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Introduction 
Despite awareness drives and governmental initiatives towards popularizing and 
production of non-conventional energy for environmental sustainability, petroleum 
remains the primary energy source in most of the countries. In developing 
countries like India where close to 80% of country’s petroleum needs are met by 
import, energy security issues putting strain on the country’s economy and overall 
growth in view of spiralling price of petroleum fuels. This strongly advocates for 
sustainable production of renewable energy. Biodiesel is a biodegradable, clean-
burning, renewable fuel made from vegetable oils and animal fats. Biodiesel is 
produced from edible and non-edible oilseeds across the world.  In developing 
countries like India, biodiesel is produced only from non-edible oils as the edible 
oils are in short supply. Unfortunately, biodiesel from non-edible oil crops cannot 
even satisfy a small fraction of the existing demand for transport fuel. Microalgae 
on the other hand happen to be the only source which can meet the complete 
demand of transport fuels. Algae farming in less than 2-3 percent of India's total 
land can make the country self-sufficient in liquid fuel [1]. The growth rate is much 
faster than the other terrestrial crops, oil yield is estimated to be 20000 to 80000 
litres per acre per year [2]. Algae can be grown on degraded land that is not 
suitable for conventional agriculture. Hence, using microalgae for biodiesel 
production will not compete with food and fodder production. Moreover, while 
extracted microalgal lipids can be utilized as a potential feedstock for biodiesel 
production microalgal carbohydrates can be used as a carbon source in 
fermentation industries to replace conventional carbohydrate sources like simple 
sugars or treated lignocellulosic biomass [3]. Algae are also used to treat 
wastewater in many facilities worldwide [4]. Algal biomass cultivation absorbs 
nutrients from the water and carbon dioxide from the air which results in cleaned 
wastewater and reduced atmospheric carbon levels. Microalgal bio-fixation of CO2 
in photobioreactors is a promising approach for higher biomass and biofuel 
production [5]. Production of 1kg of biodiesel from algae can fix 1.83kg of CO2 [6].  
 

 
Microalgae consist of a huge group of photosynthetic, auto/heterotrophic organism 
which has an amazing potential for cultivation as energy crops.  Important 
considerations during selecting suitable microalgae species for biofuel production 
include cell biomass, lipid content, lipid quality, growth rate, response to factors 
such as light, temperature and nutrient input, growth medium etc. Microalgae 
produce and store lipids in the form of fatty acids, phospholipids, glycolipids and it 
can be used as feedstocks for biodiesel production by transesterification reaction 
in the presence of acid or base with methanol [7]. However, slow growth rate, low 
biomass yield, low and expensive harvesting efficiency are some of the challenges 
for economical biodiesel production from microalgae [8]. The problem can be 
solved by developing process technologies for harvesting and drying of algal 
biomass, extraction of oil, transesterification and downstream processing. 
 
Microalgae and energy Chain 
First generation biofuels are produced from organic matters like starch, sugars, 
animal fats and vegetable oils. These are essentially food materials and if too 
much fuel is produced from these raw materials, the food prices may rise 
drastically. There is also doubt that the second-generation raw materials such as 
wood, straw, grasses and wastes from the wood processing industry can partially 
satisfy the requirement of sustainable, environment friendly fuel in an inexpensive 
manner. In this perspective algae have been identified as a potential third 
generation biofuel feedstock due to its tremendous energy generation potential in 
multiple platforms. The requirements for establishing microalgae as an 
environmentally and economically viable, an emphasis should be given on 
combining fuel production with production of co-products [9]. There is also a 
possibility of establishing microalgal refinery which aims at obtaining biofuels, 
energy and high value products through biomass transformation [3]. With an 
integrated planning and arrangement, a variety of bioenergy other than biodiesel 
can also be synthesized from algae. Different ways to convert microalgal biomass 
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Abstract- In developing countries like India where import accounts for 80 percent of the crude oil supplies, alternative high yield sources are given utmost priorit ies for 
sustaining renewable energy generation. Discrepancies between expectations and realities of different non-edible biodiesel feedstocks are pushing for feedstock 
diversification. Microalgae, having extremely high photosynthetic efficiency are drawing attention as rich source of third ge neration renewable energy. The main hurdle 
of microalgal biodiesel production is lowering the cost to make it competitive with petroleum derived fuels. The problem can be solved by developing process 
technologies for harvesting and drying of algal biomass, extraction of oil, transesterification and downstream processing. In dia in spite of being one of the major 
producers of algae is yet to start such type of research and development activities on algal biodiesel. This paper reviews th e potential of microalgae to produce a 
multitude of biofuel including biodiesel, bioethanol, biomethane (biogas), producer gas etc with integrated approach for energy, environment and agriculture. 
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Fig. 1.  A Model for Integrated Energy Generation from Microalgae 
 

to biofuel include biochemical conversion, chemical reaction, direct combustion 
and thermochemical conversion. Biochemical conversion includes biomethane 
production through anaerobic digestion and ethanol production through 
fermentation [10] chemical conversion includes biodiesel production through 
transesterification of extracted algal lipids [11] Thermo-chemical conversion 
includes pyrolysis, gasification and liquefaction [12] Biomass generated in 
bioreactors can also be gasified or pyrolysed to produce a range of biofuels and 
can act as a complement in CO2 sequestration strategy. 
 
Production of microalgal biomass for biofuels production 
Microalgae are projected to be grown in those areas where lignocellulosic or 
oilseed crops will not grow well. The yield of biomass per acre from microalgae is 
threefold to fivefold greater than the yield from typical crop plant acreage. Algal 
growth is influenced by factors such as sun exposure, temperature, and pH [13] 
The choice of cultivation systems significantly affects the efficiency and cost 
effectiveness of microalgal biofuel production process. Three most widely used 
systems for microalgae cultivation are namely raceways, photobioreactors and 
fermenters. Selection of a particular production system depends on the cultivation 
process, economic factors, genetic engineering aspects like type of strains etc. In 
this perspective, major systems have been reviewed as under. 
 
Open pond culture 
Open ponds are useful for little number of algal species that can tolerate extreme 
environmental conditions. The capacity, shapes and sizes of open pond can be 
varied depending upon the natural resources mainly water and land. However, an 
optimum depth of 15-30 cm which facilitates uniform distribution of sunlight to the 
bottom is required for maximum biomass yield. Generally, fast-growing algal 
species such as Chlorella, Spirulina, and Dunaliella, which thrive in highly alkaline 
or saline environments are suitable for open pond cultivation [11]. Algae cultivation 
by open pond culture system depends on seasonal variation. Two species of 
microalgae - C. luteoviridis and P. Hussii showed highest growth rate, productivity 
and remediation characteristics during summer and spring in comparison to winter 
[14]. Generally, open ponds are of four different types namely unmixed open 
ponds, raceway ponds, circular ponds and thin layer inclined ponds. Unmixed 
open ponds have lowest productivity (<1gm-2d-1) in comparison to other ponds. 
Raceway ponds are the most widely used for algal culture. Circular ponds have 
productivities ranging between 8.5 gm−2 d−1 and 21 gm−2 d−1 and are mainly 
used in Asian countries [15]. Thin layer inclined ponds show productivity upto 31 
gm−2 d−1 [16]. Microbial contamination is inevitable because open ponds or 
raceways cannot be sterilized or kept under axenic conditions. Studies have 
shown that economic fuel production will require the microalgae to be grown in 
intensive culture in large outdoor ponds. An effective system could be like a 

raceway-shaped pond with a paddlewheel for circulating the water. Today, most of 
the large scale algal biomass production facility is based on Raceway ponds and 
this accounts for nearly 95% of the total worldwide algal production [17]. Raceway 
ponds require about 5x the volume that photobioreactors do to produce equivalent 
masses of algae [18] It was reported that using a specialized membrane for 
medium recycling algae cultivation in open pond were the most techno 
economically feasible and profitable option [19]. 
 
Photobioreactors  
Even though open pond systems are economical due to their low capital-cost, 
closed systems offer better control over contamination, mass transfer and other 
cultivation conditions. In addition, photobioreactors permit culture of single-species 
for a prolonged duration [20]. So, to enable microalgal growth at the maximum 
productivity level to enhance economic competitiveness, the design of 
photobioreactors for efficient and cost-effective phototrophic cultivation is one of 
the most important issues in practice [21]. Photobioreactors of different types such 
as tubular photobioreactors, vertical bubble columns and airlift reactors, combined 
bubble column and inclined tubular reactors, helical photobioreactors, and flat 
plate photobioreactors have been developed and tested [22-25]. Tubular 
photobioreactor is most widely used for algal cultivation. It consists of an array of 
straight transparent tubes having diameters 10 mm to a maximum of 60 mm and 
the length as long as several hundred meters [26]. The tubes act as solar 
collector. The availability as well as intensity of light affects the success of algae 
culture. The growth of algae culture increases with increase in light intensities.The 
performance of a photobioreactor depends on several factors like the 
concentration of the biomass, the light intensity, the flow rate, and the 
concentration of oxygen at the entrance of tube [27]. Sometimes it becomes 
necessary to inject carbon dioxide to prevent excessive increase of pH [28]. Large 
tubular photobioreactors have been placed within temperature controlled 
greenhouses [29], but doing so is prohibitively expensive for producing biodiesel.  
 
Fermenters 
Even though most algae grow phototrophically, there are some species that are 
capable of heterotrophic growth. They use organic substrates as the sole carbon 
and energy sources. Generally, heterotrophic cultivation has been found to 
increase the total lipid content in algae compared to phototrophically grown cells 
[30, 31]. This mode of algal cultivation has got several advantages like non-
requirement of light, lower harvesting cost, not dependant on weather and climate 
conditions, consistent reproducible production etc. The heterotrophically grown 
Chlorella cells accumulated lipids to about 55.2% of the cellular dry weight as 
opposed to 14.6% in phototrophically grown cells [30]. Heterotropically grown 
algae requires oxygen in sufficient quantity for catabolism of organic substrates.  
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Oil Potential of microalgae  
Considering the present situation, it is evident that conventional oil crops are not 
going to significantly contribute to replace petroleum derived liquid fuels in the 
foreseeable future. This scenario could be changed dramatically when microalgae 
are used to produce biodiesel. Oil productivity of many microalgae greatly 
exceeds the oil productivity of the best producing oil crops. It is also possible to 
increase the lipid concentration of microalgae up to 80% by optimizing the growth 
determining factors.  Microalgal oils differ from most vegetable oils in being quite 
rich in polyunsaturated fatty acids with four or more double bonds [32]. Studies 
show that biodiesel can be produced from macro algae also even though the lipid 
content (1.3-7.8%) of macro algae is less than micro algae [33]. Also, the lipid 
production rate (mg/L/day) in green microalgae is much higher than those of red 
or blood-red microalgae [5]. Several species of microalgae are capable of 
accumulation of lipids which contributes to high oil yields. The lipid content of 
microalgae varies within the range 1-70% which may increase upto 90% for 
certain varieties. Microalgae with high oil content are especially desirable for 
biodiesel production [11].  
 
Extraction of oil from algal biomass 
Oil can be extracted from microalgal biomass by various extraction methods like 
mechanical extraction using hydraulic or screw press, chemical extraction using 
different organic solvents, ultrasonic extraction and supercritical extraction using 
carbon-di-oxide. 
 
Enzymatic extraction 
Enzymatic extraction process is costlier than any other extraction process and this 
fact limits its utilisation for large scale production. In enzymatic extraction process 
water is used as solvent for enzymes to open up cell walls and facilitate easy and 
mild fractionation of oil, proteins and hulls. When the cell wall surrounded by oil 
and protein is removed with enzymatic degradation process, down-stream 
processing makes fractionation of the components possible to a degree which 
cannot be reached when using the conventional technique like mechanical 
pressing [34]. 
 
Chemical extraction 
In chemical extraction method oil is extracted from solid materials by an organic 
solvent usually n-hexane or petroleum ether using an apparatus called Soxhlet 
apparatus. The process is called solvent extraction process. In this method large 
amount of extraction is possible for limited amount of solvent. This method is 
viable for large scale extraction. This process has got some disadvantages like 
poor extraction of polar lipids, long extraction time and hazardous boiling of 
solvent etc.   
 
Ultrasonic extraction   
The ultrasonic extraction of algae oil involves intense sonication of liquid which 
generates sound waves that propagate into the liquid media resulting in 
alternating high-pressure and low-pressure cycles [34]. During high pressure 
cycle, ultrasonic waves facilitate the diffusion of solvents in cell structure. 
Ultrasound exerts cavitation shear force on the cell walls and that results in 
breakage of cell walls and transfer of lipids into the solvent. After the oil is fully 
dissolved in solvent, the pulp is removed by filtration and the remaining solution is 
distilled to separate the oil from the solvent. This process is not cost effective for 
large scale production. 
  
Biodiesel production from microalgae 
Biodiesel is produced by a process called transesterification in which vegetable oil 
reacts with alcohol to produce biodiesel and glycerol. The reaction proceeds in 
stages: triglycerides are first transformed into diglycerides, then to monoglycerides 
and next to glycerol. The amount of FFA and water present in the oil affects the 
reaction rate and biodiesel yield. The higher amount of FFA will lower biodiesel 
yield by formation of soaps. All microalgal oils are not preferred for biodiesel 
production but suitable oils occur commonly and are known to produce many 
different kinds of lipids, hydrocarbons, and other complex oils) [35, 36]. The 

amount of long chain poly unsaturated fatty acids (greater than C18) is mostly 
common in microalgal oils which are not produced in sufficient quantities in plant 
oils. However, different factors like microalgal species, nutrient, environmental, 
and developmental conditions in which the cells are cultured and harvested affect 
the lipid composition.  
Fatty acid composition of parent oil determines the different physicochemical 
properties of biodiesel. Biodiesel produced from feedstocks with high 
concentrations of saturated fatty acid commonly show better stability. But biodiesel 
produced from poly unsaturated oils has a lower melting point and thus, possess 
excellent cold flow properties compared to biodiesel from saturated fats (which 
tends to gel at ambient temperatures [37, 38]. To meet the biodiesel fuel quality 
standards, the extent of unsaturation in algal oils can be reduced by partial 
catalytic hydrogenation [39]. Biodiesel was produced from two species of algae 
and it was reported biodiesel production was maximum in Odeogonium species 
and minimum in Spirogyra species [33]. Biodiesel produced from 14 algae strains 
from the genus of Chlorella, Haematococcus, Scenedesmus, Chlamydomonas 
and Chloroccum by a one step extraction-transesterification method was quite 
comparable to diesel [15].  Biodiesel was produced from extracted algae oil by 
transesterification of fatty acids from algae biomass which followed fractioning on 
chromatographic columns [40].  
 
Other Biofuels 
Bioethanol 
The starch content of microalgae is as high as conventional ethanol producing 
feedstocks like corn, wheat etc. Bioethanol is very important in reducing emissions 
of greenhouse gases. Two pathways can be used for production of bioethanol 
from microalgae, first: the fermentation of starch under dark and anaerobic 
condition within the microalgal cells, second: after oil extraction, fermentation of 
starch in oil extracted biomass using enzymes and yeast. The extraction of 
ethanol directly from the culture-media will lower the capital cost as well as energy 
requirement for ethanol synthesis from microalgae. There have been many efforts 
towards producing ethanol from microalgae by different processes. Ethanol was 
produced from Chlorococum sp. by fermentation process using yeast [41]. They 
obtained a productivity level of around 38% which supports the suitability of 
microalgae as a promising substrate for bioethanol production. However, 
challenges in bioethanol production from microalgae is imposed by lignin, a 
recalcitrant substance that cannot be converted to ethanol [42]. 
 
Biomethane 
Biomethane is considered to be more environment congenial in comparison to 
petro-chemical fossil fuels. For better economical balance the biomass after lipid 
extraction needs to be transformed into methane [11]. The energetic value of the 
methane thus produced can potentially lead to an energetic balance of the 
microalgae to biofuel process [43]. Microalgae cultivation requires large amount of 
nitrogen and phosphate which influences the environmental and economic 
sustainability. It is therefore desirable to recycle the nitrogen and phosphorus 
contained in the microalgal waste after lipid extraction in order to reduce the use 
of fertilizers. Anaerobic digestion involving biotechnological approaches which can 
mineralise algal waste containing organic nitrogen and phosphorus, resulting in a 
flux of ammonium and phosphate that can then be used again as a substrate for 
the microalgae [44]. 
 
Integrated approach for biofuel production 
 Burning fossil fuels, primarily in power plants, is the main contributor to excess 
carbon dioxide. The microalgae essentially recycle the carbon dioxide from the 
power plant's stack gases into biodiesel [5]. Although this carbon dioxide is 
eventually released when the fuel is burned, the process effectively doubles the 
amount of energy generated for a given quantity of carbon dioxide. The process 
starts with a microalgal production followed by drying and extraction of algal 
biomass and subsequent processing. The first step of microalgal biomass 
production requires light, CO2, water and inorganic nutrients-mainly nitrates, 
phosphates, iron and some trace elements. Sea water supplemented with 
commercial nitrate and phosphate fertilizers, and a few other micronutrients, is 
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commonly used for growing marine microalgae. Fresh and brackish water from 
natural resources like lakes, rivers and aquifers can also be used. The next step is 
to recover the algal biomass from the produced algal broth. Water and residual 
nutrients recovered at this stage can be recycled and utilised for biomass 
cultivation. The concentrated and dried algal biomass is then subjected to oil 
extraction. Biodiesel is produced from algal oil by transesterification process. The 
algal biomass residue after oil extraction undergoes anaerobic digestion to 
produce biogas. This biogas will supply the primary energy needed for most of the 
production and processing of algal biomass. Assuming average values of biogas 
energy content and yield, biogas production from microalgal solids, after their 30% 
oil content has been removed, could provide at least 9360 MJ of energy per metric 
ton [11]. This substantial amount of energy is sufficient to run the microalgal 
biomass production process. Additionally, the nitrogen rich compound and water 
obtained from this process can be used as fertilizer and irrigation water. The 
fermentation of dried algal biomass produces ethanol that can be used as biofuel.   
Twostep process developed by [45] involved fermentation of microalgae to 
produce ethanol that was followed by methane production under anaerobic 
digestion. Carbon dioxide produced from the first step was used as nutrient for 
microalgal growth and the remaining algal biomass after second stage was used 
for electricity production.   
 
Challenges in biodiesel production from microalgae 
Continuous research is being carried on to find out the suitable algae species and 
growing conditions for maximum yield. There remain many challenges in terms of 
biotechnical, economic and environmental which have to be overcome for 
achieving the ultimate goal. 
 
Economic challenges for microalgal cultivation  
Microalgal biodiesel production process needs to be improved to make it 
economic and competitive with petrodiesel. Algal biomass harvesting and 
multiplication techniques together with trans-esterification process determine the 
economy of algal biofuel production. The choice of cultivation system plays a 
significant role in making the process cost effective and efficient. Open ponds are 
cheaper; bioreactors are far more expensive but currently the better method. 
Bioreactors need constantly pumping algae through a complex array of chambers 
and pipes, expensive to build, and energy-intensive to run.   However, the capital 
costs for starting an algal biofuel production process include expenses for land, 
infrastructure establishment, bioreactors, labour and many overhead expenses. 
Many of the industries engaged in commercial production of microalgal biofuels 
suggested that for making the process cost-effective, algae to biofuels plants may 
be effectively developed on land adjacent to power stations (to convert CO2 from 
exhausts into fuel); in wastewater treatment plants; or in seawater [46]. Besides 
that, a variety of products like other biofuels, animal feed, and valuable 
pharmaceutical and cosmetic products may be produced from microalgae other 
than biodiesel [47]. This makes the production of biodiesel from microalgae a 
more cost-effective process.  
 
Choice of algal strain 
There are about 300,000 species of microalgae, whose diversity is much greater 
than that of land plants. The factors that should be considered during algae 
species selection include growth rate, optimal temperature range, lipid 
accumulation, and response to nutrient deprivation; as these factors affect the 
performance and productivity of the algae in the proposed culture system. 
However, high light intensity, nutrient stress, and nitrogen deficiency are 
considered to be the key factors for satisfactory oil accumulation by microalgae 
[48]. Rigorous screening is required for identification and selection of strains that 
can produce and accumulate the desired end product. Green microalgae like 
Chlorella sp., Chlorococcum sp. and Neochlorosis oleabundans are reported to 
produce a higher quantity of biofuel in comparison to blue-green algae [5].   
 
Genetic engineering 
Genetic engineering plays an important role in manipulating lipid biosynthesis in 
microalgae, to enhance productivity and to optimize the conditions for their 

cultivation, harvesting and processing. But unfortunately, this aspect has not been 
given much importance and genetic engineering of microalgae is still lagging 
behind than that of bacteria, fungi and other eukaryotes. Genetic and metabolic 
engineering in microalgae has mostly focused on producing non-oil, high-value 
bioactive substances [49]. Temperature tolerance of microalgae can be improved 
to reduce the need for expensive cooling process. There have been several 
research efforts that have concentrated on applying genetic engineering to 
microalgae. Potential fuel producing DNA from microalgae has been analyzed 
chemically and short-term expression of foreign genes such as firefly luciferase 
was achieved [50]. Progress has also been made with respect to the development 
of new protocols for introducing foreign genes into microalgae. Photo inhibition is 
another factor that needs to be addressed by metabolic engineering. Like plants, 
microalgae experience photoinhibition at high daylight levels, in that 
photosynthesis slows down once the light intensity has exceeded a certain value. 
Engineered algae that are either not photoinhibited or have a higher inhibition light 
threshold would significantly improve biodiesel production [11]. The prospect of 
growing transgenic microalgae has a great potential. The development of a 
number of transgenic algal strains boasting recombinant protein expression, 
engineered photosynthesis and enhanced metabolism encourage the prospects of 
engineered microalgae [51]. 
 
Harvesting and drying 
Biomass harvesting cost can be a significant proportion of the total algal 
production cost and range between 3.3 and 30% of total cost [52]. The two factors 
that lead to low biomass concentration as well as costs and energy consumption 
in harvesting process are small sizes of microalgal cells and limited light 
penetration. Different technologies that are commonly used for harvesting 
microalgae are chemical flocculation, biological flocculation, filtration, 
centrifugation, and ultrasonic aggregation. Chemical and biological flocculation are 
characterised with low operating cost, high processing period and risk of 
bioreactive product decomposition. Filtration, centrifuge and ultrasonic flocculation 
on the other hand are more efficient and costly process. Some acceptable results 
have been obtained on filtration for colonial microalgae, but not for unicellular 
species [31]. Drying is the most important step that often needs to be considered 
for extraction of lipid from microalgae. Commonly practised sun drying process is 
the cheapest and time-consuming method.  Some efficient but costly drying 
technologies include drum drying, spray drying, fluidized bed drying, freeze drying, 
and refractance window dehydration technology [15]. It is therefore, important to 
find a balance between harvesting and drying efficiency with the cost 
effectiveness to maximize the net energy output of the fuels from microalgae. 
 
Conclusion 
Microalgae provide the opportunity to satisfy much of the energy demand without 
competing with other biofuel feedstocks, energy resources and technologies. 
Microalgae can sustainably meet the existing demand of liquid transport fuel in 
developing countries which have favourable climatic conditions for algae 
cultivation, cheap labour and underdeveloped land. But several factors in terms of 
biotechnical, economic and environmental need to be addressed before 
commercialization of the process. Appropriate harvesting technologies should be 
selected based on the value of the target products, biomass concentration and the 
size of microalgal cells. To make the process cost-effective, different by-products 
need to be synthesized in an integrated approach. Even though the full access to 
this technology by the poor may be difficult, foreign investment could lead to 
revenues for the developing countries. Large-scale facilities are more 
economically viable but are also more likely to have higher social and ecological 
impacts. 
 
Application of review 
Biodiesel production from micro algae with an integrated approach to utilise the 
by-products as organic fertiliser. 
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