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a b s t r a c t

Environmental changes that have occurred due to the use of fossil fuels have driven the search for alter-
native sources that have a lower environmental impact. First-generation biofuels were derived from
crops such as sugar cane, corn and soybean, which contribute to water scarcity and deforestation.
Second-generation biofuels originated from lignocellulose agriculture and forest residues, however these
needed large areas of land that could be used for food production. Based on technology projections, the
third generation of biofuels will be derived from microalgae. Microalgae are considered to be an alterna-
tive energy source without the drawbacks of the first- and second-generation biofuels. Depending upon
the growing conditions, microalgae can produce biocompounds that are easily converted into biofuels.
The biofuels from microalgae are an alternative that can keep the development of human activity in
harmony with the environment. This study aimed to present the main biofuels that can be derived from
microalgae.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Many analyses have been carried out about the future possibil-
ity of exhausting the planet’s resources and its ability to sustain its
inhabitants. This century will see great changes, and fossil fuels
will be partially replaced by new energy sources that can fulfill
current needs, but which have a lower environmental impact.

Nature has developed photosynthesis, a very efficient light har-
vesting and conversion system, which uses sunlight to synthesize
chemical energy carriers such as carbohydrates, lipids and pro-
teins. Over millions of years nature has collected the sun’s energy
and stored it as fossil fuels such as oil, coal and natural gas. Besides
the properties of photosynthetically produced fossil fuels, the
potential of current photosynthetic systems as a provider of
clean CO2-neutral fuels, so called biofuels, has been recognized
(Rupprecht, 2009).

Microalgae are photosynthetic organisms with relatively simple
requirements for growth, when compared to other sources of
biomass. The carbon source necessary for the cultivation of micro-
algae represents up to 60% of the costs with nutrients. Through the
process of photosynthesis, the algae convert water, carbon dioxide
(CO2) and light into oxygen and biomass. The nutritional require-
ments for growing these microorganisms may be available in
industrial waste, turning what is considered a problem into raw
material for obtaining products with high added value, such as
biofuels (Becker and Venkataraman, 1984; Vonshak, 1997).
ll rights reserved.
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Algal biomass has the potential to be converted into biofuel,
yielding a CO2-neutral energy carrier comparable to biofuels pro-
duced from other biomass sources. Biomass can be converted by
use of thermo-chemical or biological methods. Thermo-chemical
methods include direct combustion providing electricity, heat
and mechanical power. Biological conversion methods include fer-
mentation of the biomass to produce energy carriers like hydrogen,
ethanol and biogas, or extraction of oils from the biomass for bio-
diesel production. All use of biofuel will re-emit CO2, which can be
re-captured from biofuel fired plants (Skjanes et al., 2007).

Hydrogen is a naturally occurring molecule, which is a clean
and efficient energy carrier (Brennan and Owende, 2010). Microal-
gae are candidates for such a process since they exhibit hydrogen
production under certain conditions and may use closed systems
that allow the capture of hydrogen gas (Benemann, 1997). Micro-
algae possess the necessary genetic, metabolic and enzymatic
characteristics to photoproduce hydrogen gas (Brennan and
Owende, 2010). The photobiological production of biofuel hydro-
gen to microalgae can be increased according to the carbon content
in biomass.

The fatty acids that microalgae produce can be extracted and
converted into biodiesel, which is a renewable, biodegradable,
non-toxic and environmentally friendly fuel. Biodiesel has the fol-
lowing advantages: 78% reduction in the emission of carbon diox-
ide when burnt, 98% reduction in sulfur emissions and 50%
reduction of particulate matter (Brown and Zeiler, 1993). Several
researches focused on the isolation of high lipid content microal-
gae that could be cultivated in large scale open pond cultivation
for biodiesel production, and capturing CO2 from coal-fired power
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plants as biological emission control process (Brennan and
Owende, 2010).

Microalgae can produce various compounds by photosynthesis,
and also by the catabolism of endogenous carbohydrates via respi-
ration under dark aerobic conditions and via fermentation under
dark anaerobic conditions. Although endogenous storage com-
pounds are completely decomposed to carbon dioxide by aerobic
respiration, various end-products are formed by anaerobic fermen-
tation. End-products how ethanol are obtained to fermentation
process. The ethanol being one of the attractive chemicals and an
energy source (Ueno et al., 1998). Application of high carbohy-
drate-producing marine microalgae can generate an alternative
biomass resource for ethanol production. The production of etha-
nol by fermentation from biomass consisting of carbohydrates
was composed of two processes such as saccharification and fer-
mentation. Saccharification requires enzymes to hydrolyze carbo-
hydrates prior to fermentation (Matsumoto et al., 2003).

Biogas is the product of anaerobic digestion of organic matter
and can be obtained from terrestrial biomass, such as domestic
sewage, animal excrement and solid waste, such as weeds, fruit
and vegetable leftovers, leaves or plants, or from aquatic biomass
such as macro and microalgae or marine plants (Omer and Fadalla,
2003; Gunaseelan, 1997). The type of digestion that uses microal-
gal biomass can eliminate the process of harvesting and drying of
biomass and the associated costs (Vonshak, 1997). In the latter
case, this biomass can be burned for energy, since the calorific va-
lue of these microorganisms is higher than certain coals.

The objective of this study was to present the main biofuels that
can be derived from microalgae.
2. Microalgal biotechnology

Biotechnology is an inter and multidisciplinary area of science,
which means it is essential that there is a collaboration of effec-
tively integrated professionals working in different fields of
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knowledge, such as biochemistry, physiology, genetics, microbiol-
ogy, virology, botany, zoology, ecology and engineering.

Biotechnology is the body of knowledge, techniques and meth-
ods, with scientific or practical basis, that allows the use of micro-
organisms as an integral and active part of industrial production of
goods and services. Biotechnology products range from modified
foods and beverages, to other industrial products such as solvents,
organic acids, esters, amino acids, polysaccharides, enzymes, vita-
mins, antibiotics, hormones and biofuels.

The use of microorganisms and their metabolic products by hu-
mans is one of the most significant fields of biotechnology activi-
ties. The knowledge of the activity of microorganisms in the
conversion of certain substances into others is of great importance,
as is the possibility of using a wide variety of substrates for viable
products and subproducts, which enables a rational and balanced
use.

In Mexico, the ancient Aztecs collected algae of the genus Spiru-
lina from alkaline lakes for food consumption. The commercial cul-
tivation of microalgae started many years ago, when the main
species were Chlorella, Spirulina, used as a food, Dunaliella salina
for the extraction of b-carotene, Haematococcus pluvialis for the
extraction of astaxanthin and various other species used as feed
in aquaculture (Borowitzka, 1999).

Microalgae represent the prokaryotic and eukaryotic (true
algae) photosynthetic microorganisms that live in an aquatic envi-
ronment (Vonshak, 1997). Over the past 30 years, microalgal bio-
technology has developed and diversified significantly. The
cultivation of microalgae is being applied in the production of
pharmaceuticals, biochemicals, fertilizers, health food, animal feed
and more recently has been proposed as a source of biofuels
(Fig. 1). Microalgae can be combined to produce methane (biogas),
ethanol extraction, to produce hydrogen photosynthetically, and
some of them accumulate lipids from which fatty acids can be
extracted giving rise to biodiesel (Scragg et al., 2003).

The commercial production of Spirulina is based on raceway-
type open tanks, although some companies use a closed tubular
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bioreactor (Jiménez et al., 2003). Cultivation in raceway-type tanks
are made in Israel, the United States and China. Circular tanks are
used in Japan, Taiwan and Indonesia. In China, one company has an
annual production of 200 tons of algae, which corresponds to 25%
of national production and 10% of world production. The largest
plant for microalgae cultivation in the world is located in Calipatria
(CA, USA) in an area that is 440,000 m2 (Spolaore et al., 2006).

Many companies sell nutraceuticals developed with microalgae.
In Yangon (Myanmar), tablets, chips, creams and liquid extract of
Spirulina are sold. In Kona (Hawaii, USA), Spirulina powder is mar-
keted (Spolaore et al., 2006). In India, Inner Mongolia (China), Tian-
jin (China), Mexico, Cuba, Iran, Taiwan and Japan, industries
produce Dunaliella microalgae to obtain b-carotene (Lee, 2001).
The largest producers of Haematococcus on a commercial scale
in the world are located in Kailuai-Kona (USA) and Chennai (India)
(Dufossé et al., 2005).

In Brazil, the Laboratory of Biochemical Engineering (LEB), at
the Federal University of Rio Grande (FURG) develops technologies
for the cultivation of microalgae. Among the technologies studied
and under study, the following stand out: discontinuous and
semi-continuous cultivation (Reichert et al., 2006), cultivation in
open and closed photobioreactors (Morais and Costa, 2007a,b),
the effect of factors such as temperature, illuminance, aeration,
replacement rate, cut-off concentration (Radmann et al., 2007),
the profile of fatty acids in microalgae (Colla et al., 2004), the pro-
duction of biofuels from microalgae, sources of alternative nutri-
ents, such as Mangueira Lagoon water and CO2 (Costa et al.,
2003), production costs, simultaneous cultivation of Spirulina with
toxigenic microalgae (Costa et al., 2006), the hypocholesterolemic
potential of Spirulina platensis, the isolation of a native strain of Spi-
rulina (Morais et al., 2008), the isolation of microalgae with poten-
tial for CO2 biofixation (Morais and Costa, 2007c), the
mathematical modeling of the growth of Spirulina (Costa et al.,
2002) and development of nanofibers using microalgal biomass
(Morais et al., 2010).

Since 1998, the LEB has been developing a project studying the
cultivation of Spirulina on a pilot scale on the edge of Mangueira
Lagoon (Morais et al., 2009), for addition to meals for local chil-
dren. Products that are easy to prepare, conserve and distribute
have been developed. These products include: instant noodles, flan,
powdered mixture for cakes, cookies, chocolate powder, instant
soup, isotonic sports drinks, gelatin powder and cereal bars.

The LEB, along with the President Medici Power Plant (UTPM),
operated by the Society of Thermal Electricity Generation (CGTEE)
since January 2005, has carried out the cultivation of microalgae
for the biofixation of CO2 that is emitted in the combustion of coal
at UTPM. Due to this project, the partners joined the International
Network for Biofixation of CO2 and Greenhouse Gas Abatement
with Microalgae (Morais and Costa, 2007a,b,c).

With the problems that world is now facing in terms of global
warming due to burning of fossil fuels and depleting resources
there is a serious renaissance of interest in renewable energy from
biological sources (Rupprecht, 2009).
Table 1
Biofuel content of some microalgae species.

Microalga Biofuel Photobioreactor

Dunaliella sp. Ethanol Erlenmeyer flask
Chlorococum sp. Ethanol Bag photobioreacto
Neochlorosis oleabundans Biodiesel Polyethylene bags
Chlorococum sp. Biodiesel Bag photobioreacto
Chlamydomonas reinhardtii Hydrogen Roux bottle
Spirulina platensis Hydrogen Erlenmeyer flask
S. platensis UTEX 1926 Methane Glass sealed bottle
Spirulina Leb 18 Methane Open raceway
3. Applications of microalgae as biofuels

Microalgae are microscopic organisms that typically grow sus-
pended in water and are driven by the same photosynthetic pro-
cess adopted by higher plants. However, unlike higher plants,
algae do not require a vascular system to transport nutrients, be-
cause as every cell is photoautotrophic, they can directly absorb
the dissolved nutrients (Pelczar, 1993). Conventional terrestrial
plants are relatively inefficient in capturing light, converting less
than 0.5% of the solar energy received at typical midlatitudes into
plant into plant biomass; in contrast, the photosynthetic efficiency
of microalgae potentially can exceed 10.0% (Smith et al., 2009).

Through the process of photosynthesis, microalgae convert
water, carbon dioxide and light into oxygen and biomass (Alberts
et al., 2008). The carbon source that is required for the cultivation
of microalgae represents 60.0% of the costs for the nutrient. The use
of alternative sources such as CO2 emitted from the burning of coal
in power plants, as well as minimizing the problems caused by the
emission of this gas, such as global warming, reduces costs with
this nutrient and generates carbon credits that can be traded with
countries that need to reduce emissions of greenhouse gases
(Hughes and Benemann, 1997).

The production of 100 tons of microalgal biomass fixes 183 tons
of CO2 (Chisti, 2008). Microalgae can be grown on land unsuitable
for agriculture and farming, or on inhospitable land such as de-
serts, using brackish water and/or wastes from the desalination
process that, depending upon their composition, the cultivation
medium may be added to the crop limiting nutrients. As fresh
water is an increasingly scarce resource, the cultivation of microal-
gae improving water quality through the economical and environ-
mentally-appropriate use of it (Rupprecht, 2009; Groom et al.,
2007; Vonshak, 1997).

Microalgae can double their biomass in mean times that range
from 2 to 5 days, achieving large yields, without the need for the
application of pesticides, herbicides or fungicides. Doubling the
biomass of terrestrial plants, genetically modified or not, takes
months, and doubling the concentration of animal protein can take
years. The production of protein from microalgae consumes three
times less water than producing the same amount of protein from
soy, which is the plant that is richest in this nutrient (Rupprecht,
2009; Dismukes et al., 2008; Costa et al., 2006).

Energy production from microalgae, when compared to other
traditional forms of energy such as wind, hydro or from other bio-
mass such as plants, household and industrial waste, has the
advantage of simultaneously fixing large amounts of carbon diox-
ide. The search for solutions to energy problems requires under-
standing what the alternatives are and choosing the most
appropriate ones. These choices may affect the local patterns of
consumption and quality of life of people.

The choice of biofuels or raw material used for their production
should take into account the conservation of sensitive ecosystems
and biodiversity, competition for land with food and settled popu-
lations, the preservation of water resources and the impact of
Productivity of biofuel References

11.0 mg g�1 Shirai et al. (1998)
r 3.83 g L�1 Harun et al. (2010a)

56.0 g g�1 Gouveia and Oliveira (2009)
r 10.0 g L�1 Harun et al. (2010a)

2.5 mL h�1 Ghirardi et al. (2000)
1.8 lmol mg�1 Aoyama et al. (1997)
0.40 m3 kg�1 Converti et al. (2009)
0.79 g L�1 Costa et al. (2008)
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fertilizers for pest control. The composition and rates of photosyn-
thesis and growth of these organisms are strongly dependent on
growing conditions, so that manipulation of these can result in a
greater production of metabolites that are of interest. At the end
of the process, according to the characteristics of the microalgal
biomass obtained, it can be used to produce biodiesel, ethanol,
hydrogen, biogas or direct burning (Table 1) and are not precursors
of problems caused by fossil fuels and renewable energies (Kruse,
2009; Rupprecht, 2009).

4. Hydrogen photosynthetically produced by microalgae

World consumption of hydrogen is around 1012 m3 year�1.
Around 250 � 109 m3 is used in the production of ammonia and
another 250 � 109 m3 is divided between the petrochemical indus-
try and other applications.

The use of hydrogen as a fuel causes less environmental impact,
which is why many studies have been carried out on this element,
so that it can play a more significant part in the energy consump-
tion of many countries (Benemann, 2000). When burned as a con-
ventional fuel, whether in stationary engines, gas turbines,
automotive vehicles, or boilers and heaters, the use of hydrogen
leads to the emission of practically just one type of pollutant, NOx.

Microalgae have the genetic, metabolic and enzymatic charac-
teristics for photoproduction of hydrogen (Brennan and Owende,
2010). Its capacity for synthesis is linked to the exposure of the
microalgal cultivation to certain conditions, and closed systems
that facilitate the capture of hydrogen gas can even be used. The
photobiological production of hydrogen can be increased according
to the biomass’s carbon content (Benemann, 1997).

In the late 19th century it was reported that a natural bloom of
the cyanobacterium Anabaena, when placed into a glass jar, rapidly
started to evolve hydrogen gas. The first scientific investigation of
H2 evolution by microalgae demonstrated that after a period of
dark anaerobic ‘adaptation’, the green alga Scenedesmus obliquus
produces H2 in the dark at low rates, with H2 production greatly
stimulated in the light, though only for relatively brief periods.
Other noteworthy observations were that uncouplers and low
CO2 concentrations stimulated light driven H2 production in green
microalgae (Wunschiers and Lindblad, 2002; Benemann, 2000).

Under anaerobic conditions, the eukaryotic microalgae produce
hydrogen as an electron donor in the process of CO2 fixation. Dur-
ing photosynthesis, the microalgae convert water molecules into
hydrogen ions (H+) and oxygen. The hydrogen ions are then con-
verted into H2 by the enzyme hydrogenase (Hahn et al., 2004;
Ghirardi et al., 2000). The photosynthetic production of O2 results
in rapid inhibition of the enzyme hydrogenase and the production
of H2 is inhibited. Therefore, cultivation of microalgae for the pro-
duction of hydrogen must take place under anaerobic conditions
(Brennan and Owende, 2010; Wunschiers and Lindblad, 2002;
Benemann, 2000).

Two methods can be used for the photosynthetic production of
hydrogen. In the first method, the hydrogen production takes place
in two stages, where the synthesis of hydrogen and oxygen occur
partially separated. In the first stage, the algae grow photosynthet-
ically under normal cultivation conditions. During the second
stage, the microalgae are exposed to anaerobic conditions and sul-
fur is limited. With this process system, no toxic products are gen-
erated, and compounds with high added value can be produced as
a result of the microalgal cultivation.

The second method involves the simultaneous production of
oxygen and hydrogen. In this method, the electrons that are re-
leased by the photosynthetic oxidation of water are used by the
hydrogenase. The production of hydrogen is theoretically superior
in the two-stage method, while the simultaneous production is
rapidly inhibited by the action of oxygen (Brennan and Owende,
2010). Melis and Happe (2001) carried out the two-stage photo-
synthetic production of hydrogen and obtained a yield of
198 kg ha�1 day�1.

According to Benemann (1993), in the first stage to produce
hydrogen by microalgae, the CO2 fixation into storage carbohy-
drates would be carried out in large (several hectares) unlined,
paddle wheel mixed, raceway-type ponds. And such pond systems
are used in both wastewater treatment and for commercial
microalgae production. The algal culture would then be concen-
trated 10- to 20-fold by settling, and held in a large anaerobic fer-
menter (small, deep, covered lagoons) to induce the hydrogenase
enzyme and initiate H2 production, along with other metabolites,
such as acetate. It was assumed that one-third of the H2 stored
in the carbohydrates would be released by anaerobic fermenta-
tions. Then the culture would be transferred to closed photobiore-
actors that expose the cells to light, converting acetate and
remaining carbohydrates to H2. Finally the depleted cells would
be recycled to the open ponds to repeat this cycle, for a total of
ten times in this conceptual analysis (Benemann, 2000).

A small pilot plant was operated in Japan for several years, using
two 2 m2 of open ponds for producing a green algal (Chlamydo-
monas reinhardtii) biomass and about 2 m2 of closed photobioreac-
tors, with an intermediate dark fermentation stage. In an
impressive demonstration of the largest and longest-duration mic-
roalgal biohydrogen production project carried thus far, these
researchers successfully operated this process on a continuous ba-
sis, producing several liters of H2 per day (Benemann, 2000; Ikuta
et al., 1998). They demonstrated the ability to recycle algal cultures
repeatedly through the process, which included a separate dark
fermentation stage and a hollow fiber ultrafiltration unit to sepa-
rate the algal fermentation products and feed these to the photo-
synthetic bacterial photobioreactors (Benemann, 2000).

5. Biodiesel production from microalgae

Biodiesel is a potential substitute for conventional diesel fuel.
This biofuel can be obtained from various raw materials by a
process called transesterification or esterification. The transesteri-
fication reaction can be using super critical fluids, enzymatic,
acid-catalysed or alkali-catalysed (Fukuda et al., 2001). In these
processes occurs the conversion stage of lipids, in ethyl or methyl
esters of fatty acids, using methyl alcohol or ethyl, respectively
(Xuan et al., 2009).

Transesterification reactions occur in the presence of a catalyst,
for which sodium hydroxide and potassium hydroxide can be used,
among others (Xuan et al., 2009). After the transesterification reac-
tion, the final reactional mass is made up of two phases, which are
separated by decanting or centrifuging. The heavier phase consists
of crude glycerine, containing excess alcohol, water and impurities
inherent in the raw material. Due to the low solubility of glycerol
in the esters, this separation generally occurs quickly.

The phase that contains water and alcohol is subjected to an
evaporation process, which eliminates these volatile constituents
from the crude glycerine, by liquefying these vapors in an appro-
priate condenser. The esters are centrifuged and dehumidified,
which results in biodiesel that should have characteristics which
match the specifications of the technical norms established for bio-
diesel for use as a fuel in diesel cycle engines (Maa and Hanna,
1999). For the past decade, biodiesel has been gaining worldwide
popularity and research interest in utilization in vehicle engines
and other kinds of internal combustion (IC) engines as an alterna-
tive energy source to petro-diesel (Sgroi et al., 2005).

The raw materials from which lipids are currently extracted for
biodiesel production consist mainly of oily seeds such as soybeans,
palm, castor bean, peanut, sunflower, corn, rapeseed and cotton.
However, the cultivation of plants depends on factors that may
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limit or even preclude the production of biodiesel, such as the need
for large available areas, suitable soil, high quality water, seasonal-
ity, among others. With this type of cultivation, natural resources
are not replaced and it may cause demineralization, salinization,
desertification, soil erosion and depletion of water sources.
Pesticides may also be required, which can cause an even greater
negative environmental impact (Gerpen, 2005; Knothe, 2005;
Krawczyk, 1996).

One of the biotechnological processes that have received
increasing interest from companies and researchers is the cultiva-
tion of microalgae, which are an excellent source of organic com-
pounds such as fatty acids (Johnson and Wen, 2009; Colla et al.,
2004). The fatty acids that are produced by microalgae can be ex-
tracted and converted into biodiesel (Brown and Zeiler, 1993). Mic-
roalgae exhibit a great variability in lipid content. Among
microalgae species, oil contents can reach up to 80%, and levels
of 20–50% are quite common (Powell and Hill, 2009). The micro-
alga Chlorella has up to 50% lipids and Botryococcus has 80%. The
variations are due to different growing conditions and methods
of extraction of lipids and fatty acids.

One of the main factors that influences the lipid and fatty acid
content of microalgae in terms of cultivation is the CO2 concentra-
tion. In areas where microalgae are grown for biodiesel production
alongside fossil fuel power stations, CO2 release can be signifi-
cantly reduced and the lipid content increased (Sawayama et al.,
1995; Brown and Zeiler, 1993).

Large growths of microalgae occur in many Chinese lakes such
as Lake Chaohu, Lake Taihu and Lake Dianchi. This results in the
pollution of water, the death of fish and illnesses that affect the
lakeside residents. The reduction of these blooms has become an
urgent project and one alternative is to use this large amount of
biomass for biofuel production (Miao et al., 2004).

The analysis of the saturated fraction of biofuel from Chlorella
protothecoides demonstrated that the alkanes chain reaches 10–
30 carbons, while the alkanes chain of the saturated fraction of bio-
fuel from Microcystis aeruginosa presented 10–28 carbons. When
these results are compared to the chromatography of mineral die-
sel, the alkanes chain distribution is very similar to that of micro-
algae (Miao et al., 2004).

The carbon and hydrogen content of microalgal biofuel is great-
er than in plant biofuel, although the oxygen content is lower. The
H/C and O/C mean molar ratio of microalgal biofuel was 1.72 and
0.26, while the H/C and O/C molar ratio of plant biofuel was 1.38
and 0.37, respectively. Microalgal biofuel is characterized by lower
oxygen content and a higher H/C ratio than biofuel from plants,
sunflower and cotton (Miao et al., 2004).

The oxygen content of microalgal biofuel compared to the oil of
higher plants is important because high oxygen content is not
attractive for the production of transportation fuels. Biofuel from
C. protothecoides and Microcystis aeruginosa has a calorific value
of 30 MJ kg�1 and 29 MJ kg�1 due to their high carbon and hydro-
gen content and low oxygen content, which also makes the biofuel
from microalgae more stable than biofuel from plants.

The high hydrogen content of microalgal biofuel is due to chlo-
rophyll and proteins. Compared with plant biofuel, microalgal bio-
fuel has a high calorific value, low viscosity and low density. These
physical properties of microalgae make them more suitable for bio-
fuel than lignocellulosic materials (Miao et al., 2004).

The mean annual productivity of microalgal biomass in a trop-
ical climate region is 1.53 kg m�3 day�1, with a mean 30.0% of lip-
ids extracted from the biomass, the concentration per hectare of
total area is around 123.0 m3 for 90.0% of the 365 days of a year,
since the remaining 10.0% are used for maintenance and cleaning
of the bioreactors.

Thus, the yield of biodiesel from microalgae is 98.4 m3 ha�1, so
for the production of 5.4 billion m3 of biodiesel required to trans-
port, the microalgae an area of approximately 5.4 Mha must be cul-
tivated, which represents only 3.0% of the area currently used for
cultivation of plants for biodiesel production. This would be a pos-
sible scenario even if the concentration of lipids in the microalgal
biomass was 15.0% of dry weight (Chisti, 2008).

To meet the required demand and add 5.0% biodiesel (B5) to
mineral diesel oil, one would have to increase the production of
vegetable oils by 50.0–100.0%. This is a difficult goal is achieve
with these oils alone, since it represents a proportional increase
in arable land with oil crops, and the current agricultural produc-
tivity has reached values that are difficult to increase.

As the concentration of fatty acids and productivity of microal-
gae are much higher than that of plants, this effort to increase oil
production would not be so great (Maa and Hanna, 1999). As an
example, biodiesel output per required land area has been esti-
mated to be – corn: 145.0 kg oil ha�1, soybeans: 375.0 kg oil
ha�1, palm oil: 5000 kg oil ha�1, algae: 80,000 kg oil ha�1 (Skjanes
et al., 2007). The amount of land needed for the corresponding pro-
duction using microalgae would be around 100.0–200.0 times less.

6. Fermentation of microalgal biomass for ethanol production

Alcoholic fermentation is one of the destinations for pyruvate at
the end of the glycolytic pathway, and consists in its anaerobic
conversion to ethanol and CO2, in two steps. In the first, pyruvate
is decarboxylated by the enzyme pyruvate decarboxylase, releas-
ing CO2 and forming acetaldehyde, which is then reduced to etha-
nol by the enzyme alcohol dehydrogenase (Lehninger et al., 2004).
The fermentation can be represented by the equation:

C6H12O6 þ 2ADPþ 2Pi! 2C2H5OHþ 2CO2 þ 2ATPþ 2H2O

The benefit of using ethanol as a fuel is that it reduces levels of
lead, sulfur, carbon monoxide and particulates. In addition, there is
the global benefit of reducing CO2 emissions. With the increasing
demand on fossil fuel replacements the USA, Europe and other
states are using or considering the substitution of petrol with eth-
anol (Willke and Vorlop, 2004). Since the 1980s ethanol has been
an established alternative to fossil fuels in Brazil. It is produced
mainly from sugar and starch (sugar cane, corn) (Rupprecht,
2009). In Brazil, the use of ethanol as a gasoline substitute avoids
the emission of 9.56 � 106 tons of carbon per annum (about
15.0% of Brazil’s total emissions).

Traditionally, the ethanol is produced by fermentation of bio-
mass sources, varying from agriculture energy plants to organic
wastes (Xuan et al., 2009). The energetic yield of converting sugar
into ethanol is estimated at 40.0%. The conversion of cereals into
ethanol consumes more energy compared to the conversion of su-
gar into alcohol, and can even result in negative yields, which pre-
cludes the use of cereals from an energy point of view. In 2008, the
US produced 600 million liters of alcohol from cereals for the pro-
duction of beverages.

The largest bioenergy program that has taken place in the world
was that of Brazilian sugar cane ethanol (Proálcool), which began
in 1976. Under pressure from the rising cost of oil imports that
threatened the balance of payments, the Brazilian government
encouraged the production of ethanol from sugar cane and the
adaptation of motors to the Otto cycle to run on ‘‘pure” ethanol
(hydrated alcohol, with 96.0% ethanol and 4.0% water) or gasohol
(78.0% gasoline and 22.0% anhydrous ethanol). The alcohol added
increased the gasoline’s octane and meant that the highly toxic tet-
raethyl lead additive could be removed.

Ethanol has a calorific value of 22.0 MJ L�1, while gasoline has a
value of 33.0 MJ L�1. However, the higher octane rating of ethanol
and the adjustments to the engines and injection systems mean
that the technical equivalence of ethanol per liter of gasoline is
about 1.15. Several questions about the environmental sustainabil-
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ity of bioenergy have become important after the growth of etha-
nol in the world market. One of the main ones is the competition
for agricultural land for food. The value of agricultural commodi-
ties reached an unprecedented high in 2006, mainly those of
grains. Price fluctuations tend to occur frequently, but the current
uptrend is widespread, leading to inflation and discussions on fu-
ture directions of agriculture and how to provide food to the poorer
segments of the population. Thus, identifying alternative sources of
bioethanol feedstock is of a high priority (Xuan et al., 2009).

Microalgae are a potential source of fermentable substrate
since, according to the growing conditions, they may have high lev-
els of carbon compounds in their composition, directly available
for fermentation or after pre-treatment. Several microalgae pro-
duce ethanol when fermented, such as Chamydomonas sp., Chlorella
sp., Oscillatoria sp., Cyanothece sp. and S. platensis (Ueno et al.,
1998). Bacteria, yeasts or fungi are also used to ferment carbohy-
drates to produce ethanol under anaerobic conditions. However,
alongside ethanol they produce other compounds such as CO2

and H2O. The theoretical maximum is 0.51 kg of ethanol and
0.49 kg CO2 per kg of glucose.

The principle of ethanol production by microalgae consists in
the cultivation of microorganisms, harvesting of cells, preparation
of biomass, fermentation and extraction process of ethanol. The
preparation of the biomass can be carried out through mechanical
equipment or enzymes that break down the cell walls, making the
carbohydrates more available, as well as breaking down large mol-
ecules of carbohydrates. When cells are broken down, the yeast
Saccharonmyces cerevisiae is added to the biomass and fermenta-
tion begins. In this way, the sugar is converted to ethanol by yeasts.
Distillation is used to purify the ethanol (Amin, 2009).

Ethanol produced by microalgae can be purified and used as
fuel and the CO2 can be recycled by using it as a nutrient for the
cultivation of microalgae or use of residual biomass in the process
of anaerobic digestion (Harun et al., 2010b).

The Chorella vulgaris microalga can be used as a source of
ethanol due to its high carbohydrate content, with conversion
efficiency above 65.0%. Ueno et al. (1998) obtained the maximum
formation of ethanol from Chlorella sp. cultivated at 30.0 �C of
448.0 lmol g�1 in dry weight. When the temperature was reduced
to 20.0 �C the ethanol concentration was 196.0 lmol g�1 in dry
weight. Ethanol production decreased when temperature was
increased to 35.0 �C and was completely inhibited at 45.0 �C. The
determination of enzyme activity at 35.0 �C was lower than
at 25.0 �C, indicating that enzymes are activated at low
temperatures.

7. Microalgal biomass how substrate to produce biogas

Biogas is the product of anaerobic digestion of organic matter,
consisting primarily of 55.0–65.0% methane (CH4), 30.0–45.0% car-
bon dioxide (CO2), traces of hydrogen sulfide (H2S) and water va-
por (Cooney et al., 2007; Kapdi et al., 2005), and may contain
small amounts of H2 and CO (Bailey and Ollis, 1986). The energy
content of biogas produced through anaerobic digestion is
16,200–30,600 kJ m�3 depending on the nature of the source of
biomass (Chisti, 2008).

Several bacteria act during the anaerobic process, which ini-
tially involves hydrolytic bacteria (mainly cellulolytic and proteo-
lytic) for the degradation of raw material, the acidogenic
bacteria, hydrogenated and sulfate-reducers. Organic acids, gases,
salts and oxidized organic matter (among others) are formed from
these microorganisms. In a final stage, the methanogenic bacteria
form methane, CO2 and reduced organic compounds (Omer and
Fadalla, 2003; Cooney et al., 2007).

According to the substrate used, optimal conditions are defined
for biogas production, such as temperature from 30.0 to 35.0 �C, pH
6.8–7.5, a C/N ratio from 20 to 30, total solids from 7.0% to 9.0%,
and time of 20–40 days (Omer and Fadalla, 2003). After digestion,
the sludge can be used as a biofertilizer, incinerated or used in ani-
mal feed.

The anaerobic digestion process is optimized when one uses
compounds with moisture content between 80.0% and 90.0%, and
the use of microalgal biomass is highly appropriate (Brennan and
Owende, 2010). In southern Brazil, the biomass from Spirulina
LEB 18 grown in an 18.0 m3 raceway-type photobioreactor under
environmental conditions was used as a substrate for biogas pro-
duction in a semi-continuous anaerobic bioreactor. The feed rate
of microalgal biomass was 0.1 day�1 and the initial concentration
of Spirulina LEB 18 was 7.2 g L�1. The biogas content obtained in
the methane was 77.7% (Costa et al., 2008).

The process of anaerobic digestion occurs in three sequential
stages: hydrolysis, fermentation and methanogenesis. The hydro-
lysis of complex compounds is the breakdown of carbohydrates
into soluble sugars. Afterwards, the fermentation carried out by
bacteria converts this biomass into alcohols, acetic acid, volatile
fatty acids and gas containing H2 and CO2, which is primarily
metabolized in CH4 (60.0–70.0%) and CO2 (30.0–40.0%) by metha-
nogenesis. The conversion of microalgal biomass into biogas even
recovers energy through the extraction of lipids that can be used
for biodiesel production (Brennan and Owende, 2010).

Microalgae can produce a very high proportion of proteins that
result in lowering the C/N ratio, which affects the efficiency of
anaerobic digestion. This problem can be solved by co-digestion
with products containing a high C/N ratio (Brennan and Owende,
2010). Yen and Brune (2007) achieved an increase in biogas pro-
duction with the addition of residues from paper recycling to mic-
roalgal biomass. In this study, biogas production doubled
(0.57 mL L�1 day�1), using a waste/biomass ratio of 1:1, when com-
pared to anaerobic digestion containing only algal biomass.

The high content of protein in algal biomass can result in in-
creased production of ammonia, which inhibits anaerobic microor-
ganisms. Sodium ions can also be toxic for some anaerobic
microorganisms, which can be minimized by pre-adapting the
microorganisms that are going to be used (Brennan and Owende,
2010).

Comparing microalgal biomass with the plant biomass that is
traditionally used for the production of biogas, the former have
the advantage that they grow in a liquid medium, and include a
third dimension that is lacking in the latter, where the space avail-
able for cultivation is two-dimensional. In addition, the microalgal
biomass (unlike plant biomass) does not contain lignocellulose, so
no pre-treatment is required for further processing. The anaerobic
digestion of microalgae is very interesting because it combines the
recovery of CO2, which is a compound produced from biogas
(Harun et al., 2010b).

8. Combustion of biomass for energy

In the process of direct combustion, biomass is burned in the
presence of air to convert the chemical energy stored in biomass
into energy, usually in a boiler or steam turbine, at a temperature
above 800.0 �C. It is possible to burn various types of biomass, but
the combustion is only viable for biomass containing less than
50.0% moisture in dry weight (Brennan and Owende, 2010).

The combustion of biomass for heating or energy can be applied
for domestic use or for a large scale industrial process for the pro-
duction of 300.0 MW. The conversion of energy by direct combus-
tion of biomass generally requires pre-treatment such as drying
and grinding, which require an additional energy demand and in-
crease costs.

The efficiency of converting biomass into energy from combus-
tion is comparable to that of thermoelectric plants, but may have a
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high cost due to the high moisture content of the biomass. The
combination of power generation and heat increases the overall
efficiency of the plant.

The efficiency of net energy conversion by burning biomass is
between 20.0% and 40.0%, with higher efficiencies obtained on a
large scale (greater than 100.0 MW) or when the biomass
undergoes co-combustion in thermoelectric power plants. When
microalgae are used for direct combustion they have lower GHG
emissions and air pollution compared to the burning of coal
(Brennan and Owende, 2010).

9. Conclusion

Biofuels can efficiently replace the petroleum fuels and are
associated with widespread availability, affordability, accessibility
of technology, ease of transport, storage, versatility in use in en-
gines and socio-economic and environmental benefits.

The advantages of using microalgae to produce biofuels are
their continuous production, simple cell division cycle, acquisition
of organic compounds through photosynthesis, tolerance to vary-
ing environmental conditions, use of waste or brackish water,
use of land not used for agriculture and, when subjected to physi-
cal and chemical stress, they can be induced to produce high con-
centrations of specific compounds.

In addition, the application of microalgae for biofuels helps re-
duce carbon dioxide, the main greenhouse gas, thus reducing cli-
mate change that will affect the basic elements of human life:
water, food, health and the environment, which affects millions
of people through famine, drought and floods.

References

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., Walter, P., 2008. Molecular
Biology of the Cell, fifth ed. Taylor and Francis, USA, ISBN 978-0-8153-4106-2.

Amin, S., 2009. Review on biofuel oil and gas production processes from microalgae.
Energy Convers. Manage. 50, 1834–1840.

Aoyama, K., Uemura, I., Miyake, J., Asada, Y., 1997. Fermentative metabolism to
produce hydrogen gas and organic compounds in a cyanobacterium, Spirulina
platensis. J. Ferment. Bioeng. 1, 17–20.

Bailey, J.E., Ollis, D.F., 1986. Biochemical Engineering Fundamentals, second ed.
McGraw-Hill, Singapore.

Becker, E.N., Venkataraman, L.V., 1984. Production and utilization of the blue-green
alga Spirulina in India. Biomass 20, 105–125.

Benemann, J.R., 1993. Utilization of carbon dioxide from fossil fuel burning power
plants with biological systems. Energy Convers. Manage. 34, 999–1004.

Benemann, J.R., 1997. Feasibility analysis of photobiological hydrogen production.
Int. J. Hydrogen Energy 22, 979–987.

Benemann, J.R., 2000. Hydrogen production by microalgae. J. Appl. Phycol. 12,
291–300.

Borowitzka, M.A., 1999. Commercial production of microalgae: ponds, tanks, tubes
and fermenters. J. Biotechnol. 70, 313–321.

Brennan, L., Owende, P., 2010. Biofuels from microalgae – a review of technologies
for production, processing, and extractions of biofuels and co-products. Renew.
Sust. Energy Rev. 14, 557–577.

Brown, M.L., Zeiler, K.G., 1993. Aquatic biomass and carbon dioxide trapping.
Energy Convers. Manage. 34, 1005–1013.

Chisti, Y., 2008. Biodiesel from microalgae beats bioethanol. Trends Biotechnol. 26,
126–131.

Colla, L.M., Bertolin, T.E., Costa, J.A.V., 2004. Fatty acids profile of Spirulina platensis
grown under different temperatures and nitrogen concentrations. Z.
Naturforsch. C 59c, 55–59.

Converti, A., Oliveira, R.P.S., Torres, B.R., Lodi, A., Zilli, M., 2009. Biogas production
and valorization by means of a two steps biological process. Bioresour. Technol.
100, 5771–5776.

Cooney, M., Maynard, M., Cannizzaro, C., Benemann, J., 2007. Two-phase anaerobic
digestion for production of hydrogen methane mixtures. Bioresour. Tecnhol. 98,
2641–2651.

Costa, J.A.V., Colla, L.M., Duarte Filho, P., Kabke, K., Weber, A., 2002. Modelling of
Spirulina platensis growth in fresh water using response surface methodology.
World J. Microbiol. Biotechnol. 18, 603–607.

Costa, J.A.V., Colla, L.M., Duarte Filho, P., 2003. Spirulina platensis growth in open
raceway ponds using fresh water supplemented with carbon, nitrogen and
metal íons. Z. Naturforsch. C 58, 76–80.

Costa, J.A.V., Morais, M.G., Dalcanton, F., Reichert, C.C., Durante, A.J., 2006.
Simultaneous cultivation of Spirulina platensis and the toxigenic cyanobacteria
Microcystis aeruginosa. Z. Naturforsch. C 61c, 105–110.
Costa, J.A.V., Santana, F.B., Andrade, M.R., Lima, M.B., Franck, D.T., 2008. Microalga
biomass and biomethane production in the south of Brazil. Biotechnol. Lett.
136S, S402–S403.

Dismukes, G.C., Carrieri, D., Bennette, N., Ananyev, G.M., Posewitz, M.C., 2008.
Aquatic phototrophs: efficient alternatives to land-based crops for biofuels.
Curr. Opin. Biotechnol. 19, 235–240.

Dufossé, L., Galaup, P., Yaron, A., Arad, S.M., Blanc, P., Murthy, K.N.C., Ravishankar,
G.A., 2005. Microorganisms and microalgae as source of pigments for food use: a
scientific oddity or an industrial reality? Trends Food Sci. Technol. 16, 389–
406.

Fukuda, H., Kondo, A., Noda, H., 2001. Biodiesel fuel production by
transesterification of oils. J. Biosci. Bioeng. 92, 405–416.

Gerpen, J.V., 2005. Biodiesel processing and production. Fuel Process. Technol. 86,
1097–1107.

Ghirardi, M.L., Zhang, L., Lee, J.W., Flynn, T., Seibert, M., Greenbaum, E., 2000.
Microalgae: a green source of renewable H2. TIBTECH 18, 506–511.

Gouveia, L., Oliveira, A.C., 2009. Microalgae as a raw material for biofuel production.
J. Ind. Microbiol. Biotechnol. 36, 269–274.

Groom, M.J., Gray, E.M., Townsend, P.A., 2007. Biofuels and biodiversity: principles
for creating better policies for biofuel production. Conserv. Biol. 22, 602–609.

Gunaseelan, V.N., 1997. Anaerobic digestion of biomass form methane production:
a review. Biomass Bioenergy 13, 83–114.

Hahn, J., Ghirardi, M.L., Jacoby, W.A., 2004. Effect of process variables on
photosynthetic algal hydrogen production. Biotechnol. Prog. 20, 989–991.

Harun, R., Danquah, M.K., Forde, G.M., 2010a. Microbial biomass as a fermentation
feedstock for bioethanol production. J. Chem. Technol. Biotechnol. 85, 199–
203.

Harun, R., Manjinder, S., Forde, G.M., Danquah, M.K., 2010b. Bioprocess engineering
of microalgae to produce a variety of consumer products. Renew. Sust. Energy
Rev. 14, 1037–1047.

Hughes, E., Benemann, J., 1997. Biological fossil CO2 mitigation. Energy Convers.
Manage. 38, S467–S473.

Ikuta, Y., Akano, T., Shioji, N., Maeda, I., 1998. Hydrogen Production by
Photosynthetic Microorganisms. Plenum Press, New York. pp. 319–328.

Jiménez, C., Cossío, B.R., Niell, F.X., 2003. Relation between physicochemical
variables and productivity in open ponds for the production of Spirulina: a
predictive model of algal yield. Aquaculture 221, 331–345.

Johnson, M.B., Wen, Z., 2009. Production of biodiesel fuel from the microalga
Schizochytrium limacinum by direct transesterification of algal biomass. Energy
Fuel 23, 5179–5183.

Kapdi, S.S., Vijay, V.K., Rajesh, S.K., Prasad, R., 2005. Biogas scrubbing, compression
and storage: perspective and prospectus in Indian context. Renew. Energy 30,
1195–1202.

Knothe, G., 2005. Dependence of biodiesel fuel properties on the structure of fatty
acid alkyl esters. Fuel Process Technol. 86, 1059–1070.

Krawczyk, T., 1996. Biodiesel – alternative fuel makes inroads but hurdles remain.
Inform 7, 801–829.

Kruse, O., 2009. Solar biofuels. J. Biotechnol. 142, 1–2.
Lee, Y., 2001. Microalgal mass culture systems and methods: their limitation and

potential. J. Appl. Phycol. 13, 307–315.
Lehninger, A.L., Nelson, D.L., Cox, M.M., 2004. Principles of Biochemistry, fourth ed.

W.H. Freeman & Co., USA, ISBN 0-7167-4339-6.
Maa, F., Hanna, M.A., 1999. Biodiesel production: a review. Bioresour. Tecnhol. 70,

1–15.
Matsumoto, M., Yokouchi, H., Suzuki, N., Ohata, H., Matsunaga, T., 2003.

Saccharification of marine microalgae using marine bacteria for ethanol
production. Appl. Biochem. Biotechnol. 105, 247–254.

Melis, A., Happe, T., 2001. Hydrogen production. Green algae as a source of energy.
Plant Physiol. 127, 740–748.

Miao, X., Wu, Q., Yang, C., 2004. Fast pyrolysis of microalgae to produce renewable
fuels. J. Anal. Appl. Pyrol. 71, 855–863.

Morais, M.G., Costa, J.A.V., 2007a. Biofixation of carbon dioxide by Spirulina sp. and
Scenedesmus obliquus cultivated in a three-stage serial tubular photobioreactor.
J. Biotechnol. 129, 439–445.

Morais, M.G., Costa, J.A.V., 2007b. Carbon dioxide biofixation with Chlorella kessleri,
C. vulgaris, Scenedesmus obliquus and Spirulina sp. cultivated in flasks and
vertical tubular photobioreactors. Biotechnol. Lett. 29, 1349–1352.

Morais, M.G., Costa, J.A.V., 2007c. Isolation and selection of microalgae from coal
fired thermoelectric power plant for biofixation of carbon dioxide. Energy
Convers. Manage. 48, 2169–2173.

Morais, M.G., Reichert, C.C., Dalcanton, F., Durante, A.J., Marins, L.F.F., Costa, J.A.V.,
2008. Isolation and characterization of a new Arthrospira strain. Z. Naturforsch.
63c, 144–150.

Morais, M.G., Radmann, E.M., Andrade, M.R., Teixeira, G.G., Brusch, L.R.F., Costa,
J.A.V., 2009. Pilot scale semicontinuous production of Spirulina biomass in
southern Brazil. Aquaculture 294, 60–64.

Morais, M.G., Stillings, C., Dersch, R., Rudisile, M., Pranke, P., Costa, J.A.V., Wendorff,
J., 2010. Preparation of nanofibers containing the microalga Spirulina
(Arthrospira). Bioresour. Technol. 101, 2872–2876.

Omer, A.M., Fadalla, Y., 2003. Biogas technology in Sudan. Renew. Energy 28, 499–
507.

Pelczar, M.J., 1993. Microbiology: Concepts and Applications, first ed. McGraw, Hill
Higher Education, ISBN 9780070492585.

Powell, E.E., Hill, G.A., 2009. Economic assessment of an integrated bioethanol–
biodiesel–microbial fuel cell facility utilizing yeast and photosynthetic algae.
Chem. Eng. Res. Des. 87, 1340–1348.



J.A.V. Costa, M.G. de Morais / Bioresource Technology 102 (2011) 2–9 9
Radmann, E.M., Reinehr, C.O., Costa, J.A.V., 2007. Optimization of the repeated batch
cultivation of microalga Spirulina platensis in open raceway ponds. Aquaculture
265, 118–126.

Reichert, C.C., Reinehr, C.O., Costa, J.A.V., 2006. Semicontinuous cultivation of the
cyanobacterium Spirulina platensis in a closed photobioreactor. Braz. J. Chem.
Eng. 23, 23–28.

Rupprecht, J., 2009. From systems biology to fuel—Chlamydomonas reinhardtii as a
model for a systems biology approach to improve biohydrogen production. J.
Biotechnol. 142, 10–20.

Sawayama, S., Inoue, S., Dote, Y., Yokoyama, S.Y., 1995. CO2 fixation and oil
production through microalga. Energy Convers. Manage. 36, 729–731.

Scragg, A.H., Morrison, J., Shales, S.W., 2003. The use of a fuel containing Chlorella
vulgaris in a diesel engine. Enzyme Microb. Technol. 33, 884–889.

Sgroi, M., Bollito, G., Saracco, G., Specchia, S., 2005. BIOFEAT: biodiesel fuel
processor for a vehicle fuel cell auxiliary power unit: study of the feed system. J.
Power Sources 149, 8–14.

Shirai, F., Kunii, K., Sato, C., Teramoto, Y., Mizuki, E., Nakayama, S., 1998. Cultivation
of microalgae in the solution from the desalting of soy sauce wast treatment
and utilization of the algal biomass for ethanol fermentation. World J.
Microbiol. Biotechnol. 14, 839–842.
Skjanes, K., Lindblad, P., Muller, J., 2007. BioCO2 – a multidisciplinary, biological
approach using solar energy to capture CO2 while producing H2 and high value
products. Biomol. Eng. 24, 405–413.

Smith, V.H., Sturm, B.S.M., Noyelles, F.J., Billings, S.A., 2009. The ecology of algal
biodiesel production. Trends Ecol. Evol. 25, 309–310.

Spolaore, P., Joannis-Cassan, C., Duran, E., Isambert, A., 2006. Commercial
applications of microalgae. J. Biosci. Bioeng. 101, 87–96.

Ueno, Y., Kurano, N., Miyachi, S., 1998. Ethanol production by dark fermentation in
the marine green alga, Chlorococcum littorale. J. Ferment. Bioeng. 86, 38–43.

Vonshak, A., 1997. Spirulina platensis (Arthrospira) physiology, cell-biology and
biotechnology. Taylor & Francis, London, ISBN 0-7484-0674-3.

Willke, T., Vorlop, K.D., 2004. Industrial bioconversion of renewable resources as an
alternative to conventional chemistry. Appl. Microbiol. Biotechnol. 66, 131–142.

Wunschiers, R., Lindblad, P., 2002. Hydrogen in education – a biological approach.
Int. J. Hydrogen Energy 27, 1131–1140.

Xuan, J., Leung, M.K.H., Leung, D.Y.C., Ni, M., 2009. A review of biomass-derived fuel
processors for fuel cell systems. Renew. Sust. Energy Rev. 13, 1301–1313.

Yen, H.-W., Brune, D.E., 2007. Anaerobic co-digestion of algal sludge and waste
paper to produce methane. Bioresour. Tecnhol. 98, 130–134.


	The role of biochemical engineering in the production of biofuels from microalgae
	Introduction
	Microalgal biotechnology
	Applications of microalgae as biofuels
	Hydrogen photosynthetically produced by microalgae
	Biodiesel production from microalgae
	Fermentation of microalgal biomass for ethanol production
	Microalgal biomass how substrate to produce biogas
	Combustion of biomass for energy
	Conclusion
	References


