this could be of key significant interest because the 
reserve of fossil fuels is being drained [4]. Hydrogen 
production using microorganisms is an ecologically 
friendly way of obtaining renewable energy. There are 
various kinds of microbes utilized for this purpose, 
including archaea, bacteria, and algae. Investigating in 
this article, the main focus will be on the use of 
microalgae for the production of hydrogen. The key 
significance of the generation of photosynthetic 
hydrogen is to reduce the emission of greenhouse gases, 
hence, this strategy is promising and attractive [5].  

Several kinds of photosynthetic organisms are capable 
of producing hydrogen. In the late 1990s, green algae 
Chlamydomonas reinhardtii was found to switch from 
oxygen production to hydrogen production during 
photosynthesis in sulfur scarcity medium [6]. Due to the 
depletion of sulfur the internal oxygen flow was 
interrupted, resulting in hydrogen production catalyzed 
by the enzyme hydrogenase [7]. Cyanobacteria and 
green microalgae have a pigment molecule which are 
capable to capture sunlight energy and transform it into 
biochemical energy splitting water to molecular protons 
(H+) and oxygen (O2). In the thylakoid membranes of 
chloroplast and cytoplasm of green algae and 
cyanobacteria occurring a complex redox reaction called 
photosynthesis. This complex photosynthetic redox 
reaction transfer electrons and establish two different 
reactions, namely indirect biophotolysis (dark) and 
direct biophotolysis (light) reactions. The detailed 
procedures for biohydrogen generation through both 
routes are discussed below [5]. 

Direct biophotolysis route 

Hydrogen production under light irradiation is referred 
to as direct biophotolysis. Photosystem II (PSII) or 
photosystem I (PSI) absorb light energy in their 
pigments, P680 and P700, in which the oxidation of 
water occurs to increase the energy level of electrons [4]. 
The electrons are shifted from PSII through various 
electron transport phases (e.g., the plastoquinone (PQ) 
pool, cytochrome b6-f complex and plastocyanin (PC)) 
to PSI and then to ferredoxin (Fd), driving hydrogenase 
to catalyze hydrogen formation from protons (Fig. 2a) 
[8]. Photosynthetic oxygenic organisms (e.g., algae, 
cyanobacteria and plants) consume H2O as the resource 
of together protons and electrons and release oxygen as 
a by-product [9,10]. In the thylakoid membranes under 
anaerobic conditions, unicellular green algae can 
transport their inner photosynthetic electron flow 
toward H2 generation. While the final reaction of this 
process is catalyzed by [FeFe]-hydrogenase enzyme. [8]. 
The enzyme catalyzes two bidirectional reactions 
according to the following chemical equations: 

 

In the PSII-independent pathway oxidation of cellular 
endogenous substrates occurs which generates 
electrons for hydrogen production. Study the analysis of 
endogenous substrates, electrons are converted through 
the plastoquinone pool to PSI with the help of the 
enzyme [FeFe]-hydrogenase (Fig. 2a) [4].  

Three kinds of enzymes are responsible for the 
reaction of hydrogen formation. [FeFe]-hydrogenase is 
generally found in algae, [NiFe]-hydrogenase is 
generally found in cyanobacteria, and [Fe]-hydrogenase 
is found in archaea. Several genes of different [FeFe]-
hydrogenase and related enzymes have been genetically 
modified from various microalgae sources, comprising 
Chlorococcum littorale, Chlamydomonas reinhardtii, 
Chlorella fusca, Scenedesmus obliquus and Platymonas 
subcordiformis. hydA1 and hydA2, two genes of [FeFe]-
hydrogenases from the model green microalgae C. 
reinhardtii, are only expressed under anaerobic 
conditions. hydA1 is an important gene for hydrogen 
generation, while hydA2 plays a secondary role in this 
process. The accessory genes hydEF and hydG encode 
the proteins necessary for stimulation of the enzyme 
[FeFe]-hydrogenase [5].  

Various methods have had limited success at 
overcoming the inhibiting effect of oxygen on [FeFe]-
hydrogenase. The growing medium for microalgal 
biomass culturing has some inert gasses in gas purging, 
which help to eliminate the amount of O2 from the 
suspension. The cells’ own mitochondria consume 
oxygen when relieved over innovative manipulation of 
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the equivalence within respiration and photosynthesis 
due to the use of sulfur-deprivation metabolic 
mechanisms. 

 
Figure 2a & b: Schematic view of direct and indirect biophotolysis 
pathways for hydrogen production from microalgae species. (a) 
Light-dependent substitutes (1 and 2) of electron transport 
pathways to H2. Electron source of the PSII-dependent pathway is 
the water oxidation (1), whereas PSII-independent pathway (2) 
electron source is oxidation of endogenous or exogenous 
substrate. (b) In green microalgae, the light-independent 
fermentative pathway (3) in which exogenous or endogenous 
substrate is the special basis of electrons for H2 evolution. Some 
electron transport footsteps are displayed with dashed arrows. 
Drawings have been amended from references [4,5]. 
(Abbreviations: ACK; acetate kinase; AcDH: acetaldehyde 
dehydrogenase; Cytb6-f: Cytochrome b6-fcomplex; ADH: alcohol 
dehydrogenase; NADPH: Reduced nicotinamide adenine 
dinucleotide phosphate; PQ: Plastoquinone; Fd: Ferredoxin; PC: 
plastocyanin; Hyd: Hydrogenase; PAT: phosphate 
acetyltransferase; PDC: pyruvate decarboxylase; PFL: pyruvate-
formatelyase; PSI & II: Photosystem-I & II; PFOR: pyruvate-
ferredoxin oxidoreductase; PQH2: Plastoquinol).  

To use alternative tools for microalgae H2-production, 
approaches include engineering an enzyme [FeFe]-
hydrogenase O2-tolerant, changing the tertiary 
structure of proteins to shrink, opening the channel of 
[FeFe]- hydrogenase to allow molecular H2 to disperse 
via the H-cluster [7], or altering the configuration of the 
active site of [FeFe]-hydrogenase to block oxidative 
inhibition. Photoheterotrophic and facultative green 
microalgae, Chlamydomonas reinhardtii and 
Scenedesmus obliques, are representative of 
biohydrogen research [4]. The unicellular microalgae 
Scenedesmus obliquus could either release H2 under 
anaerobic conditions in the light or dark or during CO2-
fixation using H2 as an electron donor. Many other algal 
species, such as Platymonas subcordiformis and 
Chlorococcum littorale, have also been reported to 
produce hydrogen. Some of microalgae species has been 
reported in Table. 1, which produce biohydrogen 
through direct biophotolysis way [5]. 

Indirect biophotolysis 
In the case of light-independent fermentation, glycogen 
and starch content are used as a substrate to produce 
hydrogen, and this pathway is called indirect 
biophotolysis [13]. This method proceeds in two stages. 
During the first step, under light, the synthesis of 
carbohydrates occurs. During the second step, hydrogen 
is produced from carbohydrates and different tiny 

organic molecules, like ethanol, acetate, and format are 
generated [4,13]. 

 

During oxygenic photosynthesis, the accumulated 
microalgae cellular starch reserves are degenerated 
biochemically by the cells into pyruvate, and then the 
enzyme pyruvate-ferredoxin oxidoreductase (PFOR) 
oxidizes pyruvate to produce acetyl-CoA and CO2. A 
modification of Fd also occurs, which carries electrons 
to the enzyme hydrogenase for the catalytic production 
of H2. It is reported in a species Chlamydomonas 
reinhardtii that the enzyme pyruvate-formate-lyase 
(PFL) oxidizes pyruvate to releases acetyl-CoA and 
formate [10, 14]. Though metabolic ways, such as the 
alcohol dehydrogenase [14]/acetaldehyde 
dehydrogenase (AcDH) pathway, exist, ethanol is 
generated by these pathways [10]. Acetate kinase (ACK) 
together with phosphate acetyltransferase (PAT) 
cooperate to produce acetate from acetyl-CoA. It is 
investigated that microalgal cells producing less H2 
through a light-independent fermentative pathway as 
compare to light-dependent pathways [17]. The 
electrons are derived from endogenous substrates, and 
water oxidation catabolism does not precisely describe 
their percentages and contribution.  In the algal 
chloroplasts, the key significance of physiological 
electron transport leading to H2-generation is to enable 
ATP synthesis. Following prolonged and unfavorable 
anaerobic circumstances, ATP is required for the 
survival and function of cells. Under anaerobic 
requirements, survival depends on the stored starch 
amount overlaps in the cells with the disruption of 
starch duration, which generates hydrogen (Table. 2) 
[17]. It is very important to analyze PSII inhibitor 
treatment. Such as treatment like 3-3,4-dichlorophenyl-
1,1- dimethyl urea (DCMU), which deactivates PSII in 
sulfur-deprived and H2-generating cells right afterwards 
carrying cells to a sulfur-free media, results in neither 
starch accumulation nor H2 generation [4]. In another 
case, earlier to DCMU treatment, cells were induced to 
accumulate starch and were capable of generating H2, 
displaying the importance of both starch accumulation 
and PSII in the H2 generation procedure (Fig. 2b). 
Indirect biophotolysis has benefits because of the 
capability to utilize various carbon sources to afford 
electrons and protons for hydrogen production which is 
prominently found in cyanobacteria [18].  
Enhancing the yield of biohydrogen production  
Hydrogen generation rates depend on various 
parameters, including approaches to elevate hydrogen 
production yields and efficiencies. These are the 
following recent evaluated and major parameters 
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discussed below: (i) metabolic/genetic engineering; and 
[19] photobioreactor and its geometry. Currently, 
numerous metabolic engineering methods have been 
recognized for biological hydrogen generation utilizing 
microalgae biomasses. Contrast to some wild kind 
species, a huge substantial outcome on H2 evolution has 
been perceived ensuing metabolic modification of few 
microalgal species [20]. Various key concerns for 
maintainable and necessary H2 generation are the 
struggle for electrons through assimilatory pathways 
and the sensitivity of oxygen enzymes. Therefore, the 
enhancement utilizing microalgal cells for high 
hydrogen production yield is a challenging concern. On 
the laboratory scale, there is merely hydrogen 
production with low product yield for commercial 
applications. To address low product yield, it’s a key 
issue to improve hydrogen production for economical 
purposes by noticing the key scientific background 
research on microalgae-based biofuels [4]. There are 
certain possible routes to enhance the hydrogen 
generation utilizing genetic engineering tools: i) 
eradication of ways competing for electrons; ii) uptake 
hydrogenase inactivation; iii) elimination of the 
sensitivity of oxygen for hydrogen enzymes. Generally, 
a combination is needed between primary electron 
donors such as NAD(P)H and decreased ferredoxin with 
protons to generate hydrogen by the role of Hox-
hydrogenase bidirectional and nitrogenase. In a light-
dependent race through using targeted ferredoxin-
NADP+-oxidoreductase (FNR) variants and ferredoxin, 
electrons can be converted to the enzyme hydrogenase 
generating a five-fold boosted hydrogen progression [4]. 
One of the studied species Synechocystis PCC 6803 by 
deleting the big subunit NdhB of NADPH-
dehydrogenase (NDH-1) and deactivation of the 
respiratory complex I concluded in a reduced level of O2 

below light situation. Besides, another possible pathway 
is nitrate assimilation pathway which may overcome the 
flow of electrons to hydrogen metabolism. Genetic 
engineering pathways by removing electrons in 
competitive ways can be an encouraging and attractive 
strategy to enhance hydrogen evolution [5]. Secondly, 
uptake hydrogenase inactivation for enhanced hydrogen 
production is a key obstacle. Enhancing the hydrogen 
evolution in nitrogen-fixing cyanobacteria, the main 
hurdle is the uptake of hup-hydrogenase. Consequently, 
a prominent approach to improve the hydrogen 
generation from different microalgae species required to 
overcome the hydrogenase uptake. Aforementioned 
literature studies demonstrated that hydrogen uptake-
deficient mutants of Nostoc punctiforme NHM5 (∆hupL), 
Anabaena variabilis AVM13 (∆hupSL)  and Anabaena 
siamensis TISTR 8012 (∆hupS) , these all species have the 

capability to generate hydrogen with greater significant 
rate compared to wild kinds [4].  

Another key concern for hydrogen production 
consuming various systems is the utmost oxygen 
sensitivity of hydrogen-producing enzymes. The 
splitting of water in PSII system may prohibit the 
hydrogenase activities which generate oxygen because 
the cyanobacteria and green algae are oxygenic 
photosynthetic [4]. More importantly, rapid 
deactivation of hydrogenases by oxygen is supposed to 
be a main aspect for maintained and proficient H2 

generation. One of the mutant strain C. reinhardtii D1 
has been investigated that imported a double amino acid 
substitution, isoleucine substituted by leucine residue 
L159, and tyrosine (L159I-N230Y) by asparagine residue 
N230 exhibited a greater rate of H2 generation under 
sulfur deprivation [11]. Besides, suitable hydrogenase 
enzyme heterologous overexpression into the cells is 
also of great interest. Furthermore, the heterologous 
expression in cyanobacteria of O2-tolerant 
hydrogenases is entirely challenging. Because of a wide 
number of particular maturation enzymes, the 
maturation of [NiFe]-hydrogenases is required [6]. In 
different literature studies reported that nitrogenase 
enzyme in cyanobacteria frequently produced H2.  
Currently, it has been identified that light-induced O2 
uptake performed protected nitrogenase, because of the 
bounded heterocyst-specific flavodilol protein (Flv3B). 
Such changes maintain microoxic conditions inside of 
the heterocyst Anabaena sp. PCC 7120 of filamentous 
cyanobacterium [21]. For large scale, economic 
biohydrogen production needs improvement in the 
photobioreactor. In common, many large open/raceway 
ponds are used for microalgae cultivation however many 
closed photobioreactors have been designed for 
economic scale offering maximum biohydrogen 
production. Designing an optimized photobioreactor for 
large industrial-scale hydrogen production is still a 
limiting factor. In analysis of the study, various key 
measures should be focused for a particular 
photobioreactor designing: i) enlarge the surface area of 
incident light which improves hydrogen production; ii) 
with efficiency and convenience the reactor should 
allow sterilization; iii) the photobioreactor must be 
designed like enclosed system in which H2 stored 
without any loss. There is still required extensive 
research towards the implementation of 
photobioreactors for large industrial scale low-cost H2 

production. Besides, the following parameters must also 
be considered like: (i) material and size construction of 
reactor; [19] sources of electrons; (iii) photobioreactor 
geometry; (iv) metabolic/genetic engineering tools (v) 
illumination settings; and (vi) mixing and cultivation 
conditions [4]. 
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Biodiesel production 
In recent years, biodiesel fuel has gained significant 
attention, as it is renewable, non-toxic and 
biodegradable. It releases less gaseous toxins than 
normal diesel and contributes no net sulfur or carbon 
dioxide to the atmosphere. Different four primary 
methods are reported which make biodiesel, 
microemulsions, thermal cracking (pyrolysis), direct use 
and blending and transesterification [22]. The utmost 
important and common way is transesterification as the 
biodiesel from transesterification amalgams with diesel 
fuel in diesel engine or can be used directly. Since 1988, 
in many European countries biodiesel rapeseed methyl 
ester has been in commercial use as an alternative fuel. 
Since 1988, in many European countries biodiesel 
rapeseed methyl ester has been in commercial use as an 
alternative fuel. The commercialization and economic 
aspect of biodiesel production hinders its large-scale use 
and development, primarily due to its high feed cost. For 
biodiesel fuel production, microalgae have been 
advocated as very worthy candidates because of their 
advantages of faster growth, higher biomass production 
and higher photosynthetic efficiency compared to other 
resources [5].  

Biodiesel production from microalgae oil 
Common crude material, such as biomass enriched with 
triglycerides, is used for biofuel production (Fig. 3). 
Biodiesel production is a two-step process: extraction of 
lipids followed by a triglyceride transesterification 
reaction. In a transesterification reaction, alcohol and 
oil utilize different kinds of catalysts to generate 
glycerine as a by-product and methyl esters. Triglyceride 
(TAG) converts to diglycerides and then 
monoglycerides, followed by esters along with glycerol 
as a by-product. This method overcomes the viscosity of 
oil to natural, such as the oil used as diesel. Commonly, 
alcohol and oil are processed in a different (1–9) ratio, 
which produces the product biodiesel and glycerol in 9–
10: 1 ratio. The product, fatty acid methyl esters (FAME), 
is the main constituent of biodiesel. The given reversible 
reaction equation shows the biodiesel production 
process [5]. 

 

Chemically, mineral diesel is near to biodiesel, but it 
has less volumetric heat capability. Also, biodiesel can 
be a substitute for petroleum diesel fuels. It is probable 
to remove mineral diesel using biodiesel, and biodiesel 
viscosity are close to that of mineral diesel. There is 
various kind of advantages for using biodiesel as an 
alternative source, because it is easily renewable, cheap 
to produce, has reduced toxicity, reduced the risk of 
global warming, and decreased CO2 emission. CO2 is 

generated in the atmosphere when biodiesel is burned, 
while crops use this CO2 for growth. Compared to 
petroleum diesel fuel, biodiesel can minimize the 
emission of CO2 by up to 78.5%. The most promising 
source for the production of biodiesel is algae. Various 
data reported that some species of algae are composed 
of 60% lipid, which can be easily transformed to 
biodiesel. Compared to some plants, from one kilogram 
of algae biomass can be easily produced biodiesel [19]. 
Photobioreactors or high-rate algal ponds can be used 
for algal growth to control specific conditions When the 
algae biomass produced under special conditions, then 
this biomass is pre-treated, led by a methyl 
transesterification process of alcohols with lipid 
fractions. Some catalysts are necessary at this step. After 
the reaction, the obtained substances are then refined 
and improved into biodiesel. It is reported that 
compared to tradition crops, microalgae can produce 
biodiesel 200 times more efficiently [23]. 

Obtaining a large amount of biofuel from microalgae 
is faster and easier than in crops, and large amounts of 
pesticides and herbicides are not necessary. Some 
important features of microalgae make it a valuable 
source for biodiesel production. For example, Chlorella 
minutissima produces higher quantity of lipids at 25 °C 
in basic medium, and the microalgae C. protothecoides 
contains 55% lipid when grown under nitrogen limiting 
conditions [24]. Additionally, it has been reported that 
B. braunii765 can generate biodiesel under 25 °C. 
Additionally, it has been revealed that crops oil and 
petroleum diesel have similar physical and chemical 
characteristics to biodiesel from microalgae. In 
microalgal biomass, the total lipid content varies from 
1% to 75%, which depends upon cultivation conditions 
and strains, and the values are mostly bigger than 40% 
below stress nutrient conditions (Table. 3). The highest 
total lipid content was reported in microalgae compared 
to cyanobacteria [25]. Compared to microalgae, 
macroalgae have insufficient oil content (below 5%w/w), 
which considered imperfect for generation of biodiesel 
[12].  

 
Figure 3: Biodiesel, bioethanol and biohydrogen production 
pathways from microalgae biomass. 

Various data reported that some species of algae are 
composed of 60% lipid, which can be easily transformed 
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to biodiesel. Compared to some plants, from one 
kilogram of algae biomass can be easily produced 
biodiesel [19]. Photobioreactors or high-rate algal ponds 
can be used for algal growth to control specific 
conditions When the algae biomass produced under 
special conditions, then this biomass is pre-treated, led 
by a methyl transesterification process of alcohols with 
lipid fractions. Some catalysts are necessary at this step. 
After the reaction, the obtained substances are then 
refined and improved into biodiesel. It is reported that 
compared to tradition crops, microalgae can produce 
biodiesel 200 times more efficiently [23]. Obtaining a 
large amount of biofuel from microalgae is faster and 
easier than in crops, and large amounts of pesticides and 
herbicides are not necessary. Some important features 
of microalgae make it a valuable source for biodiesel 
production. For example, Chlorella minutissima 
produces higher quantity of lipids at 25 °C in basic 
medium, and the microalgae C. protothecoides contains 
55% lipid when grown under nitrogen limiting 
conditions [24]. Additionally, it has been reported that 
B. braunii765 can generate biodiesel under 25 °C. 
Additionally, it has been revealed that crops oil and 
petroleum diesel have similar physical and chemical 
characteristics to biodiesel from microalgae. 

 
Figure 4: Biodiesel production from microalgae biomass through 
various steps. Illustration have been modified from references 
[29]. 

In microalgal biomass, the total lipid content varies 
from 1% to 75%, which depends upon cultivation 
conditions and strains, and the values are mostly bigger 
than 40% below stress nutrient conditions (Table. 3). 
The highest total lipid content was reported in 
microalgae compared to cyanobacteria [25]. Compared 
to microalgae, macroalgae have insufficient oil content 
(below 5%w/w), which considered imperfect for 
generation of biodiesel [12]. The single-stage process 
replaced the conventional various two-step method of 
methyl esterification because it was expensive. The 
direct transesterification of wet biomass can 
significantly minimize two-step of oil extraction and 
methyl esterification into one step by overcoming 
downstream processing (Fig. 4) [26]. Due to the presence 
of free fatty acid, foam is generally in the bottleneck 
during the transesterification process. Cleaning of the 
biodiesel is needed to make it valuable while removing 

foam other raw organic acids. Utilizing the 
hydrogenation process can improve the short life of 
biodiesel. Using 100 kg of oil in a transesterification 
process produced almost 100 kg biodiesel. For example, 
100 kg of biodiesel is equivalent to 117.6 L defining a 
density equal to 850 kg m3 at 277–373 K [27]. Reported 
in the literature that about 200 kg of microalgae biomass 
comprises up to 50% (w/w) lipid, which produces 117.6 L 
of biodiesel [28]. To produce commercially inexpensive 
biodiesel, the economic cost of algal biomass should be 
kept up to 0.5 $/kg, based on the oil price in the market. 
Moreover, the current price of algal biomass requires to 
reduce by 6–7 fold to secure the practices commercially 
valuable. It is estimated that the cost of biodiesel 
derived from microalgae may be comparable to the cost 
of diesel in 2050. Some of the optimistic views of 
biodiesel cost reports estimated a range of US$ 0.42–
0.97 L1. Solazyme calculated cost of approximately 
US$17 L1 to generate biodiesel exhausting 
heterotrophic cultivation methods [30]. Mostly, the cost 
depends on the growing system, climatic conditions, 
availability of labor, the algal species, etc. Comparison 
of various important characteristics of diesel, biodiesel 
and microalgae biodiesel are elaborated in Table. 4. 

Distribution and importance of total lipid in algal 
cells 
Waxes, sterols, free fatty acids, different glycerides, 
carotenoids, isoprenoids, etc., are distributed in the 
cytoplasm of algal cells. Glycolipids and phospholipids 
are polar lipids that compose the layers of cell 
membranes. Phosphate moieties, polar hydrophilic 
sugars combine with saturation degree of fatty acyl 
chains manages membrane fluidity. Fatty acid and 
glycerol esters are glycolipids which bind to sugars by 
one hydroxyl group such as galactose. The most 
common monounsaturated and saturated fatty acids are 
found in algal samples with oleic acid (C18:1) or palmitic 
acid (C16:0) as the major fatty acids (Table. 5). Further, 
long-chain polyunsaturated fatty acids (VLC-PUFAs) are 
synthesized in significant amounts, which enables to 
adjustment of various modifications including pH, UV 
irradiation, temperature conditions and the 
environment [5]. Triacylglycerols (TAGs) are profoundly 
stored in the cytoplasm. TAGs are a highly decreased 
form carbon comprising of three fatty acids attached to 
a glycerol backbone. Under normal conditions, glycerol-
based membrane lipid in algae largely synthesizes to 
maintain increased growth. Furthermore, in the cells 
TAGs are generated when energy depletion of the cells 
increases by input energy. Under favorable 
environmental conditions, the stored TAGs can be 
readily utilized for energy [36]. Cell lipotoxicity can be 
caused by various generated free fatty acids (FFAs) 
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surviving in the cell's cytoplasm, but TAGs protect the 
cell from lipotoxicity by serving as a sink for FFAs. 
Furthermore, during stress conditions, TAGs eradicating 
excess energy and electrons preserving oxidation and 
save the cell. 

Various factors affecting TAG synthesis 
Different parameters producing stress to microalgae, 
such as nutrient starvation, various temperatures, 
salinity, pH and culturing time, control fatty acid 
composition and improve TAG synthesis [14]. For 
example, the lower temperature has been reported for 
the enhancement of unsaturated fatty acids production 
to maintain cellular processes by maintaining 
membrane fluidity [40]. The yields of polyunsaturated 
fatty acids (PUFAs) in P. tricornutum are significantly 
increased when the temperature decreases. The 
streamflow of stabilized carbons towards the production 
of sugar and lipid rather of protein was gained in the 
situation of nitrogen starvation [41]. During nitrogen 
deprivation, more than a four-fold increase in lipid 
synthesis and growth of significant amounts of C18:1 
was examined in Chlorella vulgaris.  But more 
importantly the amount of DHA, EPA (omega-3 fatty 
acids), C18:3, C18:2, and C16:2 was decreased. In the 
formation of PUFAs, small light intensity was 
determined to maintain PUFAs, while maximum light 
intensity was found to enhance mono-unsaturated and 
saturated fatty acid synthesis [42]. Increasing the 
number of TAGs will enhance the efficiency and yield of 
biodiesel, although the total amount of oils can be 
transformed into biodiesel. The quality of biodiesel 
depends on the existence of different unsaturated and 
saturated fatty acid in the TAGs. Oxidative stability, 
quality, cold storage, and ignition quality characteristics 
are essential parameters of biodiesel. Hydrolytic 
degradation of raised cetane numbers and water 
prevents biodiesel from oxidative stability, which 
ensures quicker ignition and helps in lasting usage. The 
quality of cold flow enhances due to the unsaturated to 
saturated fatty acid composition, which is a 
characteristic of biodiesel that inhibits it from freezing 
at lower temperatures. To modify the transesterification 
and purification of FAME, a smaller acyl chain length 
(C8–C14) was utilized. 

Brief mechanisms of lipid synthesis  
Utilizing two different pathways can synthesize TAGs in 
the cell, the acyl CoA dependent (de novo fatty acid 
biosynthesis) and acyl CoA independent pathway. For de 
novo synthesis of fatty acid, the chloroplast of algal cells 
is the synthesis site. This pathway begins with a 
carboxylation reaction, which is followed by the 
production of three carbon complexes, such as malonyl 

CoA. Moreover, with the help of ATP and acetyl-CoA 
carboxylase (ACCs) enzyme, acetyl-CoA irreversibly 
merges with CO2 in this stage. It is reported that in 
different green algae kinds, acetyl CoA is formed in both 
the chloroplast and cytosol [43]. In the diatom Cyclotella 
cryptica, ACCs were over-expressed by two- to threefold 
with no improvement in the lipid content [44]. In 
addition, malonyl-CoA: acyl carrier protein (ACP) 
connected with the help of ACP transferase (MAT) which 
transfer malonyl moiety, producing malonyl-ACP. 
Malonyl-ACP and acetyl-CoA combine and undergo 
condensation, reduction, and dehydration reactions. 
They then undergo a process called reduction reaction 
with the help of enzymes dehydrase, [18], reductase 
(KAR), enoyl-ACP reductase (ENR) and 3-ketoacyl-ACP 
synthase, respectively [43]. Repeating the cycle results 
in the four steps of progressive elongation of 2 carbons 
per series, following the formation of the precursor acyl-
ACP moiety chain. At the end of each cycle, saturated 
fatty acid 16-18 carbon chains are formed. 

 
Figure 5: Fatty acid and metabolite synthesis various pathways in 
green algae strains. In the chloroplast of algae free fatty acids 
production take place whereas TAG accumulates in the 
endoplasmic reticulum (ER). 

An enzyme stearoyl-ACP desaturase double bonds 
were proposed in the saturated fatty acid chain. In the 
Kennedy pathway, direct transfer of the acyl carrier 
protein (ACP) to the glycerol-3-phosphate (G3P) 
backbone by acyltransferases. While the elimination of 
the acyl group from ACP by the action of the acyl-ACP 
thioesterases (FATs) enzyme is also a possible way, 
where the elongation process eliminates. The Kennedy 
pathway, a stepwise reaction adding various hydroxyl 
groups of the glycerol, effects with G3P. An estimated 
about 40% improvement was found in the lipid content 
of algae due to the over-expression of G3P [45].  First, 
the FFA chain was transformed to position one of the 
G3P. Furthermore, glycerol-3-phosphate 
acyltransferase catalyzed to form lyso-phosphatidic acid 
(LPA). Using lysophosphatidic acid acyltransferase 
(LPAAT), when FFA transports LPA, phosphatidic acid 
(PA) is formed. The enzyme phosphatidic acid 
phosphatase (PAP) exploits dephosphorylation of PA to 
form DAG. Finally, the TAG makes when locus three of 
DAG is controlled by extra FFA with the help of 
diacylglycerol acyltransferase (DGAT) (Fig. 5) [45].  
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Currently, genetic engineering approaches have been 
summarized to improve the yield of oil quantity and 
modify the production of fatty acids. Such approaches 
like the removal of enzymes capable for β-oxidation of 
fatty acid, enhancing the stock of overcoming sugar, 
optimization of fatty acid chain length by including 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 thioesterase, decrease feedback inhibition, 
overexpression of thioesterase, and increased in acyl- 
ACP concentration. It is very important to recognize the 
vital limiting factors which control the lipid synthesis 
pathway. Various trials to overexpress genes required in 
fatty acid production have not worked yet [44]. 

Organism Maximum hydrogen 
evolution (mmol/g 
Chl/hr)a 

Maximum hydrogen 
productivity (mmol/g Chl/hr)b 

Gas for growth; Carbon sources; 
Light intensity (w/m2)c 

H2 evolution medium; Light 
intensity (w/m2)c 

References 

Chlamydomonas 
reinhardtii cc124 

5.94 0.094 
(0.022) 

97% air 
3% CO2; 
Acetate (17 mM); 43 

Argon; 
S-free acetate 
(17 mM); 65 

[11] 

Platymonas 
subcordiformis 

(0.001)a 0.002 
(0.0005) 

Air, Seawater; 
22(L/D)d 

N2; S-free seawater; 35 [11] 

Chlamydomonas 
reinhardtii cc1036 

5.91 0.48 
(0.12) 

Air; 
Acetate (17 mM); 22 

Argon; S-free acetate (17 mM); 
26 

[12] 

a) A particular hydrogen evolution rate is given per gram mass of chlorophyll or 109 cells. 
b) Not including the space required and time for enzyme induction and cell growth, only during hydrogen progression step H2 potency per liquid volume of the photobioreactor. 
c) It indicates the photosynthetically dynamic radiation that comprises light energy of 400-700 nm in wavelength. 1 W/m2= 4.6 µmolE/m2/s [12]. 
d) It specifies that 12 hour light and 12-hour dark. 

Table 1: Hydrogen production by green microalgae through direct laboratory-scale biophotolysis photobioreactors. 

Species/Organism Maximum hydrogen 
generation 
(mmol/gdry wt/hr)a 

Maximum hydrogen 
productivity (mmol/L/hr)b 
(kJ/L/hr)b 

Growth Gas/ 
Carbon/nutrient; Light-
intensity (w/m2)c 

Evolution of H2 gas; Carbohydrate 
storage (g/L) 

References 

Chlamydomonas reinhardtii 0.96 0.13 (0.032) Air/Acetate; 0.6 N2; 5 hr dark; Starch 0.77 – 

Chlamydomonas MGA161 0.10 0.2 (0.048) 95%air/5%CO2; 25 N2; 12 hr dark; Starch 0.22 [15] 
Spirulina platensis 0.11 0.18 (0.043) Air/N-limited; 8 N2; 12-24 hr dark; Glycogen 0.81 [16] 
Gloeocapsa alpicola 1.02 1.6 (0.38) 98%/air/2%CO2 /N-limited;36 Argon; 24 hr dark Glycogen 1.4 – 
Gloeocapsa alpicola 4.50 0.0072 (0.002) 96%air/4% CO2/S-deprived; 5 Argon; 12 hr dark Glycogen 0.024 – 
Synechocystis PCC6803 3.0 0.0048 (0.001) 96%air/4% CO2/S-deprived; 5 Argon; 12 hr dark Glycogen 0.02 – 

Table 2: Light-independent hydrogen generation by microalgae in anaerobic fermenters. 

Freshwater and marine 
microalgae species 

Lipid 
productivity (mg/L/day) 

Lipid content 
(% dry weight biomass) 

Areal productivity of biomass 
(g/m2/day) 

Volumetric productivity of 
biomass (g/L/day) 

Pavlova salina 49.4 30.9 – 0.16 
Pavlova lutheri 40.2 35.5 – 0.14 
Phaeodactylum tricornutum 44.8 18.0–57.0 2.4–21 0.003–1.9 
Porphyridium cruentum 34.8 9.0–18.8/60.7 25 0.36–1.50 
Scenedesmus obliquus – 11.0–55.0 – 0.004–0.74 
Scenedesmus quadricauda 35.1 1.9–18.4 – 0.19 
Scenedesmus sp. 40.8–53.9 19.6–21.1 2.43–13.52 0.03–0.26 
Skeletonema sp. 27.3 13.3–31.8 – 0.09 
Skeletonema costatum 17.4 13.5–51.3 – 0.08 
Spirulina platensis – 4.0–16.6 1.5–14.5/24–51 0.06–4.3 
Spirulina maxima – 4.0–9.0 25 0.21–0.25 
Thalassiosira pseudonana 17.4 20.6 – 0.08 
Tetraselmis suecica 27.0–36.4 8.5–23.0 19 0.12–0.32 
Tetraselmis sp. 43.4 12.6–14.7 – 0.30 
Dunaliella salina 116.0 6.0–25.0 1.6–3.5/20–38 0.22–0.34 
Dunaliella primolecta – 23.1 14 0.09 
Dunaliella tertiolecta – 16.7–71.0 – 0.12 
Dunaliella sp. 33.5 17.5–67.0 – – 
Ellipsoidion sp. 47.3 27.4 – 0.17 
Euglena gracilis – 14.0–20.0 – 7.70 
Haematococcus pluvialis – 25.0 10.2–36.4 0.05–0.06 
Isochrysis galbana – 7.0–40.0 – 0.32–1.60 
Isochrysis sp. 37.8 7.1–33 – 0.08–0.17 
Monodus subterraneus 30.4 16.0 – 0.19 
Monallanthus salina – 20.0–22.0 12 0.08 
Nannochloris sp. 60.9–76.5 20.0–56.0 – 0.17–0.51 
Nannochloropsis oculata. 84.0–142.0 22.7–29.7 – 0.37–0.48 
Nannochloropsis sp. 37.6–90.0 12.0–53.0 1.9–5.3 0.17–1.43 
Neochloris oleoabundans 90.0–134.0 29.0–65.0 – – 
Botryococcus braunii – 25.0–75.0 3.0 0.02 
Chaetoceros muelleri 21.8 33.6 – 0.07 
Chaetoceros calcitrans 17.6 14.6–16.4/39.8 – 0.04 
Chlorella emersonii 10.3–50.0 25.0–63.0 0.91–0.97 0.036–0.041 
Chlorella protothecoides 1214 14.6–57.8 – 2.00–7.70 

Illustrated from references [25, 28-29].  

Table 3: Lipid content and productivities of different microalgae species. 
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Future Perspectives 
Biodiesel and biohydrogen both have been proposed as 
the clean and promising energy carriers of the future. 
Microalgae utilize solar energy and generate biodiesels 
and biohydrogen which play a key role to reduce 
greenhouse gases emissions. The most key and 
important challenges with regard to biodiesel and 
biohydrogen economy are its lack of storage approaches, 
production cost and optimization methods, which are 
essential to be solved. Recent study progress is 
concentrated on genetic engineering improving strains 
capability and investigate appropriate circumstances to 
enhance the levels of biodiesel and biohydrogen 
evolution. Utilizing genetic engineering tools, it may be 
possible to do insertions and knockouts-based study 
using previous modelling research efforts. For 
investigation of large amount data analysis of 
physiology and cellular metabolism, various genome-
wide tools are used. Such metabolic engineering systems 
biology tools are including, proteomics, computational 
analyses, cover genomic, metabolomics, transcriptomic  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
and analytical techniques. Research efforts achieved 
from such investigations can be performed in a 
combined way throughout genetic engineering of strain 
modification.  

The economic utility of biodiesel and biohydrogen 
production may depend on proficient production 
approaches with significant yield, efficient storage and 
transport systems assuring a prominent amount of 
supply. Furthermore, biodiesel and biohydrogen 
generation may depend on the development of well-
organized bioreactors, research advances, and 
modification in strains efficiency utilizing metabolic 
engineering and optimization approaches. Besides, it is 
also very important to focus on commercial feasibility as 
cost compares to conventional sources, worth of such 
energy in our society and social awareness and 
acceptance. Importantly, biodiesel and biohydrogen 
have been trialed in few countries to power a fleet of 
vehicles. Biodiesel and biohydrogen will be accepted for 
various industrial purposes if an economical renewable 
approaches of its evolution is obtained. It is a very key 
concern to notice that research efforts are needed to be 

Fuel property Diesel References Biodiesel References Microalgae 
Biodiesel 

References 

Cetane Numbera 40-55 
 

45-70 [31] 39-54 [32] 
Heating value (MJ/K)b 36 -38 [33] 32-36 [34] 35.4 

 

Sulfur (wt. %)c 0.01-0.04 [31] 0.000-0.0024 [31] 0.0069 
 

Specific gravity (15.5 °C)d 0.81-0.86 
 

0.86-0.89 
 

0.864 [32] 
Kinematic viscosity (at 40°C, 
mm2/s)e 

1.9-3.8 [31] 2.8-5.7 [34] 3.87-5.2 [32] 

Oxidation stability(h)f Not reported  3 
 

   Not reported 
Lubricity (25 °C)g 0.509-0.238 [35] 0.114 [35] 

Pour pointi -35 to -15 [33] -5 to 10 
 

a. As an indicator, cetane number is used for ignition quality of a fuel decreases with number of unsaturated carbon bounds and increases with amount of carbon.  
b. Heating value show the heat of combustion, if a biodiesel is appropriate to burn in a                           diesel engine. It increases with the size of the carbon chain. 
c. Sulphur compounds effect the lubricity of diesel fuel. 
d. The density of a substance is the specific gravity ratio to that of the reference substance density. 
e. Kinematic viscosity reduces with the degree of unsaturation and escalations with the amount of carbon. 
f. The function of the degree of unsaturation, oxidation of the biodiesel increases. 
g. Lubricity of fuel is defined as “the capability to decrease friction among solid surfaces in relative motion”. 
h. Properties of pour point are demarcated as the temperature at which biodiesel does not move any longer. 

Table 4: Comparison of different properties of diesel, biodiesel and microalgae biodiesel. 
 

Fatty 
acids 

Phaeodactylum 
tricornutum (%) 

Nannochloropsis 
salina (%) 

Scenedesmus 
obliques (%) 

Botryococcus 
braunii (%) 

Chlamydomonas 
pitschmanii (%) 

Caulerpa 
mexicana (%) 

Chlorella vulgaris 
(%) 

C12:0 0 5 11 0.7 10 34 5 
C14:0 4.5 0 - 0.8 - - - 
C15:0 0 0.5 - 0.5 - - - 
C16:0 25.8 37.5 29 21 26 50 22 
C16:1 37.5 23.3 - 2 - - - 
C16:3 0 0 - 15.2 - - - 
C17:0 0 0.4 - 0.1 - - - 
C18:0 1.3 0.9 17 2.9 20 6 5 
C18:1 0 11.9 20 3.2 13 0 53 
C18:2 5.1 1.5 - 13.6 - - - 
C18:3 2 0 23 33 23 - 8 
C20:0 0 0.1 - 0.2 - - - 
C20:4 1.6 2.2 - - - - - 
C22:0 0 0 - 0.1 - - - 
C22:5 13.1 15.3 - 0 - - - 
C23:0 0 0.4 - 0 - - - 
C24:0 0 0 - 0.2 - - - 
Others 0 0 0 0 8 10 7 
References  [37] [38] [37] [39] [38,39] [37] 

Table 5: Lipid fatty acid composition of some algal specie. 
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integrated from both engineers and scientists and 
completely apply bioenergy as the clean and alternative 
energy for the future. 

Conclusion 

The production of various kinds of biofuels (gaseous, 
liquid, and solid) through different methods is 
potentially impacted by microalgae. Low-cost 
biomaterial generation has been found in microalgae, 
including different types of bioenergy sources, such as 
biohydrogen, biodiesel and bio-alcohol. Microalgae 
appear to be a good solution for many environmental 
problems. Biohydrogen production needs to be 
developed to enhance bioenergy strategies and 
commercialize production, which is a long-term goal. 
Photo-biological production of hydrogen yields the 
advantage of inevitable product extraction and 
separation, and it is a positive feature of microalgal 
biomass that will substantially develop the economic 
process. Biophotolysis seems interesting for the 
generation of hydrogen from microalgae, as hydrogen 
can be directly obtained by transforming solar energy. 
However, the production rate is too low, and the 
procedure has not yet been fully scaled up, even in the 
laboratory. Microalgae have been shown to be a 
potential source of biodiesel production, but still, the 
cost is quite high compared to petroleum-derived diesel. 
Policy makers and researchers have focused attention on 
biodiesel. It is possible to directly displace biodiesel 
instead of fossil diesel without any alteration of the 
engine. Different factors must be measured if 
microalgae are used to generate biofuels. The correct 
selection of the strain is crucial due to the lipid or 
carbohydrate amount, the improvement of harvesting 
methods, optimization of chemical and thermal 
methods, and the increase in the growth rate and genetic 
engineering. Due to genetic engineering approaches, 
microalgae strains can now produce lipids and increase 
production rates. Various species can be utilized to 
generate certain types of biofuels, but the production 
processes still need to be optimized. 
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