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a b s t r a c t

Microalgae are photosynthetic microorganisms that can produce lipids, proteins and carbohydrates in
large amounts over short periods of time. These products can be processed into both biofuels and useful
chemicals. Two algae samples (Cladophora fracta and Chlorella protothecoid) were studied for biofuel pro-
duction. Microalgae appear to be the only source of renewable biodiesel that is capable of meeting the
global demand for transport fuels. Microalgae can be converted to biodiesel, bioethanol, bio-oil, biohy-
drogen and biomethane via thermochemical and biochemical methods. Industrial reactors for algal cul-
ture are open ponds, photobioreactors and closed systems. Algae can be grown almost anywhere, even on
sewage or salt water, and does not require fertile land or food crops, and processing requires less energy
than the algae provides. Microalgae have much faster growth-rates than terrestrial crops. the per unit
area yield of oil from algae is estimated to be from 20,000 to 80,000 liters per acre, per year; this is 7–
31 times greater than the next best crop, palm oil. Algal oil can be used to make biodiesel for cars, trucks,
and airplanes. The lipid and fatty acid contents of microalgae vary in accordance with culture conditions.
The effect of temperature on the yield of hydrogen from two algae (C. fracta and C. protothecoid) by pyro-
lysis and steam gasification were investigated in this study. In each run, the main components of the gas
phase were CO2, CO, H2, and CH4.The yields of hydrogen by pyrolysis and steam gasification processes of
the samples increased with temperature. The yields of gaseous products from the samples of C. fracta and
C. protothecoides increased from 8.2% to 39.2% and 9.5% to 40.6% by volume, respectively, while the final
pyrolysis temperature was increased from 575 to 925 K. The percent of hydrogen in gaseous products
from the samples of C. fracta and C. protothecoides increased from 25.8% to 44.4% and 27.6% to 48.7%
by volume, respectively, while the final pyrolysis temperature was increased from 650 to 925 K. The per-
cent of hydrogen in gaseous products from the samples of C. fracta and C. protothecoides increased from
26.3% to 54.7% and 28.1% to 57.6% by volume, respectively, while the final gasification temperature was
increased from 825 to 1225 K. In general, algae gaseous products are higher quality than gaseous prod-
ucts from mosses.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

For some time now we have been living with environmental
dilemmas which challenge human creativity and capacity to ven-
ture sustainable solutions to protect the life on our planet and
our existence upon it. Among these are the needs to protect fresh
water and agricultural lands for food production, to combat the
greenhouse effect and to produce energy from non fossil sources
[1–8].

In a period when fossil hydrocarbons are likely to become
scarce and costly, methods to convert biomass to competitive li-
quid biofuels are increasingly attractive. In recent years consider-
able attention has been focused on lowering biofuel costs, GHG
emissions, and land and water resource needs, and on improving
compatibility with fuel distribution systems and vehicle engines.
ll rights reserved.
Policy priorities should be aligned with these research and devel-
opment objectives as well as with other policies addressing cli-
mate, agriculture, forestlands and international trade [9–22].

Competitive liquid biofuels from various biomass materials by
chemically and biochemically have been found promising methods
for near future. Liquid biofuels may offer a promising alternative to
petroleum based transportation fuels. There are two global liquid
transportation biofuels: bioethanol and biodiesel, respectively.
Among emerging feedstocks, jatropha currently can be converted
to biodiesel with commercial processes, while processes capable
of converting algae, crop wastes, perennial grasses, wood and
wood wastes are still at pre-commercial stages [23–26,15,27,13].

Algae use enormous amount of CO2 removing from power plant
emissions. Allied to this is the enormous capacity of the algae to
convert CO2 into biomass, liberating via photosynthesis more oxy-
gen for the atmosphere than forests. An additional advantage of al-
gae is depolluted the waters by absorbing the urea expelled by
these animals and at the same time increases the CO2 conversion
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into biomass. The algae can then be converted into various kinds of
biofuel using liquefaction, pyrolysis, gasification, extraction and
transesterification, fermentation, and aneorobic digestion [28–35].

Produce biofuels such as biodiesel via transesterification of algal
oil, and alcohol from microalgae biomass via hydrolysis and fer-
mentation are promise well the future. Biomass conversion pro-
cesses fall into three major categories: chemical, biological, and
thermochemical [36–39]. The most efficient processes may be
those that combine two or more processes and use the entire plant.
Transesterification to produce biodiesel is more energy-efficient
than fermentation to produce ethanol [40–42].

Bioethanol production from microalgae begins with the collec-
tion and drying of algae that have been cultivated in a suitable for
water environment. In the next step of the process, the algal mass
is ground and hydrolyzed and then the hydrolyzed mass is fer-
mented and finally distilled [33].

One hectare algae farm on wasteland can produce over 10–100
times of oil as compared to any other known source of oil-crops.
While a crop cycle may take from three months to three years
for production, algae can start producing oil within 3–5 days and
thereafter oil can be harvested on daily basis. Algae can be grown
using sea water and non-potable water on wastelands where noth-
ing else grows. It is firmly reinforced that algae’ farming for biofu-
els is expected to provide a conclusive solution to food vs. fuel
debate [43]. The carbon dioxide fixation and the main steps of algal
biomass technologies are illustrated in Fig. 1.

Microalgae are photosynthetic microorganisms with simple
growing requirements (light, sugars, CO2, N, P, and K) that can pro-
duce lipids, proteins and carbohydrates in large amounts over
short periods of time. These products can be processed into both
biofuels and useful chemicals [44]. The microalgae species most
used for biodiesel production are presented and their main advan-
tages described in comparison with other available biodiesel feed-
stocks [45,46].

This paper presents a brief review on algal production technol-
ogy and the main processes such as thermochemical, chemical and
biochemical conversion of microalgae becoming energy. Energy
conversion using thermochemical, chemical and biochemical con-
Sunli
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Fig. 1. Carbon dioxide fixation and main
version processes will produce biodiesel, bio-oil, ethanol, hydrogen
rich gas mixture, and methane, respectively.

2. Biofuels

The term biofuel is referred to as solid, liquid, or gaseous fuels
that are predominantly produced from biorenewable feedstocks
[24]. There are two global biorenewable liquid transportation
fuels: bioethanol and biodiesel. Bioethanol is good alternate fuel
that is produced almost entirely from food crops [47–49]. Biodiesel
has become more attractive recently because of its environmental
benefits [50]. Biofuels can be classified based on their production
technologies: first generation biofuels (FGBs); second generation
biofuels (SGBs); third generation biofuels (TGBs); and fourth gen-
eration biofuels. ‘‘Advanced biofuels’’ include bioethanol made
from cellulosic material, hemicelluloses, sugar, starch, and waste,
as well as biomass-based biodiesel, biogas, biohydrogen, and other
fuels made from cellulosic biomass or other nonfood crops [50,51].

Second and third generation biofuels are also called advanced
biofuels. Second generation biofuels made from non food crops,
wheat straw, corn, wood, energy crop using advanced technology.
Algae fuel, also called oilgae or third generation biofuel, is a biofuel
from algae. Algae are low-input, high-yield feedstocks to produce
biofuels. Definition of a fourth generation biofuel is crops that
are genetically engineered to consume more CO2 from the atmo-
sphere than they will produce during combustion later as a fuel.
Some fourth generation technology pathways include: pyrolysis,
gasification, upgrading, solar-to-fuel, and genetic manipulation of
organisms to secrete hydrocarbons. On the other hand, an appear-
ing fourth generation is based in the conversion of vegoil and bio-
diesel into biogasoline using most advanced technology.

Biofuels provide the prospect of new economic opportunities for
people in rural areas in oil importer and developing countries.
Renewable energy sources that use indigenous resources have the
potential to provide energy services with zero or almost zero emis-
sions of both air pollutants and greenhouse gases [52–56]. Biofuels
are expected to reduce dependence on imported petroleum with
associated political and economic vulnerability, reduce greenhouse
ght
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gas emissions and other pollutants, and revitalize the economy by
increasing demand and prices for agricultural products [57–59].

Renewable resources, such as waste and virgin biomass, can
contribute to shift to energy resources and also can serve as an
alternative to raw materials. Waste and virgin biomass such as
tree, agricultural crop waste and residues, wood waste and resi-
dues, municipal wastes, microalgae, and other waste materials is
seen as attractive potential and feasible resource due to cheapness,
worldwide abundance, plentiful and renewable basis widely avail-
able [56–63].

3. Algae cultivation technology

The algal organisms are photosynthetic macroalgae or microal-
gae growing in aquatic environments. Algae are simple organisms
that are mainly aquatic and microscopic. Microalgae are unicellular
photosynthetic micro-organisms, living in saline or freshwater
environments that convert sunlight, water and carbon dioxide to al-
gal biomass [30]. They are categorized into four main classes: dia-
toms, green algae, blue–green algae and golden algae. There are
two main species of algae: filamentous and phytoplankton algae.
These two species, in particular phytoplankton, increase in num-
bers rapidly to form algae blooms. Many species exhibit rapid
growth and high productivity, and many microalgal species can
be induced to accumulate substantial quantities of lipids, often
greater than 60% of their dry biomass [43]. Microalgae are very effi-
cient solar energy converters and they can produce a great variety
of metabolites.

Industrial reactors for algal culture are at present. There are
open ponds, photobioreactors and closed systems. Photobioreac-
tors are different types of tanks or closed systems in which algae
are cultivated. Open pond systems are shallow ponds in which al-
gae are cultivated. Nutrients can be provided through runoff water
from nearby land areas or by channelling the water from sewage/
water treatment plants. Technical and biological limitations of
these open systems have given rise to the development of enclosed
photoreactors. Microalgae cultivation using sunlight energy can be
carried out in open or covered ponds or closed photobioreactors,
based on tubular, flat plate or other designs. A few open systems
are presented for which particularly reliable results are available.
Emphasis is then put on closed systems, which have been consid-
ered as capital intensive and are justified only when a fine
chemical is to be produced. Microalgae production in closed photo-
bioreactors is highly expensive. Closed systems are much more
expensive than ponds. However, the closed systems require much
less light and agricultural land to grow the algae. High oil species of
microalgae cultured in growth optimized conditions of photobior-
eactors have the potential to yield 19,000–57,000 liters of microal-
gal oil per acre per year. The yield of oil from algae is over 200
times the yield from the best-performing plant/vegetable oils
[64]. Photobioreactors have the ability to produce algae while per-
forming beneficial tasks, such as scrubbing power plant flue gases
or removing nutrients from wastewater.

Algae can also be grown in a photo-bioreactor (PBR). A PBR is a
close bioreactor which incorporates some type of light source. A
variation on the basic open-pond system is to enclose it with a
transparent or translucent barrier. Like this, a pond covered with
a greenhouse could be considered as a PBR. Because PBR systems
are closed, all essential nutrients must be introduced into the sys-
tem to allow algae to grow and be cultivated. It is possible to intro-
duce a continuous stream of sterilized water containing nutrients,
air and carbon dioxide. As algae grows, excess culture overflows
and is harvested.

Macroalgae are classified into three broad groups based on their
pigmentation: brown seaweed (Phaeophyceae); red seaweed
(Rhodophyceae) and green seaweed (Chlorophyceae). Microalgae
are veritable miniature biochemical factories, and appear more
photosynthetically efficient than terrestrial plants and are efficient
CO2 fixers. Microalgae are microscopic organisms that grow in salt
or fresh water. The three most important classes of microalgae in
terms of abundance are the diatoms (Bacillariophyceae), the green
algae (Chlorophyceae), and the golden algae (Chrysophyceae). In this
report the cyanobacteria (blue–green algae) (Cyanophyceae) are
also referred to as micro-algae, this applies for example to Spiru-
lina (Arthrospira platensis and Arthrospira maxima) [65–69].

Open ponds are the oldest and simplest systems for mass culti-
vation of microalgae. The pond is designed in a raceway configura-
tion, in which a paddlewheel circulates and mixes the algal cells
and nutrients. The raceways are typically made from poured con-
crete, or they are simply dug into the earth and lined with a plastic
liner to prevent the ground from soaking up the liquid. Baffles in
the channel guide the flow around the bends in order to minimize
space. The system is often operated in a continuous mode, i.e., the
fresh feed is added in front of the paddlewheel, and algal broth is
harvested behind the paddlewheel after it has circulated through
the loop.

Fig. 2 shows the open pond systems ‘‘algae farms’’. The ‘‘algae
farms’’ are large ponds. The ponds are ‘‘raceway’’ designs, in which
the algae, water and nutrients circulate around a racetrack. Paddle-
wheels provide the flow. The algae are thus kept suspended in
water. Algae are circulated back up to the surface on a regular fre-
quency. The ponds are kept shallow because of the need to keep the
algae exposed to sunlight and the limited depth to which sunlight
can penetrate the pond water. The ponds are operated continu-
ously; that is, water and nutrients are constantly fed to the pond,
while algae-containing water is removed at the other end. The size
of these ponds is measured in terms of surface area, since surface
area is so critical to capturing sunlight. Their productivity is mea-
sured in terms of biomass produced per day per unit of available
surface area. Such algae farms would be based on the use of open,
shallow ponds in which some source of waste CO2 could be effi-
ciently bubbled into the ponds and captured by the algae. Careful
control of pH and other physical conditions for introducing CO2 into
the ponds allowed greater than 90% utilization of injected CO2.
Raceway ponds, usually lined with plastic or cement, are about
15–35 cm deep to ensure adequate exposure to sunlight. They are
typically mixed with paddlewheels, are usually lined with plastic
or cement, and are between 0.2 and 0.5 ha in size. Paddlewheels
provide motive force and keep the algae suspended in the water.
The ponds are supplied with water and nutrients, and mature algae
are continuously removed at one end.

Fig. 3 depicts a tubular photobioreactor with parallel run hori-
zontal tubes [27]. A tubular photobioreactor consists of an array
of straight transparent tubes that are usually made of plastic or
glass. The solar collector tubes are generally 0.1 m or less in diam-
eter. Tube diameter is limited because light does not penetrate too
deeply in the dense culture broth that is necessary for ensuring a
high biomass productivity of the photobioreactor. Microalgal broth
is circulated from a reservoir to the solar collector and back to the
reservoir.

Flat-plated photobioreactors are usually made of transparent
material. The large illumination surface area allows high photosyn-
thetic efficiency, low accumulation of dissolved oxygen concentra-
tion, and immobilization of algae [70]. Rectangular tanks are
another example of photobioreactors. Unlike the circular tank de-
sign, rectangular tanks do not require a stirring device when a suf-
ficiently high gas velocity is used. Drain pipes and gas spargers are
located at the bottom of the tank.

In hybrid systems, both open ponds as well as closed bioreactor
system are used in combination to get better results. Open ponds
are a very proficient and lucrative method of cultivating algae,
but they become contaminated with superfluous species very
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Table 1
Advantages and disadvantages of biofuel production using microalgae.

Advantages Disadvantages

High growth rate Low biomass concentration
Less water demand than land crops Higher capital costs
High-efficiency CO2 mitigation
More cost effective farming
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quickly. A combination of both systems is probably the most logi-
cal choice for cost-effective cultivation of high yielding strains for
biofuels. Open ponds are inoculated with a desired strain that
was invariably cultivated in a bioreactor, whether it be as simple
as a plastic bag or a high tech fiber optic bioreactor. Importantly,
the size of the inoculums needs to be large enough for the desired
species to establish in the open system before an unwanted spe-
cies. Therefore to minimize contamination issues, cleaning or
flushing the ponds should be part of the aquaculture routine, and
as such, open ponds can be considered as batch cultures [71–74].

4. Biofuels production from algae

Algae will become the most important biofuel source in the
near future. The idea of using microalgae to produce fuel is not
new, but it has received renewed attention recently in the search
for sustainable energy. Biodiesel is typically produced from plant
oils, but there are widely voiced concerns about the sustainability
of this practice [29–33].

Biodiesel produced from microalgae is being investigated as an
alternative to using conventional crops such as rapeseed; microal-
gae typically produce more oil, consume less space, and could be
grown on land unsuitable for agriculture [75–77]. Using microal-
gae as a source of biofuels could mean that enormous cultures of
algae are grown for commercial production, which would require
large quantities of fertilizers [78–80]. While microalgae are esti-
mated to be capable of producing 10–20 times more biodiesel than
rapeseed, they need 55–111 times more nitrogen fertilizer – 8 to
16 tons/ha/year.
Advantages and disadvantages of biofuel production using mic-
roalgae are shown in Table 1. The high growth rate of microalgae
makes it possible to satisfy the massive demand on biofuels using
limited land resources without causing potential biomass deficit.
Microalgal cultivation consumes less water than land crops. The
tolerance of microalgae to high CO2 content in gas streams allows
high-efficiency CO2 mitigation. Microalgal farming could be poten-
tially more cost effective than conventional farming. Nitrous oxide
release could be minimized when microalgae are used for biofuel
production [33].

On the other hand, one of the major disadvantages of microal-
gae for biofuel production is the low biomass concentration in
the microalgal culture due to the limit of light penetration, which
in combination with the small size of algal cells makes the harvest
of algal biomasses relatively costly. The higher capital costs of and
the rather intensive care required by a microalgal farming facility
compared to a conventional agricultural farm is another factor that
impedes the commercial implementation of the biofuels from mic-
roalgae strategy.

Main thermochemical processes include liquefaction, pyrolysis
and gasification. Hydrocarbons of algal cells have been separated
by extraction with organic solvent after freeze-drying and soni-
cating the algal cells. However, these procedures are not suitable
for separation on a large scale because these are costly. There-
fore, an effective method is liquefaction for separating hydrocar-
bons as liquid fuel from harvested algal cells with high moisture
content.

The feasibility of producing liquid fuel or bio-oil via pyrolysis or
thermochemical liquefaction of microalgae has been demonstrated
for a range of microalgae [81–83,35]. Since algae usually have high
moisture content, a drying process requires much heating energy
[84,85]. A novel energy production system using microalgae with
nitrogen cycling combined with low temperature catalytic gasifica-
tion of the microalgae has been proposed. The gasification process
produces combustible gas such as H2, CH4, CO2 and ammonia,
whereas the product of pyrolysis is bio-oil [84,86,87].



Table 3
Properties of the hexane soluble of algal cells.

Yield
(%)a

Heating value (MJ/
kg)

Viscosity (cP, at
323 K)

Elemental analysis (%)

C H N O

58.0 49.4 56.0 84.6 14.5 0.1 0.9

a On a dry algal cells basis.

Table 4
Chemical compositions of algae on a dry matter basis (%).

Species of sample Proteins Carbohydrates Lipids Nucleic
acid

Scenedesmus obliquus 50–56 10–17 12–
14

3–6

Scenedesmus quadricauda 47 – 1.9 –
Scenedesmus dimorphus 8–18 21–52 16–

40
–

Chlamydomonas
rheinhardii

48 17 21 –

Chlorella vulgaris 51–58 12–17 14–
22

4–5

Chlorella pyrenoidosa 57 26 2 –
Spirogyra sp. 6–20 33–64 11–

21
–

Dunaliella bioculata 49 4 8 –
Dunaliella salina 57 32 6 –
Euglena gracilis 39–61 14–18 14–

20
–

Prymnesium parvum 28–45 25–33 22–
38

1–2

Tetraselmis maculata 52 15 3 –
Porphyridium cruentum 28–39 40–57 9–14 –
Spirulina platensis 46–63 8–14 4–9 2–5
Spirulina maxima 60–71 13–16 6–7 3–4.5
Synechoccus sp. 63 15 11 5
Anabaena cylindrica 43–56 25–30 4–7 –
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Microalgae were directly liquefied and oil from liquefaction
products extracted by dichloromethane (CH2Cl2). The liquefaction
was performed in an aqueous solution of alkali or alkaline earth
salt at about 575 K and 10 MPa [88]. Liquefaction can be performed
by using a stainless steel autoclave with mechanical mixing. The
direct liquefaction product is extracted with dichloromethane in
order to separate the oil fraction. Past research in the use of hydro-
thermal technology for direct liquefaction of algal biomass was
very active. Minowa et al. [88] report an oil yield of about 37% (or-
ganic basis) by direct hydrothermal liquefaction at around 575 K
and 10 MPa from Dunaliella tertiolecta with a moisture content of
78.4 wt%. The oil had viscosity of 150–330 mPas and heating value
of 36 MJ/kg.

The liquefaction technique was concluded to be a net energy
producer from the energy balance. In a similar study on oil recov-
ery from Botryococcus braunii, a maximum yield 64% dry wt. basis
of oil was obtained by liquefaction at 575 K catalyzed by sodium
carbonate [89]. The hydrothermal liquefaction technique was more
effective for extraction of microalgal biodiesel than using the
supercritical carbon dioxide [90]. From these two studies, it is rea-
sonable to believe that, among the selected techniques, the hydro-
thermal liquefaction is the most effective technological option for
production of bio-diesel from algae. Nevertheless, due to the level
of limited information in the hydrothermal liquefaction of algae,
more research in this area would be needed.

Liquefaction of B. braunii, a colony-forming microalga, with high
moisture content was performed with or without sodium carbon-
ate as a catalyst for conversion into liquid fuel and recovery of
hydrocarbons. A greater amount of oil than the content of hydro-
carbons in B. braunii (50 wt% db) was obtained, in a yield of 57–
64 wt% at 575 K. The oil was equivalent in quality to petroleum
oil. The recovery of hydrocarbons was a maximum (>95%) at
575 K [91].

Algal cells were liquefied by hexane extraction obtaining for the
primary oil. Hexane solubles of the algal cells are shown in Table 2.
The yield of the primary oil obtained at 575 K was 52.9% and that at
475 K was 56.5%; these values were a little lower than the yield of
the hexane soluble of the raw algal cells. This suggests that hydro-
carbons of the raw algal cells were partly converted to dichloro-
methane insoluble materials such as char [92].

The viscosity of the primary oil obtained at 575 K was as low
(94 cP) as that of the hexane soluble of the raw algal cells. How-
ever, the viscosity of the primary oil obtained at 475 K was too high
to measure it: the primary oil was like a rubber. Therefore, the pri-
mary oil obtained at 575 K could be used as fuel oil. The oxygen
content of the primary oil obtained at 575 K was a little higher than
that of the hexane soluble of the algal cells. However, it was much
lower than that of the oil obtained by liquefaction of other biomass
[92].

The properties of the hexane soluble of primary oil are shown in
Table 3. The yield of the hexane soluble of the primary oil obtained
at 575 K was 44% and that at 475 K was 39% on a dry algal cells ba-
sis. This meant that the primary oil obtained at 575 K contained
83% of hexane soluble and that at 475 K contained 69% of hexane
soluble. The elemental composition of the three hexane solubles
was almost equal. The hexane solubles of the primary oil obtained
at 575 K and 475 K had good fluidity as well as the hexane soluble
of the raw algal cells. In spite of thermal treatment at high temper-
Table 2
Properties of microalga used for liquefaction.

Moisture content (%) Dry solid (%) Ash (%)a Org

92.0 8.0 2.0 98.

a On a dry algal cells basis.
ature, the same properties of the hexane soluble of primary oil as
that of the hexane soluble of the algal cells [92].

One alga sample (Cladophora fracta), and one microalga sample
(Chlorella protothecoides) were used by Demirbas in the earlier
work [93]. The yield of bio-oil from pyrolysis of the samples in-
creased with temperature, as expected. The yields were increased
up to 750 K in order to reach the plateau values at 775 K. The max-
imum yields were 48.2% and 55.3% of the sample for C. fracta and C.
protothecoides, respectively.

The chemical compositions of algae are given in Table 4 [94].
One alga sample (C. fracta), and one microalga sample (C. prototh-
ecoides) were subjected to pyrolysis and steam gasification for pro-
ducing hydrogen-rich gas.

The yield of bio-oil from pyrolysis of the samples increased with
temperature, as expected. The yields were increased up to 750 K in
order to reach the plateau values at 775 K. The maximum yields for
C. fracta and C. protothecoides were 45.0% and 50.8% of the sample
at 925 K, respectively. Bio-oil comparable to fossil oil was obtained
from microalgae [91]. In the pyrolysis process, the yield of charcoal
decreases with increasing pyrolysis temperature. The yield of the
liquid product is highly excessive at temperatures between 625
and 725 K.

Demirbas reported [93] that the yields of bio-oil by pyrolysis
from alga samples (Table 5). As can be seen from Table 5, the
anics (%)a Elemental analysis (%)a

C H N O

0 68.7 10.9 1.3 19.1



Table 5
Yields of bio-oil by pyrolysis from alga samples at different temperatures (K).

Sample 575 625 675 725 775 825 875

Cladophora fracta 10.5 23.5 33.2 43.4 48.2 46.8 44.6
Chlorella protothecoides 12.8 27.4 38.4 50.2 55.3 53.7 51.6
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bio-oil yield for C. protothecoides (a microalga sample) rose from
12.8% to 55.3% as the temperature rose from 575 to 775 K, and then
gradually decreased to 51.8% was obtained at 875 K with a heating
rate of 10 K/s [90]. For alga, maximum bio-oil yields of between
48.2% and 46.8%, and for alga 55.3% and 53.7% were obtained at
temperature ranging from 775 to 825 K, whereas for wood, cotton
stalk, tobacco stalk and sunflower bagasse, maximum oil yields be-
tween 39.7% and 49.4% were obtained at temperature in the range
775–825 K [95,96].

Demirbas reported [93] that the yields the yields of gaseous
product by pyrolysis from moss and alga samples (Table 6). From
Tables 5 and 6, the yields of gaseous products for C. protothecoides
increased from 9.5% to 39.5% as the temperature rose from 575 to
875 K.

At high pressure, wet algal biomass can be converted into pyro-
lysis oil, synthesis gas (a CO/H2 mixture) or natural gas (CH4), pro-
cesses still being developed [97]. A novel energy production
system using microalgae with nitrogen cycling combined with
low temperature catalytic gasification of the microalgae has been
proposed. The gasification process produces combustible gas such
as H2, CH4, CO2 and ammonia, whereas the product of pyrolysis is
bio-oil [84,87,98].

Stucki et al. [99] proposed a novel process based on microalgae
cultivation using dilute fossil CO2 emissions and the conversion of
the algal biomass through a catalytic hydrothermal process. They
showed that complete gasification of microalgae (Spirulina platen-
sis) to a methane-rich gas is now possible in supercritical water
using ruthenium catalysts [99].

The project was developed by Elliot et al. [97] an understanding
of catalytic hydrothermal gasification as applied to feedstocks gen-
erated in biorefinery applications and algae. The gasification reac-
tor was a 1-inch ID X 72-inch-long 304 SS tube. The gas product
recovered was typical of catalytic hydrothermal gasification:
59%–62% methane, 36%–40% carbon dioxide and 1% hydrogen. Four
tests were performed using different algae feedstocks provided by
Genifuel. Dried solids were provided in the first three tests and a
dewatered material in the fourth. This material was mixed with
additional water to process through our wet mill to make the feed
slurry. The test was performed at 350 �C and 204 atm. The Ru/C
gasification catalyst was used with a pelletized Raney nickel sulfur
scrubbing bed [97].

With interaction of water and char from decomposition of bio-
mass intermediate products occurs which leads to more hydro-
gen-rich gas yield by the steam reforming. The pyrolysis was
carried out at the moderate temperatures and steam gasification
at the highest temperatures. In order to clarify the steam gasifica-
tion mechanism in detail, more kinetic study is necessary. These re-
sults suggest that the fundamental information obtained in the
gasification of each component could possibly be used to predict
the composition of product gas generated in air–steam gasification
of biomass.
Table 6
Yields of gaseous product by pyrolysis from alga samples at different temperatures
(K).

Sample 575 625 675 725 775 825 875

Cladophora fracta 8.2 19.7 28.2 32.6 35.7 38.0 39.7
Chlorella protothecoides 9.5 21.8 29.5 33.7 36.3 38.1 39.5
Microalgae contain oils, or ‘lipids’, that can be converted into
biodiesel. Biodiesel is typically produced from plant oils, but there
are widely-voiced concerns about the sustainability of this prac-
tice. Biodiesel produced from microalgae is being investigated as
an alternative to using conventional crops, such as rapeseed: mic-
roalgae typically produce more oil, consume less space and could
be grown on land unsuitable for agriculture. However, many tech-
nical and environmental issues, such as land use and fertilizer in-
put still need to be researched and large-scale commercial
production has still not been attained [33].

Using microalgae as a source of biofuels could mean that enor-
mous cultures of algae are grown for commercial production,
which would require large quantities of fertilizers. While microal-
gae are estimated to be capable of producing 10–20 times more
biodiesel than rapeseed, they need 55–111 times more nitrogen
fertilizer: 8–16 tons/ha/year. Such quantities of nitrogen and phos-
phorus could damage the environment.

Microalgae contain lipids and fatty acids as membrane compo-
nents, storage products, metabolites and sources of energy. Algae
present an exciting possibility as a feedstock for biodiesel, and
when you realize that oil was originally formed from algae.

Transesterification is a process of exchanging the alkoxy group
of an ester compound by another alcohol. Transesterification is the
reaction of a fat or oil with an alcohol to form esters and glycerol.
The algal oil is converted into biodiesel through a transesterifica-
tion process. Oil extracted from the algae is mixed with alcohol
and an acid or a base to produce the fatty acid methylesters that
makes up the biodiesel [74].

Many algae are exceedingly rich in oil, which can be con-
verted to biodiesel. The oil content of some microalgae exceeds
80% of dry weight of algae biomass. The use of algae as energy
crops has potential, due to their easy adaptability to growth con-
ditions, the possibility of growing either in fresh- or marine-
waters and avoiding the use of land. Furthermore, two thirds
of earth’s surface is covered with water, thus algae would truly
be renewable option of great potential for global energy needs
[33].

Fermentation is used commercially on a large scale in various
countries to produce ethanol from sugar crops and starch crops.
Chemical reaction is composed of enzymatic hydrolysis of sucrose
followed by fermentation of simple sugars. Fermentation of su-
crose is performed using commercial yeast such as Saccharomyces
ceveresiae. Gluco-amylase enzyme converts the starch into D-glu-
cose. The enzymatic hydrolysis is then followed by fermentation,
distillation and dehydration to yield anhydrous bioethanol. Corn
(60–70% starch) is the dominant feedstock in starch-to-bioethanol
industry worldwide.

The algal biomass is ground, and the starch is converted by en-
zymes to sugar. The sugar is converted to ethanol by yeast. Produc-
tion of ethanol by using microalgal as raw material can be
performed according to the following procedure. In the first step,
the starch of microalgae is released from the cells with the aid of
mechanical equipment or an enzyme. When the cells begin to de-
grade, Saccharomycess cerevisiae yeast is added to the biomass to
begin fermentation. The product of fermentation is ethanol. The
ethanol is drained from the tank and pumped to a holding tank to
be fed to a distillation unit. Ethanol was produced with microalgal
photosynthesis and intracellular anaerobic fermentation [100–
102].

5. Conclusion

Microalgae are photosynthetic microorganisms that can pro-
duce lipids, proteins and carbohydrates in large amounts over
short periods of time. These products can be processed into both
biofuels and useful chemicals.
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It has been reviewed main processes such as thermochemical,
chemical and biochemical conversion of microalgae becoming en-
ergy. Energy conversion using thermochemical, chemical and bio-
chemical conversion processes will produce bio-oil, biodiesel,
ethanol, and hydrogen-rich gas mixture [103]. This paper describes
hydrogen production from biomass such as moss and algae by lab-
oratory-scale tests of pyrolysis and steam-gasification. The conver-
sion of biomass into hydrogen is interested in the viewpoint of
hydrogen production from renewable resource.

The yields of hydrogen from biomass by the pyrolysis and the
steam gasification increase with increasing of temperature. In gen-
eral, the steam gasification temperature is higher than that of pyro-
lysis and the yield of hydrogen from the air–steam gasification is
higher than that of the pyrolysis.

Industrial reactors for algal culture are open ponds, photobior-
eactors and closed systems. Algae are very important as a biomass
source. Algae will someday be competitive as a source for biofuel.
Different species of algae may be better suited for different types of
fuel. Algae can be grown almost anywhere, even on sewage or salt
water, and does not require fertile land or food crops, and process-
ing requires less energy than the algae provides.

Most current research on oil extraction is focused on microalgae
to produce biodiesel from algal-oil. Algal-oil processes into biodie-
sel as easily as oil derived from land-based crops. Algae biomass
can play an important role in solving the problem between the pro-
duction of food and that of biofules in the near future. Most current
research on oil extraction is focused on microalgae to produce bio-
diesel from algal-oil. Algal-oil processes into biodiesel as easily as
oil derived from land-based crops.
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