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1. Introduction

Human society has an insatia
supply of liquid fuels worldwi
on petroleum. Bioenergy p

of clean energy for th
challenges andg@mti

biomass and c6 ing it to fuel, but it must also find environ-
mentally and eco ically sound uses for the by-products of bio-
fuel production. Biofuels target a much larger fuel market and so in
the future will play an increasingly important role in maintaining
energy security. Currently, fuels make up approximately 70% of
the global final energy market. In contrast, global electricity de-
mand accounts for only 30% (Hankamer et al., 2007). Yet, despite
the importance of fuels, almost all CO, free energy production sys-

* Corresponding author. Tel.: +91 02692 229380; fax: +91 02692 231042/236475.
E-mail addresses: parmar.asha@gmail.com (A. Parmar), datta_madamwar@
yahoo.com (D. Madamwar).

0960-8524/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biortech.2011.08.030

tems under development are designed to drive electricity genera-
tion (e.g., nuclear, photovoltaic, wind, geothermal, wave and
hydroelectric). Given the above situation, there is presently a de-
bate as to which fuels from biomass with their yield potentials ap-
pear most attractive. Several biofuel candidates were proposed to
displace fossil fuels in order to eliminate the vulnerability of en-
ergy sector (Korres et al., 2010; Singh et al., 2011b). Much of the
discussion over biofuels production has focused on higher plants
such as corn, sugarcane, soyabean, algae, oil-palm and others
(Pandey, 2008; Gnansounou et al., 2008) and the problems associ-
ated with their use, such as the loss of ecosystems or increase in
the food prices. While most bioenergy options fail on both counts,
several microorganism-based options have the potential to pro-
duce large amounts of renewable energy without disruptions. Cya-
nobacteria and their superior photosynthesis capabilities can
convert up to 10% of the sun’s energy into biomass, compared to
the 1% recorded by conventional energy crops such as corn or sug-
arcane, or the 5% achieved by algae. Photosynthetic microorgan-
isms like cyanobacteria and microalgae can potentially be
employed for the production of biofuels in an economically effec-
tive and environmentally sustainable manner and at rates high en-
ough to replace a substantial fraction of our society’s use of fossil
fuels (Li et al., 2008).

There are several aspects of cyanobacterial and microalgal bio-
fuel production that have combined to capture the interest of
researchers and entrepreneurs around the world. These include:
(1) They are able to perform oxygenic photosynthesis using water
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as an electron donor, (2) They grow to high densities and have high
per-acre productivity compared to typical terrestrial oil-seed
crops. Consequently, mass cultivation for commercial production
of cyanobacteria can be performed efficiently, (3) They are non-
food based feedstock resources, (4) They use otherwise non-pro-
ductive, non-arable land, (5) They utilize wide variety of water
sources (fresh, brackish, seawater and wastewater) (Tamagnini
et al,, 2007), and (6) They produce both biofuels and valuable co-
products.

Cyanobacteria are oxygenic photosynthetic bacteria that have
significant roles in global biological carbon sequestration, oxygen
production and the nitrogen cycle. Cyanobacteria can be developed
as an excellent microbial cell factory that can harvest solar energy
and convert atmospheric CO, to useful products. Fossil traces of
cyanobacteria are claimed to have been found from around 3.5 bil-
lion years ago, and most probably played a key role in the forma-
tion of atmospheric oxygen, and are thought to have evolved into
present-day chloroplasts of algae and green plants (Tamagnini
et al., 2007). Cyanobacteria, also known as blue-green algae, exhi-
bit diversity in metabolism and structure also along with morphol-
ogy and habitat. Moreover, cyanobacteria and microalgae have
simple growth requirements, and use light, carbon dioxide and
other inorganic nutrients efficiently. Cyanobacteria and microalgae
are the only organisms known so far that are capable of both oxy-
genic photosynthesis and hydrogen production. Photobiological
production of H, by microorganisms is of great public interest be-
cause it promises a renewable energy carrier from nature’s most
plentiful resources: solar energy and water. They have been inves-
tigated to produce different feed stocks for energy generation like
hydrogen (by direct synthesis in cyanobacteria), lipids for biodj
and jet fuel production, hydrocarbons and isoprenoids for gaso
production and carbohydrates for ethanol production. Beyond th!
the complete algal biomass can also be processed for

gasification for hydrogen or methane productio
tion by anaerobic digestion, and co-combustig

the market.
The objective of this revie

the brief outline of the
cultivation, down
and biofuels
modification

The schematic diagram for cyanobacteria/microalgae-to-biofuel
opportunities has been shown in Fig 1. The overall system for pro-
ducing biofuels includes growth of primary biomass and the pro-
cessing of biomass. Research in the last six decades has
demonstrated that cyanobacteria and algae produce a diverse array
of chemical intermediates and hydrocarbons, precursors to biofu-
els. Hence, cyanobacteria-to-fuel offers promise as potential sub-
stitute for products currently derived from fossil fuels.

Cyanobacterial biomass can be directly used as food source or
various feedstock. Various important biomolecules such as antiox-
idants, coloring agents, pharmaceuticals and bioactive compounds
can be obtained. Biomass can be converted to biomethane (biogas)
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on anaerobic digestion. Cyanobacterial photosynthetic system is
able to diverge the electrons emerging from two primary reactions,
directly into the production of H,. Calvin cycle leads to the produc-
tion of carbohydrates, proteins, lipids and fatty acids. Carbohy-
drates can be converted into bio-ethanol by fermentation. Lipids
can be converted into biodiesel. Fatty acids on fermentation form
acetate, butyrate and propionate which on stabilization form
CH4 H, and e™.

3. Cultivation and down-stream processing of cyanobacteria
and microalgae

In this review, we have prese
in general.
Harvesting solar ener

d and microalgae
d convert inorganic

of cyanobacteria/microal-
edium, aeration, pH, CO,

The most commonly used systems include shallow big ponds,
anks, circular ponds and raceway ponds (Oron et al., 1979; Sesh-
dri and Thomas, 1979; Vonshak et al., 1985). One of the major
advantages of open ponds is that they are easier to construct and
operate than most closed systems (Borowitzka, 1999). However,
major limitations in open ponds include poor light utilization by
the cells, evaporative losses, diffusion of CO, to the atmosphere
and requirement of large amounts of water and land and low bio-
mass productivity (Posten and Schaub, 2009). Furthermore the
water medium has to provide extremophilic conditions to some
extent, otherwise the cultivated species will be outcompeted by
other algae or diminished by predator organisms.

An alternative to open ponds are closed ponds where the con-
trol over the environment is much better than that for the open
ponds. Closed pond systems are more cost intensive than the open
ponds, and considerably less than photobioreactors for similar
areas of operation. It allows more species to be grown, it allows
the species that are being grown to stay dominant, and it extends
the growing season. Usually closed ponds are used in Spirulina cul-
tivation (Santillan, 1982).

Closed bioreactors have some specific advantages (Pulz, 2001;
Posten and Schaub, 2009). Firstly, they can distribute the sun light
over a larger surface area, which can be up to 10 times higher than
the footprint area of the reactor. Secondly, evaporation can be
avoided. The only water loss is due to the water content in the
wet cyanobacteria product. This allows for the cultivation of cya-
nobacteria also in arid areas, where classical terrestrial agriculture
is not possible. Limiting factors are the high reactor costs and the
need for auxiliary energy requirements. However, ongoing re-
search in the reactor field is promising and will lead to cheaper
and more energy-effective designs (Posten and Schaub, 2009).

The cultivation of cyanobacteria/microalgae in sewage and
wastewater treatment plant is expected to bring double benefit
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3.2. Downstream processing of cultures

Obtaining fuels from cyanobacterial cultures requires process-
ing steps such as harvesting, dewatering and extraction of fuel pre-
cursors. The selection of downstream processes depends on type of
culture, feedstock and on desired product. High water content and
high N and P content is the major limitation in downstream pro-
cessing of cyanobacteria and microalgae. Besides these, other eco-
nomical and practical issues such as energy costs, plant site,
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and microalgae for production of various biofuels and co-products.

transportation, water quality and recycling issues have to be con-
sidered to make a feasible cyanobacteria-to-fuel strategy.

3.2.1. Harvesting of cyanobacteria and microalgae

The term harvesting refers to concentration of cyanobacterial/
algal suspensions till a thick paste/dry mass is obtained depending
on the need for the desired product. The main methods involve fil-
tration, centrifugation, sedimentation and flotation.

Filtration, a conceptually simple process, is carried out com-
monly on membranes of various kinds with the aid of suction
pump. The greatest advantage is that it is able to collect cells of very
low density. However, various issues such as clogging of filter (Bor-
chard and Omelia, 1961), appropriate pore size, recovery efficiency
of cell mass and washing requirements, have been the biggest hin-
drances till now. Several methods such as reverse-flow vacuum, di-
rect vacuum with a stirring blade above filter to prevent particles
from settling and other changes in filtration design are making this
process economically feasible (Danguah et al., 2008). Centrifugation
is a method of settling the cells to the bottom by applying the cen-
trifugal force. The biggest concern for centrifugation technologies is
high throughput processing of large quantities of water and cul-
tures. Centrifugation techniques are expensive initially but for com-
mercial and industrial scale on long term basis they are
economically feasible (Golueke and Oswald, 1965). Flocculation is
a technique where in flocculants (chemical additives) are added
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to increase the size of the cell aggregates. Alum, lime, cellulose,
salts, polyacrylamide polymers, surfactants, chitosan, etc. are some
chemical additives that have been studied. Manipulating suspen-
sion pH (Sukenik et al., 1985) and bioflocculation (co-culturing with
another organism) (Golueke and Oswald, 1965) are the other op-
tions to the chemical additives. Flocculation is always followed by
either sedimentation or flotation. Naturally, flocculation leads to
sedimentation in many older cultures, otherwise forced floccula-
tion is required to promote sedimentation. To induce flotation, air
is bubbled through the cell suspension causing cell clusters to float
to the surface and top layer is removed as a scum (Parker, 1975).

3.2.2. Dewatering and drying

Dewatering and drying are used to achieve higher dry mass
concentrations. Drum dryers (Prakash et al., 1997) and other
oven-type dryers (Desmorieux and Decaen, 2006) are used to pro-
vide heat required for drying. However, the costs climb steeply
with the increase in time and temperature. Air-drying is also pos-
sible in low humidity environment but this requires extra space
and considerable time. Solutions involving either solar and wind
energy are also possible.

3.2.3. Extraction and separation

Cyanobacteria and microalgae differ from traditional biomass
feed stocks in several respects, such as cell wall chemistry, pres-
ence of large amounts of water and smaller cell size. These differ-
ences highlight the importance of the specific extraction
techniques. Various methods like mechanical, chemical and enzy-
matic are applicable for extraction of biomass/biofuel.

Cell structure presents a formidable barrier for access to
molecules. This generally requires that the biomass must
mechanically disrupted prior to any further processmg The mo

vent method (Cartens et al., 1996),
ane/petroleum ether) (Park et al.,
(Lewis et al., 2000), (d) supercriti
CO,) (Herraro et al., 2006), (e
pressure) (Schafer, 1998),
etal., 1990; Ayala and C

#Wof cellular components.
arketplace, the number of companies produc-
ing algal-based pr8 s is quite modest. Most of these companies
focus on cultivating We-green algae for food supplements, beta-
carotene and related pigments for the nutraceuticals and food mar-
kets (Olaizola, 2003). The cyanobacteria are harvested, dried and
formulated into pellets, pills, or powders for consumption.
Pigments and other nutraceuticals can be further extracted by
grinding or ball milling the dried cyanobacteria. Commercially cya-
nobacteria are grown at large scale and are harvested using the cell
itself as the finished product.

4. Biofuels and co-products from cyanobacteria and microalgae

Cyanobacteria are a diverse group of prokaryotic photosynthetic
microorganisms that can grow rapidly due to their simple struc-
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tures. They have been investigated for the production of different
biofuels including biohydrogen, biodiesel, bioethanol and biome-
thane. Cyanobacterial biofuel production is potentially sustainable.
To make biofuel production economically viable we also need to use
remaining algal biomass for co-products of commercial interests. It
is possible to produce adequate cyanobacterial biofuels to satisfy
the fast growing demand within the restraints of land and water re-
sources. The flowchart representing the cultivation, downstream
processing and production of biofuels along with co-products from
cyanobacteria and microalgae has been shown in Fig. 2.

4.1. Biohydrogen

Hydrogen gas is seen as a future
fact that it is renewable, does

advantages over hydro
thermochemical pro

ed box, with low energy
hydrogen production via

high energy requirements.
for the production of molecular

t reviews (Levin et al., 2004; Sakurai and
magnini et al.,, 2007). Cyanobacteria are able

ng nitrogen fixation by nitrogenases; and second, H,-production
irectly by bidirectional hydrogenase (Angermayr et al., 2009).
itrogenases require ATP whereas bidirectional hydrogenases do
not require ATP for H,-production, hence making them more effi-
cient and favorable for H,-production with a much higher
turnover.

The fundamental aspects of cyanobacterial hydrogenases, and
their more applied potential use as future producers of renewable
H, from sun and water, are receiving increased international atten-
tion. At the same time, significant progress is being made in the
understanding of the molecular regulation of the genes encoding
both the enzymes as well as the accessory proteins needed for
the correct assembly of an active hydrogenase. With the increasing
interest of both scientific and public community in clean and
renewable energy sources, and consequent funding opportunities,
rapid progress will be made in the fundamental understanding of
the regulation of cyanobacterial hydrogenases at both genetic
and proteomic levels.

Bandyopadhyay et al. (2010) have described Cyanothece sp.
ATCC 51142, a unicellular, diazotrophic cyanobacterium with
capacity to generate high levels of hydrogen under aerobic condi-
tions. Wild-type Cyanothece sp. 51142 can produce hydrogen at
rates as high as 465 pmol/mg of chlorophyll/h in the presence of
glycerol. Authors also report that hydrogen production in this
strain is mediated by an efficient nitrogenase system, which can
be manipulated to convert solar energy into hydrogen at rates that
are several fold higher, compared to other previously described
wild-type hydrogen-producing photosynthetic microbes.

4.2. Bioethanol

Cyanobacteria and algae are capable of secreting glucose and
sucrose. These simple sugars by anaerobic fermentation under dark
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ol can be extracted directly
s may be drastically less capital-
petitive biofuel processes. The pro-
ate the need to separate the biomass
act and process the oils. Professor R. Malcolm
Brown Jr. and Dr$ id Nobles Jr. said that ‘The cyanobacterium is
potentially a very ifexpensive source for sugars to use for ethanol’
and hypothesized that they could produce an equal amount of eth-
anol using an area half that size with the cyanobacteria based on
current levels of productivity in the lab, but they caution that there
is a lot of work ahead before cyanobacteria can provide such fuel in
the field. Work with laboratory scale photobioreactors has shown
the potential for a 17-fold increase in productivity. But this will
be significant only if it can be achieved in the field and on a large
scale.

Another approach, ‘Photanol’, employs nature’s mechanisms of
capturing solar energy to convert this energy into the reducing
power of fermentation end products by highly efficient pathways
of fermentative metabolism. Most importantly, this type of metab-

~~—__ -Osmotic shock

OILFEED STOCKS

-Biohydrogen
-Bioethanol
Biodiesel

ation, downstream processing and production of biofuels and co-products from cyanobacteria and microalgae.

olism, which we refer to as ‘photofermentation’, involves a mini-
mal number of steps in the conversion of CO, to biofuel, by
bypassing the formation of the complex set of molecules of bio-
mass. Therefore, the theoretical efficiency of biofuels production,
expressed as liter of biofuel produced per unit of surface area per
year can be significantly increased (Angermayr et al., 2009).

Bioethanol could be very important to foster energy indepen-
dence and reduce greenhouse gas emissions. A very strong debate
on gradual substitution of petroleum by use of renewable alterna-
tives such as biofuels dominates the political and economic agenda
worldwide (Demain, 2009). Alternative bioethanol production
methods from cyanobacteria and microalgae need to be developed
so that the costs associated with the land, labor and time of tradi-
tionally fermented crops can be circumvented.

Ueda et al. (1996) have patented a two-stage process for micro-
algae fermentation. In the first stage, microalgae undergo fermen-
tation in anaerobic environment to produce ethanol. The CO,
produced in the fermentation process can be recycled in algae cul-
tivation as a nutrient. The second stage involves utilization of
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remaining algal biomass for production of methane, by anaerobic
digestion process, which can further be converted to produce elec-
tricity. Bush and Hall (2006) pointed out that the patented process
of Ueda et al. (1996) was not commercially scalable due to the lim-
itations of single cell free floating algae. They patented a modified
fermentation process wherein yeasts, Saccharomyces cerevisiae and
Saccharomyces uvarum, were added to algae fermentation broth for
ethanol production.

Recently Harun et al. (2010) have studied the suitability of mic-
roalgae (Chlorococum sp.) as a substrate, using yeast for bioethanol
production by fermentation. They achieved a productivity level of
around 38% weight which supports the suitability of microalgae
as a promising substrate for bioethanol production.

4.3. Biodiesel

Biodiesel is usually produced from oleaginous crops, such as ra-
peseed, soybean, sunflower and from palm, by a mono-alcoholic
transesterification process, in which triglycerides reacts with a
mono-alcohol (most commonly methanol or ethanol) with the
catalysis of enzymes (Hankamer et al., 2007; Li et al., 2008). How-
ever, the use of microalgae and cyanobacteria can be a suitable
alternative because algae are the most efficient biological producer
of oil on the planet and a versatile biomass source and may soon be
one of the Earth’s most important renewable fuel crops (Li et al.,
2008). Biodiesel from the photosynthetic algae which grow on
CO, has great potential as a biofuel. These organisms are being
seriously considered as a substitute for plant oils to make biodiesel.
Producing biodiesel from algae provides the highest net energy be-
cause converting oil into biodiesel is much less energy-inte
than methods for conversion to other fuels. This character
has made biodiesel the favorite end-product from algae. Product
biodiesel from algae requires selecting high-oil conten

conversion of oil to biodiesel.
Singh and Gu (2010) in their review articlg
biodiesel yields from microalgae with othe

etal., 2008); 1892 I/ha for jatroph
anj (Pongamia pinnata) (Lele,
172 1/ha for corn; 446 1/ha

with traditional energy
other roles cyanobacterial
biofuel production and the
isti, 2007).

advances in the tion technology. Specific outstanding tech-
nological issues are ient methods for recovering the algal bio-
mass from the dilute broths produced in photobioreactors. A
different and complimentary approach to increase productivity of
cyanobacteria is via genetic and metabolic engineering. This ap-
proach is likely to have the greatest impact on improving the eco-
nomics of production of microalgal diesel (Hankamer et al., 2007).
In Washington State, Targeted Growth announced it has developed
a process to increase the lipid content of cyanobacteria by approx-
imately 400%.

4.4. Biomethane

Organic material like biomass can be used to produce biogas via
anaerobic digestion and fermentation (Hankamer et al., 2007).
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Organic biopolymers (i.e. carbohydrates, lipids and proteins) are
hydrolyzed and broken down into monomers, which are then con-
verted into a methane-rich gas via fermentation. Carbon dioxide is
the second main component found in biogas (approximately 25-
50%) and, like other interfering impurities, has to be removed be-
fore the methane is used (Hankamer et al., 2007). Methane in the
form of compressed natural gas is used as a vehicle fuel, and is
claimed to be more environmentally friendly than fossil fuels such
as gasoline/petrol and diesel.

The research work of Converti et al. (2009) showed biogas pro-
duction and purification by a two-step benchascale biological sys-
tem, consisting of fed-batch pulse-feedig ic digestion of
ogas by the

of biogas was nearly constant,
percentages ranged between

the existence of a linear
sis growth and carb
calculating carbo
almost 95% (Co

ature of the end products and of the technologies to be employed
ill be determined, primarily by the economics of the system, and
ey may vary from region to region according to the cost of the
raw material (Willke and Vorlop, 2004).

A large number of different commercial products have been de-
rived from cyanobacteria and microalgae. These include products
for human and animal nutrition, poly-unsaturated fatty acids,
anti-oxidants, coloring substances, fertilizers and soil conditioners,
and a variety of specialty products such as bioflocculants, biode-
gradable polymers, cosmetics, pharmaceuticals, polysaccharides
and stable isotopes for research purposes.

4.5.1. Nutrition

The consumption of cyanobacterial and microalgal biomass as a
human health food supplement is currently restricted to only a few
species, e.g., Spirulina (Arthospira), Chlorella, Dunalliella, and to a
lesser extent, Nostoc and Aphanizomenon (Spolaore et al., 2006).
However, the market is expected to grow in the future.

Microalgae and cyanobacteria are also used as feed in the aqua-
culture of mollusks, crustaceans (shrimp) and fish (Beneman,
1990). Most frequently used species are Chaetoceros, Chlorella,
Dunaliella, Isochrysis, Nannochloropsis, Nitzschia, Pavlova, Phaeo-
dactylum, Scenedesmus, Skeletonema, Spirulina, Tetraselmis and
Thalassiosira. Both the protein content and the level of unsaturated
fatty acids determine the nutritional value of microalgal aquacul-
ture feeds.

Microalgal and cyanobacterial biomass have also been used
with good results (i.e. better immune response, fertility, appear-
ance, weight gain, etc.) as a feed additive for cows, horses, pigs,
poultry, and even dogs and cats. In poultry rations, biomass up to
a level of 5-10% (wt) can be safely used as a partial replacement
for conventional proteins (Spolaore et al., 2006). The main species
used in animal feed are Spirulina, Chlorella and Scenesdesmus.
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4.5.2. Fertilizers

Cyanobacterial and microalgal biomass are used as a plant fer-
tilizer and to improve the water-binding capacity and mineral
composition of depleted soils (Metting et al., 1990). Moreover the
effluent generated during anaerobic digestion for biomethane pro-
duction can also be used as a fertilizer.

4.5.3. Biomolecules

Phycobiliproteins, phycoerythrin, phycocyanin and allophyco-
cyanin produced by the cyanobacteria are used as food dyes, pig-
ments in cosmetics, and as fluorescent reagents in clinical or
research laboratories (Spolaore et al., 2006; Singh et al., 2009; Par-
mar et al., 2010, 2011). Microalgae-produced coloring agents are
used as natural dyes for food, cosmetics and research, or as pig-
ments in animal feed (Borowitzka, 1986). A number of anti-oxi-
dants, sold for the health food market, have also been produced
by microalgae (Borowitzka, 1986; Beneman, 1990). The most
prominent is B-carotene from Dunaliella salina, which is sold either
as an extract or as a whole cell powder. Moreover, bioflocculants
(Borowitzka, 1986), biopolymers and biodegradable plastics (Wu
et al., 2001; Philip et al., 2007), cosmetics (Spolaore et al., 2006),
pharmaceuticals and bioactive compounds (Olaizola, 2003; Singh
et al., 2005), polysaccharides (Beneman, 1990) and stable isotopes
for research (Beneman, 1990; Radmer and Parker, 1994) are other
important co-products obtained from cyanobacteria and
microalgae.

4.5.4. Polyunsaturated fatty acids (PUFA)

Microalgae and cyanobacteria can also be cultured for their high
content in PUFAs, which may be added to human food and
feed for their health promoting properties (Beneman, 199
mer and Parker, 1994). The most commonly considered
are arachidonic acid (AA), docohexaenoic acid (D
acid (GLA) and eicosapentaenoic acid (EPA).
to be synthesized by Porphyridium, DHA by 4
Schizochytrium, GLA by Arthrospira and
Phaeodactylum and Nitzschia (Spolaore

Worldwide industries have focus
processes. Many factors such as
land costs, water resources, tra
ence the commercial price
successful at one location

gies. Generally, com
vation like seawg
n situated in Arizona, USA
hereas Aquaflow Binomics is
mpany to produce biofuel from
ot possible then they will decide
ems or bioreactors so as to minimize evaporation
es. Solazyme Inc. situated in San Francisco, USA
grows algae in dd Yhere they are fed sugar for growth. To make
the biofuel econoniical, companies focus on remaining algal bio-
mass for co-products. Nearby industries and their raw material
requirements, food sources, social acceptability and other such
points can help in deciding on which biofuel along with co-prod-
ucts will be a good choice. Neptune industries situated in Boca Ra-
ton, USA has patented Aqua-Sphere system wherein fish waste is
used to create additional revenue streams through the growth of
algae for biofuel and methane. GreenFuel Technologies Cambridge
situated in Massachusetts, USA have developed a system whereby
they can capture up to 80% of the CO, emitted from a powerplant.
The major research in companies is focussed on manipulations in
cyanobacteria or microalgae by genetic engineering or other ap-
proaches so as to increase the productivity and make the recovery

upon closed
and other suc
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of desired products easy and less expensive. Aurora Biofuels use
the genetically modified algae to efficiently create biodiesel using
a patented technology, developed at University of California, Berk-
lay and claim to create biofuel with yields 125 times higher and at
costs 50% less than other production methods.

5. Challenges and hurdles in biofuel production from
cyanobacteria and microalgae

Cyanobacterial and microalgal systems could contribute to a
sustainable bioenergy production howe gfferent biotechnical,
environmental and economic challeng je overcome be-
fore energy products from these s

5.1. Biotechnical challenges

obacteria and microalgae pro-
isticated, low-productive artificial open
jned open pond production has been
d number of cultures like Spirulina and
treme conditions such as very high salinity or
he success of open systems, future advances in
microalgal cultivation might require closed sys-

s. The concept of closed systems has been around for a
e. However, their high costs have largely precluded their
rcial application until recently. Light is the source of energy
for algal growth, but too high light intensity may result in photo-
inhibition or overheating. That is why the physics of light distribu-
tion and its utilization inside photo-bioreactor is one of the major
biotechnical challenges in bioreactor design.

5.1.2. Recovery and extraction

Cyanobacterial and microalgal cultures are usually very dilute
suspensions. Several techniques like filtration, centrifugation, sed-
imentation and flocculation are used for their harvesting (Bene-
mann and Oswald, 1996). However, the costs and energy
demands for harvesting algal biomass by these methods are high.
The present harvesting techniques are not applicable for large-
scale and low-cost harvesting to produce low-value energy prod-
ucts. However, different approaches exist for a further develop-
ment of harvesting techniques. A technique with low-energy
demand is settling of algae by induced flocculation. However, floc-
culation of algal biomass is still poorly understood which makes it
difficult to control this harvesting process.

Extracting lipids from microalgae is another biotechnical chal-
lenge due to the sturdy cell wall making oil hard to get out. Gener-
ally oil is expelled out from dried algae by using a press and the
mashed up pulp is treated with solvent to get the remaining oil.
Though the combination removes 95% of the oil, it is energy inten-
sive. An alternative to this is the use of super-critical fluids but the
process requires special machinery adding to the expense. In re-
cent times a method called ‘milking technique’ has been described
to harvest B-carotene from D. salina in a two-phase reactor and re-
use of algae for continuous production (Hejazi and Wijffels, 2004).

5.1.3. Genetic engineering of cyanobacteria and microalgae

Among the around 10,000 algal species that are believed to ex-
ist, only a few thousand are kept in collections, a few hundred are
investigated for chemical content and just a handful are cultivated
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in industrial quantities (Spolaore et al., 2006). Although some of
these algae are commercially cultivated for a long period of time,
metabolic engineering of these algae now seems to be necessary
in order to enhance productivity, achieve their full processing
capabilities and to optimize them for cultivation and harvesting.

Large-scale cultivation of genetically modified strains of algae
compounds the risks of escape and contamination of the surround-
ing environment and of crossing with native strains. Moreover,
modified strain could be transported in the air over long distances,
and survive a variety of harsh conditions in a dormant stage. Thus,
cultivation of genetically modified strains can have unintended
consequences to public health and environment. These concerns
have to be integrated in the design of large-scale production sys-
tems working with modified cultures. However the development
of a number of transgenic algal strains boasting recombinant pro-
tein expression, engineered photosynthesis and enhanced metabo-
lism encourage the prospects of engineered microalgae (Rosenberg
et al., 2008).

5.2. Ecological challenges

A major advantage of cyanobacterial and microalgae is their
ability to capture additional environmental benefits (CO, re-cy-
cling and wastewater treatment). However, to realize these bene-
fits some hurdles addressed below need to be overcome.

5.2.1. Recycling of CO,

For photosynthetic organisms, water, nutrients and carbon
dioxide are vital to growth. The atmospheric CO, concentratign
limits the growth of these organisms. Thus a cheap source of,
to fuel their photosynthetic process is needed (Wang et
2008). If the purpose of algae cultivation is to sequester the ind
trial CO, outputs of fossil-fueled power plants, it has

This would require the installation of gas sto
up with the influx of CO, during night.
deployment of microalgae systems bec

gae (Sydney et al., 2010). H
tering industrial CO, outp
storage as it is emitte
use as energy.

5.2.2. Nutrient
igh nutrient requirements
Yt may account to several-fold
belaar, 2004). Thus their cultiva-
ge quantities of N and P for which environmen-
tal and econo gpact may not be sustainable. Therefore,
strategies to reducé demand of fertilizers are required.

Microalgae ponds have been utilized for the treatment of sewage
and wastewaters since they provide dissolved oxygen for bacterial
composition of organic wastes. The major limitations in recycling
nutrients from wastewater are relatively low loadings that can be
applied per unit area-time, limited nitrogen and phosphorous re-
moval, increasing land requirements and the high costs of removing
the algal cells from the ponds effluent. Recycling nutrients via
anaerobic digestion could be an answer to nutrients challenge,
since this process can mineralize algal waste containing organic N
and P, resulting in a flux of ammonium and phosphate that can be
used for the cyanobacteria and microalgae. Another concept to min-
imize the demand of N fertilizer might be to engineer photosyn-
thetic algae in a way that they are capable to fix nitrogen.

tion may invo
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5.2.3. Avadilability and suitability of land

Cyanobacteria and microalgae produce much higher yields than
traditional energy crops and thus need much less land. Neverthe-
less, it is unclear how much land is available and suitable to pro-
duce high yields and utilize waste CO, and nutrients.

5.3. Economic challenges

The development of cyanobacteria and microalgae for mass en-
ergy production is in its infancy. Because of that it seems critical to
base the cost assumptions on state-of-the.

or and many overhead expenses.
in research would be required to obtain maxi-
ctivity for a successful commercial-scale pro-
ion costs may include expenses for cultivation
ents); harvesting and dewatering; and extrac-
1on. Besides these, costs for maintenance, compo-
lacement, transportation and overhead expenses.
a number of companies and government organizations
ve developed different methodologies as well as designs and
repared cost estimates for commercial-scale production. Many
f these investigations recommend that algae to biofuels plants
may be effectively developed on land adjacent to power stations
(to convert CO, from exhausts into fuel); in wastewater treatment
plants; or in seawater (to save land and fresh water) and many
such useful suggestions (Singh and Gu, 2010).

Global warming will accelerate unless we take action to reduce
the net addition of CO, to the atmosphere. The only hope for
achieving a major slowing and ultimately a reversal in net CO,
accumulation is greatly reducing the combustion of fossil fuels.
Fossil-fuel use will decline only when society comes up with
renewable, C-neutral alternatives in very large quantity. One of
the best options in the long term is bioenergy, in which the sun’s
energy is captured as biomass and converted to useful energy
forms. Successful bioenergy faces two serious challenges. The first
is producing enough biomass-derived fuel to replace a significant
fraction of the ~13 TW of energy generated today from fossil fuels.
The second challenge is producing the bioenergy without incurring
serious damage to the environment and to the food-supply system.
Of the many bioenergy options on the table today, most fail on
both counts. However, cyanobacteria and microalgal-based bioen-
ergy options have the potential to produce renewable energy on a
large scale, without disrupting the environment or human
activities.

6. Genetic engineering and modifications in cyanobacteria/
microalgae for biofuel-bioenergy production

With rising concerns of energy sustainability and climate
change, genetic and metabolic engineering strategies must be ap-
plied to advent the development of biofuels. Photosynthetic micro-
organisms offer a promising solution to these challenges, while at
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the same time, addressing growing environmental concerns
through CO, mitigation. Although the applications of genetic engi-
neering to increase energy production in microalgae and cyanobac-
teria is in its infancy, significant advances in the development of
genetic tools have recently been achieved with microalgal model
systems and are being used to manipulate central carbon metabo-
lism in these organisms. It is likely that many of these advances can
be extended to industrially relevant organisms. This section is fo-
cused on potential avenues of genetic engineering that may be
undertaken in order to improve cyanobacteria/microalgae as a bio-
fuel platform for the production of bioenergy.

Sequencing the genome of cyanobacteria will examine for
their potential as one of the next great sources of biofuel. Manip-
ulation of metabolite pathways can redirect cellular functions to-
wards synthesis of preferred products. Metabolic engineering
allows direct control over the organism’s cellular machinery
through mutagenesis or the introduction of transgenes (Rosen-
berg et al., 2008). Many research works are focussed on altering
the cyanobacterial cell wall properties (Lui and Curtiss, 2009;
Leonard et al., 2010), transforming novel genes for hydrogen or
other products (Brennan and Owende, 2010), increasing the lipid
synthesis (Song et al., 2008), finding novel precursors and many
more such interesting and useful areas. All these will make the
biofuel generation economically viable and fruitful. Researchers
from Arizona State believe that they have found a way to make
biofuels cheaper and easier to produce by genetically program-
ming microbes to self-destruct after photosynthesis, thus making
the recovery of biofuel precursors easier and potentially less
costly. The genes were taken from the bacteriophage (Lui_and
Curtiss, 2009).

In recent years, there have been attempts to overcome t
riers and problems related to hydrogen production, mainly b
geted genetic engineering of cyanobacterial strains;

zymes (nitrogenase(s) and/or bidirectiona
ducing less oxygen sensitive hydro
introducing a synthetic, polypeptide

zymes and away from a
et al., 2007).
Some nitrogen-fixa
practical hydrogen
nase is, however_a

equirements. This mechanism of
ever sustainable under light condi-
rogenase is potentially an ideal hydro-
gen-producing em. Asada and co-workers attempted to
overexpress hyd ase from Clostridium pasteurianum in a cya-
nobacterium, SyneChococcus PCC7942, by developing a genetic
engineering system for cyanobacteria. These workers also demon-
strated that clostridial hydrogenase protein, when electro-induced
into cyanobacterial cells is active in producing hydrogen by receiv-
ing electrons produced by photosystems (Asada and Miyake,
1999).

Photosynthetic cyanobacteria can be redesigned for highly effi-
cient ethanol production by the combination of gene transforma-
tion, strain/process development and metabolic modeling/
profiling analysis. Dexter and Fu (2009) have transformed pyruvate
decarboxylase (pdc) and alcohol dehydrogenase II (adh) genes from
Zymomonas mobilis into Synechocystis sp. PCC 6803. This strain can
phototrophically convert CO, to ethanol. Earlier Deng and Coleman
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(1999) had also cloned the same set of genes in Synechococcus sp.
PCC7942.

Algae, natural photosynthetic oil producers, are the focus of
most of biodiesel research efforts, and little attention has been gi-
ven to other photosynthetic microorganisms, particularly cyano-
bacteria. Cyanobacteria do not naturally produce oil like algae;
however, there are other advantages of using cyanobacteria for
biodiesel feedstock production. Unlike algae, cyanobacteria have
well established methods for genetic engineering, as evidenced
by genetic engineering of cyanobacteria for the production of first
generation biofuels including ethanol and_butanol. Furthermore,
cyanobacteria will secrete free fatty 3 a biodiesel pre-

isolation. These attributes motiva
teria as a potential source for i

ered for the
rategy involves
the elimination of F feedback inhibi-

tion of the fatty

been transformed with hexose trans-
em suitable for heterotrophy. Higher

technology, LHC proteins were down regulated
strain exhibited higher resistance to photodam-
al., 2008).
genetic manipulation of crucial metabolic networks
form an attractive platform for production of numerous high-
pounds (Rosenberg et al., 2008). The development of a
umbper of transgenic strains boosting recombinant protein expres-
sion, engineered photosynthesis and enhanced metabolism
encourage the prospects of modified cyanobacteria for biofuel
generation.

7. Conclusion

Cyanobacterial and microalgal systems have many advantages
over traditional energy crops however, its production could be-
come economically feasible in the future when biotechnical, envi-
ronmental and economic hurdles will be surmounted. Ultimately,
cyanobacteria offer the potential to have a profound impact on
the future welfare of the planet by addressing the pressing issues
of alternative energy resources, global warming, human health
and food security. Nonetheless, we believe the time is now to
implement the advanced technologies, which are based on sustain-
able and renewable systems, to address current international
issues.
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