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Preface

This book is about biofuels from
microalgae. Microalgae have been used com-
mercially for decades, but not for producing
biofuels. Interest in algal fuels has seen a
spectacular reawakening within the last
10-years. Several factors are driving the
renewed quest for algal fuels: Concern about
depletion of petroleum; the desire for energy
independence; the need for carbon neutral
renewable fuels that can be produced with-
out compromising the supply of food and
freshwater; and the need to prevent further
deforestation. Algal fuels are not yet com-
mercial and may not reach the market for
long time or near-future. Nevertheless, they
represent a strategic opportunity that must
be persistently developed into a renewable
and environmentally sustainable source of
high-energy density liquid fuels.

The present book, which is the third book
in the series on BIOMASS being published by
us, presents up-to-date state-of-art informa-
tion and knowledge by the internationally
recognized experts and subject peers in var-
ious areas of algal biofuels. The 14 chapters
of the book attempt to address many of
the key issues relating to algal biofuels. Algal
culture systems – open ponds as well as
the closed photobioreactors – are discussed.
Genetic and metabolic engineering of algae
for enhanced capabilities in production of
fuels are examined. Aspects of carbon fixation
in industrially important microalgae are
discussed. Technologies for recovering the
biomass from the culture broth are assessed.

A chapter is devoted to heterotrophic produc-
tion of algal oils as potential fuels. Production
of fuels via fast pyrolysis of algal biomass
is treated in some detail. An overview is
provided of algal oils as fuels in one chapter.
A chapter considers production of biohydro-
gen frommicroalgae. Any production of algal
fuels must consider the fate of the spent
biomass. This is discussed in one chapter.
A chapter is focused on the hydrothermal
treatment of algal biomass to produce hydro-
carbon fuels. Scale-up of production and com-
mercialization aspects of algal fuels are
examined in one chapter. A chapter discusses
the life-cycle assessment of algal fuels.
Changes in technology inthis rapidlydevelop-
ing field are bound to greatly diminish the
environmental impact of future algal fuel
production. Finally, a chapter assesses in some
depth the economics of microalgal biomass
production. Continuing developments will
surely reduce the cost of producing algal
fuels in the future.

The book would be of special interest to
the post-graduate students and researchers
of applied biology, biotechnology,microbiol-
ogy, biochemical and chemical engineers
working on algal biofuels. It is expected that
the current discourse on biofuels R&D
would go a long way in bringing out the
exciting technological possibilities and ush-
ering the readers towards the frontiers of
knowledge in the area of biofuels and this
book will be helpful in achieving this dis-
course for algal biofuels.
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C H A P T E R

1

An Open Pond System for
Microalgal Cultivation

Jorge Alberto Vieira Costa* and Michele Greque de Morais
*Laboratory of Biochemical Engineering, College of Chemistry and Food Engineering,

Federal University of Rio Grande, Rio Grande, RS, Brazil

1.1 INTRODUCTION

Microalgal biotechnology has emerged due to the great diversity of products that can be
developed from biomass. Microalgal biomass has been industrially applied in areas such as
dietary supplements, lipids, biomasses, biopolymers, pigments, biofertilizers, and biofuels.
To produce these compounds, microalgae can be grown using carbon dioxide and industrial
wastes, which reduces the cost of culture medium nutrients and alleviates the environmental
problems caused by these effluents. However, the high cost of production of microalgal bio-
mass (compared to agricultural and forestry biomasses) is one of the major barriers that must
be overcome in order for their industrial production to be viable.

Although efforts have been directed at the optimization of the medium and processes, the
development of cultivation systems that are cost-effective and highly efficient must be signif-
icantly improved for large-scale production to be viable (Wang et al., 2012; Wang and
Lan, 2011). Microalgal cultivation on a large scale has been studied for decades (Lee, 2001).

The first unialgal cultivation was carried out with the microalga Chlorella vulgaris by
Beijerinck in 1890, whowanted to study the physiology of the plants (Borowitzka, 1999). Dur-
ing World War II, Germany, using open ponds, increased algal cultivation for use as a food
supplement. With the onset of industrialization, some study groups at the Carnegie Institute
in Washington, D.C., implemented algae cultures for carbon dioxide biofixation. In 1970
Eastern Europe, Israel, and Japan began commercial production of algae in open ponds to
produce healthy foods (Ugwu et al., 2008).

Open pond cultivation systems are the most industrially applied because of their low cost
of investment and operational capital. This system’s major difficulties are the control of

1Biofuels from Algae # 2014 Elsevier B.V. All rights reserved.



operating conditions, which can cause low biomass productivity, and the control of contam-
inants, which can be excluded by using highly selective species (Shu and Lee, 2003).

Compared to open ponds, closed photobioreactors may have increased photosynthetic ef-
ficiency and higher production of biomass (Wang et al., 2012). However, closed
photobioreactors have a high initial cost, and only microalgal strains with specific physiol-
ogies may be used (Harun et al., 2010), which is why different types of closed
photobioreactors have been developed in recent decades (Wang et al., 2012).

The objective of this studywas to present the advantages and disadvantages of open ponds
compared to other photobioreactors as well as to examine factors that affect the cultures and
the bioproducts obtained.

1.2 BIOTECHNOLOGY AND MICROALGAE

Biotechnology is a major interdisciplinary science, combining biology, chemistry, and
engineering and incorporating and integrating knowledge from the areas of microbiology,
genetics, chemistry, biochemistry, and biochemical engineering. The key word in this context
is biotransformation.

The application of biotechnology to marine organisms and processes is an area of signif-
icant industrial importance with ramifications in many areas, including human health, the
environment, energy, food, chemicals, materials, and bioindicators. Some areas of interest re-
lated to marine biotechnology include the understanding of genetic, nutritional, and environ-
mental factors that control the production of primary and secondary metabolites, based on
new or optimized products. Furthermore, there has been an emphasis on the identification
of bioactive compounds and their mechanisms of action for application in the medical and
chemical industry; there are also bioremediation strategies for application in damaged areas
and the development of bioprocesses for sustainable industrial technologies (Zaborsky, 1999).

The cultivation of microalgae as part of biotechnology has received researcher attention.
The growth conditions and the bioreactors for cultivation have been thoroughly studied
(Borowitzka, 1999). The principle behind cultivation of microalgae for the production of bio-
mass is the use of photosynthesis (Vonshak, 1997), which involves using solar energy and
converting it into chemical energy.

Microalgae are photosynthetic prokaryotic or eukaryotic microorganisms that grow rapidly
and have the ability to live in different environments due to their unicellular or simple
multicellular structure. Examples of prokaryotic microalgae are the cyanobacteria; green al-
gae and diatoms are examples of eukaryotics (Mata et al., 2010).

Cyanobacteria differentiate into vegetative, akinete, and heterocyst cells. The functions of
vegetative, akinete, and heterocyst cells are their ability to carry oxygen in photosynthesis,
resistance to climactic conditions, and potential for nitrogen fixation, respectively. Green
algae have a defined nucleus, cell wall, chloroplasts containing chlorophyll and other pig-
ments, pirenoide, and a dense region containing starch granules, stigma, and scourge.

Microalgae exist in various ecosystems, both aquatic and terrestrial. More than 50,000
species are known and about 30,000 are studied (Mata et al., 2010). The main advantages
of microalgae cultivation as a biomass source are (Vonshak, 1997):

• They are biological systems with high capacity to capture sunlight to produce organic
compounds via photosynthesis.
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• When subjected to physical and chemical stress, they are induced to produce high
concentrations of specific compounds, such as proteins, lipids, carbohydrates, polymers,
and pigments.

• They have a simple cellular division cycle without a sexual type stage, enabling them to
complete their development cycle in a few hours. This enables more rapid development in
production processes compared with other organisms.

• Theydevelop invariousenvironmental conditionsofwater, temperature, salinity, and light.

1.3 OPEN POND SYSTEMS

Under phototrophic growth conditions, microalgae absorb solar energy and assimilate car-
bon dioxide from the air and nutrients from aquatic habitats. However, commercial produc-
tion must replicate and optimize the ideal conditions of natural growth. The choice of the
reactor is one of the main factors that influence the productivity of microalgal biomass.

Open tanks come in different forms, such as raceway, shallow big, or circular (Masojidek
and Torzillo, 2008). Circular ponds with a centrally pivoted rotating agitator are the oldest
large-scale algal culture systems and are based on similar ponds used in wastewater treat-
ment. The design of these systems limits pond size to about 10,000 m2 because relatively even
mixing by the rotating arm is no longer possible in larger ponds. Raceway tanks are the most
widely used artificial systems of microalgal cultivation. They are typically constructed of a
closed loop and have oval-shaped recirculation channels. They are usually between 0.2
and 0.5 m deep, and they are stirred with a paddlewheel to ensure the homogenization of
culture in order to stabilize the algal growth and productivity. Raceways may be constructed
of concrete, glass fiber, or membrane (Brennan and Owende, 2010).

Compared to closed tanks, the raceway is the cheapest method of large-scale microalgal
production (Chisti, 2008). These tanks require only low power and are easy to maintain
and clean (Ugwu et al., 2008).

The construction of open tanks is low cost and they are easy to operate; however, it is dif-
ficult to control contamination, and only highly selective species are not contaminated by
other microalgae and microorganisms. Environmental variations have a direct influence,
and the maintenance of cell density is low due to shadowing of the cells (Amaro et al.,
2011). Light intensity, temperature, pH, and dissolved oxygen concentration may limit the
growth parameters of open tanks (Harun et al., 2010).

Open photobioreactors have lower yields than closed systems due to loss by evaporation,
temperature fluctuations, nutrient limitation, light limitation, and inefficient homogenization
(Brennan and Owende, 2010). The amount of evaporated water can be periodically or contin-
uously added to the raceway. The amount of evaporated water in raceways depends on
the temperature, wind velocity, solar radiation, and pressure of water vapor. Water can also
be lost during harvesting; however, recycling of the medium reduces this problem, and
nutrients from the culture medium can be reutilized (Handler et al., 2012).

Open ponds are the microalgal cultivation systems that have been studied for the longest
time. These reactors are used on an industrial scale by companies such as Sosa Texcoco,
Cyanotech, Earthrise Farm, Parry Nutraceuticals, Japan Spirulina, Far East Microalga, Taiwan
Chlorella, Microbio Resource, Betatene, and Western Biotechnology (Spoalore et al., 2006).
Earthrise Farm began cultivation on a large scale in 1976 with Spirulina. Currently the
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company produces Spirulina and Spirulina-based products. The cultures are grown in 30
open ponds that are 5,000 square meters in size, each one mixed by a 50-foot paddlewheel
(Earthrise, 2012).

Since 1981 Parry nutraceuticals has produced Spirulina in powder form, capsules, pills and
tablets, and extracts astaxanthin from Haematococcus pluvialis. The company is located in
South India (Oonaiyur), and the crops are grown in open ponds, covering an area of 130 acres
(Parry Nutraceuticals, 2012). Cyanotech, located in Kailua Kona, Hawaii, on the Pacific
Ocean, develops and markets astaxanthin from Haematococcus in gel capsules and Spirulina
in tablet form in an area of 90 acres. Since 1984, Spirulina has been cultivated in open ponds,
with the medium supplemented with water from the Pacific Ocean and agitation by
paddlewheels (Cyanotech, 2012).

In Brazil, since 1998 the Laboratory of Biochemical Engineering (LEB) at the Federal
University of Rio Grande (FURG) has been developing a project that studies the cultivation
of Spirulina on a pilot scale in an open pond (Figure 1.1) on the edge of Mangueira Lagoon
(Morais et al., 2009), for addition to meals for children. Products that are easy to prepare, con-
serve, 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 (Costa and Morais, 2011).

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 in
an open pond (Figure 1.2) (Morais and Costa, 2007).

In southern Brazil, the company Olson Microalgae began commercial production of
Spirulina capsules as a nutritional supplement in 2012, with an annual target of 6,000 kg in
open ponds (Figure 1.3).

FIGURE 1.1 Cultivation of Spirulina on a pilot scale in open ponds for addition to children’s meals.
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FIGURE 1.2 Cultivation of Spirulina for the CO2 biofixation that is emitted in the combustion of coal in a thermo-
electric power plant (UTPM, Brazil).

FIGURE 1.3 The company Olson Microalgae with commercial production of Spirulina capsules.
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The Company Ouro Fino produces biomass and protein from microalgae for human and
animal feed using the culture medium vinasse, cane husks, and carbon dioxide generated
from the alcohol industry (Figure 1.4).

Several studies of open systems have taken place. According to Lee (2001), only species
with high resistance are grown in open systems, such as Dunaliella (resistant to high salin-
ity), Spirulina (grown in high alkalinity), and Chlorella (grown with high nutrient
concentrations).

1.4 MAIN MICROALGAE CULTIVATED IN OPEN
POND SYSTEMS

The type and design of photobioreactors for large-scale cultivation of microalgae represent a
compromise between the cost of investment and establishment of optimal conditions for
obtaining maximum productivity. The cultivation of microalgae can be carried out in various
types of bioreactors (Vonshak, 1997). The microalgae Spirulina and Chlorella are the most
commonly cultivated in open ponds around the world.
When choosing the appropriate cultivation system, many parameters must be observed:

• Biology of the microalga
• The cost of land, energy, water, and nutrients
• Local climactic conditions
• Final product

FIGURE 1.4 Pilot plant for microalga cultivation using vinasse and carbon dioxide in the medium.
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1.4.1 Spirulina

SpiruIina is a filamentous cyanobacterium recognized mainly by its multicellular cylindri-
cal arrangement of trichomes in an open helix along the entire length (Vonshak, 1997). Under
the microscope, it appears as blue-green filaments of unbranched cylindrical cells, in helical
trichomes. The filaments are movable and move freely around its axis, and they are not
heterocystic. They are up to 1 mm in length; the cell diameter ranges from 1–3 mm in small
species and 3–12 mm in the larger species (Richmond, 1990).

This microalga inhabits various media such as soil, sand, swamps, alkaline lakes and
brackish, marine, and fresh water. Through photosynthesis, it converts nutrients into cellular
matter and releases oxygen. The components needed for cell growth are water, a carbon
source, nitrogen, phosphorus, potassium, magnesium, iron, and other micronutrients.

In natural lakes, the limited supply of nutrientsmay regulate the growth cycles, and the cell
density increases rapidly, reaches a maximum concentration, and retreats when nutrients are
depleted. The release of nutrients from dead cells or the supply of nutrients initiates a new
cycle (Henrikson, 1994).

There are many controversies in the morphology and taxonomy of cyanobacteria of the
genera Spirulina and Arthospira.Many studies have described the properties of Spirulina max-
ima and Spirulina platensis, and both species are considered to be of the genus Arthospira and
not Spirulina. The differences between the genera have been based on the GþC content of
DNA and lipid profile (Romano et al., 2000).

The helical shape is only maintained in liquid medium; in solid medium the filaments take
a spiral shape, and the transition from the helical shape to the spiral shape is slow, whereas
the opposite takes place instantaneously. Most species of Spirulina present a granular cyto-
plasm containing gas vacuoles and septa that are easily visible. Electron microscopy reveals
that the cell wall of Spirulina platensis is probably composed of four layers.

The life cycle of Spirulina begins when a trichome (filament consisting of cells) elongates,
and this is followed by an increase in the number of cells as a result of repeated interspersed
cell divisions. The microalga cell fragmented into several parts by the formation of special-
ized, lysis-promoting necridic cells, which give rise to small chains (two or four cells) called
hormogonia, which develop into new trichomes. The number of cells in the hormogonium
increases by cellular fission, while the cytoplasm becomes granulated and the cells take on
a bright bluish-green color. Due to this process, trichomes increase in length and take their
typical helical shape (Richmond, 1990).

1.4.2 Chlorella

Chlorella spp. are simple, nonmotile, unicellular, aquatic green microalgae. They were one
of the first algae to be isolated as a pure culture. The Chlorella microalga measures between
5 and 10 micrometers and, under an optical microscope one, can observe its green color and
spherical shape.

Compared to higher plants, Chlorella has a high concentration of chlorophyll and photo-
synthetic capacity. The microalga Chlorella is classified as a species according to the shape
of the cells, characteristics of chlorophyll, and other variables. There are 20–30 species,
some of which are Chlorella vulgaris, Chlorella pyrenoidosa, and Chlorella ellipsoidea. The species
are differentiated within the group, known as strains (Illman et al., 2000).

71.4 MAIN MICROALGAE CULTIVATED IN OPEN POND SYSTEMS



The first pure culture of microalga to be scientifically proven was Chlorella vulgaris in
1890 by the microbiologist M. W. Beijerinck. In 1919, Otto Warburg published articles on
the use of this microalga in culture to study its physiology. After years of research with
Chlorella and other microalgae, he found that these microorganisms grow under specific
conditions and can be used to produce compounds with nutritional benefits to human
health.

One of the most important characteristics of Chlorella is its protein content. Depending on
the culture conditions, this microalga can provide 60% of protein with essential amino acids
for human consumption. Chlorella has approximately three times more protein than the same
amount of red meat, which is one of the most concentrated sources of protein. Due to its high
protein concentration, Chlorella is used as a food supplement. This microalga has 23% carbo-
hydrates, 9% fat, and 5% minerals (Henrikson, 1994).

Chlorella is also rich in B vitamins, especially B12, which is vital in the formation and re-
generation of blood cells. Because it also has a high iron content, this microalga is a product
indicated for the treatment and prevention of anemia. In order for its nutrients to be fully uti-
lized by the body, cells of Chlorella, which are protected by a cell wall, must be disintegrated
during the drying process to enable its nutrients to be fully absorbed by the metabolism
(Henrikson, 1994).

1.4.3 Dunaliella

The green halophilic alga Dunaliella is the best natural source of b-carotene. This
microalgae is marketed in several countries, such as the United States, Australia, and Israel.
The biopigment b-carotene is extracted from microalgal biomass and used as a food supple-
ment or a natural pigment added to foods, or the dry biomass is marketed in tablets
(Wood, 1998).

The biomass of the microalga Dunaliella has demonstrated several biological activities,
such as being antihypertensive, bronchodilator, analgesic, muscle relaxant, and anti-edema.
The natural b-carotene contains many essential nutrients that are not present in the same
pigment produced synthetically (Yousry, 2002). The human body converts b-carotene to
vitamin A without forming toxins in the liver. b-carotene has antioxidant activity while
avoiding the effects of free radicals.

This microalga is grown in high salinity, with optimal growth in 22% of NaCl. Under these
cultivation conditions the microalga culture is axenic and thus poses no problems of contam-
ination when kept in open ponds (Wood, 1998).

The concentration of b-carotene accumulated in the cells of Dunaliella overcomes the
traditional source of this pigment, and about 14% of the compound may be extracted.

Dunaliella is a eukaryotic green algae that grows in saline sites. Halophilic representatives
of microalga have an osmotic mechanism that is different from halophilic bacteria.Dunaliella,
which has no cell wall, can be developed with high salt concentration in the cytoplasm by the
synthesis of glycerol. This microalga also responds to osmotic stress with the synthesis of
glycerol if the high salinity is caused artificially by polyols.

The amount of glycerol produced by the microalga when exposed to saline stress is pro-
portional to the concentration of NaCl in the culture.
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1.5 REACTOR DESIGN

The efficiency of a photobioreactor depends on the integration of capture, transport, distri-
bution, and use of light by the microalga through photosynthesis (Zijffers et al., 2008). The
main feature of the photobioreactor that influences the exposure of microalgae to light is
the surface/volume ratio. Some materials used for construction of reactors are glass, fiber-
glass, Plexiglas, polyvinyl chloride (PVC), acrylic-PVC, and polyethilene (Wang et al., 2012).

The particularity of each of these materials should be individually evaluated prior to their
application in the construction of photobioreactors. Glass is hard, transparent, and suitable
for the construction of small-scale photobioreactors. However, this material requires many
connections for the construction of large-scale photobioreactos, which increases the produc-
tion cost. Fiberglass and PVC can be used in open ponds, where the light reaches the surface
of the culture that is open, but cannot be used for tubular photobioreactors because they are
nontransparent materials.

Another important feature of the photobioreactor’s building material is the ability to pre-
vent the formation of biofilms. Biofilms are not difficult to clean, but they can dramatically
reduce the transmission of light, even to the microalgae in open photobioreactors. In open
ponds, biofilms may promote the contamination of crops. The photobioreactor should also
be constructed to facilitate the control of operating parameters, not have a high cost of con-
struction and operation, facilitate the harvesting of the biomass, and minimize power con-
sumption during the process (Wang et al., 2012). The photobioreactor must allow the
cultivation of several microalgal species.

1.6 LIGHT REGIME

The light spectrum and intensity are factors that directly affect the performance of
phototrophic microalgal growth, both indoors and outdoors. In outdoor cultures, sunlight
is the major energy source, whereas innovations in artificial lighting, such as light-emitting
diodes (LED) and optical fiber, are interesting for indoor cultivation systems. In indoor cul-
tures, the biggest challenge is the high cost of artificial lighting (Chen et al., 2011).

Regardless of the light source, its usage by microalgae occurs in the same way. In a photo-
synthetic system, 8 photons of radiation are required to fix one CO2 molecule in the form of
carbohydrate; this results in the maximum photosynthetic efficiency (Chini-Zittelli et al., 2006).

Multiproteic complexes, also called photosystems, catalyze the conversion reaction of
light energy captured by excited molecules of chlorophyll into the form of usable energy.
A photosystem consists of a center of photochemical reaction consisting of a protein com-
plex, and molecules of chlorophyll that enable the conversion of light energy into chemical
energy. This photosystem also has an antenna complex consisting of pigment molecules
that capture light energy and feed the reaction center. The antenna complex is important
for the capture of light. In chloroplasts, it consists of a cluster of hundreds of chlorophyll
molecules held together by proteins that keep them firmly together on the thylakoid mem-
brane (Alberts et al., 2008).
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When a chlorophyll molecule from the antenna complex is excited, the energy is rapidly
transmitted from onemolecule to another through a resonance energy transfer process until it
reaches a special pair of chlorophyll molecules from the center of the photochemical reaction.
Each antenna complex acts like a funnel collecting light energy and directing it to a specific
site where it can be used effectively (Alberts et al., 2008). One strategy to optimize the utili-
zation of light is to reduce the size of the antenna, which makes the cells less opaque and
facilitates the transmission of light (Chen et al., 2011).

Several studies have been developed to improve the efficiency of light utilization and re-
duce the costs of systems with artificial lighting. The advantage of cultivation in a laboratory
is that is uses fluorescent tubes. Although they consume high amounts of energy, that usage
can be reduced by more than 50% with the use of LEDs. Many cultures use only solar energy
as a light source, which has no cost. However, the performance of outdoor systems is lower
than indoor ones, and they require large areas of land (Chen et al., 2011).

1.7 HYDRODYNAMICS OF THE REACTOR

An adequate mixture should provide a high concentration of biomass, enable the circula-
tion of liquid, keep the cells in suspension, eliminate thermal stratification, optimize the dis-
tribution of nutrients, improve gas exchange, and reduce the shading and photoinhibition of
microalgae. Turbulent flow is essential for maximum production of microalgae in open
ponds. In raceway cultures, velocities of 5.0 cm.s�1 are sufficient to eliminate thermal strat-
ification and maintain most species of algae in suspension.

Several mixing systems are used in microalgal cultures, depending on the type of reactor.
In open pond systems, paddlewheels are used to induce turbulent flow. In stirred-tank
photobioreactors, impellers are used to mix the algal cultures. In tubular photobioreactors,
mixing can be carried out directly or indirectly through airlift systems (Ugwu et al., 2008).

The main costs of growing microalgae arise from the mixing and mass transfer in cultures
(using paddlewheels, impellers, and airlifts) because of the energy consumed. For the race-
way pond, the mixing cost is €0.08 per kg DW (dry weight), for the tubular reactor it is €1.27,
and for the flat panel reactor it is €3.10 per kg DW (Norsker et al., 2011).

The mechanical stirrers (paddlewheel) provide optimal efficiency of mixing and gas
transfer, but they cause significant hydrodynamic stress. Gas injection (bubbling) by airlift
or impellers causes low hydrodynamic stress, good transfer of gas, and a reasonable mixing
efficiency (Richmond and Cheng-Wu, 2001).

In closed photobioreactors, where the mixing is carried out by impellers or airlift, the
increase of the speed of the gas bubbles enlarges the diameter of the bubbles (Ugwu et al.,
2008). The bigger the bubbles, the lower the exchanges of gases with the liquid.

A high concentration of oxygen produced by photosynthesis inhibits microalgal growth.
The supply of gaswith the turbulent labor regime in closed photobioreactors is one solution to
reduce this negative effect. However, depending on the microalgal species, high turbulence
can cause damage to cells due to stress and high energy consumption (Pires et al., 2012). Low
mixing results in an accumulation of toxic compounds in stagnant areas. In open ponds,
oxygen has low solubility and rapid outflow since the photobioreactors are low in height.
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1.8 FIXATION OF CARBON DIOXIDE (CO2)

The biological fixation of CO2 can be carried out by higher plants or microalgae. The
sources of CO2 for microalgal cultivation are atmospheric CO2; CO2 from industrial flue
gas; and chemically fixed CO2 in the form of soluble carbonates (Kumar et al., 2010). One ki-
logram of algal dry cell weight utilizes around 1.83 kg of CO2. Annually, around 54.9–67.7
tonnes of CO2 can be sequestered from raceway ponds, corresponding to an annual dry
weight biomass production rate of 30–37 tonnes per hectare (Brennan and Owende, 2010).

The CO2 can be the limiting nutrient in microalgal cultivation if it is available in low con-
centration in the feed gas (when air is used as a source of CO2) or when mixing is not suffi-
cient. However, the high CO2 concentration causes a reduction in pH, which can inhibit the
growth of some microalgae (Wang et al., 2012).

Open tanks may have a limited carbon source due to the low transfer of mass. The simple
bubbling of CO2 in the culturesmay not be sufficiently effective, because the residence time of
the bubble can be very short and is lost to the atmosphere. In these cases a high concentration
of free CO2 must be maintained through direct injection of the flue gas from power plants,
cement, and petrochemical factories during cultivation.

The biofixation of CO2 can be increasedwhilemaintaining an alkaline pH, because this will
accelerate the absorption of gas through two reactions: CO2 hydration and subsequent acid-
base reaction to formHCO�3 and direct reaction of CO2 with OH– to formHCO�3 (Amaro et al.
2011). The most common system employed for pH control is the on-off type system in which
CO2 is injected into culture when the pH exceeds a predefined set point (Kumar et al., 2010).

The engineering of a photobioreactor must also be designed to add gas transfer equipment,
which will increase the gas distribution and the contact of the gas with the liquid. Some of
these items include mechanical systems (propellers, blades, and brushes), coarse and fine
bubble diffusers (perforated piping, slotted tubes, discs, or domes), jet aerators, aspirators,
U-tubes, and hollow fiber membrane modules (Kumar et al., 2010).

In vertical tubular, horizontal, or airlift photobioreactors, the biofixation of the CO2 is
increased by the route of the gas along the tube as well as by the use of sprinklers that release
small bubbles, increasing the contact surface between the gas and the liquid.

The fixation of CO2 by microalgae has received attention due to the production of biomass
with potential application in the production of biofuels, reducing the emission of greenhouse
gases and participating in the treatment of effluents (Kumar et al., 2010).

1.9 TEMPERATURE

Temperature is one of the major factors that regulate cell morphology and physiology as
well as the byproducts of the microalgal biomass. A high temperature generally accelerates
the metabolism of microalgae and a low temperature can inhibit growth (Munoz and
Guieysse, 2006).

The optimum temperature for growth varies among species of microalgae (Ono and
Cuello, 2003). High temperatures during the day have a favorable effect on growth rates
due to photosynthesis. High temperatures at night are not desired in microalgal cultivation
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due to the increased respiration rate; they result in a high expenditure of cellular energy and
consequent reduction of cellular concentration.

The temperature also influences other factors that are important for cultivation, such as the
ionic balance of water, pH, and solubility of O2 and CO2. Different species of microalgae are
affected by temperature at different levels (Park et al., 2011). In the case of combustion gases
emitted in power plants, the gas temperatures reach 120 �C. In this case, the rate of CO2

biofixation may depend on the installation of a heat exchange system or the use of thermo-
philic species. The solubility of O2 and CO2 increases the temperature and results in the fix-
ation of high concentrations of O2 by oxigenase of RuBisCO. Thus the affinity for RuBisCo by
CO2 decreases with increasing temperature (Kumar et al., 2011).

The temperature of cultivation in the photobioreactor is determined by the air temperature,
the duration of solar radiation, and the relative humidity of air. The depth and the surface of
the culture and the material of construction of the photobioractor are factors that stabilize the
temperature of the culture. Mechanisms of temperature control cause significant changes in
the design of a photobioreactor. With no temperature control, a closed photobioreactor can
reach values of 10–30 �C above ambient temperature. Some mechanisms of temperature
control in closed photobioreactors include immersion of the culture in water, spraying with
water, shading, or incorporating a heat exchanger with the photobioreactor (Wang et al.,
2012). In raceway-type photobioreactors, the temperature is generally greenhouse controlled.
At low temperatures the greenhouse is kept closed,maintaining the temperature. On hot days
the sides of the greenhouse can be erected, thus reducing the temperature in the inner area
where the raceways are located.

1.10 pH

The pH values of cultures affect the biochemical processes associated with microalgae,
including the bioavailability of CO2 for photosynthesis and use of the medium nutrients.

The optimum pH is determined according to the type of microorganism. Some species
have an optimum pH of around 7.0; however, some microalgae are tolerant to high pH
(Spirulina, pH 11.0) or low pH (Chlorococcum, pH 4.0) (Kumar et al., 2010).

The optimum growth of the microorganism in an acidic or basic environment can be
maintained if the intracellular pH is 7.5, regardless of the external pH. Living cells have the
ability, within certain limits, tomaintain internal pH by expelling hydrogen ions. The external
pH generally has a drastic change before it affects the cell. The optimum pH of the cultures
should be maintained, thereby preventing the collapse of cell cultures by the cellular process
of rupture due to high pH. The control of pH must be integrated with the aeration system by
the addition of alkaline solution to the culture (Wang et al., 2012).

Some microalgae have high productivity when maintained at an alkaline pH between 10
and 11. The high pH may be beneficial for outdoor cultivation because it inactivates patho-
genic microorganisms and other microalgae (Kumar et al., 2010).

In the case of cultivation with addition of CO2, the concentration of this gas may be the
dominant factor that will determine the pH of the culture. In this case, the CO2 demand
results from the balance between the transfer of CO2 to the liquid and CO2 consumption by
the cells (Wang et al., 2012). SOx and NOx, present in flue gas from burning coal, can also
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cause changes in pH, damagingmicroalgal cultivation.With high concentrations of CO2 the pH
drops to 5.0, and when exposed to SOx and NOx this value is 2.6 (Westerhoff et al., 2010).

The pH also influences the removal of ammonia and phosphorus. The high pH may
increase the removal of ammonia through its volatilization and phosphorus through its pre-
cipitation (Craggs, 2005).

1.11 STERILITY OF CULTIVATION

Microalgal cultures are susceptible to contamination by different species of microalgae,
bacteria, viruses, fungi, protozoa, and rotifers. The contamination by other microorganisms
can cause changes in the cell structure and reduce the concentration and microalgal yield in
just a few days (Park et al., 2011). These are controlled in open ponds by effectively operating
the system as a batch culture and restarting the culture at regular intervals with fresh water
and unialgal inoculum. Other contaminants include insects, leaves, and airborne material. It
is essential to control this contaminants within acceptable limits. In open ponds, large con-
taminants can be removed regularly by placing a suitably sized screen in the water flow. This
can be done manually or it can be automated.

Some characteristics canmake culturesmore susceptible to contamination, such as cultures
in continuous mode. According to the characteristics of the microalgal species used, one can
apply techniques to maintain an axenic culture. Some of these techniques are maintaining the
process of cultivation at an alkaline pH (9.0 to 11.0), using high concentrations of nutrients or
salinity, and using antibiotics. The photobioreactor must be periodically cleaned to minimize
the chances of contamination (Wang et al., 2012).

If the microalgal biomass is applied to products such as biofuels, waste treatment,
biofertilizers, or biofixation of CO2, impurities are acceptable in the microalgal cultivation.
However, for bioproducts such as drugs and food, crops must be kept in axenic cultures
(Wang et al., 2012).

1.12 BIOMASS HARVEST

The harvesting of biomass is the removal of biomass from the culturemedium. This process
can involve one or more steps, including chemical, physical, or biological methods. The tech-
niques of recoveringmicroalgal biomass from the culturemedium can contribute to 20–30%of
the total cost of the biomass (Mata et al., 2010). Some techniques for harvesting the biomass
include sedimentation, flocculation, centrifugation, filtration, flotation, and electrophoresis.
The costs of these operations are relatively high due to the low initial concentration of biomass
and the fact that the cells are negatively charged and due to an excess of organic material,
which contributes to its stability in a dispersed state (Brennan and Owende, 2010).

The selection of an appropriate harvesting method depends on the properties of
the microalga, the cell density, size, and the desired specifications of the final product. The
harvesting of the biomass has two steps: separation of the microalgal biomass from the culture
medium and the concentration of biomasswith removal of excess medium (Amaro et al., 2011).

131.12 BIOMASS HARVEST



1.12.1 Sedimentation Using Gravity

Sedimentation through gravity is the most usual method of harvesting microalgal biomass
from wastewater treatment plants. This is because of the large volumes handled and the low
commercial value of the biomass formed (Muñoz and Guieysse, 2006). The density and diam-
eter of the cells influence the speed of sedimentation. The collection of microalgae by sedi-
mentation can be carried out in sedimentation tanks (Uduman et al., 2010). However, this
method can only be applied to large-cell microalgae (>70 mm) such as Spirulina. Flocculation
is usually used to increase the efficiency of sedimentation (Chen et al., 2011).

1.12.2 Flocculation

To increase the recovery of cells via sedimentation, a flocculant is added to the system.
Flocculation is the first step of the harvesting; this process aims to aggregate the microalgal
cells and thereby increase the particle size (Grima et al., 2003). Themicroalgae have a negative
charge on the surface to prevent cell aggregation. The loads on the surface of algae can be
altered by the addition of flocculant (Harun et al., 2010).

Flocculation may be accomplished by three methods: chemical flocculation,
bioflocculation, and electroflocculation. The most common flocculants are aluminum sul-
phate, aluminum chloride, and ferric chloride. The addition of sodium hydroxide raises
the pH of the culture to 8–11, coagulating the cells in just a few minutes. However, the floc-
culants are toxic in high concentration. Flocculants should be inexpensive, nontoxic, and ef-
fective at low concentrations. Chitosan is an organic cationic polymer, a nontoxic flocculating
agent that is used in wastewater treatment and in the food industry (Pires et al., 2012).

1.12.3 Centrifugation

Centrifugation involves the application of centripetal acceleration to separate the
microalgae from the culture medium (Harun et al., 2010) and is perhaps the fastest
cell-recovery method based on density gradient. The centrifuge disks are easy to clean
and sterilize, and centrifugation can be applied to any kind of microalga (Christenson and
Sims, 2011).

Heasman et al. (2000) reported that 88–100% of centrifuged cells were viable and the col-
lection efficiency was 95–100% at 13,000xg. However, the centrifuge has some disadvantages:
The cells are exposed to a high gravitational force, which can alter the cell structure; the re-
covery of fragile microalgae biomass requires low-speed centrifugation; the salt contained in
the microalgal culture medium can cause rapid corrosion of equipment; and large-scale
processes require costly equipment, such as continuous centrifuges (Pires et al., 2012).

1.12.4 Filtration

Filtration is a physical separation process in which the particles in suspension are retained
using a filter. The filters are highly efficient and safe in the solid-liquid separation process
(Pires et al., 2012). The filtration is a separation method that is suitable for large microalgae
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such as Spirulina but unsatisfactory for smaller cells such as Chlorella and Scenedesmus
(Ho et al., 2011).

Filtration provides easy operation and construction, low investment, and insignificant
abrasion. The filters can be operated under pressure or vacuum (Harun et al., 2010). The
main limitation of filtration is the reduction of the permeation flow during the process;
this is due to adsorption and concentration of the compounds on the membrane surface
(Rossi et al., 2008).

1.12.5 Flotation

Flotation is a separation process in which air or gas bubbles are directed at the solid par-
ticles and then drive these particles to the liquid surface. Flotation is more beneficial and
efficient for removing cells than sedimentation. Flotation can capture particles smaller than
500 mm in diameter (Chen et al., 2011).

According to the bubble size used in the process, the application can be divided into
dissolved air flotation and dispersed flotation. In dissolved air flotation, the application of
reduced pressure produces bubbles of 10–100 mm. This process is influenced by the tank pres-
sure, rate of recycling, hydraulic retention time, and particle flotation rate (Uduman et al.,
2010). In dispersed air flotation, bubbles of 700–1,500 mm are formed by the high-speed
mechanical stirrer with an air injection system (Rubio et al., 2002).

1.12.6 Electrophoresis

Electrophoresis is another potential method for separating the microalgae without the
need for chemicals. In this method an electric field directs the microalgae to the external part
of the solution. Electrolysis of water produces hydrogen, which adheres to the flakes of
microalgae and carries them to the surface. There are several benefits to using this technique,
including environmental compatibility, versatility, energy efficiency, safety, and selectivity
(Mollah et al., 2004), but the high cost means that this method is rarely used on a large scale
(Uduman et al., 2010).

According to Richmond (2004), one of the main criteria for selecting an appropriate pro-
cedure to harvest the microalgal biomass depends on the type of bioproduct desired. In prod-
ucts of low commercial value, sedimentation through gravity with the aid of flocculants can
be applied. However, for high-value products such as human food, aquaculture, or drugs, the
use of continuous operation centrifuges is recommended because they can process large vol-
umes of biomass. Another criterion for selecting the method of harvesting is the humidity for
the biomass (Grima et al., 2003). Gravity sedimentation is usually more diluted than the
centrifugation method, influencing the downstream process (Mata et al., 2010).

1.13 DRYING OF BIOMASS

The drying process is one of the major limitations in the production of low-cost commod-
ities (fuel, food, feed) and high-value products (b-carotene, polysaccharides). The process to
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be selected depends on the final product desired. The use of dehydration increases the shelf
life of the biomass as well as the final product.

Several methods have been used to dry Chlorella, Scenedesmus, and Spirulina. Some of the
most widely usedmethods include spray drying, drum drying, freeze drying, and sun drying
(Richmond, 2004). Due to the high water content, the sun-drying method is not efficient to
transformhumid biomass into powder. The spray-dryingmethod is not economically feasible
for low-value products such as biofuels and protein (Mata et al., 2010).

1.14 OTHER MICROALGAL CULTURE SYSTEMS

One of the decisions to be taken in the cultivation ofmicroalgae is regarding the use of open
or closed photobioreactors. Closed photobioreactors of the vertical tubular, helical tubular,
and flat panel type are considered to have high photosynthetic efficiency and degree of
control. Closed reactors have some advantages and disadvantages over open ones.

1.14.1 Closed Photobioreactors

Due to the high productivity achieved in cultures carried out in closed photobioreactors,
much attention has been paid to these systems. The configurations tested on a laboratory or
pilot scale include vertical reactors, flat plate, annular, plastic bags, green wall panel (GWP),
and various forms of tubular reactors, stirred mechanically or by airlifting.

Closed photobioreactors are highly efficient at biofixation of CO2, mainly due to better
homogeneity of the medium and mass transfer. However, these reactors are limited by the
excess O2 produced (Ho et al., 2011). The costs of these reactors are generally high
(Table 1.1). Contamination can be controlled in sterile systems; however, this causes an in-
crease in production costs (Amaro et al., 2011). The scale-up of open photobioreactors gener-
ally occurs by increasing the diameter of the tube, but the cells do not receive sufficient light
for growth (Ugwu et al., 2008).

TABLE 1.1 Comparison between the Production of Microalgae in Open and Closed Bioreactors

Characteristic Open Systems Closed Systems

Evaporation High No evaporation

CO2 loss High Low

Weather dependence High Low

Cleaning None Required

Capital investments Low High

(adapted from Pires et al., 2012).
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1.14.2 Hybrid Photobioreactors

Hybrid cultivation is a method that combines different growth stages in two types of
photobioreactors, closed and open (Brennan and Owende, 2010). The hybrid culture system
is designed to utilize the good qualities of both types of reactors. In the case of open and closed
reactors, the first stage of the cultivation occurs in the closed photobioreactor, where the con-
ditions are controlled to minimize contamination of other microorganisms and to promote
continuous cell division.

In the second stage of production the cells are exposed to a nutritional stress, increasing the
synthesis of a specific metabolite, such as lipids, proteins or polymers. The second stage is ideal
for open ponds (Brennan and Owende, 2010). The a-shaped reactor is another type of hybrid
system, developed by Lee et al. (1995). In this reactor, the culture is lifted 5 meters by air to a
receiver tank, and culture flows down an inclined PVC tube (at an angle of 25� to the horizontal)
to reach another set of air-riser tubes, and the process is repeated for the next set of tubes.

1.15 APPLICATIONS OF BIOMASS

Microalgae grow in soil unfit for agriculture and livestock and in lakes or ponds located in
inhospitable lands, such as deserts, which are usually unsuitable for generating any kind of
food. Microalgae can double their biomass in a period of 3.5 days, achieving high yields
(Chisti, 2007). After harvesting and drying of the biomass, the final state of the product is
a powder. According to the chemical composition of microalgae, the biomass may have
several applications.

1.15.1 Food

In the 1950s, the increase in world population and the prediction of insufficient protein
supplement for humans led to the search for alternative and unconventional sources of
nutrients. Microalgae emerged as candidates for this purpose. Research has been directed to-
ward the development of functional products—food additives such as vitamins, antioxidants,
highly digestible proteins, and essential fatty acids. Microalgae can supply several of these
nutrients, and they have potential health benefits (Cavani et al., 2009; Petracci et al., 2009).

Microalgae are currently used in the form of tablets, capsules, or liquids. These microor-
ganisms can be incorporated into pastas, cookies, food, candy, gum, and beverages (Liang
et al., 2004). Due to their varying chemical properties, microalgae can be applied as a nutri-
tional supplement or as a source of natural proteins, dyes, antioxidants and polyunsaturated
fatty acids (Spolaore et al., 2006; Soletto et al., 2005).

The Laboratory of Biochemical Engineering (LEB) at the Federal University of Rio Grande
(FURG) in southern Brazil has developed research projects since 1998 that study the cultiva-
tion of Spirulina on a pilot scale on the banks of the Mangueira Lagoon, as additives to meals
for children of the region. Products that are easy to prepare, store, and distribute and that are
highly nutritious and accepted by the consumer have been developed here.

These products include instant noodles, pudding, powdered mixture for cake, cookies,
chocolate milk powder, instant soup, isotonic drinks, powdered gelatin, and cereal bars.
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These products will be prepared at the Center for Enrichment of Foods with Spirulina (CEAS)
located at the university. In Camaquã (Brazil), the company Olson produces organic Spirulina
capsules for importation.

1.15.2 Drugs

Many algae produce antibiotics such as acrylic acid found in Phaeocystis poucht. This anti-
biotic inhibits the growth of gram-positive organisms. The phenols found in macro- and
microalgae have antimicrobial activity.

The microalga Scenedesmus obliquus has been used in postoperative recovery, assisting in
coagulation of the skin surface. The extracts of the diatom Asterionella notata have an antifun-
gal and antiviral activity. Toxic algae have been used as a depressant vessel, similar to tetro-
dotoxin found in fish (Richmond, 1990).

Another drug obtained from microalgae is phycocyanin, a natural antioxidant that, when
combinedwith caloric restriction, can contribute tomitigating the aging process. Free radicals
are partly responsible for the human aging process (Finkel, 2003). The oxidative damage
caused by free radicals has been linked to several diseases such as heart disease, atheroscle-
rosis, lung problems, Alzheimer’s, and Parkinson’s. TheDNAdamage caused by free radicals
plays an important role in the processes of mutagenesis and carcinogenesis.

1.15.3 Biopigments

Microalgae have three main pigments: chlorophyll that absorbs blue light; red carotenoids
that absorb blue and green light; and phycobilins that absorb green, yellow, and orange light.
These pigments have been used as natural colorants in food products. In many countries
biodyes have replaced artificial dyes, which are currently prohibited.

b-carotene is a carotenoid found in all higher plants and algae. b-carotene acts as pro-
vitamin A and may be used as a natural food color. Phycolibins are water-soluble pigments
and are found only in red algae or cyanobacterias. Most members of cyanophyceae contain
blue pigment (phycocyanin), although several species may also contain erythrin. Phycoery-
thrin and phycocyanin can be used as natural pigments in food, medicine, and cosmetics,
avoiding the use of artificial pigments that are carcinogenic (Richmond, 1990).

1.15.4 Biopolymers

Since 1940, the most widely used plastics have been polyethylene (PE), polypropylene
(PP), polystyrene (PS), poly(ethylene terephthalate) (PET), and poly(vinyl chloride) (PVC).
Despite advances, plastics processing and manufacturing generate two major problems:
the use of nonrenewable resources to obtain their raw materials and large quantities of waste
generated for disposal.

Biodegradable plastics degrade completely within three to six months when attacked by
microorganisms, depending on the environmental conditions. The polyhydroxyalkanoates
(PHAs) are natural polyesters consisting of units of hydroxyalkanoic acids with similar prop-
erties to petrochemical plastics (Jau et al., 2005).
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The polyhydroxyalkanoates are produced as a reserve of carbon and energy accumulated
within the cells of various microorganisms such as microalgae. Among the PHAs,
polyhydroxybutyrate (PHB) and its copolymer polyhydroxybutyrate-co-valerate (PHB-
HV) are synthesized by cyanobacteria when exposed to specific conditions of cultivation
(Sharma et al., 2007).

The degradation rate of PHB and PHB-HV depends on many factors, some related to the
environment, such as temperature, moisture, pH, and nutrient supply, and others related to
the biopolymer itself, such as composition, crystallinity, additives, and surface area. Due to its
physical and chemical properties, PHB is easily processed in equipment commonly used for
polyolefins and synthetic plastics (Khanna and Srivastava, 2005).

1.15.5 Biofuels

Microalgae are a potential source of fermentable substrate. According to the conditions of
cultivation, microalgal biomass can provide high levels of carbon compounds. These com-
pounds are available directly for fermentation or after pre-treatment andmay be used for eth-
anol production.

Biogas is the product of the anaerobic digestion of organic matter and can be obtained
from domestic sewage, animal waste, solid waste, or aquatic biomass, such as macro- and
microalgae (Omer and Fadalla, 2003; Gunaseelan, 1997). The type of digestion using
microalgal biomass processes can eliminate the biomass harvesting and drying and the asso-
ciated costs (Vonshak, 1997).

The fatty acids that microalgae produce can be converted into biodiesel, which is a renew-
able, biodegradable, nontoxic, and environmentally friendly fuel. Biodiesel has the advantage
that it emits 78% less carbon dioxide when burned, 98% less sulfur, and 50% of particulate
matter emissions (Brown and Zeiler, 1993).

Another promising biofuel is hydrogen. Photobiological hydrogen production can be in-
creased according to the carbon content in the biomass. The microalgae are candidates for
such a process because they produce hydrogen under certain conditions and can be grown
in closed systems, allowing the capture of hydrogen gas (Benemann, 1997). This biomass
can be burned to produce energy because the calorific value of these microorganisms is
greater than that of some charcoals.

1.15.6 Biofertilizers

The greatest issue in agriculture nowadays is the availability of chemical fertilizers at af-
fordable costs. Nitrogen fixation has been acknowledged as the limiting factor in food pro-
duction. The concept of using cyanobacteria to fix nitrogen is based on the ability of these
microalgae to grow in soil.

The microalgae Nostoc, Anabaena, Oscillatoria, Cylindrospermun, and Mastigocladus
Tolypothrix form heterocysts and can fix nitrogen aerobically. Nonheterocyst-forming fila-
mentous microalgae, such as Oscillatoria and Phormidium, can fix nitrogen in the absence
of oxygen and in the presence of nitrogen and carbon dioxide. Filamentous forms without
heterocysts, such as Trichodesmium, may fix nitrogen aerobically (Richmond, 1990).
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The heterocysts, which are specialized in aerobic nitrogen fixation, are the site of the en-
zyme nitrogenase, which catalyzes the conversion of nitrogen into ammonia. Nitrogen-fixing
cyanobacteria were isolated in soils from various cities in South Asia, India, and Africa.
In that study, 33% of 2,213 soil samples collected in India contained cyanobacteria.Microalgae
such as Nostoc, Anabaena, Calothrix, Aulosira, and Plectonema were found in soils in India,
while Halosiphon, Scytonema and Cylindrospermum were observed in the other regions
(Richmond, 1990).

1.16 CONCLUSION

Open ponds are the most widely used reactors in the world for large-scale microalgal cul-
tures. This is due to the low construction cost, low power demand, appropriate scale-up, and
their easy cleaning process compared to closed photobioreactors. The cultures that are grown
in open ponds can be protected from adverse environmental conditions (rainfall, tempera-
ture, and luminosity) through the use of a greenhouse. Microalgae that grow in extreme
conditions, such as an alkaline medium and high salinity, should be adopted in order to
achieve axenic cultures. The obtained microalgal biomass can be used in the production of
food, drugs, biopigments, biopolymers, biofuels, and biofertilizers.
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2.1 INTRODUCTION

Recently, microalgae have been recognized as a promising platform for biofuels produc-
tion and biorefineries. Microalgae have very high growth rates compared with those of ter-
restrial plants, thereby demonstrating high CO2 fixation efficiency and high biomass
productivity. In addition, a wide range of applications of microalgae also addresses the
high potential of commercialization of microalgae-based products, such as biofuels,
nutraceuticals, cosmetics, pharmaceuticals, animal and aquacultural feeds, and so on.
One of the key technologies that support the development of the microalgae industry is
the cultivation of microalgae on a large scale and at low cost. This microalgae cultivation
technology is associated with the design of the type and configuration of open or closed
cultivation systems and photobioreactors, as well as the identification of the operating con-
ditions leading to the optimal growth performance of the target microalgae. In particular,
producing biofuels frommicroalgae requires amassive amount of microalgae biomass. This
demandmakes the microalgae cultivation technology even more important. In this chapter,
the principles and basic knowledge of microalgae growth and mass production are intro-
duced. Commonly used cultivation systems and photobioreactors are described. Their
advantages and weaknesses are compared. In addition, some examples of the commercial
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microalgae cultivation process for biofuels production are given to provide updates on the
commercial development of microalgae-based biofuels. The limitations and challenges that
large-scale microalgae cultivation may face are addressed and discussed.

2.2 FACTORS AFFECTING MICROALGAE GROWTH AND
BIOFUELS PRODUCTION

2.2.1 Carbon Sources

Carbon sources are usually the most critical factors for the growth of microalgae. In gen-
eral, microalgae can be grown under photoautotrophic, heterotrophic, and mixotrophic con-
ditions using diversified carbon sources, such as carbon dioxide, methanol, acetate, glucose,
or other organic compounds (Xu et al., 2006). Photoautotrophic cultivation means that
microalgae use inorganic carbon (e.g., carbon dioxide or bicarbonates) as the carbon source
to form chemical energy through photosynthesis (Ren et al., 2010). Some microalgae species
can directly use organic carbon as the carbon source in the presence or absence of a light sup-
ply. This is called heterotrophic cultivation (Chojnacka and Noworyta, 2004). However, the
most commonly used carbon source for microalgae growth and biofuels production is still
carbon dioxide or bicarbonates, since using organic carbon sources would be too expensive
for producing low-price products such as biofuels.

In addition, from the aspect of CO2 emissions reduction, a net-zero CO2 emission could be
achieved when the biofuels are directly converted from using CO2 as the substrate. In partic-
ular, photoautotrophic growth ofmicroalgae represents an ideal model of reutilization of CO2

coming from flue gas of power plants and industrial activities (Packer, 2009), as microalgae
biomass can be further utilized to produce biofuels or other value-added products (Hsueh
et al., 2007; Raoof et al., 2006). In addition, most microalgae have much higher cell growth
and CO2 fixation rates than terrestrial plants (around 10–50 times higher), which demon-
strates another advantage of direct conversion of photoautotrophic growth of microalgae.

Therefore, it seems more reasonable from the perspectives of economic feasibility and
environmental protection thatmicroalgae-based biofuels should be produced via photoautotro-
phic growth of microalgae. However, another thought is to produce biofuels from microalgae
grown under heterotrophic conditions using organic carbon sources (e.g., sugars) derived from
biomass. In this way, biofuel productivity could be markedly enhanced, since heterotrophic
growthofmicroalgae isusually faster thanautotrophicgrowth(Chen,1996).Nevertheless,again,
the high cost of obtaining the organic carbon sources from raw biomass is still a great concern.

2.2.2 Nitrogen Source

Lipid accumulation in microalgae usually occurred when microalgae are cultivated under
stress conditions (e.g., nitrogen starvation, nutrient deficiency, pH variations, etc.). Among
those stress conditions, nitrogen limitation is the most effective and commonly used strategy
for stimulating lipid accumulation in microalgae. Recent reports demonstrated that cultivation
under nitrogen starvation conditions leads to a marked increase in the oil/lipid content
(Mandal and Mallick, 2009). Hu et al. (2008) collected the data of lipid contents of various
microalgae and cyanobacteria species under normal growth and stress conditions in a literature

24 2. DESIGN OF PHOTOBIOREACTORS FOR ALGAL CULTIVATION



survey, indicating that under stress conditions, the lipid contents of greenmicroalgae, diatoms,
and some othermicroalgae species are 10–20%higher than under normal conditions. However,
the lipid contents of cyanobacteria were usually very low (10%) (Hu et al., 2008).

It is thought that whenmicroalgae are cultivated under nitrogen-starvation conditions, the
proteins in microalgae will be decomposed and converted to energy-rich products, such as
lipids. Siaut et al. (2011) also concluded that during microalgae growth, starch would first
be synthesized to reserve energy, then lipid would be produced as a long-term storage mech-
anism in case of prolonged environmental stress (such as nitrogen deficiency). Although a
nitrogen-starvation strategy is very effective in increasing lipid content of microalgae, the ni-
trogen deficiency conditions often lead to a significant decrease in themicroalgae growth rate,
thereby causing negative effects on lipid productivity. Therefore, engineering approaches
should be conducted to optimize the cultivation time for the microalgae growth period
(nitrogen-sufficient condition) and lipid accumulation period (nitrogen-deficient condition)
to ensure high overall oil/lipid productivity.

2.2.3 Light Supply

The typeof light source isknowntobea critical factor affecting thegrowthofmicroalgaedue
mainly to the difference in the coverage of wavelength range (Terry, 1986). In addition to the
type of light source, the light intensity is also very important for microalgae growth
(Grobbelaar et al., 1996; Sánchez et al., 2008; Ugwu et al., 2008; Yoon et al., 2008). In general,
the effect of light intensity on the photoautotrophic growth of microalgae could be classified
into several phases, such as the light-limitation phase, the light-saturationphase, and the light-
inhibition phase (Ogbonna and Tanaka, 2000). Tomaximize biomass productivity, the satura-
tion light intensity needs tobedistributed throughout the entiremicroalgae cultivation system.
However, this is impossible in practical cultivation systems, since the light distribution inside
the photobioreactor normally decreases significantly along with the distance due to the light
shading effects (see Figure 2.1), especially when the cell concentration gets very high or when
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FIGURE 2.1 Effect of light intensity on specific growth
rate of microalgae under phototrophic cultivation
(Ogbonna and Tanaka, 2000).
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significant biofilm formation on the surface of the reactor vessel occurs (Chen et al., 2008). Im-
proving themixing of the cells can reduce the effects of light shading or photoinhibition at dif-
ferent zones of the photobioreactor. Some literature describes the effect of light intensity on the
lipid content ofmicroalgae. Lv et al. (2010) demonstrated that in comparing low and high light
intensity (i.e., light-limitation and light-saturation conditions), using a light intensity of
60 mmol/m2/s led to an increase in biomass concentration and lipid content of Chlorella
vulgaris, along with changes in pH, NADPH, and Mg2þ concentration (Lv et al., 2010).

2.2.4 Temperature

In commercial microalgae cultivation systems, temperature is also an important environ-
mental factor for microalgae growth and target-product production. For outdoor microalgae
cultivation, variations in temperature greatly depend on the light exposure (i.e., day/night
cycle) and seasonal changes. In Taiwan, for example, the temperature variation range is be-
tween 25 �C and 45 �C. Appropriate cultivation temperature could promote microalgae
growth, whereas at a high temperature, microalgae biomass production would decrease,
primarily due to denature of essential proteins/enzymes as well as inhibitory effects on
cellular physiology.

The effect of temperature on the growth rate of microalgae has been reported for a variety of
microalgae species. For instance, the growth rate of Chaetoceros pseudocurvisetus reached a max-
imum level when it was grown at 25 �C (Yoshihiro and Takahashi, 1995). Renaud et al. (2002)
also reported that when the operation temperature was controlled at 25–30 �C, the Chaetoceros
sp. had ahigher growth rate. Thus, the operation temperature has a significant effect on biomass
production. In addition, Hu et al. (2008) also indicated that the environmental temperature
can affect the degree of saturation of the microalgae lipid, since an increase in saturated
fatty acids has been observed when the culture temperature was increased. In addition, for
somemicroalgae (e.g.,Nannochloropsis Salina andOchromonas danica), increasing the cultivation
temperature may also lead to an increase in the lipid content (Aaronson, 1973; Boussiba
et al., 1987).

2.2.5 pH

The pH is also an important environmental parameter for microalgae growth and target-
product formation. The optimal pH for most cultured microalgae species is between 7 and 9
(Ho et al., 2011). The pH of the culture medium normally affects the biochemical reaction
characteristics of microalgae. It is crucial to maintain culture pH in the optimal range
because complete culture collapse may occur due to the disruption of cellular processes
by extreme pH. Meanwhile, the feeding of CO2 obviously affects the culture pH as well as
microalgae growth. When the CO2 from the gas phase (molecular CO2) is transferred into-
the culture medium, some of the CO2 gas will dissolve and become soluble phase (HCO�3 ),
and the conversion of CO2 to HCO�3 is greatly dependent on the pH value in the culture.
The HCO�3 is then utilized by microalgae via Ci-concentrating mechanisms (CCMs) (Miller
et al., 1990).

Liu et al. (2007) reported that growth ofC. marina remained unchanged in the normal range
of pH (pH 7.5 to 8.5), whereas a significant reduction in microalgae growth was observed
when pH was increased beyond 9.0 (Liu et al., 2007). Belkin and Boussiba found that a
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cyanobacterium Spirulina platensis exhibited optimal growth at pH 9.0 to 10.0 (Belkin and
Boussiba, 1991). Apparently the suitable pH range for the growth of microalgae and
cyanobacteria is greatly species-dependent.

2.2.6 Salinity

The ability of microalgae to survive in marine environments has received considerable
attention. It was found that microalgae can produce some metabolites to protect salt
injury and to balance the influence of osmotic stresses of the surroundings. The microalgae,
bacteria, and cyanobacteria can tolerate up to 1.7 M of salt concentration in marine medium.
The salinity condition may stimulate the production of specific components in microalgae.
For instance, Fazeli and his colleagues reported that the highest carotenoid contents
(11.72 mg/L) of Dunaliella tertiolecta DCCBC26 occurred when the culture medium contained
0.5 M NaCl (Fazeli et al., 2006). However, salinity conditions may cause negative effects on the
microalgal growth. It was reported that a salinity of 35% (standard seawater) or higher led to a
reduction in the growth rate and the efficiency of photosynthesis and dark respiration (Jacob
et al., 1991).

2.3 PHOTOBIOREACTOR DESIGN PRINCIPLES

In both lab-scale and pilot-scalemicroalgae cultivation systems, the key factors that need to
be considered for the design and operation of microalgae cultivation systems are as follows:
(1) how to use appropriate light sources (intensity and wavelength), (2) how to enhance light
conversion efficiency, and (3) how to maintain an appropriate microalgae biomass concentra-
tion during prolonged operation. In addition, the stability of continuous culture ofmicroalgae
is usually poor, because the cell growth and target-product production are sensitive to
changes in the environment and the medium composition.

Maintaining a sufficient cell concentration in the continuousmicroalgae cultivation system
is also a challenge. Therefore, many large-scale outdoor microalgae cultivation systems are
operated in a semibatch mode, in which a portion of microalgae culture is harvested within
a specific cultivation time period and an equal amount of fresh medium is refilled into the
cultivation system. In addition, most commercial-scale microalgae cultivation is carried
out in open ponds, since solar light energy is directly utilized. Therefore, there are challenges
such as contamination by other microorganisms or alien microalgae species, direct exposure
to ultraviolet (UV) irradiation, low light intensity or uneven light energy distribution (Kim
et al., 1997), day-night cycles, diurnal variation, and requirements for large areas of land
(Laws et al., 1986). Moreover, since the intensity of sunlight varies greatly with the seasons,
solar spectrum, and operating time, it is very difficult to maintain steady microalgae culture
performance in outdoor cultivation.

The limitation of light energy is also one of the most commonly encountered problems in
large-scale cultivation when the size of the microalgae cultivation system is increased. In this
case, the illumination area per unit volume is often considered as a design criterion. The fac-
tors mentioned here greatly limit the light conversion efficiency and productivities of outdoor
microalgae cultivation systems. Other factors that may also lower the biomass productivity
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are consumption of biomass by respiration in the dark zones of the reactor, insufficient
mixing of CO2 and nutrients, and the mechanical damage due to the shear stress on the algal
cells. Variation in biomass concentration and composition (e.g., carbohydrate or lipid content)
may occur when different culture media and operation modes are used.

Despite the fact that good production performances of target products can be achieved
using lab-scale microalgae cultivation systems, there are still very few successful
commercial-scale processes. This is mainly because of the higher operating costs, unstable
light intensity, and lower mixing efficiency when the microalgae are grown outdoors on a
large scale. Consequently, appropriate operating configurations with innovative design of
microalgae cultivation system are required to achieve commercially viable production of
microalgae biomass and target products.

Therefore, highly efficient light sources and good circulation devices are the key to pro-
mote microalgae cell growth in the design of commercially feasible microalgae cultivation
systems. If the light source has a narrow spectral output that overlaps the photosynthetic ab-
sorption spectrum of microalgae, the emission of light at unusable wavelengths would be
eliminated, thereby improving the overall energy conversion. Among the available light
sources, light-emitting diode (LED) is the only one that meets the foregoing criteria. LEDs
are an economic external light source that is energy-saving and small enough to fit into
any microalgae cultivation system. They also have a very long life expectancy, and their elec-
trical efficiency is so high that heat generation is minimized. LEDs have a half-power band-
width of 20–30 nm, which can match photosynthetic needs. On the other hand, circulation is
also very important in the outdoor microalgae cultivation system. The benefits include keep-
ing microalgae in suspension, decreasing heat generation within the microalgae cultivation
system, uniform distribution of the cells and the liquid broth, improving CO2 mass-transfer
efficiency, and degassing the O2 produced during photosynthesis. Therefore, the develop-
ment of economically successful production ofmicroalgae biomass requires the improvement
of both light efficiency and mixing efficiency for microalgae growth at low cost.

2.4 MICROALGAE CULTIVATION IN CLOSED AND OPEN PBRs
FOR BIOFUEL PRODUCTION

Production of sustainable biofuels from microalgae is a high-potential option for develop-
ing renewable energy. Unfortunately, the production cost of microalgae-based biofuels is still
too high, which prevents them from becoming commercially feasible. One of the major obsta-
cles that impedes the commercialization of microalgal biofuels is the high cost of
photobioreactors and the high demand of auxiliary systems or intensive energy input re-
quired during the cultivation of microalgae. Basic conceptual designs for a photobioreactor
for the autotrophic cultivation of microalgae are to provide efficient mixing, appropriate light
intensity, and rapid gas transport (Singh and Sharma, 2012).

In light of these demands, photobioreactor designs can be generally classified as open sys-
tems and closed systems (Table 2.1). Open systems can be divided into natural waters (lakes,
lagoons, ponds) and artificial ponds or containers, which are presented in very different
ways. Apparently, open systems are potentially subject to contamination resulting from
the free gas exchange from the environment to the cultivation system. The cultivation
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conditions of open systems are usually poorly controlled, and the estimated growth rate of
microalgae will be mostly lower than that in closed systems.

In terms of technical complexity, open systems are more widespread than closed systems.
From the aspect of operation, closed systems are more suitable for the cultivation of algae for
the production of high-value products. In closed systems, the productivity of desired prod-
ucts can be enhanced by controlling the microalgae cultivation under optimal operating con-
ditions. The design of closed photobioreactors must be carefully optimized for each
individual algal species according to its unique physiological and growth characteristics.
Providing appropriate light intensity and efficient hydrodynamic mixing are key issues in
the success of a productive autotrophic cultivation system (Kumar et al., 2011).

Given the advantages of closed systems over open systems, several different photo-
bioreactor designs with closed systems have also been proposed, ranging from lab scale to
industry scale. More detailed descriptions of microalgae cultivation in open and closed
systems are presented in the following sections.

TABLE 2.1 Advantages and Disadvantages of Open and Closed Algal Cultivation Plants (Pulz, 2001).

Parameter Open Ponds (Raceway Ponds) Closed Systems (PBR Systems)

Contamination risk Extremely high Low

Space required High Low

Water losses Extremely high Almost none

CO2 losses High Almost none

Biomass quality Not susceptible Susceptible

Variability as to cultivatable
species

Not given; cultivation possibilities
are restricted to a few algal varieties

High; nearly all microalgal varieties

Flexibility of production Change of production between the
possible varieties nearly impossible

Change of production without any
problems

Reproducibility of production
parameters

Not given; dependent on exterior
conditions

Possible within certain tolerances

Process control Not given Given

Standardization Not possible Possible

Weather dependence Absolute; production impossible
during rain

Insignificant because closed
configurations allow production during
bad weather

Period until net production is
reached after start or
interruption

Long; approx. 6–8 weeks Relatively short; approx. 2–4 weeks

Biomass concentration during
production

Low, approx. 0.1–0.2 g/L High; approx. 2–8 g/L

Efficiency of treatment process Low; time-consuming, large-
volume flows due to low
concentrations

High; short-term, relatively small-
volume flows
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2.4.1 Open Systems

Open systems can be simply categorized into natural waters (lakes, lagoons, ponds) and
artificial ponds or containers. The most commonly used systems include shallow big ponds,
tanks, circular ponds, and raceway ponds (Suh and Lee, 2003). Open ponds aremuch easier to
construct and operate than most closed systems. However, major limitations in open ponds
include poor light utilization by the cells, evaporative water losses, diffusion of CO2 to the
atmosphere, and the requirement of large areas of land. The ponds are usually kept shallow
to ensure sufficient light exposure for themicroalgae because sunlight can penetrate the pond
water to only a very limited depth. Furthermore, contamination by predators, alien
microalgae species, and other fast-growing microorganisms restrict the commercial produc-
tion of algae in open culture systems. In addition, due to inefficient stirring mechanisms in
open cultivation systems, their gas transfer rates are relatively poorer than those of closed
systems. All these limitations lead to lower biomass productivities for open systems com-
pared with those of closed systems. Nevertheless, the simple operation and easy scale-up
for mass cultivation make open systems the first-choice option for microalgae cultivation
in industrial applications.

2.4.1.1 Simple Ponds

The marked advantage of these open ponds is their simplicity, resulting in low production
costs and low operating costs. Operation is very simple for this system, which only has a giant
rotating mixer at the center of the pond to avoid the precipitation of algal biomass. Although
this is indeed the simplest among all the microalgae cultivation techniques, it has a major
drawback: The environment in and around the ponds is not completely under control.
Bad weather conditions can stunt algae growth due to the lack of environment control. For
example, high temperatures as well as insufficient or excessive sunlight intensities are critical
factors affecting the efficiency of microalgae growth (Norsker et al., 2011). In addition, con-
tamination from bacteria or other foreign microorganisms often results in the predominance
of undesirable species over the desired algae growing in the pond. Rainy conditions are also a
common contamination source, since the rain may flush down enormous microorganisms
into the ponds from the air. Therefore, finding an appropriate cultivation location is crucial
to the success of such open systems. Even though there could bemany disadvantageswith the
simple pond system, the simple operation and the high scale-up availability of simple ponds
are still very attractive factors and these ponds are often utilized for industrial production of
microalgae (Borowitzk, 1999).

2.4.1.2 Raceway Ponds

Raceway ponds are a modified version of the open pond system that has a different flow
pattern compared to that of the simple pond. In raceways, the water flow direction is con-
trolled by the rotation speed of paddlewheels, in contrast to only coaxial mixing in conven-
tional open ponds. Therefore, in the raceway systems, the microalgae, water, and nutrients
are continuously circulated around a racetrack, following the same direction as a
paddlewheel. In this way, the circulation rate around the racetrack can be adjusted by the
paddle speed. With paddlewheels providing the driving force for liquid flow, the microalgae
are kept suspended in the water and are circulated back to the surface on a regular frequency.
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Despite their diversified appearance, the most common raceway cultivators are driven by
paddlewheels and are usually operated at a water depth of 15–20 cm. The raceways are usu-
ally operated in a continuous mode with constant feeding of CO2 and nutrients into the sys-
tem while the microalgae culture is removed at the end of the racetrack. This operation is
quite similar to that of plug-flow reactors (PFRs) used in the chemical industry.

The same drawbacks observed in the operation of open ponds are also found in raceways.
Furthermore, the requirement of large areas for microalgae cultivation is considered the bar-
rier for commercialization of microalgae processes. Nevertheless, control of environmental
factors (such as mixing) in raceways is easier than in conventional open ponds, making
the use of raceways for the cultivation of microalgae more attractive.

2.4.2 Closed Systems

Open systems are currently still the preferable choice for microalgal production on a large
scale, especially when they are designed to produce low-priced products, such as biofuels.
However, due to the requirements of good manufacturing practice (GMP) guidelines, pro-
duction of high-value products from microalgae for application in pharmaceuticals and
cosmetics seems feasible only in well-controlled photobioreactors with closed system ope-
rations. Therefore, several closed systems (photobioreactors) for microalgae cultivation are
discussed here.

The term closed systems refers to photobioreactors that have no direct exchange of gases and
contaminants between the cultivation systems and the outside environment. The necessary
gas exchange is performed through a sterilized gas filter, to avoid contamination inside
the culture system. Therefore, closed systems are characterized by the minimization of con-
tamination over open systems. Besides the typical drawback of high equipment cost, closed-
system photobioreactors do have several major advantages over open systems (Singh and
Sharma, 2012): (1) Photobioreactors could minimize contamination and allow axenic algal
cultivation of monocultures; (2) photobioreactors offer better control over conditions such
as pH, temperature, light, CO2 concentration, and so on; (3) using photobioreactors leads
to less CO2 loss and prevents water evaporation; (4) photobioreactors permit higher cell con-
centrations; and (5) photobioreactors permit the production of complex biopharmaceuticals.

There are several types of closed systems designed and developed for the cultivation of
microalgae, including vertical (tubular) columns, flat plate photobioreactors, and horizontal
tubular photobioreactors. The detailed descriptions of those cultivation systems are provided
here. In addition, their advantages and weaknesses are summarized and compared in
Table 2.2.

2.4.2.1 Vertical Column Photobioreactors

A vertical column photobioreactor is made up of vertical tubing (glass or acrylic) that is trans-
parent to allow the penetration of light for the autotrophic cultivation of microalgae. A gas
sparger system is installed at the bottom of the reactor; it converts the inlet gas into tiny bub-
bles, which provide the driving force for mixing, mass transfer of CO2, and removing O2 pro-
duced during photosynthesis (Figure 2.2). Normally, no physical agitation system is
implemented in the design of a vertical column photobioreactor. Vertical tubular
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photobioreactors can be categorized as bubble column or airlift reactors based on their liquid
flow patterns inside the photobioreactor.

Bubble column reactors are cylindrical vessels with height greater than twice their diameter.
They are characterized by low capital cost, high surface-area-to-volume ratio, lack of moving
parts, satisfactory heat and mass transfer, relatively homogenous culture environment, and
efficient release of O2 and residual gas mixture (Loubière et al., 2009). The gas bubbling up-
ward from the sparger provides the requiredmixing and gas transfer. Therefore, the sparger’s
design is critical to the performance of a bubble column. In scale-up of the photobioreactor,
perforated plates are adopted as the sparger used in tall bubble columns to break up and re-
distribute coalesced bubbles (Janssen et al., 2000). Light supply for autotrophic cultivation
often comes from outside the column.Nevertheless, an inner-illumination design is gradually
becoming acceptable due to higher light-penetration efficiency and more uniform light dis-
tribution (Loubière et al., 2009). Photosynthetic efficiency greatly depends on gas flow rate as
well as the light and dark cycle created when the liquid is circulated regularly from central
dark zone to external zone at a higher gas flow rate.

Airlift reactors, common in traditional bioreactor designs, are made of a vessel with two
interconnecting zones. One of the tubes, called a gas riser, is where the gas mixture flows

TABLE 2.2 Prospects and Limitations of Various Culture Systems for Algae (Ugwu et al., 2008).

Culture System Prospects Limitations

Open Ponds Relatively economical, easy to clean up
after cultivation, good for mass
cultivation of algae

Little control of culture conditions,
difficulty in growing algae cultures for
long periods, poor productivity, occupy
large land mass, limited to few strains of
algae, cultures are easily contaminated

Raceway Can be operated in a continuous mode. High ratio of area/volume required,
required high power of paddle to avoid
algae precipitation

Closed Vertical column
photobioreactors

High mass transfer, good mixing with
low shear stress, low energy
consumption, high potentials for
scalability, easy to sterilize, readily
tempered, good for immobilization of
algae, reduced photoinhibition and
photo-oxidation

Small illumination surface area, their
construction requires sophisticated
materials, stress to algal cultures,
decrease of illumination surface area
upon scale-up

Flat plate
photobioreactors

Large illumination surface area, suitable
for outdoor cultures, good for
immobilization of algae, good light path,
good biomass productivities, relatively
cheap, easy to clean up, readily
tempered, low oxygen buildup

Scale-up requires many compartments
and support materials, difficulty in
controlling culture temperature, some
degree of wall growth, possibility of
hydrodynamic stress to some algal
strains

Horizontal
tubular
photobioreactors

Large illumination surface area, suitable
for outdoor cultures, fairly good biomass
productivities, relatively cheap

Gradients of pH, dissolved oxygen and
CO2 along the tubes, fouling, some
degree of wall growth, requires large
land space
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upward to the surface from the sparger. The other region, called the downcomer, does not re-
ceive the gas, but the medium flows down toward the bottom and circulates within the riser
and the downcomer. Based on the circulation mode, the design of an airlift reactor can be fur-
ther classified into one of two forms: internal loop or external loop (Loubière et al., 2009). The
riser is similar to that designed for a bubble column, where the gas moves upward randomly
and haphazardly. An airlift reactor has the advantage of creating flow circulation where
liquid culture passes continuously through dark and light phases, giving a flashing-light
effect to the microalgal cells. Residence time of gas in various zones controls performance,
affecting parameters such as gas–liquid mass transfer, heat transfer, mixing, and turbulence.
A rectangular airlift photobioreactor is also suggested to have better mixing characteristics
and high photosynthetic efficiency, but the design complexity and difficulty in scale-up both
are disadvantages.

2.4.2.2 Flat Plate Photobioreactors

Flat panel photobioreactors feature important advantages for mass production of photoauto-
trophic microorganisms. The simple flat plate photobioreactor consists of vertically translu-
cent flat plates, which are illuminated on both sides and stirred by aeration (Figure 2.3). This
simple building methodology for glass flat plate reactors provides the opportunity to easily
construct reactors with any desired light path. Light is evenly emitted from a flat transparent
surface screen or from lamps above the culture. The plate surface is usually made of glass or
optical light film, and the circulation is achieved by the same means of rising air bubbles, as

Air
compressor CO2 tank

Gas mixer

Microalgae tank

FIGURE 2.2 Vertical-column photobioreactors for microalgae cultivation.
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with the tubular systems. However, flat plate systems may also experience problems with
relatively high space requirements, high light energy requirements, difficulties in cleaning,
and possible low efficiency in terms of mass production per unit of space (Slegers et al.,
2011). The productivity of flat-plate photobioreactors is highly dependent on the space
requirements between the panels and the areal productivity constraint for outdoor applica-
tion. On the other hand, if the flat plate systems are to be operated indoors, then some crucial
factors would be involved, including distance of light sources from panels, temperature
effects, illumination of one or both panel sides, light path, and so on. Scale-up of the flat plate
system is potentially difficult due to the increase of hydrostatic pressure with the increase of
volume. In general, the structure of flat plate systems cannot tolerate very high pressure.
Moreover, the hydrodynamic stress on microalgae cells may affect the microalgae growth.
In addition, the biomass productivity in parallel flat panels is strongly influenced by shading
and light penetration between the panels (Posada et al., 2012). To further reduce the equip-
ment cost, a novel design of a vertical flat panel photobioreactor, consisting of a transparent
bag (i.e., plastic) located on a rigid frame, has been proposed and could greatly enhance the
economic feasibility (Tredici and Rodolf, 2004).

2.4.2.3 Horizontal Tubular Photobioreactors

Tubular systems are widely used as close systems in commercial production. Usually tubu-
lar photobioreactors are made of transparent polypropylene acrylic or polyvinylchloride

Air
compressor

CO2 tank

CO2 sensor

Gas
mixer

Microalgae
tank

FIGURE 2.3 Plate-type photobioreactors for microalgae cultivation.
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pipes with small internal diameters to increase the penetration of light. Mixing and agitation
of the culture are maintained by an air pump to provide circulation (see Figure 2.4).

The most significant characteristic of this tubular system that is different from the vertical
column bioreactor is the improvement of air-residence time inside the tubular bioreactor,
which can provide more dissolved CO2. These systems could use artificial light, but they
are also designed based on natural light (sunlight) provided from outside of the tube. The
hydrodynamic stress on the algae may vary, depending on the flow characteristics of each
system (e.g., turbulent flow, pump type). Likewise, the gas transfer to the culture may vary
from low to high, depending on the flow characteristics and the air-supply technique
adopted. The operational difficulties are similar to other systems, including growth of
microalgae on the wall of the tubes, thus blocking the light penetration; high oxygen concen-
tration that can inhibit photosynthesis; and limits on the length of the tube in a single run
(Briassoulis et al., 2010).

Coil-type systems are often adopted to enhance the efficiency of space utilization com-
pared to the other categories. Among the most important advantages of the system and com-
mon to most coil-type systems are the larger ratio of surface area to culture volume to receive
illumination effectively, as well as the easy control of temperature and contaminants
(Briassoulis et al., 2010). The cleaning problems of tubular systems are not easy to overcome
due to the small internal tube size, which has no ready mechanical way to conduct the inside
cleaning for a long tube. The scale-up of these systems is relatively easy compared with other
photobioreactor designs. The increase of tubular photobioreactor working volume can easily
be achieved by simply extending the tube length to the designed volume if the air pump can
affordably provide enough power to pump in air bubbles.

CO2 tank

Gas mixer

Microalgae tank
Air

compressor

Light
source

FIGURE 2.4 Horizontal tubular photobioreactors for microalgae cultivation.
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2.4.3 General Discussion of Microalgae Cultivation Systems

Despite the fact that great progress has beenmade in developing photobioreactors formass
production of microalgal cells, more efforts are still required for further improvement, espe-
cially regarding the cost reduction of bioreactor design. For large-scale outdoor microalgae
cultivation, large amounts of required land space are still the critical issue. In addition, since
outdoor photobioreactors usually utilize natural solar light and without additional temper-
ature control, the growth of biomass would greatly depend on weather conditions and am-
bient temperature. Due to these limitations, in most regions of the world it is not feasible to
have stablemicroalgal biomass production through outdoormass cultivation. In addition, the
potential contamination is also a serious threat to the operational success of outdoor open
ponds or raceways. In contrast, closed system photobioreactors have the advantages of better
operational stability and condition control. However, the high equipment cost and process
cost of closed photobioreactors are still barriers impeding the mass cultivation of microalgae.
Finding more rigid, reliable, and transparent materials with lower costs for the design of
closed photobioreactors is crucial to enhance cultivation efficiency and to reduce the cost
of photobioreactors for the development of closed systems for the autotrophic cultivation
of microalgae.

2.5 COMMERCIAL MICROALGAE CULTIVATION SYSTEMS FOR
BIOFUEL PRODUCTION

Many companies are currently engaged in algae-based biofuel research, but players with
large-scale production abilities are still few. According to a recent article (Jacquot, 2009), the
leading companies in this field are Algenol Biofuels, Sapphire Energy, Seambiotic, Solazyme,
and Solix BioSystems (ordered alphabetically). Mass cultivation to offer algae biomass as
starting materials is critical to these algae-based biofuel companies. Based on the information
on theWebsites of these five leading companies, they all developed their proprietary and spe-
cialized cultivation methods (see Table 2.3), including photobioreactor systems, open pond
systems, and fermentation systems.

Algenol developed a technology, known as Direct to EthanolW, to produce ethanol from
cyanobacteria. Two central components in this technology are gene-modified cyanobacteria
and a flexible plastic-film photobioreactor. The genetically modified cyanobacteria can
overexpress fermentation pathway enzymes and enhance the ethanol production (see
Figure 2.5). The photobioreactors Agenol uses are constructed of flexible plastic film. Each
photobioreactor consists of ports for ethanol collection and the introduction of CO2 and
nutrients, a mixing system, and ethanol collection rails (see Figure 2.6). Therefore, Algenol
claims that they produce biofuel directly from the algae without killing or harvesting the
creatures.

Solix also uses photobioreactors to cultivate algae, and they have named their system the
Lumian™Algae Growth System (AGS™). The AGS system comprises a network of thin panels
held in a shallowwater bath. The commercialized AGS system is the LumianAGS4000, which
is a 4,000-liter cultivation systemwith 20 200-liter Lumian panels held in a 12�60-foot water-
filled system (see Figure 2.7). Furthermore, this system is integratedwith a support system for
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TABLE 2.3 The Comparison of Five Leading Microalgae-Based Biofuel Companies.

Company

Name

Founded

Time Location Biofuel Type Technology Cultivation Equipments Market

Algenol
Biofuels

2006 Florida, USA Ethanol Algenol’s patented
technology (known as
Direct to EthanolW

Technology) enables the
production of ethanol for
less than $1.00 per gallon
and targets commercial
production of 6,000 gallons
of ethanol per acre per
year.
Algenol selects
cyanobacteria strains and
enhances their ability to
produce ethanol by
overexpressing
fermentation pathway
enzymes, allowing each
cell to channel carbon into
ethanol production.
Algenol uses a proprietary
photobioreactor system to
cultivate cyanobacteria
and collect ethanol.
The method involves a
marine strain of algae and
therefore can use seawater.
It also has the added
benefits of consuming
carbon dioxide from
industrial sources and not
using farmland.

Algenol’s proprietary
flexible plastic film
photobioreactor (PBR).
Capital costs to construct
its patented facility will
range between $4.00 and
$6.00 per annual gallon of
capacity.
A pilot-scale integrated
biorefinery in Florida on 36
acres was broken ground
in 2011.

Algenol intends to
produce 1 billion gallons
annually by 2012. The
company says its
production costs will be
less than $1.00 per gallon
(sale for $3.00 per gallon).
Algenol’s goal is 20 billion
gallons per year of low-
cost ethanol by 2030.

Sapphire
Energy

2007 Headquarters
in San Diego,
USA;
green crude
farm in New
Mexico, USA

A liquid that
has the same
composition as
crude oil

Sapphire produces “green
crude,” a liquid that has
the same composition as
crude oil.
The company has shown
that its fuel can be used in

The company uses open
ponds, raceway.
The test site in Las Cruces,
NM, at 22 acres, has more
than 70 active ponds,
varying in size from

The first phase of
Sapphire’s Green Crude
Farm was operational in
August 2012. When
completed, the facility will
produce 1.5 million
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TABLE 2.3 The Comparison of Five Leading Microalgae-Based Biofuel Companies—Cont’d

Company

Name

Founded

Time Location Biofuel Type Technology Cultivation Equipments Market

two commercial flights
(Continental and JAL
airlines) and a cross-
country road trip
(Algaeus).

14-foot test ponds to 300-
foot, 1-million-liter
production ponds.
The green crude farm
located in Columbus, NM,
will have 300 cultivated
acres.

gallons per year of crude
oil and consist of
approximately 300 acres of
algae cultivation ponds
and processing facilities.
The plan is to make 1
million gallons of diesel
and jet fuel per year by
2011, 100 million gallons
by 2018, and 1 billion
gallons per year by 2025.

Seambiotic 2003 Israel Biodiesel and
bioethanol

Seambiotic grows
microalgal cultures in
open ponds using flue
gases such as carbon
dioxide and nitrogen from
a nearby coal plant as
feedstocks.
The 1,000-square-meter
facility produces roughly
23,000 grams of algae per
day. Three tons of algal
biomass would yield
around 100 to 200 gallons
of biofuel.

Open ponds, raceway. Seambiotic’s Algae Plant
in China was finished in
late 2011 with raceway
ponds on approximately
10 hectares.
Seambiotic believes that
this plant is able to
produce enough algae
biomass to convert into
fuel at prices competitive
with traditional fuel by
2012.

Solazyme 2003 South San
Francisco,
USA

Biodiesel Solazyme’s proprietary
microalgae are
heterotrophic, grow in the
dark in fermenters, and are
fed plant sugars.

Standard industrial
fermentation equipment.

In 2010, Solazyme
delivered over 80,000 liters
of algal-derived biodiesel
and jet fuel to the U.S.
Navy. Subsequently,
Solazyme was awarded
another contract with the
U.S. Department of
Defense for production of
up to 550,000 additional
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TABLE 2.3 The Comparison of Five Leading Microalgae-Based Biofuel Companies—Cont’d

Company

Name

Founded

Time Location Biofuel Type Technology Cultivation Equipments Market

liters of naval distillate
fuel.
Solazyme went public
(IPO) in 2011 at $18 per
share and raised $198
million in the process.
In 2012, Solazyme
expected to archive a
2-million-liter annual
capacity.

Solix
BioSystems

2006 Colorado,
USA

Biodiesel Solix uses a proprietary
closed photobioreactor
system and claims that the
system can produce up to
seven times as much
biomass as open-pond
systems.
The algal oil is extracted
through the use of
chemical solvents such as
benzene or ether.
Solix is also collaborating
with the Los Alamos
National Laboratory to use
its acoustic-focusing
technology to concentrate
algal cells into a dense
mixture by blasting them
with sound waves. Oil can
then be extracted from the
mixture by squeezing it
out; this makes the
extraction process much
easier and cheaper,
obviating the need for
chemical solvents.

Photobioreactor system
includes Solix’s
proprietary Lumian
panels, Solix Lumian™

Algae Growth System
(AGS™).
Solix’s demonstration
plant has three algae
cultivation basins totaling
3/4 of an acre (0.3
hectares). The plant has
over 150,000 liters of algae
under cultivation.

Solix’s demonstration
facility performed at over
3,000 gallons of algae oil
per acre per year in 2010.
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media preparation, harvesting, reinjection, and system cleaning. Before 2009, the introduction
of the Lumian AGS system especially mentioned the vertical orientation of panels that can
provide “extended surface area.” However, according to the pictures on Solix’s Website,
the panels now are horizontally arranged. The AGS panels contain tubes that deliver CO2

as a carbon source and deliver air to remove oxygen (a byproduct of photosynthesis).
According to an article of the IOP Conference Series in 2009 (Willson, 2009), the marginal cost
of large-scale production using the AGS system was approximately $1/liter ($150/barrel),
with a defined path of reducing the production cost by half over the next two to three years.

Sapphire and Seambiotic both choose raceway open ponds to cultivate their algae.
Sapphire releases very little technology information about its process: “We grow the algae
in open pondswith only sunlight, CO2, and nonpotable saltwater in deserts” (see Figure 2.8a).
Seambiotic also grows microalgal cultures in raceway open ponds using flue gases carbon
dioxide and nitrogen from a nearby coal plant as the feedstock (see Figure 2.8b). Seambiotic
has carried out an R&D pilot study comprising about a 1,000-meter square of ponds in an
Israel power plant to use the flue gas to cultivate algae. Both companies emphasize the
low cost of using open ponds and choose marine algae strains to reduce biotic contamination.

Solazyme’s algal cultivation method is much different from those of the previously men-
tioned companies. Solazyme uses large fermentation tanks to incubate algae in the dark and
feed them plant sugars. This platform makes the feedstock more flexible, and it is able to use

WaterWater

Sunlight

Each cell is a
tiny ethanol

factory

NutrientsNutrients

CO2

CO2

O2 O2

Photosynthesis

Calvin
cycle

Intracellular
fermentation Ethanol

Blue-green algae
(Cyanobacteria)

Pyruvate
(Sugar)

FIGURE 2.5 The process of Algenol’s Direct to EthanolW technology (www.algenolbiofuels.com/media/media-
gallery).
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low-cost sugars, varying from sugarcane to corn stover, woody biomass, switchgrass, and
other cellulosic materials. By this heterotrophic incubation, algae can accumulate more oil
in cells. According to data shown on Solazyme’s Website, the oil content in the company’s
algae cells is in excess of 80% (see Figure 2.9). Considering that the average wild alga yields
only 5–10% oil content, this enhanced yield is very critical to lowering the production cost of
biofuels.

Sunlight

Ethanol/Water condenses
on photobioreactor wall

and flows to collection troughs

Photobioreactor film Outside photobioreactor:
ambient cooler temperature

Heat transfer

Inside photobioreactor:
greenhouse effect causes high
temperature relative to ambient

Condensed
ethanol/Water

Ethanol/Water evaporates

Ethanol/Water vapor

Seawater/Algae/Ethanol

to VCSS

A

B

to VCSS

FIGURE 2.6 The flexible plastic film photobioreactors used by Algenol; A) the structural diagram, B) the appear-
ance (www.algenolbiofuels.com/media/media-gallery).

412.5 COMMERCIAL MICROALGAE CULTIVATION SYSTEMS FOR BIOFUEL PRODUCTION

http://www.algenolbiofuels.com/media/media-gallery


FIGURE 2.7 The Solix Lumian™ AGS4000 system (www.solixbiofuels.com/content/products/lumian-ags4000).

FIGURE 2.8 (a) Sapphire’s green crude farm with raceway open ponds (www.sapphireenergy.com/rendition.
medium/images/multimedia/green%20crude%20farm%20ponds.jpg). (b) Seambiotic’s pilot plant (www.seambiotic.
com/uploads/Seambiotic%20Ltd.%20-%20Algae%20Pilot%20Plant%20white%20paper.pdf).

http://www.solixbiofuels.com/content/products/lumian-ags4000
http://www.sapphireenergy.com/rendition.medium/images/multimedia/green%20crude%20farm%20ponds.jpg
http://www.sapphireenergy.com/rendition.medium/images/multimedia/green%20crude%20farm%20ponds.jpg
http://www.seambiotic.com/uploads/Seambiotic%20Ltd.%20-%20Algae%20Pilot%20Plant%20white%20paper.pdf
http://www.seambiotic.com/uploads/Seambiotic%20Ltd.%20-%20Algae%20Pilot%20Plant%20white%20paper.pdf


2.6 CONCLUSIONS

Production of biofuels and other products from microalgae requires a massive amount of
microalgae biomass. Effective cultivation technology for large-scale microalgae biomass pro-
duction is of great importance in the commercialization of themicroalgae-based industry. The
growth ofmicroalgae is greatly influenced by environmental conditions, such as light supply,
temperature, CO2 supply, and so on. Therefore, an appropriate operating condition to create
optimal conditions should be applied for microalgae cultivation. Moreover, the design and
configuration of cultivation systems and photobioreactors also play a pivotal role in the mass
production of microalgae biomass.

Toward that end, various open and closed cultivation systems have their own pros and
cons. In general, closed systems provide better stability and cultivation efficiency, whereas
open systems are much cheaper and easier to scale up. As a result, selection of a suitable cul-
tivation system is highly dependent on the characteristics of the target microalgae species as
well as the climate and environmental conditions of the cultivation site. In addition, since out-
door cultivation of microalgae is inevitable for commercial applications, people need to cope
with the challenges and limitations arising from the natural environment, such as the avail-
ability of sunlight, the limitation of CO2 and nutrient sources, and variations in ambient tem-
peratures. Furthermore, a cost and life-cycle analysis should be performed on the developed
process to assess economic feasibility as well as environmental impacts.

BREAKTHROUGH BIOTECHNOLOGY PLATFORM

HIGHLY PRODUCTIVE MICROALGAE

> 80% oil*
*The average wild algae only
has a 5-10% oil content

OIL DESIGNED TO SPECIFICATION

FIGURE 2.9 Solazyme’s heterotrophic algae cultivation platform (http://solazyme.com/technology).
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3.1 INTRODUCTION

Compared to other biofuel feedstocks, microalgae are the preferred option for many
reasons:

1. They grow extremely fast and hence produce high biomass yield quickly.
2. Microalgae-based fuels do not compete with the food supply and hence present no food

security concerns.
3. Biofuels generated frommicroalgae are renewable and can be carbon-reducing [generation

of 100 tons of algal biomass is equivalent to removing roughly 183 tons of carbon dioxide
from the atmosphere (Chisti, 2008)].

4. Microalgal farming does not require arable land and can utilize industrial flue gas as a
carbon source.

5. Selected oleaginous microalgae do not require fresh water and can grow in seawater,
brackish water, or waste water.

6. Biodiesel fuels derived from microalgae can be integrated into the current transportation
infrastructure.

During the past few years, there have been significant advances in uncovering molecular
components required for production of fuel molecules in microalgae. The availability of ge-
nomic sequences in the model green alga Chlamydomonas reinhardtii has accelerated forward
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genetic analysis and allowed for the use of reverse genetic approaches to uncover molecular
mechanisms associated with fuel production (Merchant et al., 2007). Moreover, tran-
scriptomics, proteomics, and metabolomics studies have provided new insights into gene
regulation networks and coordinated cellular activities governing physiological flexibility
and metabolic adaptation of microalgae. Understanding the basis of microalgal biology is
important in laying the foundation for innovative strategies and for ultimate development
of fuel surrogates. This review summarizes recent progress in elucidating molecular and
cellular mechanisms of cellular physiology that are relevant to fuel production in microalgal
systems, with an emphasis on developing metabolic engineering strategies to increase fuel
production.

3.2 BIODIESEL

Among the various fuel categories derived from microalgae, biodiesel receives the most
attention because it shares similar chemical characteristics with petrol diesel and can be
directly channeled into the current transportation infrastructure without major alterations
of existing technology and fuel pipelines. Oleaginous green microalgae species that have
the capacity to accumulate oil in the form of triacylglycerols, or TAGs (Chisti, 2007; Sheehan
et al., 1998), have been isolated and possess great potential as a feedstock for biodiesel fuels
(Converti et al., 2009; Liu et al., 2008; Xu et al., 2006). However, microalgae-based biodiesel is
far from being commercially feasible, because it is not economically practical at present. From
a biological point of view, one of the obvious solutions is to increase oil content. Most
microalgae do not accumulate large amounts of lipid during a normal growth period. Cells
begin to accumulate significant amounts of storage lipids after encountering stress conditions
such as light and nutrient starvation (Hu et al., 2008; Sheehan et al., 1998). Nutrient starvation,
however, slows cell proliferation and therefore limits biomass and overall lipid productivity.
Despite the continuous interest in and enthusiasm about microalgal oil-to-biodiesel potential,
the molecular mechanisms underlying the cellular, physiological, and metabolic networks
connecting to lipid and TAG biosynthesis remain largely unknown. Recent progress in
transcriptomics, proteomics, metabolomics, and lipidomics studies have started to unravel
the complex molecular mechanisms and regulatory networks involved in lipid and TAG
biosynthesis in microalgae.

Current efforts to isolate and characterize the repertoire of genes required for lipid and
TAG biosynthesis and accumulation in microalgae have focused on a model microalga:
Chlamydomonas reinhardtii (Li et al., 2008; Miller et al., 2010; Msanne et al., 2012). With com-
plete genome information, many enzymes required for lipid and TAG biosynthesis and me-
tabolism have been identified based on in silico predictions of orthologous genes from other
organisms (Riekhof et al., 2005). Similar to oilseed crops, the most common fatty acids in
microalgae are 16- and 18-carbon fatty acids (Hu et al., 2008). Genome comparison and gene
prediction analyses have shown that the pathways of fatty acid and lipid biosynthesis are
largely conserved between plants and green algae (Riekhof et al., 2005). In plants, de novo syn-
thesis of fatty acids occurs in the plastid (Ohlrogge and Browse, 1995). The synthesized fatty
acids are used as building blocks for synthesis of membrane lipids and storage lipids. Acetyl
CoA serves as the basic unit for fatty acid biosynthesis. It is converted tomalonyl CoA by acetyl
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CoA carboxylase in the rate-limiting step for fatty acid biosynthesis. In green alga, acetyl CoA
pools are probably derived mainly from glycolysis (Hu et al., 2008). The malonyl moiety
in malonyl CoA is transferred to a small acyl carrier protein (ACP) by malonyl-CoA:ACP
transacylase (MCT). The putative ortholog of MCT has been identified in Chlamydomonas
(Lemaire et al., 2004). Following the synthesis of malonyl-ACP by MCT, fatty acid synthesis
continues by the action of a type II fatty acid synthase composed of multiple proteins
(White et al., 2005). The first condensation of malonyl-ACP and acyl-ACP is catalyzed by
3-ketoacyl-ACP synthase. The step is followed by reduction catalyzed by 3-ketoacyl-ACP
reductase and dehydration catalyzed by 3-hydroxylacyl-ACP dehydratase. Another round
of reduction is catalyzed by enoyl-ACP reductase. These serial reactions result in the addition
of two methylene carbons to the growing acyl chain, and the cycle is repeated so that the acyl
chain reaches 16 or 18 carbons. Finally, chain elongation is terminated by fatty acyl-ACP
thioesterases. Free fatty acids then leave the plastids and are converted into acyl-CoA by
acyl-CoA synthetase, as shown in Figure 3.1 (Riekhof et al., 2005; Stern and Harris, 2009).

Because TAGs are derived from either acylation of diacylglycerol (DAG) via a de novo path-
way (acyl CoA-dependent pathway) or recycling of membrane lipids (acyl CoA-independent
pathway), most of the metabolic engineering strategies have been designed to manipulate the
rate-limiting steps of these two pathways in the hope of increasing themetabolic flux for TAG
production. For the de novo pathway, fatty acids produced in the chloroplast are transferred in
the form of acyl-CoA to positions 1 and 2 of glycerol-3-phosphate by glycerol-3-
phosphateacyltransferase (GPAT) and lysophosphatidic acid acyltransferase (LPAAT),
respectively. The enzymatic reactions result in the formation of phosphatidic acid (PA)
(Ohlrogge and Browse, 1995). Dephosphorylation of PA by phosphatidic acid phosphatase
generates DAG. In plants, DAG is a common precursor to both membrane lipid and storage
TAG (Ohlrogge and Browse, 1995). Diacylglycerol acyltransferases (DGAT) utilizes acyl-CoA
as an acyl donor and catalyzes acylation of DAG for TAG production. Isolation and
identification of the DGATs that are able to enhance metabolic flux TAG production will
be important for increasing oil content in algal cells.

In addition to the de novo pathway, TAG is likely to be synthesized from an acyl
CoA-independent pathway in microalgae. In plants and budding yeast, phospholipids can
be used as acyl donors for the synthesis of TAG from DAG catalyzed by phospholipid:
diacylglycerolacyltransferases, or PDATs (Dahlqvist et al., 2000). It is already known that
storage lipids are accumulated under nutrient stress conditions concomitant with reorgani-
zation of membrane lipids in microalgae (Fan et al., 2011). It is therefore reasonable to hypo-
thesize that membrane lipids can be used as acyl donors for TAG biosynthesis under these
stress conditions (Figure 3.1).

Nitrogen deficiency is by far the predominant way to induce lipid body formation in
various microalgae (Hu et al., 2008). Detailed analyses have shown that nitrogen deprivation
leads to a major redirection of carbon metabolism, decreased photosynthetic carbon fixation,
and increased fatty acid biosynthesis (Miller et al., 2010). To explore the molecular events that
link nitrogen deprivation to TAG synthesis, RNA transcriptome analysis has been employed
to examine genome-wide transcript abundance and identify potential regulatory components
regulating TAGmetabolism inC. reinhardtii (Boyle et al., 2012;Miller et al., 2010). As expected,
mRNAs of some of the genes involved in lipid and TAGs metabolism are increased
under N-deprived conditions. Among them are mRNAs of two DGATs, diacylglycerol
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acyltransferase type-2 1 (DGTT1) and diacylglycerol acyltransferase 1 (DGAT1, type-1
DGAT), which are increased under nitrogen-deprivation conditions (Boyle et al., 2012;
Msanne et al., 2012) and likely play a role in controlling TAG synthesis in response to
nitrogen-limited stress. Although inferences onmetabolism based on transcriptional analyses
may not be accurate, studies of orthologous genes in plants suggest their potential applica-
tions. For example, DGATs catalyze the final step of the TAGs biosynthesis pathway, and
overexpression of arabidopsis DGAT in Brassica napus has been shown to increase oil content
in seeds (Post-Beittenmiller et al., 1992). Overexpression of DGATs in Chlamydomonas has
been investigated. However, this strategy does not enhance cellular TAG accumulation under
either nutrient-repleted or nutrient-depleted conditions (La Russa et al., 2012). This is not to-
tally unexpected, because manipulation of single steps in the lipid and TAG biosynthesis
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FIGURE 3.1 Schematic representation of the pathways and presumed subcellular localizations of lipid synthesis
and TAG assembly that are known or hypothesized to occur in microalgae. Free fatty acids are synthesized in the
chloroplast. TAG-containing oil bodies are detected in both cytosol and chloroplast. The lipid biosynthesis pathway
that leads to TAG assembly is depicted in black arrows. The unknown pathways used for TAG biosynthesis
are depicted in arrows with dashed lines and labeled in numbers based on the origin of the acyl group. Acyl groups
for TAG biosynthesis are potentially derived from 1-plasma membrane lipids, 2-chloroplast envelope membranes,
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phosphatidic acid acyltransferase; DGAT, diacylglycerol acyltransferase; LCS, long-chain acyl-CoA synthetase.
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pathways in plants often results in moderate effects on seed oil content (Durrett et al., 2008;
Thelen andOhlrogge, 2002). It is likely that expression of a single gene is not sufficient to drive
metabolic flux toward TAG accumulation.

In agreement with increased de novo biosynthesis of TAG during nitrogen deprivation,
acyl-ACP thioesterase (also referred to as FAT1), a protein that takes part in fatty acid export
from the chloroplast to the ER, where TAG assembly occurs, is up-regulated (Miller et al.,
2010). Moreover, mRNAs of phosphatidic acid phosphatases (PAPs) and phospholipid:
diacylglycerolacyltransferase 1 (PDAT1), proteins that participate in biosynthesis of TAG,
are also increased after nitrogen deprivation (Boyle et al., 2012; Miller et al., 2010). To char-
acterize cellular functions of these isolated genes during lipid biosynthesis, reverse genetics
has been employed. Consistent with the functional role of PDAT1 during TAG biosynthesis
from other organisms, Chlamydomonas pdat1 mutants accumulate less TAG than the parental
strain (Boyle et al., 2012).

Nitrogen starvation has been shown to result in reorganization of the structure and break-
down of the intracellular membrane systems (Fan et al., 2011; Martin et al., 1976; Moellering
and Benning, 2010). It is therefore reasonable to hypothesize that membrane lipids serve as
building blocks for TAG biosynthesis under nitrogen-deprived conditions. It will be
important to understand how membrane lipids are recycled for TAG biosynthesis when
intracellular nitrogen is limited. In fact, PDAT1 (an acyl-CoA independent enzyme) may con-
tribute to TAG synthesis by transferring an acyl group from phospholipid membranes to
DAG during nitrogen deprivation (Oelkers et al., 2002). A greater understanding of the
interplay of membrane catabolism and its interaction with physiological adaptations will
be essential to devise a better strategy for metabolic engineering.

Recent studies have shown that fatty acid assembly in microalgae probably occurs in both
the ER and the chloroplast (Fan et al., 2011; Goodson et al., 2011). This indicates that two sets
of acyltransferases are required to facilitate TAG synthesis in the ER or chloroplast. How
these different sets of acyltransferases are coordinated and regulated during TAG biosynthe-
sis and where they are located remain to be clarified.

In addition to enzymes known to take part in fatty acid and lipid biosynthesis, much
attention has been paid to identifying and isolating essential regulatory components that
act in the early signaling cascade to control lipid biosynthesis (Work et al., 2012). Transcrip-
tional factors such as APETALA2 and Ethylene-Responsive Element Binding Protein
(AP2-EREBP) and those belonging to the basic/Helix-Loop-Helix (bHLH) families have been
found to be up-regulated under nitrogen-deficient conditions (Miller et al., 2010). Addition-
ally, a SQUAMOSA promoter-binding protein domain transcriptional factor has been impli-
cated in lipid biosynthesis under nitrogen-deficient conditions (Boyle et al., 2012). It will be of
great interest to test whether these transcriptional factors serve as molecular switches for
biosynthesis of fatty acid and storage lipids. Following the same logic, one of the AP2 domain
transcriptional regulators, WRINKLED 1 (WRI1), has been discovered to play an important
role in the control of biosynthesis of storage lipids in plants (Bourgis et al., 2011; Cernac and
Benning, 2004; Shen et al., 2010). Ectopic expression of WRI1 results in accumulation of TAG
in developing seeds in Arabidopsis and maize (Cernac and Benning, 2004; Shen et al., 2010).
In an important finding, comparative transcriptome analysis of C. reinhardtii, Phaeodactylum
tricornutum, and Thalassiosira pseudonana has identified common regulatory genes whose
expression is up-regulated under nitrogen-depleted conditions. Overexpressing one of the
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genes has been shown to trigger lipid production in Chlamydomonas (Yohn et al., 2011).
Ectopic expression or inducible expression of identified positive regulators of lipid biosyn-
thesis and TAG assembly proteins will be preferable approaches to increase oil production
in microalgae.

As microalgae undergo metabolic changes under stress conditions, neutral lipids are con-
centrated in a specialized structure called lipid droplets or lipid bodies. The globular lipid bodies
are filled with neutral lipids and enclosed by a single-layer lipid membrane (Goodson et al.,
2011; Moellering and Benning, 2010). To decipher biochemical and cellular mechanisms
underlying the biogenesis, maintenance, and degradation of microalgal oil bodies, proteomic
analyses have been carried out to isolate and identify novel and conserved proteins directly
associated with lipid bodies (Moellering and Benning, 2010; Nguyen et al., 2011). Consistent
with what was expected, proteins involved in lipid metabolism and catabolism were
associated with lipid bodies (Moellering and Benning, 2010; Nguyen et al., 2011). These in-
cluded acyl-coA synthetases, lipoxygenase, BTA1 (the enzyme required for the synthesis
of membrane lipid diacylglyceryl-N-trimethylhomoserine), GPAT, LPAAT, PDAT, lyso-
phosphatidyl lipid acyltransferases, and lipases. Other proteins potentially involved in lipid
trafficking such as small Rab-related GTPase, RAS GTPase, and subunits of the coat protein
complex and its putative regulator, ARF1a, were also isolated (Moellering and Benning,
2010). It is important to note that orthologs of these proteins have also been identified in
the lipid droplet proteome in animal species (Bartz et al., 2007; Cermelli et al., 2006). Isolation
of these proteins in lipid bodies from different organisms suggests that mechanisms respon-
sible for lipid biogenesis, assembly, and organization are evolutionally conserved. In addition
to the proteins commonly found in the lipid body proteome, most of the isolated proteins are
novel. One of these proteins is named themajor lipid droplet protein (MLDP). MLDP is specific
to the green algal lineage. Functional study of MLDP indicates that it is required to modulate
lipid droplet size (Moellering and Benning, 2010). Further understanding of the biochemical
and molecular functions of these proteins will be important in devising an innovative plan
to increase oil body accumulation.

3.3 BIOHYDROGEN

The ability of microalgae to produce hydrogen was first reported by Gaffron and Rubin
in 1942 (Gaffron and Rubin, 1942). However, the observed emission of hydrogen was
transient and the amount was very minimal. In the late 1990s, Melis and co-workers demon-
strated that sulfur deprivation changes cellular metabolism and allows algal culture to switch
from aerobic photosynthetic growth to an anaerobic physiology state. Switching to anaerobic
condition allows microalgal cultures to generate significant amounts of hydrogen for an
extended period of time (Melis et al., 2000). This major breakthrough makes sustainable
hydrogen production in a microalgal system a possibility. Over the years, extensive studies
have been done to understand the physiology and metabolic adaptation resulting from
sulfur depletion for better manipulation of biohydrogen production. Here our current
understanding of hydrogen production in microalgae is highlighted and possible
metabolic engineering/biotechnology strategies for improving hydrogen production are
discussed.
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In green microalgae, production of hydrogen is catalyzed by [FeFe]-hydrogenases. [FeFe]-
hydrogenases catalyze the reversible reduction of protons toH2 (Equation 3.1). Electrons used
for the reduction reaction are derived from photosynthetic reductants. [FeFe]-hydrogenases
have been isolated and identified frommicroalgae such as C. reinhardtii (Forestier et al., 2001;
Happe and Kaminski, 2002), Scenedesmus obliquus (Florin et al., 2001), and Chlorella fusca
(Winkler et al., 2002). Biochemical evidence supports the presence of hydrogenase activity
in a variety of Chlorophycophyta (Brand et al., 1989). Because the molecular and physio-
logical mechanisms of hydrogen production are better studied in the model organism C.
reinhardtii, the prospects and implications of hydrogen production in microalgae will be
based on the recent genetic and biochemical studies in C. reinhardtii.

2Hþ þ 2e�  !hydrogenase
H2 ð3:1Þ

Two highly similar [FeFe]-hydrogenases are present in the genome of C. reinhardtii and are
named HydA1 and HydA2. Both [FeFe]-hydrogenases are activated by anaerobic conditions
induced by purging with neutral gas or by sulfur deprivation of the cultures (Forestier et al.,
2003). Gene expression and mRNA stability as well as the enzymatic activities of HydA1 and
HydA2 are extremely sensitive to oxygen. For this reason, hydrogen production rapidly
stops as soon as cells begin oxygenic photosynthesis. Therefore, establishing anoxic culture
conditions is crucial for induction of hydrogen in algal cultures. In addition to creating
anaerobic conditions, electrons required to reduce Hþ ions are derived from photosystem
II (PSII)-dependent activity (Antal et al., 2003; Antal et al., 2009) and PSII-independent
plastoquinone (PQ) reduction pathways, as shown in Figure 3.2 (Chochois et al., 2009;
Hemschemeier et al., 2008).

Through the PSII-dependent pathway, electrons required for hydrogen production are
generated from light-dependent water-splitting reactions (photolysis). The electrons are
passed through the photosynthetic electron transport chain to reduce ferredoxin (FDX).
Reduced FDX then serves as an electron donor in the reduction of twoHþ ions toH2 by hydro-
genases. A chloroplast-located pyruvate:ferredoxin oxidoreductase has been proposed to
regenerate reduced FDX, which is subsequently used for H2 production under anaerobic
conditions (Atteia et al., 2006; Mus et al., 2007).

In addition to the light-dependent PSII pathway, electrons required for H2 production can
be derived from oxidation of endogenous reserves. It has been inferred that starch meta-
bolism is important for H2 evolution. Studies from Chochois et al. (2009) suggest that starch
catabolism provides reductants to the PQ pool and the derived electrons are then passed to
hydrogenases via a PSI-dependent electron transport chain. The reductants derived from
starch catabolism are most likely to be NAD(P)H, which is further oxidized by a
thylakoid-associated type II NADH dehydrogenase (Desplats et al., 2009; Jans et al., 2008).
The contribution of starch catabolism to H2 production has been verified by studies of mu-
tants that failed to degrade starch (Chochois et al., 2010). These mutants have shown either
slow or low hydrogen production by the PSII-independent pathway.

Asmentioned earlier, sulfur limitation is by far themost commonway to achieve extended
H2 production. Sulfur deprivation enhances H2 production by adjusting photosynthetic ca-
pacity. The major effect of sulfur starvation is rapid inactivation of the PSII reaction center
(Melis et al., 2000; Zhang and Melis, 2002) due to down-regulation of the de novo biosynthesis
of the D1 protein (Wykoff et al., 1998). The decline in PSII activity reduces the amount of

533.3 BIOHYDROGEN



photosynthetic oxygen evolution. As a result, the rate of photosynthetic oxygen production
falls below the rate of respiration and results in anaerobic conditions that enable the induction
of hydrogenase activity and H2 production.

In addition to establishing anaerobic culture conditions, removing sulfur stimulates
accumulation of starch at an early stage (Tsygankov et al., 2002; Zhang and Melis, 2002).
The mechanism of how sulfur deprivation transiently boosts starch accumulation remains
unclear. The accumulated starch reserves are subsequently catabolized via glycolysis to pro-
duce reducing equivalents and to feed electrons into the PSII-independent hydrogen
photoproduction pathway (Hemschemeier et al., 2008; Kosourov et al., 2003). In addition,
NAD(P)H produced from starch breakdown is oxidized via the mitochondrial respiratory
chain, which in turn keeps oxygen levels sufficiently low to maintain the expression and
activity of hydrogenases (Melis et al., 2007). Therefore, sulfur starvation not only induces
and maintains anaerobic culture conditions under light, it also helps accumulate stored en-
ergy from photosynthesis to drive PSII-independent hydrogen photoproduction. In essence,
metabolic and physiological adaptation of microalgae by sulfur deprivation provides ideal
conditions for production of H2.

Although sulfur deprivation improves H2 production yield, it is still far from being
economically practical. In the batch system, sulfur deprivation results in production of
1.2 mmol H2 per mol of chlorophyll per second for up to about 120 hours (Melis et al., 2000).
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The absence of sulfur eventually leads to lethal damage of cellular functions (Melis et al., 2000;
Zhang et al., 2002). Various genetic andmetabolic engineering approaches have been utilized
to optimize hydrogen production under S-deprivation conditions. These strategies are aimed
at (Antal et al., 2003) reducing the rate of oxygen evolution by decreasing PSII efficiency,
(Antal et al., 2009) enhancing auxiliary electron transport pathways directing toward
[FeFe]-hydrogenases, and (Atteia et al., 2006) improving [FeFe]-hydrogenases by decreasing
oxygen sensitivity.

One of the major consequences of sulfur starvation is a decline of photosynthesis activity
that eventually leads to anaerobic culture conditions. DecreasingO2-evolution rates by reduc-
ing photosynthesis ability can in theory achieve anaerobiosis. Indeed, mutants defective in D1
protein (the major component of the PSII reaction center) display reduced PSII activity and
substantially increased H2 production (Faraloni and Torzillo, 2010; Torzillo et al., 2009).
In addition, knocking down a chloroplast sulfate permease using genetic engineering triggers
a sulfur starvation response in sulfur-replete media. The resulting cells display reduced rates
of light-dependent oxygen evolution, low steady-state levels of the photosystem II D1 protein,
establishment of anaerobiosis, and activation of [FeFe]-hydrogenases (Chen et al., 2005). Such
microalgal strains with low rates of photosynthesis/respiration are potentially useful for an
integrated and sustainable biohydrogen system (Melis and Melnicki, 2006). Following the
same logic, mutants mimicking similar metabolic responses that lead to anoxic conditions
will be good candidates to improve H2 production yield without losing cell viability from
prolonged S starvation.

Molecular engineering to redirect electrons to [FeFe]-hydrogenases offers another way to
increase hydrogen production. FDXs are important electron donors for [FeFe]-hydrogenases.
However, FDXs also function to distribute high-energy electrons for CO2 fixation, nitrite and
sulfite reduction, glutamate biosynthesis, cyclic electron flow, and reduction of thioredoxins
(Figure 2). There are six [Fe2S2] ferredoxins present in Chlamydomonas (Winkler et al., 2010).
Among them, PetF is thought to be the major ferredoxin involved in delivering electrons to
HydA1 for H2 production in vivo (Jacobs et al., 2009). Recently, amino acid residues involved
in the direct interaction between FDX and hydrogenase have been identified (Chang et al.,
2007; Long et al., 2008; Winkler et al., 2009). Enhancing electron transfer by manipulating
binding affinity and kinetics between FDX and hydrogenase may provide a novel way to
improve hydrogen production efficiency.

Another way to direct electron flow toward [FeFe]-hydrogenases is to reduce the compet-
itive electron sink (Figure 3.2). Cyclic electron flow (CEF) is important for optimal photosyn-
thetic activity. Instead of passing electrons from reduced FDX to generate NADPH following
the photosynthetic linear electron transport chain, CEF generates cyclic electron flow around
PSI by passing electrons from reduced FDX to PQ through NADPH or directly to the Cytb6f
complex to generate ATP (Rochaix, 2011). The balance between the linear photosynthesis elec-
tron transport chain and CEF is required to modulate the ratio of ATP/NADPH to meet the
cellular energy demands. Disrupting electron flow to CEF can in principle divert electron
flow toward hydrogenase. Indeed, blocking CEF by antimycin A has demonstrated a twofold
improvement in H2 production (Antal et al., 2009). A search for mutants with defective CEF
has been carried out to isolate enhancers of H2 production. Through fluorescence video
imaging, mutants unable to switch between linear and cyclic electron transport have been
isolated (Kruse et al., 1999). As expected, the proton gradient regulation like 1 (pgrl1) mutant
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with impaired CEF shows improvedH2 production under both sulfur-repleted and -depleted
conditions (Tolleter et al., 2011). To further channel electrons to hydrogenases via the light-
independent PQ pathway, Baltz et al. overexpressed NDA2, a PQ-reducing type II NAD(P)H
dehydrogenase (Jans et al., 2008), in a pgrl1mutant background to enhance electron flow from
the PQ pool (Desplats et al., 2009; Jans et al., 2008). This approach allows the pgrl1 mutant to
increase H2 by twofold (Baltz et al., Chlamydomonas meeting 2012). Similarly, the moc1 mu-
tant that is defective in CEF and shows modified respiratory metabolism displays �5.4 times
increased H2 production over the WT (Kruse et al., 2005; Schonfeld et al., 2004). Introduction
of a hexose uptake protein from Chlorella kessleri allows Chlamydomonas to utilize external
glucose and leads to a further increase in hydrogen production (Doebbe et al., 2007). These
experiments provide proof-of-principle evidence that molecular andmetabolic engineering is
potentially useful in improving H2 production in microalgae.

To develop a culture system for continuous H2 production, an inducible chloroplast gene
expression system has been proposed (Surzycki et al., 2007). In this case, the PSII reaction
center D2 protein (encoded by psbD) was engineered to be controlled in a copper-sensitive
and hypoxia-inductive post-transcriptional manner. Nac2, a gene required for D2 protein
expression, has been engineered to be controlled by a cytochromeC6 (Cyc6) promoter. The
promoter activity of Cyc6 is inhibited by copper and activated by hypoxia. Adding the copper
leads to loss of PSII activity and subsequently anaerobic conditions and H2 production in
light. As cell cultures go anaerobic, repression of psbD is gradually relieved because the
Cyc6 promoter is activated by a low concentration of oxygen. Resumed expression of Nac2
allows accumulation of D2 protein and subsequent photosynthetic growth of cell culture.
As a result, manipulation of copper and subsequent creation of anaerobic conditions allow
periodic and reversible H2 production. This continuous culture system is potentially advan-
tageous because it could operate without the penalty of nutrient starvation and reduce the
cost associated with changes of growth media (Surzycki et al., 2007). However, the design
of a bioreactor supporting this concept remains to be developed.

Despite the current progress, we are far from understanding the full picture of cellular and
metabolic changes and fermentative adaptations during anoxia. Optimization of H2 produc-
tion requires an understanding of the combinatorial interplay between cellular physiology
andmetabolic pathways. The advantages ofChlamydomonas genetics allow large-scale genetic
screening for mutants that potentially affect or enhance H2 production (Ruhle et al., 2008;
Schonfeld et al., 2004; Tolleter et al., 2011). Despite the differences in screening strategies,
mutants with elevated hydrogen production have been isolated (Kruse et al., 2005; Tolleter
et al., 2011). Because the mutants were tagged, disrupted genes could be readily isolated
and identified and their biological relevance to biohydrogen production could be easily
confirmed. It is expected that a saturated mutant screen will yield more insights into molec-
ularmechanisms underlyingmetabolic adaptation for hydrogen emission and pave an inroad
for future metabolic engineering.

Because [FeFe]-hydrogenases are irreversibly inactivated byO2 and their expression is also
negatively regulated by O2, developing oxygen-tolerant [FeFe]-hydrogenases whose regu-
lation is O2 independent would in theory circumvent limitations imposed by O2 sensitivity.
Even though sequential mutagenesis followed by selection has been used to isolate oxygen-
tolerant [FeFe]-hydrogenases (Flynn et al., 2002), the introduction of random mutations into
the genomemay result in reduced fitness that complicates further analysis. Other approaches,
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such as DNA shuffling, may be useful to generate oxygen-tolerant [FeFe]-hydrogenases
(Nagy et al., 2007). Molecular designs of a [FeFe]-hydrogenases based on simulations of
potential gas diffusion pathways have also been proposed (Ghirardi et al., 2007). Based on elec-
tron paramagnetic resonance spectroscopy (Kamp et al., 2008) and X-ray absorption
spectroscopy analyses (Stripp et al., 2009a; Stripp et al., 2009b), the structural characterization
of the active site of the H-cluster explains the mechanism of oxygen sensitivity of [FeFe]-
hydrogenases. The accumulated knowledge will be very useful for molecular engineering of
O2-tolerant [FeFe]-hydrogenases. Modification of [FeFe]-hydrogenases may not be sufficient
to driveH2 production. It is known that thematuration of [FeFe]-hydrogenases requiresHydEF
andHydG proteins whose regulation is also negatively regulated byO2.Without the help from
HydEF and HydG proteins during the maturation process, the engineered oxygen-tolerant
[FeFe]-hydrogenasesmaynot suffice toproducehydrogen in thepresenceofO2.Awell-rounded
strategy, such as increasing the half-life of the activity of the [FeFe]-hydrogenases under aerobic
conditions, could provide an alternative option (Ghirardi et al., 2007).

In addition to metabolic engineering, other strategies have been tested to optimize hydro-
gen photoproduction. Unfortunately, manipulation of culture conditions such as adding low
levels of sulfate (Kosourov et al., 2002), altering extracellular pH (Kosourov et al., 2003),
adjusting light intensity (Laurinavichene et al., 2004), optimizing medium composition
(Jo et al., 2006; Ma et al., 2011), or altering growth conditions (Kosourov et al., 2007) produces
only marginal improvements on H2 yield. Immobilization of cells on a solid surface has been
demonstrated to achieve better oxygen tolerance, light energy conversion efficiency, and
duration of H2 photoproduction, and to therefore maximize H2 yield under sulfur-limited
conditions (Burgess et al., 2011; Hahn et al., 2007; Kosourov and Seibert, 2009; Laurinavichene
et al., 2006). To scale up production and extend the duration of H2 photoproduction, a two-
stage chemostat bioreactor system that physically separates the photosynthetic growth phase
(limited-sulfate conditions) and anaerobic H2 production phase (sulfur-deprived conditions)
was designed (Fedorov et al., 2005). Based on the pilot experiment, H2 production can last
for up to 4,000 hours (more than five months). It will be of great interest to assess H2 yield
of genetically optimized H2 producers (described previously) grown in such a two-stage
chemostat bioreactor.

Recently, an integrated culture system combining photo-fermentation-based (carried out
by photosynthetic green algae or cyanobacteria) and dark-fermentation-based (carried
out by anaerobic purple bacteria) H2 production units has been proposed (Melis and
Melnicki, 2006). Co-cultivation of photosynthetic green algae and cyanobacteria allows utili-
zation of a wide-range spectrum of solar irradiance and therefore improves solar energy
utilization. In addition, the organic carbon and nitrogen generated from photo-fermentation
can be utilized to grow anaerobic bacteria for H2 production in a separate anaerobic bio-
reactor. In return, the effluents from dark fermentation of an anaerobic bioreactor can be
recycled to provide nutrients for photosynthetic algae and cyanobacteria in a photobiore-
actor for H2 production. The idea is to create a self-sustainable system that integrates
metabolic systems of different microorganisms to optimize energy efficiency during H2

production processes (Eroglu and Melis, 2011; Ghirardi et al., 2009; Melis and Melnicki,
2006). In addition to combining different biological systems, integration of biology and
engineering in such a proposal will be very important to further advance the economics of
microalgae-based energy.
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3.4 OTHER STRATEGIES

3.4.1 Optimization of Light Conversion Efficiency (LHCB)

Optimization of light conversion efficiency (LCE) is another way to make microalgae-based
biofuels cost-effective. LCE is defined by Ghirardi et al. (2009) as the “fraction of the energy
content of the incident solar spectrum that is converted into chemical energy by the organ-
ism.” It has been known that sunlight intensities are much higher than those required
to saturate photosynthesis. To avoid overexcitation of the photosystem, plants and green
microorganisms deal with excess light by dissipating heat and emitting fluorescence. As a
consequence, the realistic LCE converts solar energy to biomass is much lower than the
theoretical calculation (Dismukes et al., 2008; Melis, 2009; Wijffels and Barbosa, 2010).

Another energy issue dealing with light efficiency is uneven distribution of light in a high-
density cultivation system. For cells directly exposed to sunlight, up to 80% of the absorbed
photons could be wasted due to dissipation of excitation by nonphotochemical quenching
and photoinhibition of photosynthesis (Melis, 1999;Melis et al., 1999). On the other hand, cells
underneath the culture are shaded from sunlight and have reduced photosynthesis rates.

To improve solar illumination distribution of the microalgal culture, mutants with reduced
light-harvesting chlorophyll antenna sizes that would allow for efficient utilization of light
energy, and therefore would increase productivity, have been proposed. The rationale of this
approach is to minimize light absorption by cells on the surface and to permit greater sunlight
penetrance into the deeper layers of the culture. This concept was experimentally validated by
isolation and characterization of truncated light-harvesting chlorophyll antenna size (tla)
mutants (Lee et al., 2002; Polle et al., 2000; Polle et al., 2003). Reduction of photosystem
chlorophyll antenna size in tla mutants has been demonstrated to improve solar energy
conversion efficiency and productivity. The notion has also been verified independently by
anRNAi approach.Reductionof the light harvest complex I(LHCI) andLHCII antenna complex
system by knocking down light harvest complex B major proteins results in improved photon
capture efficiency, enhanced growth rate, and reduced photoinhibition (Mussgnug et al., 2007).

In summary, accumulated experimental evidence indicates optimization of light-capture
efficiency by genetic engineering can be very useful to improve culture productivity.
Designs integrating growth optimization and fuel production will be important to making
microalgae-based fuel cost effective.

3.4.2 Recycling and Recovery of Co-products

To enhance the economics of microalgae-based biofuels, utilization of every ingredient of
the raw biomass is important (Georgianna andMayfield, 2012; Sheehan et al., 1998). Whereas
the majority of fuels derived frommicroalgae have been focused on storage oils, the extracted
oil accounts for only 37.9% of the energy and 27.4% of the initial fixed carbon (Lardon et al.,
2009). The remaining carbon is stored in the leftover oil cakes composed of abundant proteins
and carbohydrates. Hence, recycling these nutrient elements may help increase biomass
margins of microalgae-based fuels (Lardon et al., 2009). Recycling algal waste by anaerobic
digestion has been proposed to support the microalgae production process (Ras et al., 2011;
Zamalloa et al., 2012).
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Several innovativemetabolic engineering strategies have been proposed recently to reduce
the energy debt and increase the margins of microalgae-based fuels. One of the approaches is
to establish an integrated system that takes advantage of the amenable genetic modification
capability of the Escherichia coli (E. coli) system. Although microalgae can grow photosynthet-
ically to accumulate biomass for biodiesel purposes, the leftover paste can be utilized for
alcohol-fuel production by feeding it into an engineered bacterial system. Huo et al. accom-
plished this by genetically engineering an E. coli strain that is capable of converting the back-
bone and side chains of amino acids in pretreated biomass into two-, four- and five-carbon
alcohol fuels, ammonia, and other chemicals (Huo et al., 2011). In a small-scale experiment,
the authors successfully converted hydrolyzed microalgal protein biomass into alcohol fuels.
This demonstration supports the potential of using microalgal biomass as a feedstock for
protein-based biorefinaries.

3.5 CHALLENGES AND PERSPECTIVES

Even though the optimistic outlook on microalgae-based biofuels has driven microalgal
research forward, we are still far from understanding the molecular networks underlying
the complex metabolic flexibility and physiological adaptations to environmental cues of
photosynthetic microalgae. Elucidation of molecular mechanisms of favorable traits such
as stress-induced oil accumulation and anaerobic fermentation capability is of fundamental
importance to the basic biology and of practical importance to algal biotechnology. The recent
efforts in sequencing algal genome sequences have facilitated isolation of genes involved in
lipid biosynthesis, photosynthesis, anaerobic adaptation, and stress regulation. The utiliza-
tion of reverse genetics techniques has allowed functional characterization of some of the
isolated genes. Furthermore, integrated omics approaches have started to reveal novel
insights into the gene regulatory networks and cellular responses associated with metabolic
features for fuel production. The accumulated knowledge has generated testable hypotheses
and provided strategies to increase biomass and improve fuel production. However, the mo-
lecular toolbox required for reliable genetic manipulation of microalgae remains limited to
only a few species (e.g., C. reinhardtii, Volvox carteri, Nannochloropsis sp., and the diatom
Phaeodactylum tricornutum) (Kilian et al., 2011; Leon and Fernandez, 2007; Schiedlmeier
et al., 1994; Schroda, 2006; Siaut et al., 2007). For other species, genetic transformations have
been documented sporadically but have not been robustly applied to routine genetic modi-
fications. Lack of a reliable toolkit makes hypothesis-driven functional studies and practical
manipulation in oleaginous species impossible. Development of custom-made molecular
toolkits for the chosen oleaginous algal species will be essential for metabolic engineering.
Because genomic sequencing projects of various microalgae are in progress, the development
of toolkits will accelerate in the coming years and shape the future of microalgal
biotechnology.

The recent advances in developing innovative technologies are aimed at improving the
economics of microalgae-based biofuels. However, the practical application of the current
technology is still in its infancy, and most of the work has only been demonstrated at the
laboratory scale level. For instance, the proposed metabolic engineering strategies to improve
biodiesel production are designed to increase oil content at the per-cell level. Crucial to
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overall yield relies on oil content at the per-culture basis. It is not clear whether small-scale
experimental concepts can be directly translated into large-scale industrial setups. If not, what
factors need to be considered and modified to allow laboratory oil producers to scale up to
industrial-level production? Until now, accurate assessment of energy balance and carbon
reduction potential based on industrial-scale data spanning continuous seasons remains lim-
ited. It is therefore difficult to assess the overall yield, energy balance, carbon mitigation, and
environmental impacts of the yet-to-be-refined technology. Moreover, other interference
factors such as parasite contamination, temperature fluctuation, weather influence, and light
penetration that can potentially affect the productivity of the energy crop also need to be con-
sidered during such an assessment. To make microalgae-based fuels a realistic industrial
commodity, multidisciplinary principles need to be integrated into current research strategies
to establish production platforms. In particular, integration of engineering and biology,
followed by life-cycle-based long-term feedback evaluation/adjustment analyses of produc-
tion pipelines, will be crucial to establishing solutions and optimizing protocols for energy
production from microalgae.

Currently, the algal products (mostly food supplements and cosmetics products) on the
market cost approximately two orders of magnitude more than the current cost for biodiesel
production derived from oleaginous crops (Wijffels and Barbosa, 2010; Wijffels et al., 2010).
Therefore, the practicality of producing microalgae-based fuels using the current technology
is still questionable (Chisti, 2008; Reijnders, 2008). Before the microalgae–to–fuels technology
is in place, incorporating the existing high-valued commodities into fuel production pipelines
may provide a sustainable business model for microalgal biotechnology.
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4.1 INTRODUCTION

The Framework Convention on Climate Change, signed in Rio de Janeiro in 1992, made
global warming a major focus, and the development of technologies for reducing/absorbing
greenhouse gases (GhG) gained importance. After another 20 years, at Rioþ20, the final
document stated clear concern about emissions and the need to reduce them by 2020.

Rubin et al. (1992) divided the GhG reduction alternatives into three groups: conservation,
direct mitigation, and indirect mitigation. Conservation measures reduce electricity con-
sumption and thus GhG emissions; direct mitigation techniques capture and remove CO2

emitted by specific sources; and indirect mitigation involves offsetting actions in which
GhG producers support reductions in GhG emission.

The concept behindmost disposal methods is to offset the immediate effect on the levels of
carbon dioxide in the atmosphere by relocation, i.e., by injection into either geologic or
oceanic sinks (Stewart and Hessami, 2005). Relocation in ocean and deep saline formations
has the capacity for 1012 tons of CO2, whereas global carbon dioxide emissions in 2009 were
33�106 tons (Olivier et al., 2011), which means 30,000 years of relocation. Problems related to
this issue are the unknown possible environmental problems (such as acidification, for
example), costs, and the necessity to concentrate CO2 before relocation (how will it work
to transport CO2 emissions, for example?).
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Therefore, long-term mitigation technologies for CO2 and other GhG gas removal came to
be developed. They can be generally classified into two categories: (1) chemical reaction-
based technologies and (2) biological CO2 mitigation.

Chemical reaction-based CO2 mitigation approaches are energy-consuming and costly
processes (Lin et al., 2003), and the only economical incentive for CO2 mitigation using the
chemical reaction-based approach is the CO2 credits to be generated under the Kyoto Protocol
(Wang et al., 2008). For example, CO2 can be instantly absorbed through bubbling it in a hy-
droxide solution at 40�Celsius, producing sodium or ammonium bicarbonate. However, the
demand for these salts (although high—equivalent to around 14Gt/year) is supplied by the
Solvay process, whereas a CO2 processwould require previous synthesis of sodiumhydroxide.

Biological CO2 mitigation has attracted a good deal attention as a strategic alternative.
Microalgae cultivation gained importance because it associates CO2 mitigation and produc-
tion of a wide range of commercial bioproducts.

Despite the fact that the existence of microalgae has been known for a long time, studies for
its use as industrial microorganisms are relatively recent. Initial studies of microalgae culti-
vation began in the late 1940s and early 1950s for its potential as a source of food. Concerns
about water pollution in the 1960s increased interest in the use of microalgae in wastewater
treatment. The perception in the 1970s that fossil fuels would run out made thesemicroorgan-
isms a focus of renewable fuel production. In the 1980s microalgae were used as a source of
value-added products, specifically nutriceuticals. In the late 1980s the low cost of oil caused
a loss of interest in microalgae-based energy, whereas research with nutraceuticals and
biomass for feed continued. In the 2000s, global warming concerns associated with high
oil prices made microalgal bioenergy projects popular again.

To create microalgal products, it is necessary to develop mass-cultivation techniques and
to understand the physiological characteristics of each strain. There have been extensive stud-
ies on process optimization (media and physicochemical parameter optimization, screening
and isolation of high CO2 tolerants, search for new valuable products, optimization and
development of new vessels and systems for cultivation, for example) to try to overcome
the economic issues faced in industrial-scale production of microalgae. Two other aspects
are gaining importance: the use of industrial residues (to reduce media costs) and the carbon
market (carbon credits as an additional element in the economic evaluation of the process).

The evaluation of nutrient needs in microalgal cultures is an important tool in process
development using residues (domestic or industrial), and the quantification of carbon dioxide
fixation is of great industrial interest since carbon credits can be traded on the international
market and companies may use the process as a marketing strategy.

The rate of carbon uptake is limited by themetabolic activity ofmicroalgae, which is in turn
limited by photosynthesis. The ability to identify rates of consumption of nutrients is thus of
considerable importance to the understanding of the metabolism of microalgae and to avoid
problems in industrial cultivation of such microorganisms.

4.1.1 Microalgal Metabolism

Microalgae are a very heterogeneous group of microorganisms. The term microalgae
includes prokaryotes and eukaryotes. Cyanobacteria (blue-green algae) are frequently unicel-
lular, with some species forming filaments or aggregates. The internal organization of a
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cyanobacterial cell is prokaryotic, where a central region (nucleoplasm) is rich in DNA and
a peripheral region (chromoplast) contains photosynthetic membranes. The sheets of the
photosynthetic membranes are usually arranged in parallel, close to the cell surface. Eukary-
otic autotrophic microorganisms are usually divided according to their light-harvesting pho-
tosynthetic pigments: Rhodophyta (red algae), Chrysophyceae (golden algae), Phaeophyceae
(brown algae), and Chlorophyta (green algae). Their photosynthetic apparatus are organized
in special organelles, the chloroplasts, which contain alternating layers of lipoprotein mem-
branes (thylakoids) and aqueous phases (Staehelin, 1986).

All photosynthetic organisms contain organic pigments for harvesting light energy. There
are three major classes of pigments: chlorophylls (Chl), carotenoids, and phycobilins. The
chlorophylls (green pigments) and carotenoids (yellow or orange pigments) are lipophilic
and associated in ChI-protein complexes, while phycobilins are hydrophilic. Chlorophyll
molecules consist of a tetrapyrrole ring (polar head, chromophore) containing a central
magnesium atom and a long-chain terpenoid alcohol. Structurally, the various types of
Chl molecules, designated a, b, c, and d, differ in their side-group substituent on the tetrapyr-
role ring. All ChI have two major absorption bands: blue or blue-green (450–475 nm) and red
(630–675 nm) (Niklas Engstrom, 2012). Chl a is present in all oxygenic photoautotrophs.

Photoautotrophic cultures seldom reach very high cell densities; they are more than an
order of magnitude less productive than many heterotrophic microbial cultures, the reason
thatmicroalgal cultures are carried in very large volumes.However, themicroalgal photosyn-
thetic mechanism is simpler than that of higher plants, providing more efficient solar energy
conversion. This makes microalgae the most important carbon-fixative group and oxygen
producer on the planet. Microalgae cultures have some advantages over vascular plants
(Benemann andOswald, 1996): All physiological functions are carried out in a single cell, they
do not differentiate into specialized cells, and they multiply much faster.

4.1.2 Photosynthesis

Photosynthesis can be defined as a redox reaction driven by light energy, in which carbon
dioxide and water are converted into metabolits and oxygen. Photosynthesis is traditionally
divided into two stages, the so-called light reactions and the dark reactions. The first process is
the light-dependent process (light reaction), which occurs in the grana and requires the direct
energy of light to make energy carrier molecules that are used in the second process. The
light-independent process (or dark reaction) occurs in the stroma of the chloroplasts, where
the products accumulated in the products of the light reaction are used to form C-C covalent
bonds of carbohydrates. The dark reactions can usually occur if the energy carriers from the
light process are present.

In the light reactions, light strikes chlorophyll a in suchawayas to excite electrons to ahigher
energy state. In a series of reactions, the energy is converted (along an electron transport
process) into ATP andNADPH.Water is split in the process, releasing oxygen as a byproduct
of the reaction. The ATP and NADPH are used to make C-C bonds in the dark reactions.

In the dark reactions, carbon dioxide from the atmosphere (or water for aquatic andmarine
organisms) is captured and reduced by the addition of hydrogen to form carbohydrates
([CH2O]n). The incorporation of carbon dioxide into organic compounds is known as carbon
fixation. The energy comes from the first phase of the photosynthetic process. Living systems
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cannot directly utilize light energy, but they can, through a complicated series of reactions,
convert it into C-C bond energy that can be released by glycolysis and other metabolic
processes. So, the main role of the light reactions is to provide the biochemical reducing agent
NADPH2 and the chemical energy carrier (ATP) for the assimilation of inorganic carbon, as
presented in Equation 4.1:

2NADPþ 3H2Oþ 2ADPþ 2Pi$ 2NADPH2 þ 3ATPþO2 ð4:1Þ
The fixation of carbon dioxide happens in the dark (in the stroma of chloroplasts) using the

NADPH2 and ATP produced in the light reaction of photosynthesis (Equation 4.2):

CO2 þ 4Hþ 2NADPH þ 3ATP$ CH2Oð Þ ð4:2Þ
Carbon dioxide is available in water in three different forms: CO2, bicarbonate (HCO�3 ), or

carbonate (HCO3
2�) (Figure 4.1), the relative amounts of which are pH dependent. Although

plants and algae are known to be dependent exclusively on the Calvin-Benson-Bassham cycle
(also known as the Calvin cycle) (Atomi, 2002), six autotrophic carbon-fixation pathways are
known. These are (1) the Calvin cycle, (2) the acetyl-CoA pathway, (3) the 3-hydroxypropionate
cycle, (4) thereverse tricarboxylicacidcycle, (5)3-Hydroxypropionate/4-hydroxybutyratecycle,
and (6)Dicarboxylate/4-hydroxybutyrate cycle (GeorgeFuchs, 2011). This sectiondiscusses the
Calvin cycle, which is the most important in microalgae.

In the Calvin cycle there is only one enzyme responsible for CO2 fixation: ribulose
1,5-biphosphate carboxylase/oxygenase, also known as Rubisco. Figure 4.2 shows the Calvin

CO2(g) CO2(aq) H2CO3 HCO3
- CO3

2- FIGURE 4.1 Different forms inwhich carbon dioxide is
available in water.

3 Ribulose-bis-P

3ADP + 3P

3ATP

6 Glycerate-P3 Ribulose-P

5 Glyceraldehyde-P

6 Glyceraldehyde-P

Organic compounds production

6ATP

6ADP + 6P

6NADPH

6NADP+ + 6P

6 Glycerate bis-P

CALVIN CYCLE

CO2
FIGURE 4.2 The dark process of
CO2 capture and transformation
through metabolism of photosyn-
tethic microalgae (modified from

Masojı́dek et al., 2004).
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cycle, where one molecule of ribulose 1,5-biphosphate and a CO2 are converted into two
glycerate phosphate. CO2 diffuses through the cell and is captured by the enzyme ribulose
biphosphate (Rubisco).

CO2 g
� �$ CO2 aqð Þ $ H2CO3 $ HCO�3 $ CO3

2�

The fixation of CO2 occurs in four distinct phases (Masojı́dek et al., 2004):

1. Carboxylation. A reaction whereby CO2 is added to the five carbon sugar ribulose
bisphosphate (Ribulose-bis-P) to form two molecules of phosphoglycerate (Glycerate-P).
This reaction is catalyzed by the enzyme ribulose biphosphate carboxylase/oxygenase
(Rubisco).

2. Reduction. To convert Glycerate-P into 3-carbon sugars (Triose-P), energymust be added in
the form of ATP and NADPH2 in two steps, which are the phosphorylation of Glycerate-P
to form diphosphoglycerate (Glycerate-bis-P) and the reduction of Glycerate-bis-P to
phosphoglyceraldehyde (Glyceraldehyde-P) by NADPH2.

3. Regeneration. Ribulose-P is regenerated for further CO2 fixation in a complex series of
reactions combining 3-, 4-, 5-, 6-, and 7-carbon sugar phosphates, which are not explicitly
shown in the diagram.

4. Production. The primary end products of photosynthesis are considered to be carbohydrates,
fatty acids, amino acids, and organic acids.

Besides the carboxylase activity described here, all Rubiscos (there is more than one type)
are known to display an additional oxygenase activity in which an oxygen molecule, com-
peting with CO2 for the enzyme-bound eno-diolate of RuBP, reacts with RuBP to form
3-phosphoglycerate and phosphoglycolate (Atomi, 2002). The latter product is subse-
quently oxidatively metabolized via photorespiration, leading to a net loss in carbon dioxide
fixation. Photorespiration thus represents a competing process to carbon fixation, where the
organic carbon is converted into CO2 without any metabolic gain. Photorespiration depends
on the relative concentrations of oxygen and CO2 where a high O2/CO2 ratio stimulates this
process, whereas a low O2/CO2 ratio favors carboxylation. Rubisco has low affinity by CO2;
its Km (half saturation) is approximately equal to the level of CO2 in air. Thus, under high
irradiance, high oxygen level, and reduced CO2, the reaction equilibrium is shifted toward
photorespiration. For optimal yields in microalgal mass cultures, it is necessary to minimize
the effects of photorespiration, achieved by an effective stripping of oxygen and by CO2

enrichment. For this reason, microalgal mass cultures are typically grown at a much higher
CO2/O2 ratio than that found in air, which is in turn an opportunity to reuse industrial
gas emissions.

The source of nitrogen in cultivation of microalgae seems to cause changes in oxygen
production during photosynthesis. The ratio between O2 evolution rate and CO2 uptake rate
(the photosynthetic quotient, PQ) depends on the composition of the produced biomass and
the substrates that are used. Especially oxidized nitrogen sources, which must be reduced
before they are incorporated into the biomass, affect the PQ. When nitrate is used, it is
expected at an evolution of 1.3 mol O2 per mol of CO2 assimilated, whereas nitrite promotes
a release of 1.2 mol O2 and ammonia 1.0 mol O2 (Eriksen et al., 2007). Approximately 20%
of O2 evolution equivalents can be accounted for by NO3

� uptake and assimilation under
N-replete conditions (Turpin, 1991).
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4.1.3 Microalgae Culture Fundamentals

Studies on microalgae are preferably done under controlled conditions. Microalgae biore-
actors are often designed differently from bioreactors used to grow other microorganisms.
Two parameters are the most important in algae cultivation: efficiency of light utilization
and availability of dissolved CO2.

Like any organism, microalgae have nutritional requirements: carbon sources, energy,
water, and inorganic nutrients. In the case of microalgae, the carbon source can be CO2

and the energy comes from sunlight. As microalgae grow in aqueous suspension, the manip-
ulation and control of culture conditions makes their cultivation feasible, thus the productiv-
ity is limited mostly by the available of light. Responses by algal cells to nutrients and
cultivation environments can be used to manipulate the processes to favor the production
of algal biomass (Benemann et al., 2002).

The development of media for microalgae cultivation involves a sufficient carbon source
(carbon is a part of all the organic molecules in the cell, making up as much as 50% of the
algal biomass); salt concentration (depending on the original biotope of the alga); nitrogen
(represents about 5–10% of microalgae dry weight); phosphorus (part of DNA, RNA, ATP,
cell membrane); sulfur (constituent of amino acids, vitamins, sulfolipids and is involved in
protein biosynthesis); potassium (cofactor for several enzymes and involved in protein syn-
thesis and osmotic regulation); magnesium (the central atom of the chlorophyll molecule);
iron (constituent of cytrochromes and important in nitrogen assimilation); pH of the
medium; temperature; trace elements, and addition of organic compounds and growth
promoters.

Carbon is important because it is the source of energy for many cellular events (such as
metabolites production) and reproduction and is part of the physical structure of the cell.
In conditions of low dissolved inorganic carbon (DIC), a DIC transport is induced in most
microalgae (Matsuda and Colman, 1995), allowing normal cell growth.

Depending on thematerial used in cultivation ofmicroalgae and the utilization of biomass,
three different systems can be distinguished (Becker, 1994):

1. Systems in which a selected algal strain is grown in a so-called clean process, using fresh
water, mineral nutrients, and carbon sources. The algae in such systems are intended to be
utilized mainly as food supplements.

2. Systems using sewage or industrial wastewater as the culture medium. The cultivation of
the microalgae involves secondary (BOD removal) and tertiary (nutrient removal)
treatments and production of biomass-based products.

3. Cultivation of algae in enclosed systems under sunlight or artificial light, with cells
preferably being grown in autotrophic media.

Microalgae are microorganisms that are capable of producing many different compounds
of industrial interest, some with high and some with low aggregated value. The final value of
the product and its destination directly influence the conditions of cultivation. Therapeutical
compounds produced by microalgae, for example, must be produced through a totally con-
trolled and clean process, whereas for the fuel industry residues can be used and the control
of the process can be less accurate. The low culture concentration and the corresponding high
downstream costs define production trends.
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The utilization of complex media (those of which the composition is not determined, such
as industrial residues) in the cultivation of microalgae is one alternative to make the produc-
tion of some microalgal metabolites economically feasible. Associated with residue compo-
sition and microalgae metabolism, knowledge of the needs of the microalgae might save
time (and money) in the development of a process. It is very important to supply all
microalgae chemical needs because it is known that variations in the chemical composition
of phytoplankton are also tightly coupled to changes in growth rate (Goldman et al., 1979).

4.2 CARBON DIOXIDE FIXATION BY MICROALGAE

4.2.1 Carbon Dioxide’s Role in Photobioreactors

An important issue inmost photobioreactors and the first step inCO2 fixation is the diffusion
of CO2 from the gas phase to the aqueous phase. The solubility of CO2 in the culture media de-
pends on depth of the pond, the mixing velocity, the productivity of the system, the alkalinity,
and theoutgassing. It has been reported (Becker, 1994) thatonly 13–20%of the suppliedCO2was
absorbed in racewaypondswhenCO2 gaswas bubbled into the culture fluid as a carbon source.
Binaghietal. (2003)achievedamaximumvalueof38%efficiencyofcarbonutilization inSpirulina
cultivation.Gas–liquidcontact timeandgas–liquid interfacial areaare, therefore, twokey factors
to enhance the gas–liquidmass transfer. In addition, high oxygen tension is problematic, since it
promotes CO2 outgassing and competes with CO2 for the CO2-fixing enzyme (RuBisCO).

The capacity for carbon dioxide storage in a growth medium is important because it deter-
mines the amount of CO2 thatmay be used formedium saturation, leading to high growth rates
and in-process economics. Since CO2 reacts withwater, producing carbonic acid and its anions,
chemical equilibriumwill have a significant impact on the amount of carbondioxide stored. pH
is themajor determinant of the relative concentrations of the carbonaceous system inwater and
affects the availability of carbon for algal photosynthesis in intensive cultures (Azov, 1982).

The absorption of CO2 into alkaline waters may be accelerated by one of two major
uncatalyzed reaction paths: the hydration of CO2 and subsequent acid-base reaction to form
bicarbonate ion, and the direct reaction of CO2with the hydroxyl ion to form bicarbonate. The
rate of the former reaction is faster at pH values below 8, whereas the latter dominates above
pH 10. Between pH 8 and 10, both are important.

Microalgae can fixate carbon dioxide from different sources, including CO2 from the atmo-
sphere, from industrial exhaust gases (e.g. furnaces flue gases), and in form of soluble carbon-
ates. Traditionally, microalgae are cultivated in open or closed reactors and aeratedwith air or
air enriched with CO2. Industrial exhaust gases contain up to 15% of carbon dioxide in their
composition, being a rich (and cheap) source of carbon for microalgae growth.

In microalgae cultivation, high concentrations of CO2 are not usually used because it may
result in decreasing the pH, since unutilized CO2 will be converted to HCO�3 . Shiraiwa et al.
(1991) and Aizawa and Miyachi (1986) reported that an increase in CO2 concentration of sev-
eral percent resulted in the loss of a carbon concentration mechanism (CCM), and any further
increase was always disadvantageous to cell growth. Most processes use air enriched with
CO2 (2–5% CO2 final concentration), but some studies using high CO2-resistant strains are
being described in scientific literature.
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If there is not enough CO2 gas supply, algae will utilize (bi)carbonate to maintain its
growth. When algae use CO2 from bicarbonate, an increase of pH is observed (a growth in-
dicator), even reaching growth-inhibition pH values. To overcome pH fluctuation, the CO2

gas injection should be controlled in such a way that photosynthesis rates are balanced with
enough and continuous availability of dissolved carbon. Interesting studies about isolation
and selection of strains with high CO2 absorption capacity, which is an important step no
matter the process in development, are available in scientific literature. Maintaining constant
CO2-free concentration in the media will keep carbon uptake constant.

The ability to accumulate DIC has been shown to occur in many algae and cyanobacteria
(Williams and Colman, 1995). Whereas CO2 can diffuse into algal cells and is the substrate for
carbon fixation by ribulose-1,5-bisphosphate carboxylase/oxygenase (RubiscO), it forms a
small proportion of the total available inorganic carbon. The largest proportion of total
DIC available to microalgae consists of ionic HCO�3 , which has a low capacity for diffusion
across cell membranes (Young et al., 2001). A number of eukaryotic microalgae have devel-
oped mechanisms that permit the use of HCO�3 for photosynthesis (Miller and Canvin, 1985).
Access to the larger pool of HCO�3 is assumed to involve one or both of two basic processes:

1. In some green algae, the use of HCO�3 has been correlated with the presence of external
carbonic anhydrase (CA) activity (Aizawa and Miyachi, 1986). In these cases external
CA is thought to facilitate the use of HCO�3 by maintaining equilibrium between HCO�3
and CO2, and thereby maintaining the supply of CO2 to a specific transporter (Aizawa
and Miyachi, 1986).

2. Direct HCO�3 transport via a transmembrane bicarbonate transporter, which has been
demonstrated even in cells that have external CA activity (Williams and Turpin, 1987).
The involvement of transmembrane ATPase proteins was also reported in DIC uptake by
chlorophytes (Ramazanov et al., 1995).

4.2.2 Methods of CO2 Fixation Quantification

Since outdoor sunlight cannot be controlled, carbon fixation by microalgae is usually
studied indoors under artificial illumination. A good deal of scientific effort is being made
to evaluate microalgae CO2 fixation potential. Most of these efforts focus the fixation into
biomass (Chae et al., 2006; Jacob-Lopes et al., 2008; Kajiwara et al., 1997). However, these
studies did not quantify the total carbon dioxide fixed effectively by microalgae (Jacob-Lopes
et al., 2008; Fan et al., 2007), since there are other routes for carbon besides biomass generation,
such as mineralization (formation of soluble bicarbonate and carbonate) and production of
extracellular products such as polysaccharides, volatile organic compounds (Shaw et al.,
2003), organohalogens (Scarratt and Moore, 1996), hormones, and others.

The determination of global rates of carbon dioxide sequestration throughmass balances of
CO2 in the liquid or gas phase of the systems (Eriksen et al., 2007) gives more complete data.
One approximation for the rates may be obtained by evaluating dissolved inorganic carbon
concentration in the culture media while monitoring the pH variation (see methodology at
Valdés et al., 2012). This shows that carbon fixation by microalgae is a complex process
whereby biomass productionmight be a part of the total carbon destination. In addition, little
information is available with respect to the simultaneous research of both the global rates of
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carbon dioxide sequestration and the rates of incorporation of carbon into the microalgae
biomass (Chiu et al., 2008).

Sydney et al. (2011) studied the global CO2 fixation rate of four microalgae through a mass
balance of the gas phase. The experiments were carried out in a photobioreactor coupledwith
sensors tomeasure CO2 in the inlet and outlet gases. The net carbon dioxidemitigation during
each microalgal cultivation was evaluated. Nutrient consumption, biomass production (and
composition), and possible extracellular products were analyzed throughout the process.
It was found that between 70% and 88% of the carbon dioxide consumedwas used in biomass
production. This finding indicates that, to explore the whole potential of microalgal mitiga-
tion capacity (considering negotiations in the carbonmarket), carbon balancemight be carried
through (complex) carbon balance in the gas phase. The problem is that it is difficult to carry
out this kind of analysis in open photobioreactors and to standardize this methodology.
Figure 4.3 presents the profile of carbon dioxide consumption obtained during gas phase
analysis during cultivation. It is interesting to note that CO2 consumption (in blue) has a com-
plementary behavior with O2 production due to photosynthesis and respiration processes
during light and dark cycles.

4.2.3 Carbon Fixation of Industrially Important Microalgae

Carbon fixation by microalgae is in vogue. In the last decade, more than 4,000 papers were
published globally on this subject. Table 4.1 presents some rates of carbon dioxide described
in the literature.

Among all species of microalgae, four are most common industrially: Spirulina, Chlorella,
Dunaliella, andHaematococcus. Despite not being used industrially, Botryococcus is also largely
studied due to its potential use as a source of hydrocarbons. These microalgae’s potential for
carbon fixation is discussed next.
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4.2.3.1 Chlorella vulgaris

The first photosynthetic microbe to be isolated and grown in pure culture was the fresh-
water microalga Chlorella vulgaris. It is a spherical unicellular eukaryotic green algae
that presents a thick cell wall (100–200 nm) as its main characteristic. This cell wall
provides mechanical and chemical protection, and its relation to heavy metals resistance is
reported, which explains why C. vulgaris is one of the most used microorganisms for waste
treatment.

The uptake of carbon by C. vulgaris cells is done through the enzyme carbonic anhydrase,
which catalyzes the hydration of CO2 to form HCO�3 and a proton. Hirata and collaborators
(1996) studied carbon dioxide fixation by this microalga, which showed important variations
comparing cultivation under fluorescent lamps and sunlight. In the first case the estimated
rate of carbon dioxide fixation was 865 mg CO2 L

�1 d�1; in a sunlight regimen the estimated
rate achieved 31.8 mg CO2 L

�1 d�1. Winajarko et al. (2008) achieved a transferred rate of
441.6 g CO2 L

�1 d�1 under the same cultivation conditions as Hirata et al. (1996). According
to Sydney et al. (2011), in experiments using classic synthetic media and a 12-h light/dark
regimen, C. vulgaris biofixation rate of carbon dioxide is near 250 mg L�1 day�1.

Carbon fixation by Chlorella vulgaris is variable and depends, among other factors, on the
concentration of CO2 in the gaseous source. Yun et al (1997) cultivated C. vulgaris in 15%
of carbon dioxide and achieved a fixation of 624 mg L�1 day�1; Scragg et al. (2002) achieved
a fixation of 75 mg L�1 day�1 under CO2 concentration of 0.03%. In the same study, Scragg
tested a medium with low nitrogen and the fixation rate was 45 mg L�1 day�1, suggesting
that nitrogen also influences carbon uptake rate.

Some studies (Chinassamy et al., 2009; Morais and Costa, 2007) indicate that the best
concentration of CO2 in the gas supplied to C. vulgaris growth is about 6%.

TABLE 4.1 Data of Biomass Productivity and CO2 Fixation Rate from Microalgae.

Microalgae Strain

Biomass

(mg L�1 d�1)

CO2 Fixation

Rate

(mg L�1 d�1) Reference

Spirulina platensis 145 318 Sydney et al., 2011

Chlorella vulgaris 129 251 Sydney et al., 2011

Synechocystis aquatilis 30 50 Zhang et al., 2001

Anabena sp. 310 1450 López et al., 2009

Botryococcus braunii 207 500 Sydney et al., 2011

Dunaliella tertiolecta 143 272 Sydney et al., 2011

Chlorococcum littorale 530 900 Kurano et al., 1996

Aphanothece microscopica Nageli 301 562 Jacob-lopes et al., 2009

Chlorella, Oscillatoria, Oedogonium, Anabaena,
Microspora and Lyngbya (mixed culture)

131 161 Tsai et al., 2012
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4.2.3.2 Botryococcus braunii

Botryococcus is a colonialmicroalga that iswidespread in fresh and brackishwaters of all con-
tinents. It is characterized by its slow growth and by containing up to 50% by weight of hydro-
carbons.B. braunii is classified intoA, B, andL races,mainly basedon the difference between the
hydrocarbonsproduced(MetzgerandLargeau,2005).Banerjeeetal. (2002)differentiate theraces
as follows: Race A produces C25 to C31 odd-numbered n-alkadienes and alkatrienes; B race pro-
ducespolymethylatedunsaturatedtriterpenes,calledbotryococcenes (CnH2n–10,n¼30–37); andL
race produces a single tetraterpene hydrocarbon C40H78 known as lycopadiene.

The cells of B. braunii are embedded in a communal extracellular matrix (or “cup”), which
is impregnated with oils and cellular exudates (Banerjee et al., 2002). B. braunii is capable of
synthesizing exopolyssaccharides, as reported by Casadevall et al. in 1985. Higher growth
and production of EPS, which ranges from 250 g m–3 for A and B races to 1 kg m–3 for the
L race, occur when nitrate is the nitrogen source instead of urea or ammonium salts
(Banerjee et al., 2002). Phosphorus and nitrogen are also important factors in accumulation
of hydrocarbons by the microorganism (Jun et al., 2003).

The metabolic energy devoted to produce such large amounts of hydrocarbons makes this
species noncompetitive in open mass cultures, since strains not so burdened can grow much
faster and soon dominate an outdoor pond culture (Benemann et al., 2002). B. braunii has been
reported to convert 3% of the solar energy to hydrocarbons (Gudin and Chaumont, 1984).
Being synthesized by a photosynthetic organism, hydrocarbons from algae can be burned
without contributing to the accumulation of CO2 in the atmosphere.

Dayananda et al. (2007) cultivated Botryococcus braunii strain SAG 30.81 in shake flasks and
obtained a maximum cell concentration of 0.65 g L�1 under 16:8 light:dark cycle. Experiments
with different strains of B. Braunii indicate that the biomass yield is inversely proportional to
lipid accumulation. The maximum biomass yield achieved was 2 g L�1 (with 40% of lipids) and
the lowerwas 0.2 g L�1 (with 60%of lipids). Outdoor experimentswith thismicroalga achieved a
high biomass yield of 1.8 g L�1 but a very low lipid accumulation. It was also showed by
Dayananda and collaborators that exopolyssaccharides production by Botryococcus braunii SAG
30.81 is not affected by light regimen in MBM media, different from lipids and proteins pro-
duction. Sydney et al. (2011) carried experiments with this same strain under 12 h light:
dark cycle in 5%CO2enriched air and achievedahighbiomassproductionof 3.11 g L�1with 33%
lipids in 15 days. Carbon dioxide fixation rate was calculated as near 500mg L�1 day�1. B. braunii
biomasscompositionalso included39%proteins,2.4%carbohydrates,13%pigments,and7.5%ash.

Marukami and Ikenouochi (1997) achieved a carbon dioxide fixation greater than 1 gram
per liter by Botryococcus braunii cultivated for hydrocarbon accumulation.

4.2.3.3 Spirulina platensis

Spirulina are multicellular ilamentous cyanobacteria actually belonging to two separate
genera: Spirulina and Arthrospira. These encompass about 15 species (Habib et al., 2008). This
microorganism grows in water, reproduces by binary fission, and can be harvested and
processed easily, having significantly high macro- and micronutrient contents. Their main
photosynthetic pigments are chlorophyll and phycocyanin. The helical shape of the filaments
(or trichomes) is characteristic of the genus and is maintained only in a liquid environment or
culture medium.
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Spirulina is found in soil, marshes, freshwater, brackish water, seawater, and thermal
springs. Alkaline, saline water (>30 g/L) with high pH (8.5–11.0) favors good production
of Spirulina, especially where there is a high level of solar radiation. It predominates in higher
pH and water conductivity. Like most cyanobacteria, Spirulina is an obligate photoautotroph,
i.e., it cannot grow in the dark on media containing only organic carbon compounds.
It reduces carbon dioxide in the light and assimilates mainly nitrates.

Spirulina contains unusually high amounts of protein, between 55% and 70% by dry
weight, depending on the source. It has a high amount of polyunsaturated fatty acids
(PUFAs), 30% of its 5–6% total lipids, and is a good source of vitamins (B1, B2, B3, B6, B9,
B12, C, D, E). Spirulina is a rich source of potassium and also contains calcium, chromium,
copper, iron, magnesium, manganese, phosphorus, selenium, sodium, and zinc. These
bacteria also contain chlorophyll a and carotenoids.

The optimum pH of the Spirulina sp. culture is between 8.5 and 9.5 (Watanabe et al., 1995).
Cyanobacteria possess a CO2-concentating mechanism that involves active CO2 uptake and
HCO�3 transport. In experiments conducted by Morais and Costa (2007), carbon fixation in
terms of biomass by Spirulina platensiswas estimated in 413 mg L�1 d�1, near those achieved
by Sydney et al. (2011).

4.2.3.4 Dunaliella sp.

Dunaliella isabiflagellateunicellulargreenalga.Cellsareround-shapedandfoundinbrackish
environments; it is a motile species and has a high tolerance for salt, temperature, and light.
Motion of cells is important since it facilitates nutrient transport, especially in poor-nutrient
waters.Dunaliella species are relatively easy to culture. The cell divides by simple binary fission,
and no evidence of cell lysis, encystment, or spore formation is observed (Segovia et al., 2003).

Dunaliella thrives over a wide pH range and expresses a capacity for extremely efficient DIC
accumulation, incorporating a capacity to use HCO�3 in addition to CO2 (Aizawa andMiyachi,
1986; Young et al., 2001). Kishimoto et al. (1994) cultivated a Dunaliella strain for pigment pro-
ductionwith 3% of CO2 and achieved a carbon uptake of 313mg L�1 day�1. Sydney et al. (2011)
cultivated a D. tertiolecta strain and achieved a CO2 fixation rate of 272 mg L�1 day�1.

Dunaliella is an important microalgae for industrial processes since it produces a wide
variety of commercial products (mainly pigments) and the rupture of the cells is very easy.
b-carotene large-scale production facilities are in operation around theworld (Hawaii, United
States, Australia, Japan).

4.2.3.5 Haematococcus sp.

Haematococcus is a green algae (Chlorophyta), mobile, single-celled, and capable of synthe-
sizing and accumulating the pigment astaxanthin in response to environmental conditions,
reaching from 1.5% up to 6% by weight astaxanthin (Vanessa Ghiggi, 2007). The astaxanthin
produced by Haematococcus pluvialis is about 70% monoester, 25% diesters, and 5% free
(Lorenz and Cysewski, 2000).

These algae, however, have some undesirable characteristics compared to other
microalgae grown successfully on a commercial scale. The biggest concern is mainly related
to a relatively slow growth rate, allowing easy contamination. Therefore, many studies have
sought to improve the low rate of growth of vegetative cells, which is, exceptionally,
1.20 div/day (Gonzáles et al., 2009).
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Alternatively, its mixotrophic (Guerin et al., 2003; Gonzáles et al., 2009) and heterotrophic
(Hata et al., 2001) metabolism, using acetate as carbon source, has also been studied and
documented; however, these conditions have not been applied to commercial-scale cultures
and are not interesting in terms of carbon fixation.

4.3 PRACTICAL ASPECTS OF MASS CULTIVATION FOR
CO2 FIXATION

4.3.1 Cultivation Vessels

Many different configurations of photobioreactors are possible: from simple unmixed
open ponds to highly complex enclosed ones. The configuration of the bioreactor has great
influence on carbon dioxide consumption during algal growth. Most of the recent research
in microalgal culturing has been carried out in photobioreactors with external light supplies,
large surface areas, short internal light paths, and small dark zones. Examples include open
ponds (the cheapest ones), tubular reactors, flat panel reactors, and column reactors (stirred-
tank reactors, bubble columns, airlift).

The applications of such systems range from the small-scale production of high-valueprod-
ucts to the large-scale production of biomass for feed. The choice between the different designs
of photobioreactors must be specific to the intended application and local circumstances.

Open ponds can be an important and cost-effective component of large-scale cultivation
technology, and optimal design parameters have been known for many years. The elongated
“raceway type” of open pond, using paddlewheels for recirculation and mixing, was devel-
oped in the 1950s by the Kohlenbiologische Forschungsstation in Dortmund, Germany.
However, sustained open pond production proved to be feasible for only three microalgae:
Spirulina platensis, Dunaliella salina, and fast-growing Chlorella, in all cases because con-
tamination by other species can be avoided.

Beyond the economical difference between the types of photobioreactors feasible for algae
cultivation, light incidence and CO2 availability are the two main factors influencing algae
growth. Large surface areas are essential to ensure enough light diffusion to the media,
but they are normally associated with very little time to mass transfer the gas to the liquid
phase (short liquid column). The optimal condition of light diffusion and CO2 availability
is easily achieved in a closed reactor for logical reasons: In open photobioreactors, the
undissolved CO2 is lost to the atmosphere, whereas in closed ones it is possible to increase
(and maintain) partial pressure.

4.3.2 Light Diffusion

Themost important parameter considered for the development and utilization of a specific
type of reactor for microalgae cultivation is the light diffusion. The productivity of photo-
autotrophic cultures is primarily limited by the supply of light and suffers from low
energy-conversion efficiencies caused by inhomogeneous distribution of light inside the
cultures (Grobbelaar, 2000). At culture surfaces, light intensities are high, but absorption
and scattering result in decreasing light intensities and complex photosynthetic productivity
profiles inside the cultures (Ogbonna and Tanaka, 2000). High light intensities at culture
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surfaces may cause photoinhibition, and the efficiency of light energy conversion into
biomass (photosynthetic efficiency) is low. An overdose of excitation energy can lead to pro-
duction of toxic species (e.g., singlet oxygen) and to photosynthesis damage (Janssen, 2002)

Byminimizing depth, volume is reduced or area is increased, light diffusion is maximized,
and so is cell concentration. From common types of photobioreactors, light paths in open
ponds are usually 10–30 cm depth, in tubular reactors ranges from 1–5 cm, and in flat panel
reactors from 2–5 cm.

The light regimen itself is influencedbyincident light intensity, reactordesignanddimension,
celldensity,pigmentationof thecells,mixingpattern,andmore. Inoutdoorphotobioreactors the
light regimen is also influenced by geographical location, time of day, and weather conditions.
Nowadays, open paddlewheel-mixed pond is the most commonly used photobioreactor.

Some studies discuss the effect of mixing and productivity due to the “flashing-light”
effect: A few milliseconds’ flashes of high light intensity followed by a several-fold longer
period of darkness do not reduce culture productivity from those under constant illumination
(Kok, 1953). This effect is not observed in ponds, where the light/dark period is longer. For
example, although light/dark cycles of 94/94 ms were sufficiently short to increase the pho-
tosynthesis efficiency in cultures of Dunaliella tertiolecta, light/dark cycles of 3/3 s were too
long and the PE decreased in comparison to continuously illuminated cultures (Janssen et al.,
2001). This refers to the theory of photosynthesis, inwhich carbon fixation is not dependent on
the presence of light because sufficient energy has been absorbed.

4.3.3 Mixing

To optimize the photosynthesis rate and gas solubility in the media, mixing is very impor-
tant. Besides that, mixing is important for homogeneous distribution of cells, metabolites, and
heat and to transfer gases across gas–liquid interfaces. Mixing can be done mechanically by
paddlewheel in raceways (Figure 4.4) or by gas flow in bubble columns.

FIGURE 4.4 Paddlewheel mixing of raceway
ponds at Ouro Fino Agronegócio (Brazil).
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4.4 CARBON MARKET FOR MICROALGAL TECHNOLOGIES

The Kyoto Protocol invented the concept of carbon emissions trading in a flexible mech-
anism whereby developed countries could use carbon credits to meet their emission reduc-
tion commitments. The world carbon market is based on a cap-and-trade system. According
to Mark Lazarowicz (2009), under cap-and-trade, a cap is set on emissions, as explained fur-
ther by the author: “Allowances are provided, either through purchase or allocation, to emit-
ters covered by the cap. These emitters are required to submit allowances equal to the amount
of greenhouse gases emitted over a predetermined period. The difference between expected
emissions and the cap creates a price for the allowances. Emitters who can reduce emissions
for less than the price of an allowance will do so. If, however, abatement costs more than the
price of an allowance, it makes sense to purchase the allowance. The transfer of allowances is
the ‘trade.’ The relative difficulty of abatement or scarcity of allowances sets the price of
carbon. In theory, those that can reduce emissions most cheaply will do so, achieving the
reduction at the lowest possible cost.” For this reason, the carbon market seems to be a tem-
porary alternative while cleaner technologies are developed, including new ones and
improvement of the existing ones.

The carbon market jumped from $63 billion in 2007 to $126 billion in 2008, which means
almost 12 times the value of 2005, according to the World Bank report of 2009. Credits were
sold for 4.8 billion tons of carbon dioxide, a value 61% higher than that of the previous year.
By 2020 the market could be worth up to $2–3 trillion per year (Point Carbon, Carbon Market
Transactions in 2020: Dominated by Financials?, May 2008).

Theworld carbonmarket ismainly dependent on energy-use policies. The focus is to replace
existing high dependence on fossil fuels with renewable ones; around 90% of total global CO2

emissions are from fossil fuel combustion (excluding forest fires and woodfuel use; Olivier
et al., 2011). The principal technical means of reducing fossil fuel consumption (and conse-
quently emissions) are substituting fossil fuels with renewable or less carbon-content sources
of energy and improving energy efficiency. Renewable energy’s share of the global energy
supply increased from 7% in 2004 to over 8% by 2009 and 2010 (Olivier et al., 2011).

According to the “Long-term trend in global CO2 emission, 2011 report,” total global CO2

emissions had increased 30% since 2000, to 33 billion tones, and 45% since 1990, the base year
of the Kyoto Protocol. In 1990 the industrialized countries, with a mitigation target for total
greenhouse gas emissions under the Kyoto Protocol (including the United States, which did
not ratify the protocol), had a share in global CO2 emissions of 68% versus 29% for developing
countries. In 2010 the large regional variation in emission growth trends resulted in shares for
54% of developing countries and 43% for mature industrialized countries.

Microalgae can play a very interesting role in this context. While fixating carbon during
growth (to be traded in the market), some species can accumulate lipids, which can be use
for direct combustion or transformed in biodiesel to replace fossil sources. This is one of
the developing technologies that receives more attention from the scientific community
around the world.

The carbon market for microalgal carbon mitigation processes is a big challenge. Its en-
trance in this market will coexist with other renewable energy technologies that are receiving
lots of investment, which means that it must be more advantageous or differentiated. Trades
of carbon papers are carried mainly based on agriculture and forestry (reforestation, land
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management, reduced emissions from deforestation). Great efforts are being made in the de-
velopment and implantation of renewable energy technologies (wind power, solar photovol-
taic, and vegetable-based biodiesel technologies).

In terms of development of more efficient and sustainable industrial processes, microalgae
can play an interesting role through combining the use of domestic and industrial wastewater
(mainly that lacking fermentable carbon) and industrial gaseous wastes with cogeneration of
valuable products, reducing carbon emissions and generating tradable carbon papers.
According to the mass balance (Equation 4.3), where the biomass composition is given as
CH1.78 N0.15O0.52 (analysis made in CHNS analyzer carried at the Bioprocess Engineering
and Biotechnology Department, Federal University of Parana, Brazil), around 1.8 gCO2 is con-
sumed for each gram of dry biomass produced during microalgal growth. This means that,
for producing 1 Carbon Paper (1 ton CO2), an area less than 1,000 square meters is needed
(considering a biomass concentration in the culture of 3 g L�1 and a pond with 20 cm high
of liquid).

0:815 H2Oþ CO2 þ 0:15 HNO3 ! CH1:78 N0:15O0:52 þ 1:37 O2 ð4:3Þ
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5.1 INTRODUCTION

Concern has been growing over carbon emissions and diminishing energy resources
related to the use of fossil fuels. To mitigate the impacts of these pressing environmental
issues, extensive efforts are being made globally to explore various renewable energy sources
that could replace fossil fuels. Biofuels are regarded as promising alternatives to conventional
fossil fuels because they have the potential to eliminate most of the environmental problems
that fossil fuels create. However, sustainable production of biofuels is hotly debated because
it is perceived that biofuels produced from crops, lingo-cellulose, and food sources face
various constraints in accomplishing sustainable development at the confluence of biofuel
production, climate change mitigation, and economic growth. In view of the still-developing
biofuel production process, biodiesel production from microalgae offers greater potential to
become an inexhaustible and renewable source of energy.

Algae are a very diverse group of predominantly aquatic photosynthetic organisms that
account for almost 50% of the photosynthesis taking place on Earth (Moroney and Ynalvez,
2009). Algae have a wide range of antenna pigments to convert solar energy to chemical en-
ergy via photosynthesis, giving different strains of algae their characteristic colors. Early
work done with algae contributed much to what is now known about the carbon dioxide
fixation pathway and the light-harvesting photosynthetic reactions. The processes of photo-
synthesis in algae and terrestrial plants are very much alike. Among the three types of carbon
dioxide fixation mechanisms known in photosynthetic organisms, two are found in the genus
of algae (Moroney and Ynalvez, 2009). Moreover, studies indicate that carbon dioxide
fixation in algae is one to two orders of magnitude higher than that of terrestrial plants
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(Wang et al., 2008). Thus, algae are deemed to play a vital role in the global carbon cycle by
removing excess carbon dioxide from the environment.

Cultivation of rapidly grownmicroalgae may acquire only 1% of land area needed for con-
ventional crop-based farmlands. A microalgae production scenario estimated the use of only
121,000 hectares of open pond or 58,000 hectares of photobioreactor footprint to meet global
annual gasoline requirements (Chisti, 2007). Furthermore, waste water enriched with nutri-
ents such as nitrogen and/or phosphorous can be used as a growing medium for algal cul-
tivation, thus negating the need for fertilizers derived from fossil-fuel energy. Additionally,
uptake of nutrients by algae for biomass buildup per se is a form of treatment to the waste
water in meeting effluent discharge requirements. In addition to biofuel production, culti-
vated microalgae can be used as bulk commodities in pharmaceuticals, cosmetics,
nutraceuticals, and functional foods (Mata et al., 2010).

Algae have been recognized as a promising biofuel resource due to their efficient conver-
sion of solar energy into chemical energy. Because algae biomass is capable of producing
much more oil yield per cultivation broth area than other biofuels such as corn and soy-
bean crops, algal biodiesel has attracted widespread attention because of the prospect of
its large-scale practical use.

Existing stages for biodiesel production from algae involve a production scheme starting
with algal strain development and cultivation, followed by harvesting through separation of
the algal biomass from the supporting media, and subsequent further processing such as
dewatering, drying, oil extraction and fractionation (Figure 5.1). The objective of this chapter
is to present a discussion of the literature review of recent developments in algae processing.
The review and discussion focus on stability and separability of algae and algae-harvesting
processes. Challenges of and prospects for algae harvesting are also outlined. The review
aims to provide useful information to help in future development of efficient and commer-
cially viable technologies for algal biodiesel production.

5.2 STABILITY AND SEPARABILITY OF MICROALGAE

The characteristics of microalgae and the state in which they thrive can greatly affect the
choice of algae-harvesting technology and its performance (Cooney et al., 2009). Separation of
tiny and loosely suspended algal particles from the broth can be cumbersome because algal

Final biofuel
product

Options of algae concentration or separation

Thickening

Dewatering

Drying Oil extraction FractionationAlgae
cultivation

Dewatering

Thickening

FIGURE 5.1 Schemes for algae cultivation, harvesting, and processing for biofuel production.
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cells normally carry negative charge and excess extracellular polymeric substances (EPS) to
maintain algal stability in a dispersed state (Gudin and Therpenier, 1986). The stability of
microalgae in the growth medium is mainly associated with algal surface charge, size, and
density of the algal cells, which in turn influence their separability from aqueous suspensions.
Both the electric interactions between algal cells and cell interactions with the surrounding
culture broth contribute to the stability of the algal suspension (Tenney et al., 1969), whereas
size and density of algal cells dictate their settling rate, which is an important consideration
for sedimentation process design. Harvesting cost can be high since the mass fractions in
culture broth are generally low.

Studies of the effect on surface charge of particles by various treatment methods have been
extensively documented. Farvardin and Collins (1989) noted that pre-ozonation increases
surface charge of humic substances. In another study, Chheda et al. (1992) noted an increase
in stability of suspension of Na-montmorillonite particles at increased ozone dose, attributed
to the increase in surface charge as a result of disruption of metal-oxygen bonds in crystal
lattice. These studies, however, reported the existence of an optimal ozone dose whereby
the coagulation of particles can be improved.

Conversely, Chheda and Grasso (1994) revealed that ozonation reduced stability of the
Na-montmorillonite particles coated with natural organic matters (NOM) in river waters.
It was postulated that the adsorption of NOM on Na-montmorillonite particles per se would
render the particles more hydrophilic. Subsequent ozonation, however, turns the particle
surface less negatively charged. This, in turn, resulted in partial dealuminization of
Na-montmorillonite and transformation of coated NOM to increase the hydrophobicity of
the particle surface, hence destabilizing the particles. It can be deduced from these studies
that appropriate treatment of ozonation would help destabilize particles, leading to
improved separation from the medium. Possible mechanisms for enhanced coagulation
of suspended particles caused by ozonation were proposed (Reckhow et al., 1986; Plummer
and Edzwald, 2002). These mechanisms include:

1. Increase in carboxylic content to enhance adsorption to alum floc and calcium and
magnesium precipitates

2. Reduction in molecular weight of adsorbed organics to reduce steric hindrance of
particles

3. Breakdown of organometallic bonds to release ions such as Fe3þ for organics precipitation
4. Rupture and lyses of algal cells to release biopolymers for coagulation
5. Polymeriazation to large particles for sedimentation

Henderson et al. (2009) noted that bubbles with surfaces modified using chemicals of both
a hydrophobic long tail and a hydrophilic high charge head can yield sufficient algal removal
without upstream coagulation and flocculation. In an earlier study byHenderson et al. (2008),
it was reported that the algogenic organic matters (AOM) extracted from four algal species
(Chlorella vulgaris, Microcystis aeruginosa, Asterionella formosa, and Melosira sp.) were domi-
nated by hydrophilic polysaccharides and hydrophobic proteins of low specific UV absor-
bance and negative zeta potentials. The hydrophobicity of AOM was attributable to the
hydrophobic proteins of molecular mass greater than 500 kDa. Additionally, the charge
density for the AOM, being attributable to hydrophilic and acidic carbohydrates and not
hydrophobic humic acids, decreases inversely with hydrophobicity. On the other hand,
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inhibition on ferric chloride coagulation of algae by isolated AOM secreted by
cyanobacgterium Aphanothece halophytica was reported (Chen et al., 2009). It was hypothe-
sized that the AOM can form complex compounds with ferrum thereby inhibits the coagu-
lation. As discussed earlier, ozonation is able to increase hydrophobicity of NOM, thereby
enhancing its coagulation. The impact of ozonation on AOM, however, is unclear and yet
to be investigated.

Just like planktonic cells, algal cells normally carry negative surface charge. Whereas algal
surface charges are derived from ionization of ionogenic functional groups at the algal cell
wall (Golueke and Oswald 1970) and selective adsorption of ions from the culture medium,
the intensity of the charge is influenced by algal species, ionic concentration of medium, pH,
and other environmental conditions.

Based on the principles of the Deyaguin-Landau-Verwey-Overbeek (DLVO) theory of col-
loid stability, the interactions between colloidal particles are influenced by various interacting
forces such as electrostatic double-layer repulsion, van der Waals attraction, and steric inter-
action. There is a potential energy barrier to be overcome if coagulation of the minute charge
particles is to be attained. It can be exceeded by the kinetic energy of the particles or, alter-
natively, by the reduction of the energetic barrier. This is done by compressing the double
layer through either by increasing the counter-ion concentration or by using counter-ions
of higher valency (Ives, 1959). Although the double-layer theory is of great theoretical impor-
tance, its use is restricted to cases in which specific chemical interactions do not play a role in
colloid stability.

Destabilization of colloidal suspension such as that in algal culture as a result of specific
chemical interactions is attainable by the presence of organic polymers (Shelef et al., 1984).
Commercial polymers, usually those of high molecular weights such as polyelectrolytes or
polyhydroxyl complexes, are considered superior coagulants or flocculants. The polymeric
coagulation-flocculation is explained by the bridging model, postulating that a polymer
can attach itself to the surface of an algal particle by several segments with remainder
segments extended into solutions. These segments are then able to attach to vacant sites of
other algal particles, forming a three-dimensional floc network (Gregory, 1977).

A planktonic algal cell can be considered a very minute spherical object that falls in a
continuous viscous fluid medium at velocities governed by gravity’s downward force and
the upward drag (or frictional) and buoyancy forces. If the algal particle is falling in the vis-
cous fluid by its own weight due to gravity, then a terminal velocity, also known as the settling
velocity, is reached when this frictional force, combined with the buoyant force, exactly bal-
ances the gravitational force, as described by Stokes’ law. In actual fact, the settling velocity of
planktonic algae in natural habitat is dictated by a variety of complex factors, which include
cell mobility, water turbulence and flow, and upwelling caused by winds and temperature
stratification (Hutchinson, 1967). The settling velocity of planktonic algae can be reduced
in an ecosystem by the following:

1. Motility
2. Reducing cell dimensions
3. Increment of the drag forces as in the Scenedesmus species, which contain seta (Conway

and Trainer, 1972)
4. Reducing cell density, as inmany blue-green algae,which contain gas vacuoles (Fogg, 1975;

Paerl and Ustach, 1982)
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Hence, the settling velocity of an algal cell can be increased by increasing cell dimensions,
i.e., by cell aggregation into a larger body. This principle is applied in algal separation pro-
cesses where chemical coagulants are added to form large algal flocs which settle rapidly to
the reactor or tank bottom. Conversely, air bubbles, which may attach to the already formed
algal flocs, will reduce drastically the floc density, causing the floc to float atop the vessel.
Increasing the gravity force will increase the settling velocity of algal cells, which is attainable
by applying centrifugal forces on algal suspensions.

In summary, destabilization and flocculation of algal suspension are important consider-
ations in most of the various algal separation and harvesting processes, which are described
separately in the following section.

5.3 METHODS OF ALGAE HARVESTING

Separating algae from its medium and/or algal biomass concentrating is known as
harvesting. Selection of harvesting technologies depends principally on the type of algae
(Chen et al., 2011). Harvesting large algae, namely macroalgae, employs laborious work in-
volving simple operations, whereas minute microalgae are normally harvested using me-
chanical means. Macroalgae grow either in fluid suspension or on a solid medium fed
with substrate. To harvest macroalgae grown on solid substrate, they must be detached di-
rectly from the medium. Themodus operandi in harvesting suspendedmacroalgae is relatively
simple and laborious. The harvesting can be accomplished by nets raised from the pond bot-
tom and pulled over a petrol-driven rotary cutter mounted on the harvesting boat. The
macroalgae are cut, collected, and transported to land and dried under the sun. Nets are nor-
mally harvested three to four times, but the yield reduces progressively over each harvest.

Current work on algae for the commercial production of biofuel mainly focuses on
microalgae. The inclination toward microalgae is due largely to its simpler cell structure,
rapid growth rate, and high lipid content. However, the most rapidly growing algal species
are frequently minute and often motile unicells; these are the most difficult algae to harvest.
Processes for biodiesel production from microalgae engage a production unit whereby
microalgae is cultivated, separated from the growing medium and thickened, and put
through subsequent downstream processing such as dewatering, drying, and lipid extrac-
tion. Extracted lipids are processed for biodiesel or other biofuels in similar methods to
existing technologies used for other biofuel feedstock.

For microalgae grown in an aqueous medium, thickening of loose algae suspension until
a thick algae slurry or cake forms is a vital stage of harvesting. In other words, the water
content of algae suspension must be reduced as far as possible to enable practical harvesting
and downstream processes. Algae are technically harvested based on the principles of solid-
liquid separation processes. The harvesting process may include one or more of the stages of
thickening, dewatering, and drying (Figure 5.1). The most common harvesting processes
are screening, coagulation, flocculation, flotation, sedimentation, filtration, and centrifuga-
tion. Other harvesting techniques such as electrophoresis, electroflotation, and ultrasound
are used to lesser extents (Chen et al., 2011). In essence, the choice of technology for
algae harvesting must be energy-efficient and relatively inexpensive for viable biofuel
production.
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5.3.1 Screening

Screening is the first unit operation used in most wastewater treatment plants as well as
algae harvesting. The principle of screening involves introducing algae biomass onto a screen
of given aperture size. The efficiency of the screening operation depends on the spacing
between screen openings and algal particle size. For algae harvesting, microstrainers and
vibrating screens are common screening devices.

5.3.1.1 Microstraining

Microstrainers consist of a rotary drum covered by a straining fabric, stainless steel or poly-
ester. The partially submerged drum rotates slowly in a trough of suspended algal particles.
The screen is fine mesh that captures only fairly large particles such as algae. As the mesh
moves to the top, water spray dislodges the drained particles. When a microstrainer is used
to harvest algae, the concentration of harvested algae is still low. Smaller algae can still pass
through the screen and are thus not harvested.

Unit costs of microstraining range between $5 and $15 per 106 liters, depending on algae
size and scale of operation (Benemann et al., 1980). For larger algae, even lower costs may be
achieved. Favorable features of microstraining include simple function and construction,
simple operation, low investment, neg1igable wear and tear due to absence of fast-moving
mechanical parts, low energy consumption, and high filtration ratios.

Problems encounteredwithmicrostrainers include low harvesting efficiency and difficulty
in handling particles fluctuations. These problems may be overcome in part by varying the
drum rotation speed (Reynolds et al., 1975). Another problem associated with microstraining
is the buildup of bacterial and algae biofilm slime on the fabric or mesh. Ultraviolet irradia-
tion, in addition to periodic fabric or mesh cleaning, may help inhibit this biomass growth.

Microstrainers have been widely used in the removal of particles from sewage effluents
and in removal of algae from the water supply (Berry, 1961). Successful removal of
Micractinium from algae ponds has been reported under a condition that growth of unicellular
strains of Scenedesmus and Chlorella does not overcompete the algae to cause deterioration of
algae removal (van Vuuren and van Duuren, 1965). Thickening of Coelastrum proboscideum
to about 1.5% suspended solids by microstrainers was reported when operating at a cost
of about DM 0.02/m3 and power consumption of 0.2 kWh/m3 (Mohn, 1980). Some success
in clarifying high rate pond effluent with continuous backwashing in microstrainers was
achieved (Koopman et al., 1978; Shelef et al., 1980). However, the success was confined to ef-
fluent dominated by algae species such as Micractinium and Scenedesmus, since the smallest
mesh available at that time was of 23 mm openings. Greater success has been reported in clar-
ifying stabilization lagoon effluent in reducing suspended solids from up to 80 mg/L to
20 mg/L or less by rotary microstrainers mounted with screens as fine as 1 mm (Wettman
and Cravens, 1980).

In a study using microstrainers fitted with 6 mm and 1 mmmeshes in clarifying algae pond
effluents, the Francea Micractinium algae were completely retained by the 6 mm screen,
whereas theChlorella algae passed through the 1 mmscreen (Shelef et al., 1980). The distinction
in algae retention on the screenswas evidently due to the difference in size of the algae in each
pond. It was noted that although the size of the Chlorella algae were larger than 1 mm, they
were not retained by the microstrainers. A possible reason could be due to the poor
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quality control of mesh size. Continuous operation may overcome part of the problem by
building up andmaintaining an algal biofilm base layer that serves as a biological fine screen.

5.3.1.2 Vibrating Screens

Vibrating screens are commonly used in industries such as the paper or food industry as a
material separating or sorting device. They are also used in municipal wastewater treatment
plants to concentrate sludge. Earlier harvesting of Coelastrum algae by vibrating screen was
reported (Mohn, 1980). Higher algae solids concentration of 7–8% has been harvested under
batch operations in comparison with lower algal solids contents of 5–6% when operated in
continuousmode. In a study by the Food andAgriculture Organization of the UnitedNations
(Habib et al., 2008), vibrating screens were used for harvesting Spirulina, which are
multicellular and filamentous blue-green microalgae belonging to two separate genera,
Spirulina and Arthrospira. In the commercial Spirulina production as food for humans and
domestic animals and fish, vibrating screen filtration used for harvesting achieved very high
algal biomass removal efficiency of up to 95% for harvesting up to 20 m3/hour, from which
algal slurry of 8–10% biomass solid contents were produced. Compared with the inclining
screens counterpart with a filtration area of 2 to 4 m2/unit, the vibrating screens required only
one-third of the area.

5.3.2 Coagulation-Flocculation

Use of chemicals to induce coagulation-flocculation of algal cells is a routine upstream treat-
ment in various algae-harvesting technologies such as sedimentation (Friedman et al., 1977;
Mohn, 1980), flotation (Moraine et al., 1980), filtration (Danquah et al., 2009) and centrifuga-
tion (Golueke and Oswald, 1965; Moraine et al., 1980). Coagulation-flocculation causes algal
cells to become aggregated into larger clumps, which are more easily filtered and/or settle
more rapidly to facilitate harvesting. Chemicals that were used as algal coagulants can be
broadly grouped into two categories: inorganic and long-chain organic coagulants.

Inorganic coagulants include metal ions as Alþ3 and Feþ3, which form polyhydroxy com-
plexes at appropriate pH. Hydrated lime is a common coagulant inducer used in water
and wastewater treatment. Its use would raise the pH to the point at which a milk-like inor-
ganic compound, magnesium hydroxide, is formed and acts as a coagulant (Folkman and
Wachs, 1973; Friedman et al., 1977). Aluminum sulphate (commonly called alum, with the
chemical formula Al2(SO4)3 �18 H2O) or other salts of aluminum, common coagulants used
in water treatment, have also been used as coagulants in algae harvesting (Golueke and
Oswald, 1965; McGarry, 1970; Moraine et al., 1980). Ferric sulfate was found to be inferior
in comparison with alum with respect to the optimal dose, pH, and the quality of the
harvested algal paste (Bare et al., 1975; Moraine et al., 1980).

Satisfactory treatment of algal pond effluent has been achieved by lime addition (Folkman
and Wachs, 1973; Friedman et al., 1977). However, satisfactory lime treatment was limited to
algal cultures containing magnesium above 10 mg/L, and the quality of the harvested prod-
uct was significantly affected due to excessive calcium content of up to 25% by weight.

Common flocculation theory states that alkaline flocculants neutralize the repelling surface
charge of algal cells, allowing them to coalesce into a floc. Based on such electrostatic
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flocculation theory, the more cells to be flocculated, the more coagulant would be needed in a
linear stoichiometric fashion, rendering flocculation overly expensive. Contrary to this theory
of electrostatic flocculation, a study found that the amount of alkaline coagulant needed is a
function of the logarithm of cell density, with dense cultures requiring an order of magnitude
less base than dilute suspensions, with flocculation occurring at a lower pH (Schlesinger et al.,
2012). Various other theories abound that flocculation can be due to multivalent cross-linking
or coprecipitation with phosphate or with magnesium and calcium. However, the study
revealed that monovalent bases that cannot cross-link or precipitate phosphate work with
the same log-linear stoichiometry as the divalent bases, obviating those theories and leaving
electrostatic flocculation as the only tenable theory of flocculation with the materials used.

Long-chain organic coagulants or polyelectrolytes could exist as anionic, cationic, and non-
ionic synthetic or natural polymeric substances (Stumm and Morgan, 1981). In examining
various organic polymers as algal coagulants, it was reported that only the cationic polyelec-
trolytes were found to be efficient coagulants (Tenney et al., 1969; Tilton et al., 1972; Moraine
et al., 1980). Organic cationic polyelectrolytes at low dosages (1–10 mg/L) can induce efficient
flocculation of freshwater microalgae (Bilanovic et al., 1988). Effective flocculation was
attained at salinity levels lower than 5 g/L. However, the high salinity of the marine environ-
ment was found to inhibit flocculation with polyelectrolytes. The reduced effectiveness of
cationic polymers to induce microalgae flocculation in high-salinity medium is primarily
attributed to the effect of medium ionic strength on the configuration and dimension of
the polymer, as indicated by changes in the intrinsic viscosity. At high ionic strength, the
polymer shrinks to its smallest dimensions and fails to bridge between algal cells.

Studies also revealed that while anionic polyelectrolytes enhanced lime flocculation, most
polyelectrolytes can be used in conjunction with alum or ferric sulfate as coagulant aids to
strengthen the flocs, thus enhancing algae harvesting (Friedman et al., 1977). When used
as coagulant aids, the polyelectrolytes can be applied at reduced dosages than they would
have been used alone. This helps save chemical costs.

Algal coagulation-flocculationmechanisms based on the use of polymeric coagulants were
postulated (Tenney et al., 1969; Tilton et al., 1972). Adsorption and the bridging model were
hypothesized, and parameters affecting the process were investigated. It was reported that
higher molecular weight cationic polyelectrolytes are superior in flocculating algal particles
than their lower molecular weight counterparts. Optimal dose decreased with increasingmo-
lecular weight. However, very highmolecular weight polymers may reverse the algal surface
charge, thus stabilizing the suspension (Tilton et al., 1972). The study also pointed out that for
a given level of algal flocculation, variations in algal concentrations would affect the polyelec-
trolyte dosage needed, and the relationship between algal concentration and polyelectrolyte
dosage can be established based on stoichiometry (Tenney et al., 1969).

A commercial product called chitosan, commonly used for water purification, can also be
used as a coagulant but is far more expensive. To create chitosan, the shells of crustaceans are
ground into powder and processed to acquire chitin, a polysaccharide found in the shells,
from which chitosan is derived via deacetylation. Flocculation of three freshwater algae,
Spirulina, Oscillatoria, and Chlorella, and one brackish alga, Synechocystis, using chitosan
was examined (Divakaran and Pillai, 2002). With suspension in the pH range of 4 to 9 and
chlorophyll-a concentrations in the range of 80 to 800 mg/m3, the chitosan-aided flocculation
achieved a clarified water turbidity of 10 to 100 NTU units. The chitosan was found to be
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effective in separating the algae by flocculation and settling. It was found that the flocculation
efficiency is very sensitive to pH, with optimal pH 7.0 for maximum flocculation of fresh-
water algal species. The optimal chitosan concentration for maximum flocculation depended
on the concentration of algae. Flocculation and settling rates were faster when higher than
optimal concentrations of chitosan were used. The settled algal cells were intact and live
and could not be redispersed by mechanical agitation. The clarified water may be recycled
for fresh cultivation of algae. Studies of harvestingmicroalgaewith chitosan flocculationwere
also reported (Lavoie and de la Noue, 1983; Morales et al., 1985).

In addition to the type of coagulant, the composition of the algalmedium can also influence
the optimum flocculation dosage. For lime treatment whereby magnesium hydroxide pre-
cipitate is functioning as a coagulant, as discussed earlier, it was found that the higher the
dissolved organic substances in the algal suspension, the higher was the concentration of
magnesium hydroxide required for good algal flocculation (Folkman and Wachs, 1973). In-
hibition of flocculation caused by the presence of dissolved organic matter was also observed
in other investigations (Hoyer and Bernhardt, 1980; Narkis and Rebhun, 1981). Conversely, it
was found in another study that algal exocellular organic substances reduced the optimal
coagulant dose during the early declining growth phase of algal culture but increased the
dose during the late growth stages (Tenney et al., 1969). The authors attributed the increased
optimal dose to the development of the organic substances into protective colloid.

There are many variables that could affect algal coagulation-flocculation in a collective
and complicated manner, rendering predictions for operational conditions almost impos-
sible. Other than algal type, the optimal coagulant dosages can be dictated by the concen-
trations of phosphate, alkalinity, ammonia, dissolved organic matter, and temperature
of the algal medium (Moraine et al., 1980). In practice, optimal coagulant dosages are
determined using bench-scale jar tests to simulate the complex coagulation-flocculation
process.

Harvesting by chemical flocculation is a method that is often too expensive for large
operations. The main disadvantage of this separation method is that the additional chemicals
are difficult to remove from the separated algae, probably making it inefficient and uneco-
nomical for commercial use, though it may be practical for personal use. The cost to remove
these chemicals may be too expensive to be commercially viable. One way to solve this prob-
lem is to interrupt the carbon dioxide supply to the algal system, which would cause algae to
flocculate on its own—namely, autoflocculation. In some cases this phenomenon is associated
with elevated pH due to photosynthetic carbon dioxide consumption corresponding to pre-
cipitation of inorganic precipitates (mainly calcium phosphate), which cause the flocculation
(Sukenik and Shelef, 1984). In addition to this coprecipitative autoflocculation, the formation
of algal aggregates can also be due to excreted organic macromolecules (Benemann et al.,
1980), inhibited release ofmicroalgae daughter cells (Malis-Arad et al., 1980), and aggregation
between microalgae and bacteria (Kogura et al., 1981).

A fungi pelletization-assisted bioflocculation process for algae harvesting and wastewater
treatment was developed (Zhou et al., 2012). Microalga Chlorella vulgaris UMN235 and two
locally isolated fungal species, Aspergillus sp. UMN F01 and UMN F02, were used to study
the effect of various cultural conditions on pelletization for fungi–algae complex. The results
showed that pH was the key factor affecting formation of fungi–algae pellets, and pH could
be controlled by adjusting glucose concentration and the number of added fungal spores.
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The best pelletization occurred when adding 20 g/L glucose and approximately 1.2�108/L
spores in BG-11 medium, under which almost all of algal cells were captured onto the pellets
with shorter retention time. The fungi–algae pellets can be easily harvested by simple
filtration due to their large size (2–5 mm). The filtered fungi–algae pellets were reused as
immobilized cells for wastewater treatment. It was claimed that the technology developed
is highly promising compared with current algae harvesting and biological wastewater treat-
ment technologies in the literature.

5.3.3 Filtration

Filtration is carried out by forcing algal suspension to flow across a filter medium using a
suction pump. The algae biomass is retained and concentrated on the medium and is then
harvested. Themain advantage of filtration is that it is able to harvest microalgae or algal cells
of very low density. A pressure dropmust be maintained across the medium in order to force
fluid to flow through. Depending on the required pressure drop, various filtration methods
have been devised with driving force derived from gravity, vacuum, pressure, or magnetic.

Filtration can be categorized either as surface or deep-bed filtration. In surface filtration,
solids are deposited on the filter medium in the form of a paste or cake. Once an initial thin
layer of cake is formed on the medium surfaces as precoat, algal cells are deposited on the
precoat, serving as a filter medium per se. As algal deposition grows thicker, the resistance
to flow across the medium would increase. The filtration flux would decline for a constant
pressure-drop operation. In deep-bed filtration, solids are deposited within the filter-bed
matrix.

Themain problemswith using filtration to harvest algae are that the fluid flow is limited to
small volumes and by clogging/fouling of the medium by the deposited cells. Several other
methods have been devised to avoid filter clogging or membrane fouling. One involves the
use of a reverse-flow vacuum in which the pressure operates from above, making the process
less vigorous and avoiding algal cell deposition. A second process uses a direct vacuumwith
a paddle above the filter, providing agitation that prevents the particles from depositing on
the medium. Use of a microstrainer as a pretreatment to filtration can reduce clogging and
improve algae harvesting. Most filtration operations would include frequent backwashing
as a routine maintenance to tackle filter clogging or fouling.

Several filtration methods have been used for algae harvesting with varying degrees of
success. The following section discusses various filtration methods that have been used for
algae harvesting.

5.3.3.1 Pressure Filtration

Algae can be dewatered and harvested by pressure filtration using either plate-and-frame
filter presses or pressure vessels containing filter elements. In plate-and-frame filter press
filtration, dewatering is achieved by forcing the fluid from the algal suspension under high
pressure. The press consists of a series of rectangular plates with recesses on both sides, which
are supported face to face in a vertical position on a frame with a fixed and movable head.
A filter cloth is hung or fitted over each plate. The plates are held together with sufficient
force to seal them so as to withstand the pressure applied during the filtration process.
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In the operation, fluid containing algal suspension is pumped into the space between the
plates, and pressure is applied and maintained for several hours, forcing the liquid through
the filter cloth and plate outlet ports. The plates are then separated and the dewatered algal
cake is harvested. The filtration cycle involves filling the press, maintain the press under pres-
sure, opening the press, washing and discharging the cake, and closing the press. Chemical
conditioners such as polyelectrolytes may be used to increase the solids content of the cake.

In filtration by pressure vessel containing filter elements, a number of designs have been
devised, such as rotary-drum pressure filters, cylindrical-element filters, vertical tank vertical
leaf filters, horizontal tank vertical leaf filters, and horizontal leaf filters. A comparison of the
use of different pressure filters for Coelastrum harvesting has been investigated (Mohn, 1980).
Five different pressure filters—chamber filter press, belt press, pressure-suction filter, cylin-
dric sieve, and filter basket—were operated. Solids concentrations in the range of 5% to 27%
were measured for the harvested algae. Chamber filter press, cylindric sieve, and filter basket
were recommended for algae filtration with respect to energy consideration, reliability, and
concentrating capability. A belt filter press was not recommended because of low-density al-
gal cake if filtration was carried out without prior coagulants dosing to the feed. A pressure-
suction filter was also not recommended because of low filtration ratio, high investment costs,
and unclear operational expenses.

5.3.3.2 Vacuum Filtration

The driving force for vacuum filtration results from the application of suction on the filtrate
side of themedium. Although the theoretical pressure drop for vacuum filtration is 100 kPa, it
is normally limited to 70 or 80 kPa in actual operation (Shelef et al., 1984). Vacuum filtration
can yield algal harvests with moisture contents comparable to those of pressure filtration at
lower operating cost if the content of large algal cells in the feed is high.

Five different vacuum filters—vacuum drum filter (not precoated), vacuum drum filter
precoated with potato starch, suction filter, belt filter, and filter thickener—have been tested
for the harvesting of Coelastrum (Mohn, 1980). Suspended-solids content of the harvested al-
gae was in the range of 5–37%. Based on energy consideration, reliability, and dewatering
capability, the precoated vacuum drum filter, the suction filter, and the belt filter were
recommended. The precoated filter can also be used to harvest tiny microalgae such as
Scenedesmus (Shelef et al., 1984). The nonprecoated vacuum drum filter was ineffective and
not reliable due to clogging problems. The filter thickeners were not recommended because
of low solids content (3–7%) of the algal cake, low filtration velocity, high energy demand, and
poor reliability.

Dodd and Anderson (1977) were the first to harvest microalgae by a belt filter precoated
with eucalyptus and pine-crafts fibers. The use of a precoat was found to cause undesirable
operational complexity and increased costs. In another study, fine-weave cloth rather than the
precoated filter was investigated (Dodd, 1980). This method required a relatively low energy
input and no chemicals were added. It was found to be efficient in harvesting larger species of
algae such as Micractinium, but it had problems with fouling in smaller algal species such as
Chlorella. Its capital costs are higher than dissolved-air floatation, but the operating expendi-
tures are the lowest among all harvesting methods with the exception of natural settling
(Dodd, 1980).
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5.3.3.3 Deep-Bed Filtration

In deep-bed filtration, algae particles are harvested in a depth filter. Smaller than the
medium openings, algal particles flow into the medium and are retained within the filter
bed. Deep-bed filtration is most often operated as a batch process. When the pressure drop
reaches the maximum available, the filter must be taken out of service for backwashing.

Harris et al. (1978) and Reinolds et al. (1974) reported successful separation of algal cells
from pond effluent with average solids concentration of 30 mg/L by intermediate sand
filtration. The filtration systems, however, rapidly experienced a severe clogging problem
and filtration flux dropped drastically.

Intermittent sand filtration was also investigated in a wastewater treatment plant
upgrading (Middlebrooks and Marshall, 1974; Marshall and Middlebooks, 1973). The inves-
tigation revealed that only large algal particles can be harvested by separating the dried cake
from the surface of the bed. Fine algal particles infiltrated and trapped within the bed could
not be efficiently harvested.

5.3.3.4 Cross-Flow Ultrafiltration

A cross-flow ultrafiltration system was adopted for treatment of algae pond effluents to
produce thickened algae for animal feed. Up to 20 times of the concentration of the algae
had been collected with very high-quality filtered effluent. The main disadvantage of this
system is the high energy requirements, which rendered this process uneconomical.

5.3.3.5 Magnetic Filtration

Magnetic filtration was initially used in wastewater treatment for removal of suspended
solids and heavy metals (Bitton et al., 1974; Okuda et al., 1975). Magnetic separation using
suspended magnetic particles (such as Fe3O4 magnetite) was subsequently used in algae re-
moval (Yadidia et al., 1977). Algal cells and the magnetic particles were coagulated, and the
fluid was passed through a filter screen encompassed bymagnetic field to retain themagnetic
precipitates. Algae removal efficiency of between 55% and 94% by a commercial magnetic
filter dosed with alum coagulant was reported (Bitton et al., 1974). Higher algae removal
(>90%) was achieved using 5–13 mg/L Iron (III) Chloride as primary coagulant and
500–1,200 mg/Lmagnetite asmagnetic particles for pond algal harvesting (Yadidia et al., 1977).

5.3.4 Gravity Sedimentation

Gravity sedimentation is a process of solid-liquid separation that separates a feed sus-
pension into a slurry of higher concentration and an effluent of substantially clear liquid.
It is the most common concentration process for sludge treatment at wastewater treatment
plants. To remove particles that have reasonable settling velocity from a suspension, gravity
sedimentation under free or hindering settling is satisfactory. However, to remove fine par-
ticles with a diameter of a few microns and for practicable operation, flocculation should be
induced to form larger particles that possess a reasonable settling velocity. The thickened
underflow of sludge is withdrawn from the bottom of the tank; the effluent or supernatant
overflows a weir and is pumped back to the inlet of the treatment plant.
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Gravity sedimentation is used for algae separation where the clarity of the overflow is of
primary importance and algal feeds suspension is usually dilute (Mohn and Soeder, 1978;
Mohn, 1980; Eisenberg et al., 1981; Venkataraman, 1980; Sukenik and She1ef, 1984) or where
a thickening of the underflow and the algae feed slurry is usually more concentrated (Mohn,
1980).

5.3.4.1 Clarification in Simple Sedimentation Tanks or Ponds

There is limited literature on algae sedimentation in ponds without any flocculation
process. Isolation of facultative oxidation pond from inflow feed to promote water clarifica-
tion was investigated (Koopman et al., 1978). Operations involving fill-and-draw cycles for
secondary ponds gave rise to significant removal of algae from facultative oxidation pond
effluent (Benemann et al., 1980).

Similar secondary ponds were used for algae settling from high rate oxidation pond
effluent (Adan and Lee, 1980; Benemann et al., 1980). Well-clarified effluent and algae slurry
of up to 3% solids content were achieved at the secondary ponds attributable to algae
autoflocculation, which enhanced the settling. The autoflocculation phenomenon is distinctly
different from the coprecipitative autoflocculation suggested by Sukenik and Shelef (1984),
as discussed earlier. The autoflocculation mechanism involved remained unclear (Eisenberg
et al., 1981).

Coagulant dosing to a settling tube to promote algae sedimentation was looked into by
Mohn (1980). The batched operation achieved an algal concentration of 1.5% solids content.
Algae separation by sedimentation tanks or tubes is considered a simple and inexpensive
process. Its concentrating reliability is low without coagulant dosing. Algae autoflocculation
may be used as an inexpensive reliable algae separation method. However, the natural
flocculation processes should be closely studied and well understood before it can be incor-
porated for primary concentration.

5.3.4.2 Lamella-Type Sedimentation Tanks

To enhance algae settling, flat inclined plates are incorporated in a settling tank to promote
solids contacting and settling along and down the plates. The slopes of plates are designed for
the downgliding of the settled algal particles into a sump from which they are removed by
pumping (Mohn, 1980; Shelef et al., 1984). Algae were concentrated to 1.6% solids content,
and coagulant dosing was suggested if suspension of tiny algae such as Scenedesmus is fed
to the system (Mohn, 1980). Operational reliability of this method was fair, and further thick-
ening of algae slurry was required.

5.3.4.3 Flocculation-Sedimentation

A process of flocculation followed by gravity sedimentation for algae separation has been
studied (Golueke and Oswald, 1965). Treating high rate oxidation pond effluent, the process
achieved up to 85% of the algal biomass using alum as a coagulant. The process was found
reliable, and various algae species could be separated to achieve an algae slurry of 1.5% solids
content. A comparison of the flocculation-sedimentation process with the flocculation-
flotation method indicated that the latter exhibited very clear optima operating conditions
for algae separation (Friedman et al., 1977; Moraine et al., 1980).
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5.3.5 Flotation

An alternative to gravity sedimentation is a process called flotation, which is particularly
effective for very thin algae suspension. Whereas gravitational separation works best with
heavy algae suspension, flotation is used when suspended particles have a settling velocity
so low that they are not able to settle in sedimentation tanks. Flotation is simply gravity thick-
ening upside down. Instead of waiting for the sludge particles to settle to the bottom of the
tank, liquid-solid separation is brought about by introducing fine air bubbles at the bottom of
a flotation tank. The bubbles attach themselves to the particulate matter, and their combined
buoyancy encourages the particles to rise to the surface. Once the particles have been floated
to the surface, a layer of thickened slurry will be formed and can be collected by a skimming
operation. The air-to-solids ratio is probably the most important factor affecting performance
of the flotation thickener, which is defined as the weight ratio of air available for flotation to
the solids to be floated in the feed stream.

Limited algae biomass is harvested by flotation processes unless coagulant in optimal dose
is injected to the algae suspension (Bare et al., 1975). Different coagulants have been used in
flotation systems. Chemicals such as aluminum and ferric salts as well as polymers are used
to facilitate the flotation. The overall objective is to increase allowable solids loading, percent-
age of floated solids, and clarity of the effluent.

The principal advantage of flotation over sedimentation is that very small or light algal
particles that settle slowly can be harvested in a much shorter time. Flotation systems also
offer higher solids concentrations and lower initial equipment cost. There are three basic
variations of the flotation thickening system: dissolved-air flotation, electroflotation (also
called electrolytic flotation), and dispersed-air flotation.

Based on observation of partial natural flotation of algae (van Vuuren and van Duuren,
1965), a full-scale flotation project was carried out (van Vuuren et al., 1965). Subsequently,
work on the flocculation-flotation process for clarifying algae pond effluents was conducted
(Bare et al., 1975; Moraine et al., 1980; Sandbank et al., 1974).

Other than algae, flotation of other microorganisms (bacteria) was suggested as a classi-
fication and separation process. Gaudin et al. (1962) found that E. colimay be floated success-
fully with 4% sodium chloride. Quaternary ammonium salts were used as surface-active
agents for effective bacterial flotation (Grieves and Wang, 1966).

5.3.5.1 Dissolved-Air Flotation

In the dissolved-air flotation system, a liquid stream saturated with pressurized air is
added to the dissolved-air flotation unit, where it is mixed with the incoming feed. As the
pressure returns to atmosphere, the dissolved air comes out of the liquid, forming fine
bubbles that bring fine particles with them as they rise to the surface, where they are removed
by a skimmer.

The production of fine air bubbles in the dissolved-air flotation process is based on the
higher solubility of air in water as pressure increases. Saturation at pressures higher than at-
mospheric and higher than flotation under atmospheric conditions was examined and used
for algae separation (Sandbank, 1979). It was suggested that algae separation by dissolved-air
flotation should be operated in conjunction with chemical flocculation (Bare et al., 1975;
McGarry andDurrani, 1970). The clarified effluent quality depends on operational parameters
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such as recycling rate, air tank pressure, hydraulic retention time, and particle floating rate
(Bare et al., 1975; Sandbank 1979), whereas slurry concentration depends on the skimmer
speed and its overboard above-water surface (Moraine et al., 1980).

Algae pond effluent containing a wide range of algae species may successfully be clarified
by dissolved-air flotation, achieving thickened slurry up to 6%. The solids concentration of
harvested slurry could be further increased by a downstream second-stage flotation (Bare
et al., 1975; Friedman et al., 1977; Moraine et al., 1980; Viviers and Briers, 1982). High reliabil-
ity of dissolved-air flotation algae separation can be achieved after optimal operating param-
eters have been ascertained. Autoflotation of algae by photosynthetically produced dissolved
oxygen (DO) following flocculationwith alum or C-31 polymerwas examined (Koopman and
Lincoln, 1983). Algae removal of 80–90%, alongwith skimmed algal concentrations averaging
more than 6% solids, was achieved at liquid overflow rates of up to 2 m/hr. It was reported
that the autoflotation was subject to dissolved oxygen concentration. No autoflotation was
observed below 16 mg DO/L.

5.3.5.2 Electroflotation

In electroflotation or electrolytic flotation, fine gas bubbles are formed by electrolysis. The
formed hydrogen gas attaches to fine algal particles, which float to the surface, where they are
removed by a skimmer. Instead of a saturator, a costly rectifier supplying 5–20 DC volts at
approximately 11 Amperes per square meter is required. The voltage required to maintain
the necessary current density for bubble generation depends on the conductivity of the feed
suspension. Further discussion of research on electroflotation is presented in Section 5.3.7.

5.3.5.3 Dispersed-Air Flotation

A variation of dissolved-air flotation is dispersed-air flotation, whereby air is directly in-
troduced to the flotation tank by various means. Large bubbles of about 1 mm are generated
by agitation combined with air injection (froth flotation) or by bubbling air through porous
media (foam flotation). In froth flotation, the cultivator aerates the water into a froth, then
skims the algae from the top. A highly efficient froth-flotation procedure was developed
for harvesting algae from dilute suspensions (Levin et al., 1962). The method did not depend
on the addition of surfactants. Harvesting was carried out in a long column containing the
feed solution, which was aerated from below. A stable column of foam was produced and
harvested from a side arm near the top of the column. The cell concentration of the harvest
was a function of pH, aeration rate, aerator porosity, feed concentration, and height of foam in
the harvesting column. The authors speculated that economic aspects of this process seemed
favorable for mass harvesting of algae for food or other purposes.

The removal of algae and attachedwater using a froth-flotation method as a function of the
collector type, aeration rates, the pH of die algal suspension, and temperature of operation
was described by Phoochinda et al. (2005). Dispersed-air flotation was used in this study
to remove Scenedesmus quadricauda. The addition of surfactants such as cetyltrimethy-
lammonium bromide (CTAB) and sodium dodecyls ulfate (SIDS) increased the aeration rates
and reduced the size of air bubbles. Only CTAB gave high algal removal (90%), whereas SIDS
gave poor algal removal (16%). However, by decreasing the pH values of the algal suspen-
sion, it was possible to increase the algal removal efficiency up to 80%. Low-temperature
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operation had an important effect on reducing the rate of algal removal, but when the
temperature was 20�C or higher, there was little change with further temperature rises.

In a subsequent study, the removal efficiencies of both live and dead algae using the froth-
flotation method as a function of the introduction of two types of surfactant, aeration rates,
pH, and temperature of operation were compared (Phoochinda et al., 2005). CTAB, a cationic
surfactant species, gave comparatively good algal removal efficiency, whereas SIDS, an an-
ionic surfactant species, gave, in comparison, a relatively poor removal efficiency. By decreas-
ing the ambient pH values of the algal suspensions, SIDS gave an increasingly better extent of
separation. As the aeration rates were increased, the removal efficiencies of both the live and
the dead algae were increased slightly, whereas when the temperature increased from
20–40�C, the removal rates were, more or less, unchanged. In most cases, the removal of
the dead algae was greater than that of the live algae. The surface tension of the dead algal
suspensions with CTABwas slightly lower than that of the live algal suspensions with CTAB
at comparable concentrations, which may facilitate the removal of the dead algae.

Selectivity for air-bubble attachment is based on the relative degree of wetting (wettabil-
ity), specifying the ability of the algal surface to be wetted when in contact with the liquid.
Only particles having a specific affinity for air bubbles would rise to the surface
(Svarovsky, 1979). Wettability and frothing are controlled by the following three classes of
flotation reagents (Shelef et al., 1984):

1. Frothers, which provide stable froth
2. Collectors (promoters), which are surface-active agents that control the particle surface

wettability by varying the contact angle and the particles’ electrokinetic properties
3. Modifiers, which are pH regulators

Golueke and Oswald (1965) reported that only 2 out of 18 tested reagents gave satisfactory
concentration of algae harvested, with poor algae removal efficiency. In another study, it was
reported that algae harvest was primarily controlled by culture pH in the dispersed-air
flotation system operated (Levin et al., 1962). Critical pH level was recorded at 4.0, which
was attributed to the changes in the algae surface characteristics.

5.3.5.4 Ozone Flotation

An injected air stream containing ozone gas was used in separating microalgae from high
rate oxidation pond effluent by ozone flotation. Use of ozone-induced flotation for algae
recovery and effluent treatment was studied (Betzer et al., 1980). The ozone gas promotes cell
flotation bymodification of algae cell wall surface and by releasing some surface active agents
from algae cells. The ozone-flotation process has been studied in numerous applications (Jin
et al., 2006; Benoufella et al., 1994).

Elimination of a Microcystis strain of cyanobacteria (blue-green algae) by the use of ozone
flotation was investigated in a pilot study (Benoufella et al., 1994). The oxidizing properties of
ozone and the physical aspects of flotation were exploited in the flotation process. A specific
ozone utilization rate ofMicrocystiswas calculated, and ozone concentration and contact time
curves were plotted versus algal removal. The study found that use of ozone in pretreatment
leads to an inactivation of the algal cells. A prior coagulation stage was necessary for satis-
factory cyanobacteria removal, and use of ferric chloride as a coagulant produced the best
performance. Preozonation was also of influence on enhancement of the coagulation

100 5. ALGAL BIOMASS HARVESTING



efficiency. Coupling ozone flotation with filtration can improve water quality, with treated
effluent indicating low turbidity and low organic content.

5.3.6 Centrifugation

Centrifuges are analogous to sedimentation tanks except that the suspended particles are
accelerated in their separation from the suspension by a centrifugal force that is higher than
the gravity force. Centrifuges can be grouped into stationery-wall devices (hydrocyclone) or
rotating-wall devices (sedimenting centrifuges). Sedimenting centrifuges, more commonly
used than hydrocyclones, are bowl-shaped clarifiers with the base wrapped around a center
line so that their rotation generates gravitational force of a few thousand times the force of
gravity. Suspension is fed into the bowl and rotated. The greater the rotational speed, the
more rapidly the solids in the suspension spin out against the rotating bowlwall. Supernatant
is removed through a skimming tube or over a weir; solids remain in the bowl (in the case of
batch processing) or are constantly or intermittently removed (in the case of continuous
operation).

Several centrifugation devices were examined for application in algae separation (Mohn
and Soeder, 1978; Mohn, 1980; Moraine et al., 1980; Shelef et al., 1980, 1984). Some of them
were very efficient as one-step separation process while others were found either inefficient
or required thickened feed slurry. Centrifuges operated in batch mode are less attractive, as
their operation has to be stopped for the solids to be released. Although reliability and effi-
ciency of some of the centrifugation methods are high, high operating cost often offset the
merits of such devices for algae separation.

The following sections discuss various centrifuge systems used for algae separation. These
include hydrocyclone, tubular centrifuge, solid-bowl decanter centrifuge, nozzle-type
centrifuge, and solids-ejecting disc centrifuge.

5.3.6.1 Hydrocyclone

A hydrocyclone is constructed of a cylindrical section joined to a conical section. Feed is
injected tangentially at high speed into the upper cylindrical section, which develops a strong
swiveling fluid motion. Fluid containing fine particles is discharged through overflow pipe,
while the remaining suspension containing course particles discharges though the underflow
orifice at the cone tip. Application of hydrocyclone for algae harvesting was studied byMohn
(1980). It was reported that only Coelastrum algae that grow in large aggregates are harvested
by this method. The solid concentration of harvested algae slurry was low, with incomplete
solid-liquid separation.

5.3.6.2 Solid-Bowl Decanter Centrifuge

The solid-bowl decanter centrifuge is characterized by a horizontal conical bowl
containing a screw conveyor that rotates in the same direction. Feed slurry enters at the center
and is spun against the bowl wall. Settled solids are moved by the screw conveyor to one end
of the bowl and out of the liquid for drainage before discharge, while separated water forms a
concentric inner layer and overflows an adjustable dam plate. The helical screw conveyor
pushing the deposited slurry operates at a higher rotational speed than the bowl.
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A solid-bowl screw centrifugewas used to separate various types of algae (Mohn, 1980). Fed
with an algal suspension of 2% solids, the separated algal slurry was able to attain 22% solids
concentrations. Although the reliability of this centrifuge seems to be excellent, the energy con-
sumption is too high. An attempt to concentrate an algae feed of 5.5% solids derived from a
flotation process by a co-current solid-bowl decanter centrifuge was not successful (Shelef
et al., 1984). Subsequently, algae slurry concentration was improved to 21% TSS by reducing
the scroll speed to 5 rpm (Shelef et al., 1984). The solid-bowl decanter centrifuge was
recommended for use concurrently with polyelectrolyte coagulant to increase the efficiency.

5.3.6.3 Nozzle-Type Centrifuge

Continuous discharge of solids as a slurry is possible with the nozzle-type disc centrifuge.
The shape of the bowl is modified so that the slurry space has a conical section that provides
sufficient storage volume and affords a good flow profile for the ejected cake (Shelef et al.,
1984). The bowl walls slope toward a peripheral zone containing evenly spaced nozzles.
The number and size of the nozzles are optimized to avoid cake buildup and to obtain
reasonable concentrated algal biomass.

The application of a nozzle-type disc centrifuge for algae harvesting was suggested by
Golueke and Oswald (1965). The influence of nozzle diameter on flow rate, algae removal
efficiency, and resultant slurry concentration was looked into. Through comparison with
other algae harvesting methods, it was concluded that the nozzle-type centrifuge seemed
promising, albeit it is less attractive because of power requirements and capitalization costs.
In other studies, the centrifuge appeared to be more effective to harvest Scenedesmus than
Coelastrum (Mohn and Soeder, 1978; Mohn, 1980). By returning the centrifuge underflow
to the feed, the solids content of the algae suspension (0.1%) can be concentrated by a factor
of 15–150%. The reliability of this device can be ensured as long as the clogging of the nozzles
is avoided.

5.3.6.4 Solid-Ejecting Disc Centrifuge

A solid-ejecting disc centrifuge provides intermittent solids ejection by regulating its valve-
controlled peripheral ports using a timer or an automatic triggering device. The advantage
of this centrifuge for algae harvesting is its ability to produce algal cake in a single step without
chemical dosing (Mohn and Soeder, 1978; Mohn, 1980; Shelef et al., 1984). This centrifuge con-
centrated various types of microalgae effectively, achieving algal cake of 12–25% solids (Mohn,
1980;Moraine et al., 1980). The extent of the algae suspension separation increaseswith increas-
ing residence time (decreasing feed rate), and the ejected cake concentration is affected by the
intervals between successive desludging (Shelef et al., 1984). A solid-ejecting disc centrifuge
was found very reliable. The only reported setback was that solids finer than algae may be
retained in the overflow, which reduces the separation efficiency (Moraine et al., 1980). High
capital and energy costs render this separation method unappealing.

5.3.7 Electrophoresis, Electroflotation, and Electroflocculation Techniques

Electrical approaches to algae dewatering include exploiting electrophoresis, electrofloc-
culation, and electroflotation. An obvious consideration, because algae normally carry a
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negative charge, is electrophoresis. In a water solution, however, both electrophoresis and
electroflocculation can occur under the same set of circumstances. If a tray of algae in its
growth medium were exposed to an electric field by placing metallic electrodes on two sides
of the tray and energizing them with a DC voltage, algae concentrations would occur at both
electrodes (electrophoresis) and at the bottom of the tray (electroflocculation). A study fo-
cused on assessment of the factors influencing electrophoresis and electroflocculation of algae
in its growth medium was conducted (Pearsall et al., 2011). The reported experiments show
that electrophoresis does occur but is complicated by the effects of the fluidmotion. It appears
that the coupling of the algal cell and the fluid can be sufficiently strong that fluid motion
effects can influence or dominate behavior. Electroflocculation appears to be a robust process
(Poelman et al., 1997; Alfafara et al., 2002; Azarian et al., 2007). It does, however, inherently
leave electrically induced trace metal flocculants in the dewatered algae.

As mentioned in Section 5.3.5.2, fine gas bubbles formed during the electrolysis, causing
the algal particles to float to the surface, where they are skimmed off. An efficient bench-scale
electroflotation system for algae flocculation was reported by using the magnesium hydrox-
ide formed in the electrolysis to enable precipitation and, consequently, flocculation
(Contreras et al., 1981). Laboratory- and field-scale electroflotation units for algae removal
from wastewater oxidation pond effluent were operated (Sandbank et al., 1974;
Schwartzburd, 1978; Kumar et al., 1981). A 2 m2 pilot-scale unit was tested for clarification
of high-rate oxidation pond effluent (Shelef et al., 1984). For satisfactory algae separation,
electroflotation is to be followed by or be operated concurrently with alum flocculation
(Sandbank et al., 1974).

Awide range ofmicroalgae species were harvested by electroflotationwith up to 5% solids
in the harvested algae. Decantation after one day further increased the solids concentration
to 7–8% (Sandbank, 1979). The energy needs of the electroflotation process are generally
high, but for small units (<5 m2 area) electricflotation operating costs are less than those of
dissolved-air flotation units (Svarovsky, l979).

5.3.8 Ultrasonic Methods

Successful application of ultrasound technique to harvest microalgae has been reported in
a laboratory-scale study (Bosma et al., 2003). An algae separation process based on acousti-
cally induced aggregation followed by enhanced sedimentation was carried out. The effi-
ciency of algae harvesting and the concentration factor of the feed algal biomass
concentration were optimized. Efficiency of the separation process was modeled with a sat-
isfactory R-squared value of 0.88. The study found that feed-flow rate and algal biomass con-
centration would significantly influence the process efficiency. Efficiencies higher than 90%
were recorded at high biomass concentrations and flow rates between 4 and 6 L/day. As
much as 92% of the algae biomass could be harvested, and a concentration factor of 11 could
be achieved at these settings. Attempts to harvest at higher efficiency were unfruitful due to
small size and low particle density of the microalgae. Feed-flow rate, biomass concentration,
and ratio between harvest and feed flows had a significant effect on the concentration factor.
Highest concentration factors up to 20 could be reached at low biomass concentrations and
low harvest flow rates.
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The study claimed that on lab or pilot scale, ultrasonic harvesting has the advantage that,
in addition to small footprint, the process can be operated continuously without evoking
hydrodynamic shear stress on algal cells, thus maintaining integrity of the algae. Moreover,
the system can function as a biofilter when the algae excrete a soluble, high-value product.
However, comparing ultrasonic with other harvesting processes, the authors pointed out that
on an industrial scale, microalgae-harvesting centrifuges can be better used over the ultra-
sound aggregation-sedimentation process because of lower energy requirements, better algae
separation efficiencies, and higher concentration factors.

Use of ultrasound to improve the removal by coagulation of Microcystis aeruginosa,
a common species of toxic algae, was investigated (Zhang et al., 2009). The results show that
sonication significantly enhances the reduction of algae cells, solution UV254, and
chlorophyll-a without increasing the concentration of aqueous microcystins. The main mech-
anism involved the destruction during ultrasonic irradiation of gas vacuoles inside algae cells
that acted as “nuclei” for acoustic cavitation and collapse during the “bubble crush” period,
resulting in the settlement of cyanobacteria. The investigation revealed that coagulation effi-
ciency depended strongly on the coagulant dose and sonication conditions. With a coagulant
dose of 0.5 mg/L and ultrasonic irradiation for 5 seconds, algae removal efficiency increased
from 35% to 67%. Optimal sonication time was determined at 5 seconds, since further
sonication would only marginally enhance the coagulation efficiency. The most effective
sonication intensity was found to be at 47.2 W/cm2, and the highest removal of the algae
was recorded at 93.5%. Supported with experimentation on reservoir water, the authors
recommended that this method could be successfully applied to natural water containing
multiple species of algae.

5.4 CHALLENGES AND PROSPECTS

Biofuel derived from algae is currently a hotly debated topic because its production is one
of the more costly processes, which can dictate the sustainability of algae-based biofuel
products. There are two major energy and cost constraints to bulk production of microalgae
for biofuels: expensive culture systems with high capital costs and high energy requirements
for mixing and gas exchange, and the cost of harvesting in achieving feasible algal solids
concentration.

Because of the dilute algal suspension, the cost of harvesting microalgal biomass accounts
for a significant portion of the overall production cost of microalgal biofuels. Certainly,
energy-efficient and cost-effective harvesting are two major challenges in the commercializa-
tion of biofuels from algae (Dismukes et al., 2008; Reijnders, 2008). The algae must be concen-
trated by removing water in an economically viable fashion before further processing such as
drying and oil extraction. The lack of cost-effectivemethodologies for harvesting has been one
of the major hurdles for the economic production of algal biofuels, along with challenges
associated with variability of microalgae species (e.g., cell size, robustness, surface charge,
culture medium constituent, and desired end-product) (Cooney et al., 2009). An effective
microalgae separation process should be workable for all microalgae strains, yield a product
with a high dry biomass weight, and require moderate cost of operation, energy, and
maintenance.
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Microalgae harvesting can be a considerable problem because of the small size
(3–30 micrometers in diameter) and the stable suspended state of unicellular algal cells. Since
the mass fractions in a culture broth are low (typically less than 0.5 kg/m3 dry biomass in
some commercial production systems), large volumes of culture need to be processed to order
to recover biomass in a feasible quantity (Cooney et al., 2009; Ramanan et al., 2010). In addi-
tion, microalgae harvesting is a major bottleneck to microalgae bioprocess engineering
owing to its high operating cost, thus reducing the cost of microalgae harvesting is vital.
If microalgae can be concentrated about 30–50 times by coagulation–flocculation and gravity
sedimentation prior to dewatering, the energy demand for microalgae harvesting could be
significantly reduced (Jorquera et al., 2010).

In comparing algae removal using filtration, flotation, centrifugation, precipitation, ion
exchange, passage through a charged zone, and ultrasonic vibration, it was concluded that
only centrifugation and precipitation can be economically feasible, with centrifugation
beingmarginal (Golueke andOswald, 1965). In another study examining three different tech-
niques of harvesting microalgae involving centrifugation, chemical flocculation followed by
flotation, and continuous filtration with a fine-weave belt filter, it was reported that centrifu-
gation gave good recovery and a thickened slurry but required high capital investment and
energy inputs (Sim et al., 1988). Dissolved-air flotation was more economical, but, if the
recovered algae were to be incorporated into animal feed, the use of coagulants such as alum
could have undesirable effects on the growth rate of the animals. This problem could be
overcome by the use of nontoxic coagulants. The continuous filtration process had significant
advantages in terms of energy efficiency, economics, and chemical-free operation. The only
drawback of this process was that the efficiency depended on the size and morphology of
the algae.

Most of the algae-harvesting techniques present several disadvantages, not only because of
the high costs of operation but also due to the frequently low separation efficiencies and the
intolerable product quality. Algae separation processes such as sedimentation, centrifu-
gation, and filtration involve the use of equipment that could result in deterioration in algal
quality due to cell rupture that causes leakage of cell content. Furthermore, in the case of
flocculation, the high concentration of metal salts, which is normally used as the coagulant,
can have a negative effect on the quality of the final product, as discussed previously
(Kim et al., 2005).

High production yields of microalgae have called forth interest due to economic and sci-
entific factors, but it is still unclear whether the production of biodiesel is environmentally
sustainable and which transformation steps need further adjustment and optimization.
A comparative life-cycle assessment (LCA) of a virtual facility has been undertaken to assess
the energetic balance and the potential environmental impacts of the whole process chain,
from biomass production to biodiesel combustion (Lardon et al., 2009). The outcome vali-
dated the potential of microalgae as an energy source but highlighted the imperative neces-
sity of decreasing the energy and fertilizer requirements.

From another comparative LCA study to compare biodiesel production from algae with
canola and ultra-low sulfur diesel with respect to greenhouse gas emissions and costs, it
was concluded that the need for a high production rate is a vital key to make algal biodiesel
economically attractive (Campbell et al., 2011). In a separate study, it was concluded that the
potential greenhouse gas emissions from microalgae operational activities are likely to be
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outweighed by the emission reductions associatedwith the production efficiency and seques-
tration potential of microalgae (Williams and Laurens, 2010).

Some commercial interests in large-scale algal-cultivation systems are looking to tie into
existing infrastructures, such as coal-fired power plants or sewage treatment facilities.Wastes
generated from those infrastructures, such as flue gas (carbon dioxide) and wastewater nu-
trients (nitrogen, phosphorous and other micronutrients), can be converted into rawmaterial
resources for algal cultivation. While use of carbon dioxide for algal photosynthesis would
help attain carbon sequestration, uptake of waste nutrients for algal growth would eliminate
use of fertilizers derived from fossil-fuel energy, thus mitigating emissions.

In essence, algal biofuel is currently more expensive than other fuel options, but it is
likely to play a major role in the economy in the long run if technology improvements
succeed in bringing down costs. The main challenges are to decrease the energy and
fertilizer requirements and to accomplish high production rates in order to make algal bio-
diesel economically attractive. The potential of anaerobic digestion of waste oilcakes from
oil extraction as a way to reduce external energy demand and to recycle part of the mineral
fertilizers is to be further explored (Lardon et al., 2009). Algal biofuel production employing
renewable substrates may be a potential answer to overcome some of the economic
constraints. There is scope to use certain wastewater effluents containing waste nutrients
as cultivation broth. Therefore, production as well as unit energy cost of algal biofuel would
be reduced.

A rigorous techno-economic analysis is necessary to draw a clearer prospect comparison
between algal biofuel and the various other conventional fossil fuels. In addition to benefits
that can be quantified from the use of biofuel for clean energy production, intangible benefits
such as flue gas carbon dioxide sequestration, uptake of waste nutrients in place of fertilizers,
and biogas energy produced from anaerobic digestion of oilcake should also be considered.
These benefits would render a potential for claims of certified emission reductions (CERs)
under the Kyoto Protocol for reducing emissions that can be estimated through a holistic
LCA of algal biofuel production. The potential for claims of CERs to generate revenue and
to finance algal biofuel projects under the Kyoto Protocol for reducing emissions of green-
house gases appears to be promising. In view of the prospects of technology development
and global carbon trading, it may not be an unreasonable expectation that, in the future, algal
biofuel will experience a global shift toward employment of energy-efficient algae biofuel
production while mitigating greenhouse gas emissions.

5.5 CONCLUSIONS

Algal biofuel is believed to be one of the biofuels for the future in view of its potential to
replace depleting fossil fuels. The future role of algal biofuel as a clean fuel producing near-
zero emissions and as an energy carrier is increasingly recognized worldwide. Because
energy-efficient and cost-effective harvesting are twomajor hurdles in the commercialization
of biofuels from algae, research addressing these challenges should be intensified. Knowl-
edge exchange and cooperation between expert groups of various disciplines should be
strengthened in order to leapfrog technological development for algal biofuel.
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6.1 INTRODUCTION

Petroleum fuels are recognized as unsustainable due to their depleting supplies and re-
lease of greenhouse gas (Chisti, 2008). Renewable biofuels are promising alternatives to pe-
troleum and have attracted unprecedentedly increasing attention in recent years (Hu et al.,
2008). Comparedwith traditional fuels, the carbon-neutral biodiesel releases less gaseous pol-
lutants and is considered environmentally beneficial. Currently biodiesel is mainly produced
from vegetable oils, animal fats, and waste cooking oils. Plant oil-derived biodiesel, however,
cannot realistically meet the existing need for transport fuels, because immense amounts of
arable land have to be occupied to cultivate oil crops, causing a fuel-versus-food conflict
(Chisti, 2007). Because of their fast growth and lipid abundance, microalgae have been con-
sidered the promising alternative feedstock for biofuel production, and their potential has
been widely reported by many researchers in recent years (Chisti, 2007, 2008; Hu et al.,
2008; Mata et al., 2010; Liu et al., 2011a).

Mass cultivation of microalgae started almost concurrently in United States, Germany, and
Japan in the late 1940s (Burlew, 1964). From then on, the mass culture of algae became one of
the hottest topics in algal biotechnology, and increasingly improved culture systems have
been developed (Hu et al., 1996; Lin, 2005; Chisti, 2007; Masojidek et al., 2011). Nowadays
the most common procedure for mass culture is autotrophic growth in open ponds, where
the microalgae are cultured under conditions identical to the external environment. Circular
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ponds are the most common device for the large-scale commercial production of Chlorella
(Lin, 2005). Circular ponds were first built in Japan and then introduced to Taiwan and
now are widely adopted in Asia. The size of circular ponds may range from 30 to 50 m in
diameter, and a rotating agitator provides culture mixing.

Raceway ponds are another popular open culture device for mass culture ofChlorella. They
are made from poured concrete or simply dug into the earth covered with a plastic liner and
are either set as individual units or arranged as a meandering channel assembled by multiple
individual raceways. The culture usually is 20–30 cm in depth and circulated by a motorized
paddlewheel.

Although the open pond systems cost less to build and operate and are more durable, with
a large production capacity compared to a more sophisticated closed photobioreactor (PBR)
design, they have substantial intrinsic disadvantages, including difficulties in managing cul-
ture temperature, insufficiency of CO2 delivery, poor light availability on a per-cell basis,
rapid water loss due to evaporation, susceptibility to microbial contamination, poor growth,
low cell concentration, and consequently high cost for biomass harvest.

To overcome the inherent limitations associated with open pond systems, closed PBRs of
various geometries and configurations were adopted for mass cultivation of microalgae.
A popular PBR is a tubular design that is made of clear transparent tubes of a few centimeters
in diameter and arranged in various configurations, e.g., a serpentine shape placed above the
ground, multiple tubes running in parallel and connected by a manifold structure, a-type
cross tubes at an angle with horizontal, or coiled tubes helically around a supporting frame
(Lee et al., 1995; Borowitzka, 1999).

Flat plate PBR is another type of PBR design that may be arranged either vertically or in-
clined to the ground (Tredici et al., 1991; Hu et al., 1996, 1998; Zhang and Richmond, 2003).
Although capable of producing much higher cell densities than open ponds, they proved dif-
ficult to scale up, and the capital in infrastructure and continuous maintenance may be high.
In addition, the light limitation and oxygen accumulation associated with the buildup of cells
in PBRs are problematic issues that remain to be resolved.

Due to the significant characteristics such as fast growth, ultrahigh cell density, and high
oil productivity associated with heterotrophic algae, heterotrophic production of algal oils
has received substantially increasing interest and the scale-up production for possible com-
mercialization is sought, though it may be regarded as less economically viable than using
autotrophic growing algal cultures for producing lipid-based biofuels. This chapter provides
an overview of the current status of using heterotrophic algae—in particular,Chlorella—for oil
production. The path forward for further expansion of the heterotrophic production of algal
oils with respect to both challenges and opportunities is also discussed.

6.2 HETEROTROPHY OF MICROALGAE

Microalgae are more efficient than higher plants with respect to photosynthesis, through
which light, together with CO2, is converted to chemical energy. Aside from photo-
autotrophy, some microalgae are capable of growing heterotrophically as well as mixotro-
phically. Heterotrophy refers to the fact that microalgae utilize organic carbon as the solo
carbon and energy source for their reproduction in the absence of light; mixotrophy is indic-
ative of microalgae performing growth in the presence of light through use of both CO2
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(photosynthesis) and organic carbon sources. A number of microalgae have been reported for
heterotrophic growth, among which green algae, in particular, Chlorella, are the most studied
(Table 6.1). Microalgae are capable of utilizing awide range of organic carbon sources, includ-
ing sugars, hydrolyzed carbohydrates, waste molasses, acetate, and glycerol, as well as or-
ganic carbons from wastewater (Table 6.1). Regardless of the microalgal species and
strains, sugar—in particular, glucose—is the most commonly used organic carbon for
boosting heterotrophic growth of microalgae (Table 6.1).

The uptake of external glucose relies on a hexose/Hþ symport system that has been char-
acterized in Chlorella (Hallmann and Sumper, 1996). In the presence of glucose, the hexose/Hþ

symport system is activated and transports glucose and Hþ (1:1) into cytosol at the cost of
equal ATPmolecules (Tanner, 2000). The catabolism of transported glucose starts with a phos-
phorylation of the hexose to form glucose-6-phosphate, an important intermediate product for
respiration, storage, and biomass synthesis. Two pathways that share the initially formed
glucose-6-phosphate are proposed to be involved in the aerobic glycolysis in algae—namely,
the Embden-Meyerhof-Parnas (EMP) pathway and the pentose phosphate (PP) pathway
(Figure 6.1; Neilson and Lewin, 1974). Both pathways are present in cytosol and contribute to
the glucose metabolism in algae of autotrophy, mixotrophy, and heterotrophy, though their
contributions may vary largely (Yang et al., 2000, 2002; Hong and Lee, 2007). For instance,
glucose is mainly metabolized via a PP pathway in heterotrophic Chlorella pyrenoidosa, which
accounts for 90% of total glucose metabolic flux distribution (Yang et al., 2000). The dominant
role of a PP pathwaywas also demonstrated in the heterotrophic culture of the cyanobacterium
Synechocystis sp. PCC6803 (Yang et al., 2002). In contrast, the EMP pathway serves as the major
flux of glucose metabolism in algae in the presence of light (Yang et al., 2000, 2002), suggesting
the regulation of light on glycolysis. Table 6.2 shows the centralmetabolic network of glucose in
heterotrophic algae with stoichiometric reactions.

6.3 POTENTIAL OF HETEROTROPHIC ALGAL OILS

In comparison to photoautotrophy, heterotrophic growth mode offers substantial advan-
tages, e.g., elimination of the light requirement, ease of control for monoculture, high cell
density, and great biomass productivity (Chen, 1996). Lab-scale heterotrophic production of
algae has been reported in recent decades, either in shaking flasks or in small-volume fermen-
ters (Cheng et al., 2009; Liang et al., 2009; Liu et al., 2010, 2011b; Yan et al., 2011). Liang et al
(2009) examined the growth of Chlorella vulgaris under both phototrophic and heterotrophic
conditions and indicated heterotrophic C. vulgaris had around threefold higher biomass yield
than a phototrophic one. Liu et al (2011b) investigated the growth of Chlorella zofingiensis; the
alga achieved 10.1 g L–1 of cell density under heterotrophic conditions compared to 1.9 g L–1

under phototrophic conditions. Chlorella protothecoides, another well-studied green alga, was
reported to achieve as high as up to 17 g L–1 of cell density in heterotrophic batch cultures
(Cheng et al., 2009). This may be further improved through using culture techniques such
as fed-batch, chemostat, and cell recycling, which have been widely used for fermentation
of bacteria or yeasts. For example, the fed-batch C. protothecoides achieved a high cell density
of 97 g L–1 in a 5-L fermenter (Yan et al., 2011), much higher than that obtained in photoau-
totrophic culture systems (open ponds or photobioreactors) and close to the yeast yield
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TABLE 6.1 Algae Reported with Heterotrophic Growth.

Algae Carbon Sources References

Green algae

Chlamydomonas reinhardtii Acetate Chen and Johns, 1994, 1996; Zhang et al., 1999a

Chlorella minutissima Glucose, starch, sucrose, glycine,
acetate, glycerin

Li et al., 2011

Chlorella protothecoides Glucose, glycerol, hydrolyzed
carbohydrates, molasses,
municipal wastewater

Zhang et al., 1999b; Miao and Wu, 2006; Cheng
et al., 2009; Ruiz et al., 2009; Gao et al., 2010;
O’Grady andMorgan, 2011; Yan et al., 2011; Chen
and walker, 2012; Zhou et al. 2012

Chlorella pyrenoidosa Glucose Running et al., 1994

Chlorella regularis Glucose, acetate Endo et al., 1977; Sansawa and Endo, 2004

Chlorella saccharophila Glucose, glycerol Tan and Johns, 1991; Isleten-Hosoglu et al., 2012

Chlorella sorokiniana Glucose Chen and Johns, 1991; Zheng et al., 2012

Chlorella vulgaris Agro-industrial co-products,
glucose, sucrose, acetate, glycerol

Rattanapoltee et al., 2008; Mitra et al., 2012; Liang
et al., 2009; Scarsella et al., 2009

Chlorella zofingiensis Glucose, fructose, mannose,
sucrose, molasses

Ip and Chen, 2005; Liu et al., 2010, 2011b, 2012a

Haematococcus lacustris Glucose Chen et al., 1997

Haematococcus pluvialis Acetate Kobayashi et al., 1992

Micractinium pusillum Glucose, acetate Bouarab et al., 2004

Pseudococcomyxa chodatii Glucose Kiseleva and Kotlova, 2007

Tetraselmis suecica Glucose, acetate Day and Tsavalos, 1996; Azma et al., 2011

Diatom

Cyclotella cryptica Glucose Pahl et al., 2010

Nitzschia laevis Glucose Wen and Chen, 2001a,b; Chen et al., 2008

Others

Aphanothece microscopica Fish processing wastewater Queiroz et al., 2011

Crypthecodinium Cohnii Glucose Couto et al., 2010; Jiang et al., 1999; Jiang and
Chen, 2000a,b

Galdieria sulphuraria Glucose Schmidt et al., 2005; Sloth et al., 2006

Ochromonas danica Phenolic mixtures Semple, 1998

Schizochytrium limacinum Glycerol Ethier et al., 2011

Schizochytrium mangrovei Glucose Fan et al., 2007

Schizochytrium sp. Glucose Ganuza et al., 2008

Spirulina sp. Glucose Chojnacka and Noworyta, 2004

Spongiococcum exetricicum Glucose Hilaly et al., 1994

Synechocystis sp. Glucose Kong et al., 2003
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FIGURE 6.1 Central carbonmetabolismofmicroalgae in
heterotrophic cultures based on glucose. Glu, Glucose; G6P,
Glucose-6-Phosphate; F6P, Fructose-6-Phosphate; GAP,
Glyceraldehyde-3-Phosphate; G3P, 3-Phosphoglycerate;
PEP, Phosphoenolpyruvate; Pyr, Pyruvate; AcCoA, Acetyl-
CoA; ICT, Isocitrate; AKG, a-Ketoglutarate; Suc, Succinyl-
CoA; Fum, Fumarate; Mal, Malate; OAA, Oxalacetate;
Ru5P, Ribulose-5-Phosphate; R5P, Ribose-5-Phosphate;
X5P, Xyluose-5-Phosphate; E4P, Erythrose-4-Phosphate;
S7P, Sedoheptulose-7-Phosphate; Glu, Glutamate; Gln,
Glutamine. For details of the reactions with numbers, see
Table 6.2.

TABLE 6.2 The Central Metabolic Network of Glucose in Heterotrophic Algae with the
Stoichiometric Reactions.

Glycolytic pathway

Glc + ATP => G6P + ADP + H 1

G6P <=> F6P 2

F6P + ATP => 2GAP + ADP + H 3

2GAP + H2O => F6P + Pi 4

GAP + NAD + Pi + ADP <=> G3P + ATP + NADH + H 5

G3P <=> PEP + H2O 6

PEP + ADP => Pyr + ATP 7

Pyr + NAD + CoA => AcCoA + NADH + CO2 + H 8

PEP + CO2 + ADP => OAA + ATP 9

Continued
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(Li et al., 2007b; Kurosawa et al., 2010; Zhang et al., 2011). Although the growth and biomass
production of algae are species/strain dependent and may vary greatly, the overall bio-
mass yield and productivity of heterotrophic algae are significantly higher than those of
phototrophic ones, as illustrated by Figures 6.2a and 6.2b.

Heterotrophic culture of algae offers not only high cell density but also high level of oils. The
lipid contents of alga cultured heterotrophically were shown in Table 6.3. The lipid content
varies from 4.8% to 60% of dryweight, depending on the algal species/strains and culture con-
ditions. Commonly, stresses such as high light intensity and/or nitrogen starvation are re-
quired to induce intracellular oil accumulation of algae under photoautotrophic conditions.
These stresses, however, are unfavorable for algal growth and biomass production, causing
the contradiction between growth and oil synthesis. In contrast, the heterotrophic algae are able
to accumulate oil while simultaneously building up biomass; for example, the intracellular oil
content of C. zofingiensis increased from 0.25 to 0.5 g g–1 (on a dry-weight basis) when the cell
density increased from 5 to 42 g L–1 (Liu et al., 2010). The accumulated oil contains mainly neu-
tral lipids, in particular triacylglycerol (TAG). The TAG may account for up to 80% of neutral
lipids or 71% of total lipids (Liu et al., 2011b). TAG is regarded as superior to polar lipids (phos-
pholipids and glycolipids) for biodiesel production due to its higher content of fatty acids.
Taking into account the rapid growth and abundance of oils, heterotrophic algae usually allow

TABLE 6.2 The Central Metabolic Network of Glucose in Heterotrophic Algae with the
Stoichiometric Reactions—Cont’d

Tricarboxylic acid cycle

OAA + AcCOA + H2O <=> ICT + CoA + H 10

ICT + NAD <=> AKG + NADH + CO2 11

AKG + CoA + NAD => Suc + NADH + CO2 + H 12

Suc + ADP + Pi + FAD <=> Fum + FADH2 +ATP + CoA 13

Fum <=> Mal 14

Fum + NAD + H2O <=> OAA + NADH + H 15

Pentose phosphate pathway

G6P + 2NADP + H2O => Ru5P + CO2 + 2NADPH + 2H 16

Ru5P <=> R5P 17

Ru5P <=> X5P 18

R5P + X5P <=> S7P + GAP 19

S7P + GAP <=> F6P + E4P 20

X5P + E4P <=> F6P + GAP 21

Utilization of nitrogen

AKG + NADPH + Gln => 2Glu + NADP 22

Glu + NH3 + ATP => Gln + ADP + Pi 23
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TABLE 6.3 Oil Content of Heterotrophic Algae.

Algae Oil Content (% Dry Weight) References

Green algae

Chlorella minutissima 16.1 Li et al., 2011

Chlorella protothecoides 44.3-48.7 Li et al., 2007a

Chlorella protothecoides 44 Cheng et al., 2009

Chlorella protothecoides 52.5 Gao et al., 2010

Chlorella protothecoides 58.9 O’Grady and Morgan, 2011

Chlorella protothecoides 32 Chen and Walker, 2012

Chlorella protothecoides 49.4 De la Hoz Siegler et al., 2012

Chlorella protothecoides 28.9 Zhou et al., 2012

Chlorella saccharophila 26.7-36.3 Isleten-Hosoglu et al., 2012

Chlorella sorokiniana 20.1-46 Chen and Johns, 1991

Chlorella sorokiniana 23.3 Zheng et al., 2012

Continued
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FIGURE 6.2 Biomass (a, b) and oil (c, d) productivities of phototrophic (open) and heterotrophic (filled) algae,
based on the data of research articles published in the past decade. The differences in biomass and oil productivities
between cultures under phototrophic and heterotrophic growth conditions were statistically significant using
Duncan’s multiple-range test with the ANOVA procedure.
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a high volumetric oil productivity (Figures 6.2c and 6.2d), e.g., 7.3 g L–1 day–1 in the case of
C. protothecoides under fed-batch culture conditions (Yan et al., 2011). The fatty acid character-
istics of oils, e.g., carbon chain length and unsaturation degree, largely determine the properties
of biodiesel such as cetane number, viscosity, cold flow, and oxidative stability (Knothe, 2005).
Although the fatty acid species of algae grown heterotrophically may show few differences in
comparison to photoautotrophy, the proportions of individual fatty acid vary greatly. Liu et al.
(2011b) investigated the fatty acid profiles of C. zofingiensis and indicated that heterotrophic
cells contained low levels of C16:0, C16:3, C18:0, and C18:3 but much higher content of
C18:1 than autotrophic cells. The proportion of C18:1 is regarded as an important factor for bio-
diesel quality because it can provide a compromise solution between oxidative stability and
low-temperature properties (Knothe, 2009). The higher the C18:1 content, the better the biodie-
sel quality. The biodiesel derived fromheterotrophic algaewas analyzedwith respect to the key
properties (e.g., energy density, viscosity, flash point, cold filter plugging point, and acid
value), and the results showed that most properties complied with the specifications
established by the American Society for Testing and Materials (Xu et al., 2006).

In addition to the lab-scale cultures, many attempts have been made to develop industrial-
scale processes for the heterotrophic cultivation of algae. The heterotrophic Chlorella cultures
have long been initiated in Japan and Taiwan in the late 1970s; Chlorella species were cultured
in stainless steel tanks using glucose and/or acetate as carbon and energy sources, with an
annual production of 1,100 tons biomass (Lin, 2005). Thereafter, large-scale heterotrophic

TABLE 6.3 Oil Content of Heterotrophic Algae—Cont’d

Algae Oil Content (% Dry Weight) References

Chlorella vulgaris 23-34 Liang et al., 2009

Chlorella vulgaris 32.9 Rattanapoltee et al., 2008

Chlorella vulgaris 35-58.9 Scarsella et al., 2009

Chlorella vulgaris 11-43 Mitra et al., 2012

Chlorella zofingiensis 52 Liu et al., 2010

Chlorella zofingiensis 51.1 Liu et al., 2011b

Chlorella zofingiensis 48.9 Liu et al., 2012a

Diatoms

Cyclotella cryptica 4.8-7.4 Pahl et al., 2010

Nitzschia laevis 12.8 Chen et al., 2008

Others

Aphanothece microscopica 7.1-15.3 Queiroz et al., 2011

Crypthecodinium Cohnii 19.9 Couto et al., 2010

Schizochytrium limacinum 50.3 Ethier et al., 2011

Schizochytrium mangrovei 68 Fan et al., 2007

Schizochytrium sp. 35 Ganuza et al., 2008
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cultivation of several other algal strains were reported, for example, Tetraselmis suecica in
50,000-L fermenters (Day et al., 1991), Crypthecodinium cohnii with a capacity of 150,000 L
(Radmer and Fisher, 1996), and Spongiococcum exetriccium fed-batch cultured in 450-L fermen-
ters (Hilaly et al., 1994), though these cultures were used not for oils but for high-value prod-
ucts. Recently, a scale-up heterotrophic cultivation of C. protothecoides was reported for oil
production in 11,000-L fermenters, where the daily biomass production of 20 kg and oil pro-
duction of 8.8 kg were achieved (Li et al., 2007a).

Because of the elimination of light requirements and sophisticated fermentation systems that
have developed, the scale-up of heterotrophic cultures for high cell density and oil yield is rel-
atively easier to achieve than that of autotrophic cultures. The production of heterotrophic algal
cultures, however, is restricted, due largely to (1) the limited number of available heterotrophic
species, (2) possible contamination by bacteria or fungi, (3) inhibition of growth by soluble or-
ganic substrates (e.g., sugar) at high concentrations, and (4) the relatively high cost of organic
carbon sources. The first limitation might be overcome by performing extensive screening an-
alyses. For example, Vazhappilly and Chen (1998) intensively studied the heterotrophic poten-
tial of 20 algal strains and suggested that 6 of them showed good heterotrophic growth. As the
screening expands, increasing algal species/strainswill be identifiedwith heterotrophic poten-
tial. In some cases, the obligate photoautotrophic algae can be metabolic engineered to grow
heterotrophically. Zaslavskaia et al (2001) reported that a genetically modified Phaeodactylum
tricornutum, through introducing a gene encoding a glucose transporter, was capable of thriv-
ing on exogenous glucose in the absence of light, suggesting an alternative approach to increas-
ing the available number of heterotrophically grown algae. The second problem is due mainly
to the relatively slow growth of algae compared with other microorganisms such as bacteria or
yeast that grow fast and finally dominate the cultures. Rigorous sterilization and aseptic oper-
ation are necessary and considered to be effective to circumvent such possible contamination.
Growth inhibition is a common problem occurring in batch cultures, which has restricted the
use of batch cultures in commercial production processes. The growth inhibitionmay be attrib-
uted to the high initial concentration of substrates (e.g., sugars) or the possible buildup of cer-
tain inhibitory substances produced by algae during culture periods. For example, the sugar
concentration of over 20 g L–1 was reported to inhibit the growth of C. zofingiensis (Liu et al.,
2010, 2012a). Advances in heterotrophic culture systems may eliminate or reduce the
growth-inhibition problems,where fed-batch, chemostat, and cell recycle have been intensively
investigated (Wen and Chen, 2002a; De la Hoz Siegler et al., 2011; Liu et al., 2012a). The organic
carbon sources—in particular, glucose—account for the major cost of a culture medium and
contribute to the relatively high cost of heterotrophic production, which makes the algal oils
from heterotrophic cultures less economically viable than those from autotrophic cultures.
Cheap alternatives are sought with the goal of bringing down production costs, e.g., waste mo-
lasses (Yan et al., 2011; Liu et al., 2012a), carbohydrate hydrolysate (Cheng et al., 2009; Gao et al.,
2010), and biodiesel byproduct glycerol (O’Grady and Morgan, 2011).

6.4 FACTORS AFFECTING HETEROTROPHIC
PRODUCTION OF ALGAL OILS

Heterotrophic growth of algae requires organic carbons, water, and inorganic salts. The
growth, lipid content, and fatty acid composition are species/strain specific and can be
greatly influenced by a variety of medium nutrients and environmental factors.
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Carbon is the main component of algal biomass and accounts for ca 50% of dry weight.
Sugars, particularly glucose, are the commonly used organic carbon sources for heterotro-
phic growth of algae (Table 6.1). Different algae may prefer diverse sugars for heterotrophic
growth. Liu et al (2010) studied the effect of various monosaccharides and disaccharides on
growth of C. zofingiensis and found that glucose, fructose, mannose, and sucrose were effi-
ciently consumed by the cells for rapid growth, whereas lactose and galactose were poorly
assimilated and hardly supported the algal growth. In contrast, C. protothecoides may be un-
able to directly assimilate sucrose, and pretreatment using invertase is required to release glu-
cose and fructose (Yan et al., 2011). The growth, lipid content, and fatty acid profile of
heterotrophically grown C. zofingiensis were slightly affected by the sugar species, namely,
glucose, fructose, mannose, and sucrose (Liu et al., 2010) but were influenced to a large extent
by the initial concentration of sugars (Liu et al., 2012a). Within the tested range of sugar con-
centrations (5 to 50 g L–1), higher sugar concentrations gave C. zofingiensis higher cell density
but at the same time lower specific growth rate (Figure 6.3a). The slow growth at high sugar
concentrations is due likely to the substrate inhibition, a common issue confronted in batch
cultures. High sugar concentrations also favored the intracellular lipid accumulation of
C. zofingiensis, in which the lipid content at 30 g L–1 sugar was 0.5 g g–1, 79% greater than that
at 5 g L–1 sugar (Figure 6.3b). In addition, the lipid distribution was found to be associated
with sugar concentrations. Neutral lipid (NL) is the major lipid class, the proportion of which
increased with increased sugar concentrations and could account for up to 85.5% of total
lipids. Similar to NL, TAG levels were promoted by higher sugar concentrations (Figure 6.3c).
In contrast, the membrane lipids phospholipid (PL) and glycolipid (GL) decreased in re-
sponse to the increased sugar concentrations (Figure 6.3c). The fatty acid profiles of hetero-
trophic C. zofingiensis were investigated in response to different sugar concentrations
(Liu et al., 2012a). C16:0, C16:2, C18:1, C18:2, and C18:3 are the major fatty acids and
representedmore than 85% of total fatty acids. The levels of C16:0, C16:2, and C18:2 remained
nearly unchanged under all tested sugar concentrations. In contrast, C18:1 and C18:3 levels
were significantly affected: The former was promoted by higher sugar concentrations,
whereas the latter by lower sugar concentrations. In addition, the content of total fatty acids
based on dry weight ascended as the sugar concentration increased and could reach as high
as 42.2%. Although the mechanism underlying sugar-induced lipid accumulation remains
largely unknown, preliminary data suggested the involvement of glucose in triggering the
great up-regulation of fatty acid biosynthetic genes, e.g., acetyl-CoA carboxylase and
stearoyl-ACP desaturase (Liu et al., 2010; Liu et al., 2012b). Glucose catabolism provides
not only energy for lipid/fatty acid synthesis but also acetyl-CoA, the direct precursor of fatty
acids. The high sugar levels cause the formation of excess carbon for cell generation, and the
carbon flux can be directed to lipid synthesis.

It is worth noting that some algal species prefer other carbon sources over glucose in het-
erotrophic mode. For example, feeding pure acetic acid enabled Crypthecodinium cohnii to
yield much higher productivity of docosahexaenoic acid (DHA) of 1,152 mg L–1 d–1; the su-
periority of acetic acid to glucose might be because in this alga, the conversion of glucose to
acetyl-CoA needs several steps, whereas acetate only needs a single-step action to be activated
to acetyl-CoA directly by acetyl-CoA synthetase (de Swaaf et al., 2003). Another alternative
carbon source, glycerol, has been commonly used for those algal species naturally occurring
in habitats with high osmolarity, such as seawater or saline pounds (Neilson and Lewin,
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1974), due possibly to that glycerol having the capability to raise the osmotic strength of the
solution and consequently keep the osmotic equilibrium in cells (Perez-Garcia et al., 2011).

Nitrogen is the second main component of algal biomass. In autotrophic cultures, nitrogen
is an important factor influencing intracellular lipid accumulation, and nitrogen limitation/
starvation is generally associated with the enhanced synthesis of lipids, in particular NL
(Illman et al., 2000; Hsieh and Wu, 2009; Lacour et al., 2012). In heterotrophic cultures, nitro-
gen availability also plays an important role in the profiles of lipids and fatty acids. A low
level of nitrogen favors the accumulation of intracellular lipids (Scarsella et al., 2009; Xiong
et al., 2010a). The heterotrophically grown Chlorella protothecoides produced 53.8% of lipids
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(on a dry-weight basis) under nitrogen-limiting conditions—over two times of that under
nitrogen-sufficient conditions (Xiong et al., 2010a). Nitrogen limitation also promoted carbo-
hydrate synthesis but at the same time lowered the algal growth and protein level as well as
the biomass growth yield coefficient on a glucose basis (Xiong et al., 2010a). The authors also
analyzed the carbon flux by using 13C-tracer and GC-MS and indicated that C. protothecoides
utilized considerably more acety-CoA for lipid synthesis under nitrogen-limiting conditions
than under nitrogen-sufficient conditions (Xiong et al., 2010a). Considering that organic car-
bons are used in heterotrophic cultures, the carbon/nitrogen (C/N) ratio, controlling the
switch between protein and lipid syntheses, is usually employed to show the combined effect
of carbon and nitrogen on lipid synthesis. Thus, it is the higher C/N ratios (corresponding to
higher carbon concentrations when the initial nitrogen is fixed or lower nitrogen concentra-
tions when the initial carbon is fixed) that trigger the accumulation of lipids, in particular the
NLs. The NLs are likely from the excess carbon in the form of acetyl-CoA that enters the lipid
synthetic pathway (Liu et al., 2012b) or from the transformation of chloroplast membrane
lipids when nitrogen is depleted (Garcı́a-Ferris et al., 1996). Up-regulation of enzymes in-
volved in lipid biosynthesis, including acetyl-CoA carboxylase (ACCase), stearoyl-acyl car-
rier protein desaturase (SAD), acyl-CoA:diacylglycerol acyltransferase (DGAT), and
phospholipid:diacylglycerol acyltransferase (PDAT), was observed to be associated with
lipid accumulation (Miller et al., 2010; Guarnieri et al., 2011; Boyle et al., 2012; Msanne
et al 2012; Liu et al., 2012b). The enhanced lipid synthesis may be not only related to up-
regulation of lipid-synthesizing enzymes under nitrogen limitation/starvation but also to
the possible cessation of other enzymes associated with cell growth and proliferation
(Ratledge and Wynn, 2002). For those reports that culture age affects lipid accumulation in
algae (Liu et al., 2010; Liu et al., 2011b), the underlying reasonmay be the nitrogen availability
in that the aged cultures are accompanied by the depletion of nitrogen, which triggers the
accumulation of lipids.

In addition to nitrogen availability, nitrogen sources have been demonstrated to influence
the growth and biochemical composition of heterotrophic algae. Algae can utilize various
forms of nitrogen, e.g., nitrate, ammonia, urea, glycine, yeast extract, and tryptone (Vogel
and Todaro, 1997; Shi et al., 2000; Hsieh and Wu, 2009; Yan et al., 2011). Both nitrate-N
and urea-N cannot be directly incorporated into organic compounds but have to be first re-
duced to ammonia-N. Ammonia and urea are economically more favorable as nitrogen
sources than nitrate in that the latter is more expensive per unit N. The uptake of ammonia
results in acidification of themedium, and nitrate causes alkalinization, whereas urea leads to
only minor pH changes (Goldman and Brewer, 1980). In this context, urea is the better choice
of nitrogen source for avoiding large pH shifts of unbuffered medium. Shi et al (2000)
reported the severe drop in culture pH (below 4) of heterotrophic C. protothecoides with am-
monia, which resulted in much lower biomass yield compared to with urea or nitrate. Differ-
ent algal species may favor different nitrogen sources for growth. For example, Chlorella
pyrenoidosa preferred urea to nitrate or glycine for growth, whereas C. protothecoides gave a
higher biomass yield when fed nitrate rather than urea (Davis et al., 1964; Shen et al.,
2010). Those mutants deficient in nitrate/nitrite reductases have to use ammonia for growth
(Dawson et al., 1997; Burhenne and Tischner, 2000).

Nitrogen limitation is not always linked to lipid accumulation in algae, e.g., the diatoms
Achnanthes brevipes and Tetraselmis spp. accumulated carbohydrates rather than lipids upon
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nitrogen starvation (Gladue and Maxey, 1994; Guerrini et al., 2000). Diatoms need silicate for
growth, and silicate metabolism in diatoms has been reviewed by Martin-Jezequel et al.
(2000). In general, silicate limitation/starvation is associated with the enhanced synthesis
of lipid in diatoms (Lombardi and Wangersky, 1991; Wen and Chen, 2000). In addition,
the content of polyunsaturated fatty acids (e.g., EPA) increased with the depleted silicate
(Wen and Chen, 2000). This may be explained by the finding that the silicate-limited diatom
cells divert the energy allocated for silicate uptake when silicate is replete into energy storage
lipids. Phosphorus plays an important role in the energy transfer of the algal cells as well as in
the syntheses of phospholipids and nucleic acids. It was also reported that phosphorus de-
ficiency promoted the accumulation of lipids in certain algae (Lombardi and Wangersky,
1991; Scarsella et al., 2009).

Aside from the medium nutrients, environmental factors play an important role in
influencing the heterotrophic growth and lipid profile of algae, including but not restricted
to temperature, pH, salinity, dissolved oxygen level, dilution rates, and turbulence (Chen and
Johns, 1991; Jiang and Chen, 2000a, b; Chen, et al., 2008; Pahl et al., 2010; Ethier et al., 2011).
When temperature shifts, the algae need to alter the thermal responses of membrane lipids to
maintain the normal function of membranes (Somerville, 1995). Many studies have proved
that in heterotrophic mode, a low temperature can induce the generation of unsaturated fatty
acids, and vice versa (Wen and Chen, 2001a; Jiang and Chen, 2000a). There are two possible
explanations: (1) a reduction in temperature leads to the decreased membrane fluidness; as a
result, the algae need to speed up the desaturation of lipids as a compensation to maintain the
proper cell membrane fluidity via the up-regulation of desaturase genes (Perez-Garcia et al.,
2011); and (2) the low temperature gives rise to more intracellular molecular oxygen and con-
sequently improves the activities of desaturases and elongases that are involved in the bio-
synthesis of unsaturated fatty acids (Chen and Chen, 2006). The high salinity was found to
enhance the lipid accumulation in Nitzschia laevis in heterotrophic mode. Upon changing
the concentration of NaCl in the medium from 10 to 20 g L–1, an increase in EPA and polar
lipids was observed, accompanied by a slight decline of NLs (Chen et al., 2008). The sufficient
oxygen supply is important for algal growth, especially in high cell density fermentation.
Chen and Johns (1991) reported that in the heterotrophic culture ofChlorella sorokiniana, a high
concentration of dissolved oxygen improved the cell growth as well as the fatty acid yield.
The effect of pH on growth and lipids of Crypthecodinium cohnii was reported by Jiang and
Chen (2000b), where the highest DHA content was obtained at pH 7.2.

As such, the optimization of nutritional and environmental factors is of great importance to
the development of a high-yield lipid production system by heterotrophic algae. The com-
monly used approaches for the production optimization are one-at-a-time and statistical
methods (Kennedy and Krouse, 1999). The one-at-a-time strategy involves variation of one
factor within a desired range while keeping other factors constant (Wen and Chen, 2000;
Pahl et al., 2010; Liu et al., 2012a). This strategy is simple and easy to conduct and thus
has been widely used for optimizing the production of biomass and desired products.
However, the one-at-a-time method has its intrinsic disadvantages, e.g., failing to consider
the interactions among factors and requiring a relatively large number of experiments.
To overcome these problems, a good choice is the statistical approach-based optimization,
which requires three steps: design, optimization, and verification (Kennedy and Krouse,
1999). The raw data obtained after experimental design can be transformed to models or
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three-dimensional plots, based on which the optimal factors can be predicted. A verification
experiment needs to be conducted to validate the predication. The statistical approach-based
optimization has been applied to microalgae for the heterotrophic production of biomass and
desired products, e.g., polyunsaturated fatty acid production by N. laevis (Wen and Chen,
2001a), biomass production by Tetraselmis suecica (Azma et al., 2011), and lipid production
by Chlorella saccharophila (Isleten-Hosoglu et al., 2012).

6.5 HIGH CELL DENSITY OF HETEROTROPHIC ALGAE

The competitiveness of using heterotrophic algae over photoautotrophic ones for oil
production rests largely with the high yield and productivity of biomass as well as of oil in
heterotrophic cultivation modes. The high cell density of heterotrophic algae can be achieved
by the employment of fed-batch, continuous, and cell-recycle culture strategies that are
widely used in the fermentation of bacteria or yeasts.

6.5.1 Fed-Batch Cultivation

In the heterotrophic batch cultures, high initial concentration of substrates, e.g., sugars, is
usually used to provide sufficient carbons for obtaining high cell density. Accompanying the
high substrate concentration, however, is the occurrence of possible growth inhibition. For
instance, the optimal sugar concentration for growing C. zofingiensis was reported below
20 g L–1, above which the inhibition of algal growth was observed (Ip and Chen, 2005; Liu
et al., 2012a). The substrate-based inhibition caused not only the decreased specific growth
rate but also the lowered biomass yield coefficient based on sugars (Sun et al., 2008; Liu
et al., 2012a), contributing accordingly to the increased cost input. To overcome the inhibition
issue associated with batch cultures, fed-batch cultivation is a commonly used strategy in
which the substrate is fed into the algal cultures step by step to maintain it sufficiently for
cell growth but below the level of inhibition threshold. There have been a number of reports
employing fed-batch strategy to grow algae heterotrophically with the aim of avoiding the
possible inhibition caused by the initial high substrate and improving the production poten-
tial of biomass as well as of oils (Xu et al., 2006; Li et al., 2007a; Sun et al., 2008; Xiong et al.,
2008; Liu et al., 2010; 2012a; De la Hoz Siegler et al., 2011; Yan et al., 2011; Chen and Walker,
2012). Liu et al. (2010) investigated the heterotrophic oil production by C. zofingiensis using
fed-batch cultures in a 3.7-L bioreactor. A two-stage feedingwas adopted: three times of feed-
ing with glucose-containing nutrients (to maintain linear growth) followed by four times of
glucose feeding alone (to further increase biomass and induce oil accumulation; Figure 6.4).
Glucose concentration of the cultures was maintained between 5 and 20 g L–1. The maximum
lipid yield and lipid productivity achieved in the fed-batch cultures were 20.7 g L–1 and
1.38 g L–1 day–1, respectively, representing around a 2.9-fold increase of the those obtained
in batch cultures.

Although the employment of fed-batch culture strategy proves able to eliminate the sub-
strate inhibition, it cannot overcome the inhibition caused by the toxic metabolites that would
be produced by the algal cultures and accumulate as the cells build up, preventing further
enhancement of cell density.
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6.5.2 Continuous Cultivation

The term continuous cultivation refers to the fresh medium being continuously added to a
well-mixed culture while cells or products are simultaneously removed to keep the culture
volume constant. It allows the steady state of kinetic parameters such as specific growth rate,
cell density, and productivity and is thus considered an important system for studying the
basic physiological behavior of heterotrophic algal cells. Figure 6.5a shows the schematic di-
agram of the continuous cultivation system. This system is capable of effectively eliminating
the metabolite-driven inhibition. There are several reports of continuous cultivation of algae
in both photoautotrophic (Molina Grima et al., 1994; Otero et al., 1997) and heterotrophic
(Wen and Chen, 2002b; Ethier et al., 2011) growth modes. Ethier et al (2011) investigated
the continuous production of oils by the microalga Schizochytrium limacinumwith various di-
lution rates (D) and feed glycerol concentrations (S0). The yields and productivities of bio-
mass, total fatty acids (TFA), and docosahexaenoic acid (DHA), shown in Figure 6.6, were
over the range of D from 0.2 to 0.6 day–1 (S0 fixed at 90 g L–1) and the range of S0 from 15
to 120 g L–1 (D fixed at 0.3 day–1). The highest biomass productivity is 3.9 g L–1 day–1,
obtained with the 0.3 day–1 ofD and 60 g L–1 of S0 (Figure 6.6b). The maximum productivities
of both TFA and DHA were also achieved at the same D but with a higher S0 of 90 g L–1

(Figures 6.6d and 6.6f). Liu et al (2012a) surveyed the feasibility of using a semicontinuous
C. zofingiensis culture fedwithwastemolasses for oil production. Thewastemolasses contains
relatively high levels of metal ions and salt that are inhibitory to algal growth, causing the
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failure of molasses-based fed-batch cultivation when molasses was not pretreated; in con-
trast, C. zofingiensis in the semicontinuous culture fed with diluted raw molasses showed
comparable growth rate and sugar utilization to that with pretreated molasses (Liu et al.,
2012a). Although continuous cultivation can promote the productivity, it is worth to mention
that accompanying the increase of dilution rate is the drop of cell density as well as of sub-
strate utilization efficiency (Wen and Chen, 2002b). From a cost-effectiveness point of view,
this is undesirable in that the residual substrate is wasted with the effluent and more energy
input is required to harvest the diluted cells.
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6.5.3 Continuous Cultivation with Cell Recycling

Continuous cultivation with cell recycling, denoted as perfusion culture, is a culture
technique combining the advantages of both fed-batch and continuous culture systems,
namely, avoiding the substrate inhibition and the inhibition caused by toxic metabolites
produced by accumulated algal cells while maintaining high cell density and productivity
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(Chen and Johns, 1995; Wen and Chen, 2002a). As illustrated by Figure 6.5b, in a perfusion
culture system the algal cells are retained by a retention device, whereas the spent medium
(cell-free) was removed from the bioreactor; at the same time, fresh medium was fed into the
bioreactor to maintain sufficient nutrient supply. Wen and Chen (2002a) used the perfusion
culture system to investigate the heterotrophic production of N. laevis. By employing an ex-
ponential feeding of glucose and manipulating the rates of glucose feeding and spent me-
dium perfusion, the optimal glucose concentration in the feed was determined to be
50 g L–1 (Figures 6.7a and 6.7b). With the feeding of optimized glucose concentration
(S0¼50 g L–1), a high cell density of 40 g L–1 was achieved in the perfusion culture ofN. laevis
(Figure 6.7c). Together with the relatively simple setup and operation as well as high biomass
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yield coefficient based on glucose, the perfusion culture system potentially may be used to
grow algae for heterotrophic production of bio-oils.

A modified perfusion culture system that introduces cell bleeding during perfusion oper-
ation was also developed for heterotrophic production of algae (Figure 6.5c; Wen and Chen,
2001b). This system could potentially improve the biomass productivity but at the same time
lower the cell density, e.g., from 40 g L–1 to less than 20 g L–1 (Wen and Chen, 2001b; Wen and
Chen, 2002a).

It is worth mentioning that different algal species/strains may favor different culture
systems to achieve maximized cell density, biomass productivity, and oil productivity.
An experimental optimization is required for a selected algal strain to demonstrate which
culture system is best for the heterotrophic production of oils. Regardless of the algal strain
selected and culture system used, the key to optimizing a production system rests with the
cost balance of output and input from a cost-effectiveness point of view.

6.6 CHLORELLA AS THE CELL FACTORY
FOR HETEROTROPHIC OILS

Chlorella is a genus of unicellular, nonmobile greenmicroalgae first described by Beijerinck
in 1890, with Chlorella vulgaris being the type species. Commonly, Chlorella cells are spherical
or ellipsoidal with sizes ranging from 2 to 10 mm in diameter. They are distributed in diverse
habitats such as freshwater, seawater, and soil and are free-living or symbiotic with lichens
and protozoa (Görs et al., 2010). Chlorella cells reproduce themselves through asexual
autospore production. Autospores are simultaneously released through rupture of the
mother cell wall, with the number varying from 2 to 16. Chlorella has a thick and rigid cell
wall, the structure of which may differ greatly among species.

There have been more than 100 strains of Chlorella reported in the literature. Because they
lack conspicuous morphological characters, the classification of Chlorella has been problem-
atic. An attemptwasmade to classifyChlorella species based on certain biochemical and phys-
iological characters, i.e., hydrogenase, secondary carotenoids, acid and salt tolerance, lactic
acid fermentation, nitrate reduction, thiamine requirement, and the GC content of DNA
(Kessler, 1976). By comparing these characters, Kessler (1976) assigned 77 strains of Chlorella
from the Culture Collection of Algae at Göttingen (SAG, Germany) to 12 taxa and suggested
that Chlorella represents an assembly of morphologically similar species of a polyphyletic
origin. Afterward, Kessler and Huss (1992) examined 58 Chlorella strains from the Culture
Collection of Algae at the University of Texas at Austin using the above-mentioned biochem-
ical and physiological characters and assigned them into 10 previously established species.
The sugar composition of cell walls (either glucosamine or glucose and mannose) was also
used as a taxonomical marker for Chlorella classification (Takeda, 1991, 1993). Using a 18S
rRNA-based phylogenic approach, Huss et al. (1999) revised the Chlorella genus and consid-
ered it as a polyphyletic assemblage dispersed over two classes of Chlorophyta, i.e.,
Chlorophyceae and Trebouxiophyceae. Only four species were suggested to be kept in the
Chlorella genus:Chlorella vulgaris,Chlorella sorokiniana,Chlorella kessleri, andChlorella lobophora.
Later, Krienitz et al (2004) excluded Chlorella kessleri from the Chlorella genus and reduced
the number of species to three. Here wewill regard Chlorella asChlorella sensu lato and include
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the data obtained from those Chlorella species that may have been excluded from the Chlorella
genus by the studies mentioned.

6.6.1 Oil Production Potential

Chlorella has long been used as human health food. Under certain stress conditions,
Chlorella species are capable of accumulating as high as 60% (w/w, on dry-weight basis)
oil within cells (Table 6.4). Together with the characteristics of high growth rate and
ease of culture and scale-up in bioreactors, Chlorella has attracted unprecedented interest
as a feedstock for biofuels, in particular biodiesel (Xu et al 2006; Li et al 2007a; Xiong et al
2008; Hsieh and Wu 2009; Gao et al 2010; Liu et al 2010, 2012a). The synthesized fatty
acids in Chlorella are mainly of medium length, ranging from 16 to 18 carbons, despite the
great variation in fatty acid composition (Table 6.5). Generally, saturated fatty esters possess
high cetane numbers and superior oxidative stability, whereas unsaturated, especially poly-
unsaturated, fatty esters have improved low-temperature properties (Knothe, 2008). It is
suggested that the modification of fatty esters—for example, enhancing the proportion
of oleic acid (C18:1) ester—can provide a compromise solution between oxidative stability
and low-temperature properties and therefore promote the quality of biodiesel (Knothe,
2009). In this regard, C. protothecoides, with the highest proportion of oleic acid (71.6%),
may be better than other Chlorella species as biodiesel feedstock (Cheng et al., 2009). The
properties of C. protothecoides-derived biodiesel were assessed, and most of them proved to
comply with the limits established by the American Society for Testing and Materials
(Xu et al., 2006).

There are increasing reports of using heterotrophic C. protothecoides cultures for oil produc-
tion, from laboratory scale to large scale of 11,000-L of culture volume (Table 6.4). The scale-up
from 5 to 11,000 L just caused a slight decrease in productivities, suggesting theC. protothecoides
may represent a potential producer of oils for commercially large-scale production (Li et al.,
2007a). In a nonoptimized fed-batch culture of C. protothecoides, the record cell density, biomass
productivity, and oil productivity were achieved by Yan et al (2011), namely, 97.1 g L–1,
12.8 g L–1 day–1, and 7.3 g L–1 day–1, respectively. Later, using a nonlinear-mode-based optimi-
zation approach, De la Hoz Siegler et al. (2012) maximized the cell density and oil productivity
of fed-batch culture of C. protothecoides to 144 g L–1 and 20.2 g L–1 day–1.

6.6.2 Downstream Processes

Downstreamprocesses ofC. protothecoides cultures include biomass harvest anddrying, cell
disruption, oil extraction, and transesterification for biodiesel. Various harvesting methods
are applied to Chlorella cultures, including flocculation, flotation, filtration, gravity sedimen-
tation, and centrifugation (Lin, 2005; Wiley et al., 2009; Papazi et al., 2010; Lee et al., 2012).
The harvest efficiency rests not only with harvesting methods used but also algal species, cul-
ture ages, and cell densities. Usually, a harvesting method is not used alone but is coupled
with one or more other methods to achieve the highest harvesting efficiency, e.g., a preceding
treatment of flocculation was used to improve the performance of flotation, filtration, sedi-
mentation, or centrifugation (Sim et al., 1988; Liu et al., 1999; Wiley et al., 2009). A drying
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process following biomass harvest may be needed, depending on whether drying or wet bio-
mass is used for oil extraction. The harvest anddrying processesmay contribute 20–30% of the
total cost of photoautotrophic algal biomass production (Molina Grima et al., 2003). Although
the high cell density associated with heterotrophic algae can reduce the cost contribution,

TABLE 6.4 Growth and Lipid Production of C. protothecoides Feeding on Various Organic Carbon Sources.

Cell

Density

(g L�1)

Biomass

Productivity

(g L�1 day�1)

Lipid

Productivity

(g L�1 day�1) Organic Carbons

Culture

Conditionsa References

16.5 3.6 1.60 Hydrolysate of
Jerusalem
artichoke tuber

B, flask, 1 L Cheng et al., 2009

10.8 1.7 0.95 Glucose B, flask, 1 L De la Hoz Siegler
et al., 2011

30 3.3 1.9 Glucose FB, bioreactor, 2 L

— — 12.3 b Glucose C, bioreactor, 2 L

144 — 20.2 Glucose FB, bioreactor, 2 L De la Hoz Siegler
et al., 2012

6 1.2 0.59 Hydrolysate of
sweet sorghum
juice

B, flask, 500 mL Gao et al., 2010

15.5 2.0 0.93 Glucose FB, bioreactor, 5 L Li et al., 2007a

12.8 1.7 0.81 Glucose FB, bioreactor,
750 L

14.2 1.7 0.73 Glucose FB, bioreactor,
11,000 L

14 3.2 1.85 Glycerol B, flask O’Grady et al., 2011

13.1 1.46 0.85 Glucose B, flask, 250 mL Shen et al., 2010

14.2 2.2 1.2 Glucose B, bioreactor, 5 L Xiong et al., 2010b

51.2 6.6 3.3 Glucose FB, bioreactor, 5 L Xiong et al., 2008

15.5 2.0 1.1 Glucose FB, bioreactor, 5 L Xu et al., 2006

3.7 0.7 0.36 Corn powder
hydrolysate

B, flask, 500 mL

17.9 3.6 1.45 Hydrolyzed
molasses

B, flask, 500 mL Yan et al., 2011

97.1 12.8 7.3 Hydrolyzed
molasses

FB, bioreactor, 5 L

46 6.28 2.06 Glucose FB, bioreactor, 7 L Chen and Walker,
2012

a B, batch; FB, fed-batch; C, continuous.
b Predicted value.
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TABLE 6.5 Fatty Acid Profiles of Selected Chlorella Species.

Chlorella

Species C14:0 C15:0 C16:0 C16:1 C16:2 C16:3 C17:0 C18:0 C18:1 C18:2 C18:3

C20 or

Above References

C. ellipsoidea 2 26 4 40 23 5 Abou-Shanab et al.,
2011

C. minutissima 2.8 13.5 1.1 3.4 46.1 26.7 3.3 Li et al., 2011

C. protothecoides 14.3 1 2.7 71.6 9.7 Cheng et al., 2009

C. protothecoides 1.1 11.7 0.3 0.4 5.6 59.4 19.1 2.1 0.5 Chen and Walker,
2012

C. protothecoides 2.3 26.2 0.8 17.6 47.6 0.8 0.1 4.5 De la Hoz Siegler
et al., 2012

C. pyrenoidosa 17.3 7 9.3 1.2 3.3 18.5 41.8 D’oca et al., 2011

C. saccharophila 2.7 17.6 4.9 32.2 31.1 9.8 Isleten-Hosoglu
et al., 2012

C. sorokiniana 25.4 3.1 10.7 4.1 1.4 12.4 34.4 7.1 Chen and Johns,
1991

C. sp 19.1 1 3.1 25.9 6.8 44.2 Matsumoto et al.,
2010

C. sp 20.6 6.6 10.4 6 3.4 2.4 12.5 27.2 10.2 Wang et al., 2010

C. sp 3.3 6.4 49.5 10.1 28.5 1.3 Yeesang and
Cheirsilp, 2011

C. vulgaris 19.2 4.2 14.6 12.7 3.8 21.1 13.8 Cleber Bertoldi
et al., 2006

C. vulgaris 63 9 3 11 13 Converti et al., 2009

C. vulgaris 24 2.1 1.3 24.8 47.8 Yoo et al., 2010

C. vulgaris 1 32 26 1 5 14 28 3 Heredia-Arroyo
et al., 2011

C. zofingiensis 22.6 2 7.4 2 2.1 35.7 18.5 7.8 Liu et al., 2010

C. zofingiensis 22.8 2.5 7.5 1.8 2.7 34.2 19.7 7.3 Liu et al., 2012a
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finding ways to improve the cost-effectiveness of the harvest and drying steps still represents
a big challenge for the Chlorella industry if it is to expand from the current high-value, low-
quantity specialty productsmarket to a low-value, high-volume commodity productsmarket.

Chlorella has a tough, rigid cell wall, and thus disruption of the cell wall is required for the
facilitation of oil extraction. Various disruption methods, e.g., mechanical crushing, ultra-
sonic treatment, and enzymatic degradation, can be employed for cell-wall disruption. The
oils released after cell disruption are suitable for extraction using organic solvents. Supercrit-
ical CO2 is another way for efficiently extracting algal oils, but it is expensive and energy in-
tensive, which restricts the commercialization of this technology (Herrero et al., 2010).

The extracted algal oils are suitable for biodiesel conversion through transesterification.
Transesterification is a catalytic reaction of oils with a short-chain alcohol (typically methanol
or ethanol) to form fatty acid esters. The reaction is reversible; as such, a large excess of alcohol
is used in industrial processes to ensure the direction of fatty acid esters. Methanol is the pre-
ferred alcohol for industrial use because of its low cost. Commonly, a catalyst is required to
facilitate the transesterification, including acids, alkalis, and enzymes. Acid transesteri-
fication is considered suitable for the conversion of oils with high free fatty acids but with
low reaction rate (Gerpen, 2005). In contrast, alkali catalyzes amuch higher transesterification
rate, thought it is unfavorable for free fatty acids (Fukuda et al., 2001). As a result, alkalis are
preferred catalysts for industrial production of biodiesel, and acid pretreatment is usually
employed when the oils contain a high content of free fatty acids. The use of lipases for
transesterification has also attracted much attention because it produces a high-purity prod-
uct and enables easy separation of biodiesel from the byproduct glycerol (Ranganathan et al.,
2008). However, the cost of the enzyme is still relatively high and remains a barrier to its
industrial implementation.

6.7 POSSIBLE IMPROVEMENTS OF ECONOMICS
IN HETEROTROPHIC ALGAL OILS

Although heterotrophy of algae shows its potential for oil production, the overall produc-
tion cost of heterotrophic oils remains relatively high, restricting the commercialization of
heterotrophic algal oils. From an estimation of Yan et al. (2011) using heterotrophic
C. protothecoides for oil production, the unit production cost of algal oils was still much higher
than that of plant oils. Glucose represents a major share of the cost of heterotrophic oil pro-
duction. Using alternative low-cost carbon sources may represent a promising approach to
bring down the cost of heterotrophic algal oils. Recently, it has been reported that low-cost
sugars were used to grow algae for heterotrophic oil production, e.g., hydrolyzed carbohy-
drates (Xu et al., 2006; Cheng et al., 2009; Gao et al., 2010) and waste molasses (Yan et al.,
2011; Liu et al., 2012a). All these reports suggested the potential of producing algal oils for
less cost, such that the algal oils from C. protothecoides based on waste molasses cost approx-
imately half those based on glucose (Yan et al., 2011).

The heterotrophic utilization of sugars for biomass by algae remains at a relatively low
level, namely, below 0.5 (Cheng et al., 2009; Liu et al., 2010; Yan et al., 2011), which means
that more than 50% of sugars were wasted in the form of CO2. To increase the sugar-to-
biomass conversion, a photosynthesis-fermentation mode was proposed and resulted in a
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high sugar-to-biomass conversion of 0.62 (Xiong et al., 2010b). The increased sugar-
conversion efficiency may be attributed to the refixation of partial CO2 released from sugar
catabolism by the enzyme RuBisCO, which maintained its carboxylation activity in the fer-
mentation stage (Xiong et al., 2010b). In a fermentation system, productivity is greatly related
to the medium nutrients as well as fermentation parameters. The manipulation of these
factors to achieve a maximized output/input ratio may have great potential for improving
production economics of heterotrophic algal oils.

Heterotrophic algal biomass contains not only oils but also substantial amounts of proteins
and carbohydrates as well as high-value components such as pigments and vitamins. From a
biorefinery’s point of view, the residual biomass after oil extraction can be potentially used as
food additives, nutraceuticals, and animal feed (Figure 6.8). Also, carbohydrates may be uti-
lized for producing the bio-gas methane by anaerobic digestion. The integrated production of
oils and other value-added production, coupled with the possible recycling of water and nu-
trients, remains a potential strategy to reduce the production cost of algal oils.

Strain improvement by genetic engineering is another feasible and complementary
approach to enhancing algal productivity and improving the economics of algal oil produc-
tion. Introduction of a bacterial hemoglobin in various hosts has been shown to contribute to
growth improvement in oxygen-limited conditions (Zhang et al., 2007). This strategy is par-
ticularly suitable for heterotrophic growth of algae to achieve the ultrahigh cell density that
may be restricted by the lowered dissolved oxygen associated with cell mass buildup. The-
oretically, enhanced oil content can be achieved by the direct genetic engineering of oil bio-
synthetic pathways, e.g., overexpression of the genes involved in fatty acid/lipid synthesis
(Madoka et al., 2002; Lardizabal et al 2008); the manipulation of transcriptional factors

Combustion
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algal cultures Biomass

Biogas Biodiesel
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Human food

Animal feed

FIGURE 6.8 Schematic illustration of integrated production of biofuels and other products.
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related to lipid biosynthesis regulation (Courchesne et al., 2009); or the blocking of compet-
ing metabolic pathways that share the common carbon precursors such as starch synthesis
(Li et al., 2010). Genetic engineering can also be employed to alter fatty acid compositions of
oils for improving biofuel quality, e.g., heterologous expression of thioesterases to accumu-
late shorter-chain-length fatty acids (Radakovits et al., 2011) or inactivation of the D12
desaturase gene to produce more oleic acid (Graef et al., 2009). In addition, genetic engineer-
ing may confer on algae the possibly improved characteristics of tolerance of temperature,
salinity, and pH, which will allow cost reduction in algal biomass production and be ben-
eficial for growing selected algae under extreme conditions that limit the proliferation of
invasive species. Although genetic engineering of algal oils is currently restricted to certain
model algae such as Chlamydomonas, the rapid advances in the development of genetic ma-
nipulation tools, plus the better understanding of lipid biosynthesis and regulation, will be
extended to industrially important algal species for improving the economics of algal oil
production.

6.8 CONCLUSIONS

Heterotrophic production has substantial advantages, including rapid growth, ultrahigh
cell density, high oil content, and substantial oil productivity. Thesemerits allow significantly
lower downstream process costs, though so far the overall oil production from heterotrophic
algae is considered not as economically viable as phototrophic production of algal oils. The
relatively high cost of heterotrophic algal oils is mainly attributed to the use of expensive or-
ganic carbon—in particular, glucose. Advances in the exploration of using low-cost raw ma-
terials such as hydrolyzed carbohydrates and waste sugars have enabled potential cost
reductions in heterotrophic production of algal oils. Finding ways to further improve the
production economics still remains the major challenge ahead for commercialization of
heterotrophic algal oils, which will depend to a large extend on significant advancements
in culture systems, biorefinery-based integrated production, and algal strain improvement.
Breakthroughs and innovations occurring in these areas will greatly expand production
capacity and lower production costs, driving heterotrophic algae from today’s high-value
market into the low-cost commodity product pipelines.

Thanks to the increasing interest of using Chlorella biomass as the feedstock for oils, great
achievements have been made in heterotrophic culture systems and production models
for the algae of this genus, allowing ultrahigh cell density comparable to oleaginous
yeasts. To this end, sequencing both the genomes and transcriptomes of several typical Chlo-
rella strains is currently underway, which will benefit the development of a new molecular
toolbox to successfully manipulate Chlorella for more economically feasible industrial
production.
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7.1 INTRODUCTION

In recent years microalgae are gaining importance mainly due to their potential for
fuel production with zero carbon emissions. In the actual context, algal fuel is economically
unfeasible compared to petroleum-derived fuel (which costs around US$0.55/L to U.S. con-
sumers). To successfully make the transition from fossil fuels to biofuels, it is necessary to
achieve the same or better quality (chemical and physical characteristics) for at least the same
price. At this point, for most of the world, economics have greater influence than the eco-
friendly characteristics (renewable sources and less polluting gas emissions) offered by
biofuels.

The main reason for this economical limitation of biofuels manufactured from algae is
the high costs of culture media and downstream processes (extraction, purification, and
transformation) on an industrial scale. To make algal oil technologies economically feasible,
these steps might be improved. In terms of culture media, it is in vogue to use wastewater as a
partial or complete source of nutrients (carbon dioxide, nitrogen, phosphorous, potassium,
magnesium, and somemicronutrients) for algal growth as an alternative to reduce cultivation
costs, whereas in terms of oil recuperation and transformation fast pyrolysis is a cheap
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alternative. This chapter describes a patented technology for biofuel production through fast
pyrolysis from lipid-rich microalgae.

7.1.1 The Energetic Issue

Over the last hundred years, world energy consumption has increased greatly. In just the
last 38 years, energy demand increased 99%; between 1973 and 2011, consumption went from
6.111 to 12.150million of tons of petroleum (International Agency of Energy, 2011). According
to the same study, 81% of that energy came from fossil-dependent sources such as petroleum,
coal, and natural gas.

The scientific community continues to discuss whether global warming is caused by
the excessive increase of carbon dioxide in the atmosphere, but this idea is generally
accepted. This situation has caused a rush to development of economically feasible and
sustainable technologies, those independent of fossil sources. Among these new technolo-
gies, microalgal technologies have gained importance and are being widely explored due to
their capacity to absorb carbon dioxide from atmosphere via photosynthesis and their high
capacity to accumulate lipids, which can in turn be transformed into different forms of
energy.

The independence of organic carbon sources for growth opens the possibility to develop
technologies using wastewater that are unfeasible for heterotrophic microorganisms. At the
same time, microalgae have many advantages compared to vascular plants (Benemann and
Oswald, 1996): All physiological functions are carried out in a single cell, they don’t differ-
entiate into specialized cells and they multiply much faster, they carry low costs for harvest
and transportation (Miyamoto, 1997), they consume less water (Sheehan et al., 1998), and they
have the possibility to be cultured under conditions (such as infertile land) not suitable for the
production of conventional crops (Miyamoto, 1997).

7.1.2 Culture Medium

One of the big challenges of microalgae culture is the search for alternative (and cheap)
culture media. Some microalgal species can accumulate up to 70% of lipids but only when
cultured in a specific balanced medium, as mentioned by Chisti (2007).

Medium costs are difficult to estimate because much depends on the species of microalga
to be cultured. In the literature, medium cost is described as between US$0.27 and $0.588 per
kg algal biomass (Molina-Grima et al., 2003; Tapie and Bernard, 1988). Such high cost, the
major drawback in biofuel production processes involvingmicroalgae, makes these processes
unfeasible. (Just the biomass production step represents almost 40% of the price of the final
product.) The necessity to exploit inexpensive and abundantly produced nutritional sources
to substitute artificial media is clear.

In this context, the patented technology developed by the companyOurofino Agronegócio,
in partnership with the Laboratory of Biotechnological Processes (Federal University of
Paraná, Brazil), is a very interesting and economical alternative for the production of biofuels
from high-lipid-content microalgal biomass cultured in wastewater from ethanol distilleries.
(The present technology was patented: PI0705520-0.)
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7.1.3 Vinasse

Vinasse is a liquid residue from the sugarcane-based ethanol industry. After sugarcane
juice fermentation by yeast, ethanol concentration in the fermented broth is no more than
10% v/v (due to its toxicity). During distillation, the ethanol is recuperated and everything
left is called vinasse. It is produced in high volumes (12–15 liters for each liter of ethanol) and
is rich in minerals (Rego and Hernández, 2006). Ethanol production in Brazil in 2012 is esti-
mated at 27.9 billion liters (Empresa de Pesquisa Energética, 2012), which means production
of vinasse is around 365 billion liters.

The major problem related to vinasse is its high chemical and biological oxygen demand:
29,000 and 17,000 mgO2/L (Elia Neto and Nakahodo, 1995), respectively, 100 times more
pollutant than average domestic wastewater. Vinasse pollutant strength is mainly due to
high organic matter content and the presence of three important nutrients: nitrogen, phos-
phorous, and potassium (Bittencourt et al., 1978). Due to its composition, vinasse is largely
used as fertilizer in sugarcane cultivation. Theoretically, the amount of vinasse allowed per
area is regulated by the Brazilian government, but inspection is difficult to be carried out,
leading to indiscriminate use.

According to Manhães et al (2003), soils irrigated with vinasse have high concentrations of
nutrients at depths that can contaminate groundwater. Around 60% of the Brazilian ethanol
is produced in São Paulo state (UNICA, 2010), which is located on the Guarani Aquifer, the
second largest underground freshwater reserve in the world.

Given the clear environmental risk caused by poor allocation of vinasse, it is of great
importance to apply technical and scientific knowledge for its better distribution, allowing
further relocation in water bodies. When used inmicroalgae cultivation, biological and chem-
ical oxygen demand (BOD and COD, respectively) can reach more than 90% reduction in
BOD andmore than 80% reduction inCOD (DalmasNeto, 2012) in the first cycle of cultivation.
Considering three cycles, reduction in BOD and COD can reach more than 95%.

7.1.4 Market Value

To successfully make the transition from fossil fuels to biofuels, it is necessary to achieve
a similar or better quality product (chemical and physical characteristics) for at least
the same price. This shift toward biofuels will take place if petroleum prices increase so
much that the prices of petroleum-derived fuels become greater than those of biofuels.
Unfortunately, the eco-friendly characteristics of biofuels (renewable sources and less pol-
luting gas emissions) are not sufficient to lead the transition if no economic benefit is
generated.

If we examine gasoline prices since 1997, the strong price increase becomes clear
(Figure 7.1). It is accepted that prices of petroleum-based fuels will keep increasing, a situa-
tion that forces humankind to search for new sources of energy.

7.1.5 Pyrolysis

Pyrolysis is a physical-chemical process in which biomass is heated to between 400�C and
800�C, resulting in the production of a solid phase rich in carbon and a volatile phase
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composed of gases and condensable organic vapors (Mesa-Pérez et al., 2005). These organic
vapors condensate in two different phases: bio-oil and acid extract (Beenackers and
Bridgwater, 1989).

Through pyrolysis, carbon-carbon bonds are broken, forming carbon-oxygen bonds. It is a
redox process in which part of the biomass is reduced to carbon (coal) while the other part is
oxidized and hydrolyzed yielding phenols, carbohydrate, aldehydes, ketones, and carboxylic
acids, which combine to form more complex molecules such as esters and polymers (Rocha
et al., 2004).

Due to the extreme conditions to which biomass is submitted, many simultaneous reac-
tions occur, resulting in gaseous, liquid, and solid products:

1. Gas phase.Consists primarily of low-weight products that havemoderate vapor pressure at
room temperature and do not vaporize at pyrolysis temperature.

2. Liquid phase. Further subdivided into two other phases determined by density differences:
• Bio-oil, which is amixture ofmany compoundswith highmolecular weight that became

vapors at pyrolysis temperature but condense at room temperature.
• Acid extract (or aqueous extract), which consists of an aqueous phase with numerous

soluble and/or suspended substances.
3. Solid phase. Also known as biochar, the solid phase is composed of an extremely porous

matrix, very similar to charcoal (DalmasNeto, 2012).

Pyrolysis conditions can be manipulated to produce preferably one phase or the
other. Residence time is one of the factors that most influence the final result. To produce
incondensable gases, high residence time at high temperature is generally used;
higher yields of solids are generally achieved by very high residence time at low temper-
atures (allowing polymerization reactions) (Sánchez, 2003). For preferential production
of the liquid phase, fast pyrolysis is often chosen. Table 7.1 summarizes the conditions
and main effects of residence time and temperature in gaseous, liquid, and solid product
generation. Other pyrolysis technologies and their characteristics are presented in
Table 7.2.
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FIGURE 7.1 Price fluctuations of gasoline, New York, NY, USA, 1997–2011. (Adapted from U.S. Energy Information
Administration.)
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Due to its tendency to preferentially form bio-oil, coupled with high-speed reaction and
greater productivity, fast pyrolysis is the best model for the production of biofuels from algae.

7.2 FAST PYROLYSIS

A fast pyrolysis system consists basically of a fluidized bed reactor, a cyclone, a condenser,
and a combustion chamber, generally constructed as shown in Figure 7.2.

The fluidized bed reactor is where pyrolysis actually occurs. The remaining constituents
are responsible for phase separation. The reactor operates at around 450�C. Heating is done
by an immersed electrical resistor covered with inert material (silicates, in general). The func-
tion of this inert material is to increase the heat transfer between the air and the fluidizing
material to be pyrolyzed through abrasive action, increasing the contact surface of the solids
(DalmasNeto, 2012).

Once temperature is achieved, air feeding begins. Then heating stops and thematerial to be
pyrolyzed is fed to the reactor. At this point, an initial temperature fall is observed, caused
by air and material entrance in much lower temperatures. Reactor temperature can be

TABLE 7.1 Different Proportion of Gas, Liquid and Solid Products obtained Depending on the Pyrolysis
Conditions Applied.

Process

Temperature

(°C)
Residence

Time (s)

Heating

Rate

Gas

(% p/p)

Liquid

(% p/p)

Solid

(% p/p)

Fast pyrolysis 500 1 High 15 75 10

Slow pyrolysis 400 3600 Very low 35 30 35

Gasification
pyrolysis

800 500 Low 85 5 10

(Adapted from Bridgwater, 2003, and Rocha, 1997.)

TABLE 7.2 Conditions and Products Generated by Less Usual Pyrolysis Techniques.

Pyrolysis Type Residence Time Heating Rate Temperature (°C) Main Products

Carbonization Hours to days Very low 400 Coal

Conventional 5–30 min Low 600 Bio-oil, gas

Fast 0.5–5 s Intermediary 650 Bio-oil

Flash 1 s High 650 Bio-oil, gas

Ultrafast 0.5 s Very high 1000 Fuel gas

Vacuum 2–30s Intermediary 400 Bio-oil

Hydro 10s High 500 Bio-oil

Methane 10s High 700 Chemicals

(Adapted from Bridgwater and Bridge, 1991.)
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immediately reestablished by combustion of the pyrolysis’ incondensable gases or by con-
trolled combustion of part of the material fed to the reactor.

Thecombustionof incondensablegases, suchasCO,H2, andCH4 (Cortezet al., 2008), is thebest
option, generating enough heat for autothermal operation of the reactor, but this entails
the acquisition of additional equipment. On the other side, controlled combustion of part of the
material fed to the reactor is easier to be handled but means loss of product (about 10% of the
material needs to be burned to maintain reactor temperature, according to Mesa-Pérez, 2005).

Residence time is controlled based on material feeding rate, air flow, and reactor volume.
Material characteristics such as density and size are taken into account to avoid dragging out
the time. After pyrolysis, the gaseousmixture is sent to a cyclone by pneumatic conveying (by
the fluidizing air itself). In the cyclone, gaseous and liquid components are separated by cen-
trifugal force. The gaseous products enter the condenser. The condensable fractions are then
separated by gravity: In the bottom an output is used for bio-oil gathering, while the acid ex-
tract is collected at the middle of the condenser. Gases and very light particles enter a centri-
fuge located at the top of the condenser, where some light particles condensate, increasing the
yield of the liquid phases.

The condenser effluent gases are formed by four fractions. The first one is composed of inert
atmospheric gases that adhered to biomass particles when the reactor was fed; the second one
consists of inert gases fed with air in fluidization (nitrogen, CO2). The third fraction involves
semioxidized pyrolysis gases such as CO and CH4; the fourth is composed of those gases that
are combusted to provide energy to the system.Usually this gas phase is fed back to the system,
especially due to the potential of the third fraction to provide energy to the system.

R 01 – Pyrolisys reactor
R 02 – Ciyclone separator
R 03 – Condensator
R 04 – Burner
V 01 – Charcoal Storage
V 02 – Bio-oil Storage
V 03 – Water extract Storage

R 02

R 01 V 01 V 02 V 03

R 04
RECYCLE

GASES

FEEDSTOCK

RECYCLE
GASES AIR INLET

BURNED GASES

R 03

FIGURE 7.2 Diagram of a pyrolysis unit.
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The combustion chamber is responsible for burning all combustible gases generated in the
process. It acts as a restorative power cell besides being a security tool (preventing release of
flammable gases into the atmosphere).

The following steps and reactions summarize pyrolysis processes (adapted from Gómes
et al., 2008):

1. Drying: Humid material ! solid materialþH2O(g)
2. Pyrolysis: Dry material ! coalþvolatile products
3. Combustion reactions:

a. C(s)þO2!CO2(g)þenergy
b. 2H2(g)þO2(g) ! 2H2O(g)þenergy

4. Heat transfer
5. Mass transfer

The smooth operation of a fast pyrolysis system depends very little on the raw material
conditions but strongly depends on its composition (organic matter amount). To be pyro-
lyzed, the material might be dried and milled into particles smaller than 20 mm (Bridgwater
et al., 1999). Low moisture content is desired to avoid wasted energy (or higher energy de-
mand) and possible influence on calorific power of the final product. (High-moisture-content
materials are frequently pyrolyzed but with the drawback mentioned previously.) Particle
size might be big enough to avoid excessive biomass drag by fluidizing air (the flow of which
is usually high), causing loss of nonpyrolyzed material, but also small enough to allow easy
heat transfer and avoid secondary polymerization and carbonization reactions (this will cause
coal yield increase, according to Sánchez, 2003).

Ganesh, 1990 found that both acid and alkaline catalysts tend to increase gas production.
The same study noted that desmineralization caused an increase in the superficial area of
coal.

Due to the high heating rate to which material is subjected in fast pyrolysis, the residence
timemight be very short, usually around 1 second (Gómez, 2002). In this condition, advanced
stages of undesirable reactions (such as polymerization and/or decomposition) are avoided.

Figure 7.3 presents the most probable mechanisms of formation of pyrolysis products.
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FIGURE 7.3 Most probable mechanisms of formation of pyrolysis products. (Adapted from Sánchez, 2003.)
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7.3 YIELDS AND CHARACTERISTICS OF PYROLYSIS
OF ALGAL BIOMASS

The microalga used in this experiment is a nongenetially modified organism (non-GMO)
adapted to a culture medium containing vinasse from an ethanol distillery. The culture was
carried in open ponds (Figure 7.4) at an Ourofino Agronegócio biofuels facility.

After being cultured, the biomass was flocculated, centrifuged, and dried. Dried algal bio-
mass containing about 12% moisture was used in a fast pyrolysis system (see Figure 7.5).

The conditions of fast pyrolysis were:

Reactor temperature: 485�15
Reactor pressure: 1.2 atm
Mass flow: 17 kg/h
Air flow: 1.7 kg/h

The results achieved from fast pyrolysis with algal biomass are shown in Table 7.3.
Elemental analyses of each fraction were carried out and are presented in Table 7.4.

To analyze the potential of fuel use, the lower heating value (LHV) was determined
according to the method ABNT/NBR11956. Results are shown in Table 7.5.

Bio-oil was the fraction with higher LHV, presenting values very near some vegetable oils.
For example, soy oil has an LHV of 9,500.00 kcal/kg, and babassu oil (a typical Brazilian
coconut) has around 9,140 kcal/kg.

The obtained algal coal was also superior to some solid fuels, of which the LHV is around
4,000 kcal/kg.

FIGURE 7.4 Open ponds for microalgae cultivation at Ourofino Agronegócio, Brazil.
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FIGURE 7.5 Fast pyrolysis equipment.

TABLE 7.4 Elemental Analysis of Each Product Generated by Fast Pyrolysis of Algal Biomass. Acid Extract
Values are in Terms of Dry Base; The others are in Terms of Wet Base (DalmasNeto, 2012).

Material Carbon (%) Hydrogen (%) Nitrogen (%) Sulfur (%) Oxygen (%) Ash (%) Moisture (%)

Biomass 45.32 6.85 3.93 0.25 34.35 4.12 5.20

Coal 52.16 3.14 6.86 0.17 15.44 19.08 3.11

Bio-oil 65.49 10.17 1.58 0.07 19.70 0.15 2.73

Extract 64.30 10.44 2.08 0.08 20.31 0.28 0.00

TABLE 7.3 Yields of Algal Biomass Fast Pyrolysis Experiments Carried
Out at Ourofino Agronegócio Biofuels Facilities (DalmasNeto, 2012).

Product Yield (%) (m/m)

Bio-oil 17.4

Acid extract 32.3

Coal 10.8

Gases 39.5
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It is important to consider the high mass density of the bio-oil: 1,230.00 kg/m3. Volumetric
energetic density was then calculated as 9,927.33 kcal/L, which means the amount of energy
that 1 liter of bio-oil is capable of providing. This value is 15% higher than diesel oil (8,620
kcal/L) (DalmasNeto, 2012).

The average cost of one tonne of microalgal biomass is about US$310; one liter of bio-oil
produced by this technology in pilot scale is near US$1.20 per liter. This production cost
will probably lower as technology scales up. Bio-oil can provide 85% of the energy that
diesel oil can provide (7,922 kcal/US$ from diesel versus 6,746 kcal/US$ from bio-oil), which
costs around US$1.28/L. This comparison shows the competitiveness of such bio-oil
technology.

7.4 CONCLUSIONS

The technology of fast pyrolysis of algal biomass for the production of bio-oil presented
very interesting results, which, combinedwith low cost and simplicity of operation, make this
technology a potential alternative carbon-free-emission fuel process.
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8.1 INTRODUCTION

Continuous use of petroleum-derived fuels is recognized as unsustainable due to their de-
pleting supplies and their contribution to the accumulation of greenhouse gases (GHG) in the
environment. Biologically produced fuels have been identified as potential alternative energy
sources (Posten and Schaubb, 2009; Smith et al., 2009; Rojan et al., 2011; Venkata Mohan et al.,
2011) that can mitigate GHG emissions (Hossain et al., 2008). Biofuels are being promoted as
one of the most promising routes to lower CO2 emissions and to reduce the world’s depen-
dency on fossil fuels (Groom et al., 2008; Smith et al., 2009). Biofuel production from renew-
able sources is widely considered as one of the most sustainable alternatives to petroleum
sourced fuels and a viable means for environmental and economic sustainability (Dragone
et al., 2010).

Crop-based terrestrial sources of biomass face problems associated with a finite area
of land available for its cultivation. In this context, algae draw much attention as an alter-
native source of biomass that is capable of generating fuel. Compared to crop-based coun-
terparts, algae have rapid growth rates. It is estimated that algae could yield 61,000 liters
per hectare (L/ha), compared with 200 L/ha to 450 L/ha from crops such as soya and ca-
nola (Duan and Savage, 2010). Algae are a known rapidly growing species of which the
carbon-fixing rates are much higher than those of terrestrial plants. Microalgae commonly
double their biomass within 24 hours (h), and this duration during the exponential growth
phase can be as short as 3.5 h (Harrison et al., 2012; Chisti 2007). The prominence of algae-
based biofuels evolved due to their domestic origin, carbon neutrality, renewability, abun-
dant availability, higher combustion efficiency, and higher biodegradability (Zhang et al.,
2003). Different algal species showed varied lipid content (Prymnesium paryum, 22–38%;
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Chlamydomonas rheinhardii, 21%; Chlorella vulgaris, 22%; Spirogyra sp., 11–21%; Scenedesmus
obliquus, 12–12%; Scenedesmus dimorphous, 16.40%; Porphyridium cruentum, 4–14%;
Synchoccus sp., 11%; Dunaliella bioculata, 8%; Tetraselmis maculate, 3%; based on dry
biomass) (Becker, 1994; 2004).

Photosynthesis has been recognized as an efficient carbon sequestration mechanism.
Microalgae can sequester atmospheric CO2 (Chisti, 2007) and utilize carbon as well as in-
organic nutrients present in wastewater for their growth and survivability (Venkata
Mohan et al., 2011). During photosynthesis, microalgae capture atmospheric CO2,
resulting in the synthesis of carbohydrates. Creating stress on microalgae at this
stage causes the photosynthetic mechanism to switch from enhancing the biomass to accu-
mulating lipids. The intracellular lipid granules stored under stress conditions act as
precursors for fatty acid biosynthesis. The triglyceride composition of algae upon
transesterification with an alcohol can produce algae-derived biodiesel (alkyl esters).
Depending on the species, growing conditions, and growth stages, microalgae have been
shown to produce various types of lipids including triacylglycerides, phospholipids, gly-
colipids, and betaine lipids (Greenwell et al., 2010). Microalgae-derived lipids and biomass
can be converted into alcohols, methyl esters, and alkanes for use in spark-ignited engines,
compression ignition engines, and aircraft gas turbine engines (Harrison et al., 2012).
Under specific cultivation conditions, algal oil content can exceed 50% by weight of dry
biomass (Chisti, 2007). According to an estimate, the productivity of algae-derived biofuels
is predicted to be on the order of 5,000 gallons/acre/year, which is approximately two or-
ders of magnitude greater than the yield from terrestrial oil seed crops such as soybeans
(Demirbas, 2007; Weyer et al., 2009).

Biofixation/sequestration of CO2 using photosynthetic microalgae is one potential op-
tion for harnessing renewable energy. Cultivation of algae for biodiesel production is con-
sidered more beneficial to the environment than the cultivation of oil crops (Chisti, 2007)
because the productivity of algae-derived oils is much higher than the best oil-producing
crops (Abou-Shanab et al., 2010). Compared to fossil-driven fuels, microalgae-based
biofuels are renewable, biodegradable, and eco-friendly (Ma and Hanna, 1999; Knothe,
2006; Vicente et al., 2010). The cultivation of algae doesn’t require arable land, since they
can be grown in artificial ponds, on land that’s unsuitable for agriculture, on surfaces of
lakes or coastal waterways, or in vats on wasteland (Duan and Savage, 2010). Algal-based
fuel addresses the major constraints posed by the first- and second-generation biofuels due
to its fast growing nature and capability to produce several times higher biomass com-
pared to terrestrial crops and trees, requires low and marginal land and other resources,
produces higher lipid and carbohydrate, and so on (Singh et al., 2011). Production of
biofuels from microalgae is gaining acceptance because of its economic feasibility and en-
vironmental sustainability compared to agro-based fuels. Microalgae-derived biofuels
have the potential for scalability (Harrison et al., 2012). Algae-derived biodiesel is currently
being promoted as a third-generation biofuel feedstock since algae doesn’t compete with
food crops and can be cultivated on nonarable land (Dragone et al., 2010). In writing this
chapter, a comprehensive attempt was made to summarize the basic and applied aspects of
algal-based fuel by synthesizing the contemporary literature in conjunction with recent
developments.

156 8. ALGAE OILS AS FUELS



8.2 CELLULAR BIOCHEMISTRY TOWARD LIPID SYNTHESIS

Algae are diverse group of organisms that inhabit a vast range of ecosystems, from the ex-
tremely cold (Antarctic) to extremely hot (desert) regions of the Earth (Guschina and
Harwood, 2006; Round, 1984). Algae account for more than half the primary productivity
at the base of the food chain (Hoek et al., 1995). Lipid metabolism (the biosynthetic pathways
of fatty acids and triacylglycerol, or TAG synthesis), particularly in algae, has been less stud-
ied than in higher plants (Fan et al., 2011). Based on the sequence homology and some shared
biochemical characteristics of a number of genes and/or enzymes isolated from algae and
higher plants that are involved in lipidmetabolism, it is generally believed that the basic path-
ways of fatty acid and TAG biosynthesis in algae are directly analogous to higher plants (Fan
et al., 2011). The de novo synthesis of fatty acids in algae occurs primarily in the thylakoid and
stromal region of the chloroplast (Liu and Benning, 2012). Algae fix CO2 during the day via
photophosphorylation (thylakoid) and produce carbohydrate during the Calvin cycle
(stroma), which converts into various products, including TAGs, depending on the species
of algae or specific conditions pertaining to cytoplasm and plastid (Liu and Benning,
2012). Microalgae are proficient at surviving and functioning under phototrophic or hetero-
trophic conditions or both. A schematic illustration of algal-based lipid biosynthesis by a pho-
toautotrophic mechanism is given in Figure 8.1. The biosynthetic pathway of lipid in algae
occurs through four steps: carbohydrates accumulating inside the cell, formation of acetyl-
CoA followed by malony-CoA, synthesis of palmitic acid, and finally, synthesis of higher
fatty acid by chain elongation.

Acetyl CoA

Pyruvate

Glucose, 3PGS

Cytosol

Photo-
synthesis

CO2

TAG

Lipid
biosynthesis

Plastid

Chloroplast

Lipid
Droplet

Glucose

FIGURE 8.1 Localization of various components of the lipid biosynthetic pathway in an algal cell
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8.2.1 Glucose Accumulation Inside the Cell

Accumulation of energy-rich compounds is the primary step for microalgal lipid
biosynthesis. However, this carbon accumulation varies with both autotrophic and hetero-
trophic organisms. Autotrophs synthesize their own carbon (photosynthates) through
photosynthesis, whereas heterotrophic organisms assimilate it from outside the cell.
In photoautotrophs, the chloroplast is the site of photosynthesis where, light reaction
takes place at the thylakoid followed by CO2 fixation to carbohydrates in the stroma of
the chloroplast. These photosynthates provide an endogenous source of acetyl-CoA for
further lipid biosynthetic pathways. Heterotrophic nutrition is again light-dependent
and light-independent, where the carbon uptake will be through an inducible active
hexose symport system from outside the cell (Perez-Garcia et al., 2011; Tanner, 1969;
Komor, 1973; Komor and Tanner, 1974), and in this process the cell invests energy in
the form of ATP (Tanner, 2000). However, carbon assimilation is more favorable in the case
of light-independent processes (dark heterotrophic) over light-dependent ones
(photoheterotroph). In dark heterotrophic algae, light inhibits the expression of the
hexose/Hþ symport system (Perez-Garcia et al., 2011; Kamiya and Kowallik, 1987), which
decreases glucose transport inside the cell. Algae can also accumulate carbon in the
presence of light through photoheterotrophic nutrition. Once carbon enters the cytosol,
it follows cytosolic conversion of glucose to pyruvate through glycolysis and leads to
the generation of acetyl-CoA, similar to photoautotrophs, followed by the pathway of lipid
biosynthesis. In mixotrophic nutrition, both the biochemical process of autotrophs and het-
erotrophs occur simultaneously, and the preference of substrate uptake depends on the
substrate availability in addition to other environmental conditions.

8.2.2 Formation of Acetyl-CoA/Malonyl-CoA

Photosynthates provide an endogenous source of acetyl-CoA by activated acetyl-CoA
synthetase in the stroma, from free acetate, or from the cytosolic conversion of glucose
to pyruvate during glycolysis (Somerville et al., 2000; Schwender and Ohlrogge, 2002). This
acetyl-CoA is preferentially transported from the cytosol to the plastid, where it is
converted to the fatty acid and subsequently to TAG, which again is transported to the cy-
tosol and forms the lipid bodies (Figure 8.1). The acetyl-CoA pool will be maintained
through the Calvin cycle, glycolysis and pyruvate kinase (PK) mediated synthesis of py-
ruvate from PEP, which occur in the chloroplast in addition to the cytosol. The first reaction
of the fatty acid biosynthetic pathway towards the formation of malonyl-CoA from acetyl-
CoA and CO2 is catalyzed by the enzyme Acetyl-CoA carboxylase (ACCase). (Ohlrogge
and Browse, 1995). Figure 8.2 illustrates the conversion of acetyl-CoA to malonyl-CoA
by utilizing ATP. During this process, seven molecules of acetyl-CoA and seven molecules
of CO2 form seven molecules of malonyl-CoA. This malonyl Co-A undergoes synthesis of
long carbon-chain fatty acids through repeating multistep sequences, as represented in
Figures 8.2 and 8.3. A saturated acyl group produced by this set of reactions becomes
the substrate for subsequent condensation with an activated malonyl group (Ohlrogge
and Browse, 1995).
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8.2.3 Synthesis of Palmitic Acid

After the formation of seven malonyl-CoA molecules, a four-step repeating cycle (exten-
sion by two carbons/cycle), i.e., condensation, reduction, dehydration, and reduction, takes
place for seven cycles and forms the principal product of the fatty acid synthase systems, i.e.,
palmitic acid, which is the precursor of other long-chain fatty acids (Fan et al., 2011;

8 Acetyl-CoA + 7ATP + 14NADPH + 14H+

Acetyl-CoA + 7 malonyl-CoA + 14NADPH +14H+

7 Acetyl-CoA + 7CO2+ 7ATP®7 malonyl-CoA + 7ADP+ 7Pi

Seven cycles of  condensation and reduction

Overall reaction

Formation of  seven malonyl-CoA molecules

 ® palmitate + 8 CoA + 7ADP + 7Pi +14NADP

® Palmitate + 7CO2+ 8 CoA + 14NADP +6H2O

FIGURE 8.2 Cascade of reac-
tions involved in microalgae lipid
biosynthesis
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Alban et al., 1994). With each course of the cycle, the fatty acyl chain is extended by two
carbons. Figures 8.2 and 8.3 illustrate the palmitic acid formation and chain elongation.When
the chain length reaches 16 carbons, the product (palmitate) leaves the cycle (Liu and
Benning, 2012). All the reactions in the synthetic process are catalyzed by amultienzyme com-
plex, i.e., fatty acid synthase (FAS).

8.2.4 Synthesis of Higher Fatty Acids

Palmitate is the precursor of stearate and longer-chain saturated fatty acids as well as
palmitoleate and oleate (Pollard and Stumpf, 1980). The palmitic acid gets modified further
and lengthened to form stearate (18:0) or even to longer saturated fatty acids (oleiceate,
linealate, etc.) by further additions of acetyl groups through the action of fatty acid elongation
systems present in the smooth endoplasmic reticulum (ER) and in mitochondria (Thelen and
Ohlrogge, 2002). The mechanism of elongation in the ER is identical to palmitate synthesis,
which involves donation of two carbons by malonyl-CoA, followed by reduction, dehydra-
tion, and reduction to the saturated 18-carbon product, stearoyl-CoA. Figure 8.4 shows the
formation of higher fatty acids from the palmitic acid through different steps of chain elonga-
tion. In algae, oleate (from stearoyl-CoA) gets converted to the a and g linolenates (Thelen and
Ohlrogge, 2002). a-linolenate further getsconverted to other polyunsaturated fatty acids,
while g-linolenate converts to the eicosatrienoate and further arachidonate. Mammals cannot

Palmitate
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Desaturation

Desaturation

Desaturation

Elongation

Elongation

Elongation

Repetitive
Desaturation

Repetitive
Desaturation

Palmitoleate

Longer saturated
fatty acid
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Oleate

Linoleate

Eicosatrienoate

ArachidonateOther polyunsaturated fatty acid

g-Linolenate

a-Linolenate

FIGURE 8.4 Schematic represen-
tation of long-chain fatty acid forma-
tion from palmitic acid
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convert oleate to linoleate or linolenate because of the lack of enzymes to introduce double
bonds at carbon atoms beyond C9 (Nelson and Cox, 2009). All fatty acids containing a double
bond at positions beyondC9 have to be supplied in the diet and are called essential fatty acids.

8.3 NUTRITIONAL MODE OF MICROALGAE

Living organisms can be divided into two large groups, autotrophs and heterotrophs,
according to the type of carbon source they utilize. Autotrophic organisms have the capability
to convert physical (light) and chemical (CO2 and H2O) sources of energy into carbohydrates,
which further form the base for the construction of all other carbon-containing biomolecules
(Yoo et al., 2011). Mostly, the external energy is stored as a reduced form (carbohydrates) that
is compatible with the needs of the cell. Autotrophic organisms are relatively self-sufficient
and self-sustainable because they obtain their energy from sunlight (Nelson et al., 1994;
Eberhard et al., 2008; Nelson and Yocum, 2006; Krause andWeis, 1991). On the contrary, het-
erotrophic organisms utilize organic carbon produced by autotrophs as energy sources for
their metabolic functions because they cannot utilize atmospheric CO2 as a carbon source.
Oxidative assimilation of carbon begins with a phosphorylation of glucose/hexose, yielding
phosphorylated glucose, which is readily available for storage, cell synthesis, and respiration
(Figure 8.5). Nutritional modes significantly influence the carbon assimilation and lipid pro-
ductivity of the microalgae (Xu et al., 2006). Three types of nutritional modes—autotrophic,

Acetate

Acetyl CoA

Glyoxylate Cycle
TCA Cycle
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Phosphate
pathway

Calvin Cycle
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To mitochondrian
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Nitrate
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(Glyoxysomes)
(Mitochondria)

FIGURE 8.5 Schematic representation of the photohetrotrophic metabolic process occurring in microalgae
during fatty acid biosynthesis
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heterotrophic, andmixotrophic—are reported to produce algal fuel in the presence of light. In
addition, the dark hetrotrophic nutrition mechanism is also found to be capable of lipid bio-
synthesis by microalgae under specific conditions.

8.3.1 Photoautotrophic Mechanism

The most common procedure for cultivation of microalgae is autotrophic mode.
Microalgae in photoautotrophic nutrition mode use sunlight as the energy source and inor-
ganic carbon (CO2) as the carbon source to form biochemical energy through photosynthesis
(Huang et al., 2010). This is one of the most prevailing environmental conditions for the usual
growth ofmicroalgae (Chen et al., 2011). In photoautotrophic nutritionalmode, photosynthet-
ically fixed CO2 in the form of glucose serves as a sole energy source for all metabolic activities
(Figure 8.6). The simpler form of photosynthate, such as simpler carbohydrates, serves as sole
energy source for carrying out the metabolic activities of the algal cells (Chang et al., 2011).
These carbohydrates, under nutrient-limiting and stress conditions, will favor the lipid
biosynthesis, which also helps to cope - up with the stress (Gouveia and Oliveira, 2009). Lipid
productivity greatly depends on the photosynthetic activity in terms of atmospheric CO2 fix-
ation and microalgae species. Large variations in lipid productivity, ranging from 5% to 68%,
were reported under varying operating conditions and species diversity (Murata and
Siegenthaler, 2004; Ohlroggeav and Browseb, 1995; Chen et al., 2011; Mata et al., 2010). A
major advantage of the autotrophic nutritional mode is the algal oil production at the expense
of atmospheric CO2. Large scale microalgae cultivation systems (such as open/raceway
ponds) are usually operated under photoautotrophic conditions (Mata et al., 2010). Autotro-
phic nutritional mode also has fewer contamination problems compared with other

Autotrophic NutritionCO2

Calvin
Cycle

Fatty acid
synthesis

3PG

Pyruvate

Acetyl-CoA

malonyl-CoA

Lipid

Glucose

Respiration

FIGURE 8.6 Autotrophic mode of nutrition in microalgal cells towards CO2 fixation and lipid biosynthesis
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nutritional modes. Under autotrophic nutrition, the photosynthates also get consumed dur-
ing respiration associated with the biomass growth, and hence the lipid productivity repre-
sents the combined effects of oil content and biomass production (Chiu et al., 2008).

8.3.2 Heterotrophic Mechanism

Heterotrophism is a mode of nutrition whereby microalgae utilize external substrates as
sole carbon sources for their growth and lipid accumulation. The circumstances in which
microalgae use organicmolecules as primary energy and carbon sources is called heterotrophic
nutritional mode (Kaplan et al., 1986). In heterotrophic nutrition, the simpler carbohydrates
enter the cell and are subsequently converted to lipids and participate in other metabolic
pathways such as respiration (Figure 8.7). Heterotrophic nutrition takes place both in the
presence and absence of light. In photoheterotrophic nutrition, light acts as an energy source,
but the source of carbon remains organic only. Heterotrophic growth in the dark condition
is supported by a carbon source replacing the light energy. This unique ability is shared
by several species of microalgae (Perez-Garcia et al., 2011). Glucose is the simpler carbon
source for heterotrophicmicroalgae. Higher rates of growth and respiration are obtainedwith
glucose than with any other substrate, such as sugars, alcohols, sugar phosphates, organic
acids, and monohydric alcohols. This oxidative assimilation takes place in algae apparently
through two pathways; i.e., the Embdenn Meyerhoff pathway (EMP) and the pentose phos-
phate pathway (PPP) (Neilson and Lewin, 1974).

Carbonmetabolism in heterotrophic growth ofmicroalgae under dark condition occurs via
a PPP pathway, whereas the EMP pathway is the main glycolytic process in light conditions
(Lloyd, 1974; Neilson and Lewin, 1974; Yang et al., 2000; Hong and Lee, 2007). Both pathways
are carried out in the cytosol and are functional in microalgae. However, the PPP pathway
might have a higher flux rate than the other, depending on the carbon source and the presence
of light (Perez-Garcia et al., 2011). Light is not required for the transport of glucose inside the

Heterotrophic NutritionGlucose
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Fatty acid
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FIGURE 8.7 Heterotrophic mode
of nutrition in algal cells towards
glucose assimilation and lipid
biosynthesis
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cell during dark heterotrophic operation. Glucose transport system in the algal cell become
inefficient in the presence of light, because of higher availability of photosynthates inside the
cell due to photosynthesis and down-regulation of hexose transport protein. The carbon is
obtained from outside the cell and converted to the acetyl-CoA via pyruvate, which further
converts tomalonyl-CoA and subsequently enters the lipid biosynthetic pathway (Figure 8.7).
In heterotrophic nutrition mode, because of abundant glucose availability, respiration and
other metabolic processes do not compete with the lipid biosynthesis, unlike autotrophic
mode. Moreover, microalgae can utilize organic carbon under dark conditions because of
the ability of light-independent glucose uptake. Hence, the lipid productivity is high in het-
erotrophic nutrition mode (Abeliovich and Weisman, 1978).

Heterotrophically it is possible to obtain high densities of microalgal biomass that provide
an economically feasible method for large-scale mass production (Chen, 1996; Chen and
Johns, 1996; Lee, 2004; Behrens, 2005; Perez-Garcia et al., 2011). Photoheterotrophic nutri-
tional mode avoids the limitations of light dependency, which is the major obstruction to
gaining high cell density in large-scale photobioreactors (Huang et al., 2010). Chlorella
protothecoides showed higher lipid content (40%) during heterotrophic growth (Xu et al.,
2006). Higher lipid productivity (3,700 mg/L/d) was also reported by using an improved
fed-batch culture strategy in heterotrophic nutritional mode, where the lipid productivity
was 20 times higher than that obtained under photoautotrophic cultivation (Xiong et al., in
2008). Themajor advantage of heterotrophic nutritional mode is the facilitation of wastewater
treatment along with lipid productivity, which gives an edge to its application in the present
state of increasing pollution loads. Moreover, cost effectiveness, relative simplicity of opera-
tion, and easy maintenance are the main attractions of the heterotrophic growth approach
(Perez-Garcia et al., 2011). However, heterotrophic systems suffer from contamination prob-
lems (Abeliovich and Weisman, 1978; Olguı́n et al., 2012).

8.3.3 Mixotrophic Mechanism

Microalgae can also function in mixotrophic nutrition mode by combining both the auto-
trophic and the heterotrophicmechanisms. It facilitates fixing atmospheric CO2 aswell as con-
suming the organicmolecules andmicronutrients from the growing environment (Figure 8.8).
Microalgae can assimilate available organic compounds as well as atmospheric CO2 as a car-
bon source inmixotrophicmode. The CO2 released bymicroalgae via respirationwill again be
trapped and reused in mixotrophic nutritional mode. It differs from photoheterotrophic
nutrition mode in terms of CO2 utilization. The mixotrophs have the ability to utilize organic
carbon; therefore, light energy is not a limiting factor for biomass growth (Chang et al., 2011).
The acetyl-CoApoolwill bemaintained fromboth carbon sources—that is, by theCO2 fixation
(Calvin cycle) and intake from outside the cell, which can further make malonyl-CoA. The
photosynthetic metabolism utilizes light and CO2 for growth and organic photosynthate pro-
duction, whereas respiration uses the organic photosynthates produced during photosynthe-
sis. If an external carbon source is available in the system, there is a less loss of photosynthate
during respiration, and the algae utilize the available excess photosynthates for biomass
development. Mixotrophic cultures show reduced photoinhibition and improved growth
rates over autotrophic and heterotrophic cultures (Chojnacka and Noworyta, 2004).
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Algae have the flexibility to switch their nutritional mode based on substrate availability
and light condition. If simpler carbohydrates are present in the system, algae shift towards
heterotrophic nutrition from autotrophic mode to save energy. Scenedesmus obliquus readily
adapted to heterotrophic growth in dark conditions utilizing glucose (Abeliovich and
Weisman, 1978). Heterotrophic cells differed significantly from photoautotrophic cells with
respect to several physiological properties such as the rate of photoassimilation of CO2 and
the rate of incorporation of carbon and chlorophyll a concentration. Algal cells in an oxidation
pond shared features common to both photoautotrophic and heterotrophic cells (Abeliovich
and Weisman, 1978), associating with the mixotrophic mode of operation. Bacteria seem to
play a minor role in biological oxygen demand reduction in high-rate oxidation ponds,
and their role is probably confined to degradation of biopolymers, thus producing substrates
for algal consumption.

The advantages of mixotrophic nutrition are its independence in terms of both photosyn-
thesis and growth substrates (Kong et al., 2012). Themixotrophic growth regime is a variant of
the heterotrophic growth regime, where CO2 and organic carbon are simultaneously assim-
ilated and both respiratory and photosynthetic metabolism operates concurrently (Kaplan
et al., 1986; Lee, 2004; Perez-Garcia et al., 2011). Mixotrophism is often observed in ecological
water bodies, where the homeostatic structure and function of living systems are supported
by chemical, physical, and organic activity in biota that balance the ecological status. Water
ecosystems generally consist of nutrients and organic carbon as integral parts (Venkata
Mohan et al., 2009), where microalgae, along with other living components, function together
symbiotically. Somemicroalgal species are not trulymixotrophs but have the ability to switch
between phototrophic and heterotrophic metabolisms, depending on environmental condi-
tions (Kaplan et al., 1986). Microalgae-accumulating lipids are generally grown in natural
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water bodies; therefore, ecological water bodies embedded with diverse microalgae species
can be considered as potential reservoirs for harnessing biodiesel. In this regard, an attempt
was made to explore the ability and potential of mixed microalgae cultures derived from dif-
ferent water bodies in extracting lipids, which can be further transesterified to biodiesel. The
study also focused on the economic mode of lipid production from the treatment of domestic
sewage. The growth of algae was shown to be highest under mixotrophic conditions, with
higher biomass productivity under photoautotrophic conditions (Bhatnagar et al., 2010;
2011). Mixotrophic cultivation was shown to be a good strategy to obtain a large biomass
and high growth rates (Ogawa and Aiba, 1981; Lee and Lee, 2002), with the additional benefit
of producing photosynthetic metabolites (Chen, 1996; Perez-Garcia et al., 2011). Solazyme, a
renewable oil company in the United States, has developed an integrated algal cultivation
process by dark heterotrophic mechanisms, giving carbon sources externally. The company
is using various forms of waste material as feedstock for the cultivation of algae in fermenters
and harnessing as much as 75% of oil on the basis of dry cell weight. The company is antic-
ipating in selling algal oil to commercial refineries by the end of 2013.

8.4 SUBSTRATES FOR MICROALGAE GROWTH
AND LIPID PRODUCTION

8.4.1 CO2

CO2 fixation by microalgae through a photoautotrophic mechanism for harnessing liquid
fuel is considered a reliable and sustainable approach for the neutralization of CO2 (Graham
and Wilcox, 2000; Takagi et al., 2000; Ge et al., 2011; Wang et al., 2008; Yoo et al., 2010).
Microalgae are considered asmore photosynthetically efficient than terrestrial plants at fixing
CO2 (Chiu et al., 2008; Indra et al., 2010). Microalgae also have the functional ability to fix CO2

from the atmosphere and industrial emissions (Brennan andOwende, 2010; Venkata Subhash
et al., 2013). In the process of fixation, microalgae use CO2 as an inorganic carbon source,
while water acts as an electron donor for the storage of reserve food material such as carbo-
hydrates, which are further transformed to lipids under certain stress conditions. Many
microalgae species are able to utilize carbonates such as Na2CO3 andNaHCO3 for cell growth
(Wang et al., 2008). Most algae and cyanobacteria have different CO2-concentrating mecha-
nisms (CCM) and act as enhancers for higher growth (Ramanan et al., 2010). CCM is activated
only at low carbon levels and further depends on the strain, pH, light availability, and so on.
The expression of the enzyme carbonic anhydrase (CA) has been associated with the induc-
tion of the CCM. Chlorella sp., Spirulina sp., and Dunaliella sp. have been studied for CO2 se-
questration. CO2 tolerance of Dunaliella sp. has been examined and used in the industrial
production of beta-carotene (Graham andWilcox, 2000). In Chlorella sp., growth was reported
at 20% CO2 concentration (Hanagata et al., 1992). Scenedesmus obliquus and Spirulina showed
good CO2 fixation rates when cultivated at 30 �C (Wang, et al., 2008). Mixotrophic cultivation
ofmicroalgae (mixed) by supplementing CO2 externally at different concentrations in domes-
tic sewage showed enhanced biomass growth and lipid productivities (Prathima Devi and
Venkata Mohan, 2012). The study documented functional advantages of the mixotrophic
mode of nutrition. Photoautotrophic microalgae cultivation facilitates harnessing of
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renewable fuel in conjunction with CO2 fixation in a unified and sustainable approach. How-
ever, algal cells cannot efficiently trap atmospheric CO2 to support the rapid growth needed
for commercial operations (Duan and Savage, 2010).

8.4.2 Wastewater

Microalgae have the capability to grow in nutrient-rich environments and accumulate
nutrients and metals from wastewater (de-Bashan and Bashan, 2010; Hoffmann, 1998;
Mallick, 2002). This makes heterotrophic cultivation of microalgae one of the viable options
for lipid biosynthesis. Algae-based biodiesel production is considered both economically and
environmentally sustainable when wastewater is used as substrate (Brune et al., 2009; Chisti,
2007; Huntley and Redalje, 2007; Stephens et al., 2010; Venkata Mohan et al., 2011; Prathima
Devi et al., 2012). Use of algae as a biocatalyst was generally documented forwastewater treat-
ment in conventional oxidation ponds, raceway ponds, and suspended algal ponds to remove
high concentrations of nutrients, especially for polishing purposes. Algae-based treatment
systems are efficient in removing nutrients from wastewater compared to chemical-based
treatments (Hoffmann, 1998; Martinez et al., 2000; Ruiz-Marin et al., 2010; Zhang et al.,
2008) and are environmentally amenable and provide efficient recycling of nutrients
(Munoz and Guieysse, 2006; Wilkie and Mulbry, 2002). Usually Chlorella sp. and Scenedesmus
sp. are predominantly observed in the oxidation ponds (Bhatnagar et al., 2010; Ruiz-Marin
et al., 2010; Shi et al., 2007; Wang et al., 2010; Masseret et al., 2000). Especially for industrial
wastewater treatment, the algae-based remediation process was used as a tertiary unit oper-
ation for the removal of heavy metal and organic toxins rather than nutrients (Ahluwalia and
Goyal, 2007; de-Bashan and Bashan, 2010). Microalgae cultivation with wastewater treatment
is a potential option for environmental sustainability and carbon neutrality.

Five characteristically different ecological water bodies (mixotrophic) were evaluated to
assess the biodiesel production capability of their native microalgae (mixed) (VenkataMohan
et al., 2011). The lipid yield varied between 4–26%, mostly depending on the nature and func-
tion of the water body. Algal fuel showed reasonably good fuel properties, with higher sat-
urated fatty acids. Algal diversity profiling depicted the presence of high-lipid-accumulating
species. The dominance of mixotrophic microalgae (Chlorella, Scenedesmus, and Euglena) and
facultative heterotrophs (centric and pinnate diatoms), along with a few photoautotrophs
(Spirogyra), were observed. Euglena can act as both autotrophs (day) and heterotrophs
(nights). Scenedesmus sp. is generally involved in the natural purification process, and its dom-
inance in all the cultures is a positive sign for wastewater treatment. Chlorella, Euglena, and
diatoms are also known to have the capability to use organic carbon present in thewastewater
along with atmospheric CO2. Ecological water bodies can be considered potential reservoirs
for bioenergy production, conjugating with the natural purification process.

Carpet mill effluent documented as a potential source for algal biomass production asso-
ciated with biodiesel production (Chinnasamy et al., 2010). Two agroindustrial co-products,
dry-grind ethanol thin stillage and soy-whey, were studied as nutrient feedstock for
mixotrophic/heterotrophic microalgal cultivation for fuel production (Debjani et al., 2012).
Scenedesmus sp. cultivated in artificial wastewater showed about 12% lipid accumulation
along with 33% protein and 27% carbohydrates (Voltolina et al., 1999). Botryococcus braunii
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grown in secondarily treated sewage as tertiary treatment documented good treatment effi-
ciency along with 17% lipid accumulation (Orpez et al., 2009). Chlorella sp. grown in attached
mode with dairy manure wastewater showed high biomass growth as well as fatty acid yield
(Johnson and Wen, 2010). Cultivation of Scenedesmus sp. in fermented swine wastewater
yielded lipids and other value-added products in association with nutrient removal (Kim
et al., 2007). Nitrogen and phosphorus assimilation associated with lipid production was
studied with freshwater microalgae using industrial wastewater (Li et al., 2012).

The functional role of macro/micronutrients—carbon, nitrogen, phosphorus, and
potassium—on heterotrophic cultivation of microalgae (mixed) in domestic wastewater was
studied on biomass growth and lipid productivity employing sequential growth and starvation
phases (Prathima Devi et al., 2012). Nutrient limitation during the starvation phase showed a
positive influence on lipid productivity. Nutrient-deprived conditions caused a decrease in
the cellular thylakoid membrane content by activating the acyl hydrolase and stimulating
the hydrolysis of phospholipids.All these changes increase the intracellular content of fatty acid
acyl-CoA. Nitrogen limitation can also activate diacylglycerol acyl transferase, which converts
acyl-CoA to TAG (Takagi et al., 2000). Lipid composition of the microalgae oil varied in accor-
dance with the nutrients supplemented (Prathima Devi et al., 2012). Efficient removal of nutri-
ents (nitrates and phosphates) and carbon (as COD) was also noticed. Microalgae diversity
visualized thepresence of potential lipid-accumulating species, such asCosmarium quadrifarium,
Pediasatrum boryanum, Cyclotella bodanica, Scenedesmus sp., and Cosmarium depressum. Acid-rich
effluents froma fermentativehydrogen-producing reactorwere evaluatedaspotential substrate
for lipid accumulation by heterotrophic microalgae cultivation with simultaneous treatment
(VenkataMohan and Prathima Devi, 2012). Microalgae can grow heterotrophically by utilizing
volatile fatty acids (VFA), resulting in lipid accumulation. Acetate can be easily assimilated by
the algal cell as part of the acetyl-coenzymeA (acetyl-CoA)metabolism in a single-step reaction
catalyzed by acetyl-CoA synthetase (Boyle and Morgan, 2009; Chandra et al., 2012). Similar to
acetate consumption, butyrate is broken down and gets converted to acetate and then enters the
TCA cycle to stimulate the synthesis of glucose. TAG accumulation in response to environmen-
tal stress likely occurs as ameans of providing an energy deposit that can be readily catabolized
in response to amore favorable environment, to allow rapid growth (PrathimaDevi et al., 2012).
Integration of microalgae cultivation with biohydrogen production showed lipid productivity
for biodiesel production along with additional treatment (Chandra and VenkataMohan, 2011).

8.5 MICROALGAE CULTIVATION

Cultivation of microalgae influences both biomass growth and lipid productivity. Cultur-
ing of algae requires the input of light as an energy source for photosynthesis with a sufficient
supply of macronutrients (nitrogen and phosphate) and micronutrients (sulphur, potassium,
magnesium) in dissolved form (Mata et al., 2010). The main options for algae cultivation on a
commercial scale are open-ponds or closed systems called photobioreactors (Chisti, 2007;
Robert et al., 2012). There are also hybrid configurations that include a mix of the two growth
options. Innovations in algae production allow it to become more productive while consum-
ing resources that would otherwise be considered waste (Campbell, 2008).
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8.5.1 Open Pond Cultivation Systems

Cultivation of algae in open ponds mimics the natural method of growing algae (Pearson,
1996; Chisti, 2007). Open ponds can be categorized into natural waters (lakes, lagoons, ponds,
etc.) and artificial ponds or containers. The most commonly used systems include shallow
ponds (large in size), raceway ponds, tanks, and circular ponds. Raceway ponds generally
consist of an oval-shaped shallow pond lined with PVC, cement, or clay, having an area of
1–200 ha (Andersen, 2005). Ponds are divided by a series of baffles, and water is moved
through the ponds in order to promote mixing of nutrients and uniform algae growth. These
ponds are usually constructed in shallow dimensions as the algae need to be exposed to
sunlight, and sunlight can only penetrate the water up to a certain limited depth (Chisti,
2007). The ponds are operated in a continuousmode, with CO2 and nutrients being constantly
fed to the pond while the algae-containing water is removed at the other end. Large
open-pond cultivation for mass algal production of single-cell protein, health food, and
beta-carotene is one of the oldest industrial systems since the 1950s (Chisti, 2007; Perez-Garcia
et al., 2011).

Cultivation of microalgae in open ponds presents relatively low construction and operat-
ing costs, which invariably result in low production costs (Stephenson et al., 2010; Chen, 1996;
Tredici, 2004). Large ponds can be constructed on degraded and nonagricultural lands that
avoid the use of high-value lands and crop-producing areas (Chen, 1996; Tredici, 2004). On
the contrary, open pond cultivation inherits some drawbacks such as poor light diffusion,
losses due to evaporation, CO2 diffusion from the atmosphere, and the requirement of large
areas of land (Harun et al., 2010; Perez-Garcia et al., 2011). Furthermore, contamination by
predators and other fast-growing heterotrophs restricts the commercial production of algae
in open-air pond/culture systems. Not-so-efficient mixing in open cultivation permits poor
mass transfer rates, resulting in low biomass productivity (Pulz, 2001; Harun et al., 2010).
Uncontrolled environments in and around the pond pose a multitude of problems that
can directly or indirectly stunt algae growth (Mata et al., 2010). Uneven light intensity and
distribution within the pond (Kazamia et al., 2012) and uncontrolled pond temperature also
have a significant influence on the algal biomass productivity.

8.5.2 Closed Cultivation Systems (Photobioreactors)

As we mentioned, closed cultivation systems that house the growth of algae under con-
trolled conditions are referred as photobioreactors (PBRs). Photobioreactors provide a more
controlled environment than open ponds because these systems are closed and everything
that the algae need to grow (carbon dioxide, water, and light) can be supplied with in the
system (Weissman, 1987; Pulz, 2001). There are different types of PBRs reported for algae
cultivation. PBRs facilitate better control of culture environment, such as carbon dioxide sup-
ply, water supply, optimal temperature, efficient exposure to light, culture density, pH levels,
gas supply rate, mixing regime, and so on (Mata et al., 2010). High mass transfer is one of the
important criteria for PBR design, especially for CO2 sequestration (Ugwu et al., 2008). Ag-
itations in PBR are done either mechanically or nonmechanically. Non-mechanical agitation
can be observed airlift, bubble column, tubular reactor, and flat panel operations. PBRs spe-
cifically designed for CO2 sequestration have the flexibility of using CO2-rich gas as a means
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of mixing as well as providing nutrients for the growth of algae (Hu et al., 1996). PBRs can be
operated in both batch and continuous modes. In comparison with open culture systems, a
closed photobioreactor is easy to control with regard to environmental parameters and can
achieve high growth rates (Pulz, 2001; Sierra et al., 2008). Higher biomass of microalgae pro-
ductivity is obtained in closed cultivation systems where contamination can also be
prevented (Ramanathan et al., 2011). Fully closed photobioreactors provide opportunities
for monoseptic culture of a greater variety of algae than open cultivation systems
(Borowitzka, 1999). Various types of closed cultivation systems are studied to a great extent.

8.5.2.1 Vertical Tubular Photobioreactors

Vertical tubular photobioreactors are made up of transparent vertical tubing to allow light
penetration (Richmond, 2004). The bottom of the reactor is attached with a sparger to convert
the sparged gas into tiny bubbles. This enables mixing andmass transfer of CO2 and removes
the O2 produced during photosynthesis. Based on the mode of flow, these vertical tubular
photobioreactors can be classified as bubble column and airlift reactors (Ramanathan
et al., 2011). Ramanathan and his co-workers (2011) cultivated marine microalgae, that is,
Nanochloropsis occulata and Chaetoceros calcitrans, in tubular photobioreactors. The study
resulted in higher biomass productivity due to the large illuminating surface area of the
photobioreactor.

8.5.2.2 Airlift Photobioreactors

Airlift photobioreactors comprise two interconnecting zones called the riser, where the gas
mixture is sparged, and the downcomer, which does not receive the gas. Generally, an airlift
photobioreactor exists in two forms: internal loop and external loop (Chisti, 1989; Miron et al.,
2000). In an internal loop reactor, regions are separated either by a draft tube or a split cyl-
inder; in an external loop reactor, the riser and downcomer are separated physically by
two different tubes. Mixing in the system is done by bubbling the gas through a sparger in
the riser tube, with no physical agitation. A riser is similar to a bubble column, where sparged
gasmoves upward randomly and haphazardly, which decreases the density of the riser, mak-
ing the liquid move upward. Gas held up in the downcomer significantly influences the fluid
dynamics of the airlift reactor. Increasing the gas hold-up, the difference between a riser and a
downcomer, is an important criterion in designing airlift reactors (Chisti, 1989; Kaewpintong
et al., 2007). Airlift reactors have the characteristic advantage of creating circular mixing pat-
terns in which liquid culture passes continuously through dark and light phases, giving a
flashing-light effect to algal cells (Barbosa et al., 2003). The biomass growth pattern of
Nanochloropsis occulata and Scenedesmus quadricauda was studied inside two vertical airlift
photobioreactors suitable for indoor operation, with both salt and freshwater and different
lighting systems. Results depicted that the biomass productivity of the cultures was found
to depend on the light regimes and the duration of operation.

8.5.2.3 Bubble Column Photobioreactors

Bubble column PBRs are more widely used than other reactors. In them, mixing and CO2

mass transfer are carried out through spargers with an external light supply (Nigar et al.,
2005; Doran, 1995). Photosynthetic efficiency depends on gas flow rate, which further de-
pends on the light and dark cycle as the liquid is circulated regularly from central dark zone
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to external photic zone at higher gas flow rate (Janssen et al., 2003). Photosynthetic efficiency
can be increased by increasing the gas flow rate (�0.05 m/s), leading to shorter light and dark
cycles. Degen et al., 2001 used a bubble column photobioreactor to improve light utilization
efficiency of the strain Chlorella vulgaris through a flashing-light effect in batch mode opera-
tion and achieved 1.7 times higher productivity of biomass (Degen et al., 2001).

8.5.2.4 Flat Panel Photobioreactors

It has been reported that with flat panel/plate photobioreactors, high photosynthetic effi-
ciencies can be achieved (Hu et al., 1996; Richmond, 2000). Accumulation of dissolved oxygen
concentrations in flat plate photobioreactors is relatively low compared to horizontal tubular
photobioreactors. Milner’s (1953) work paved the way to the use of flat culture vessels for
cultivation of algae. Flat panel photo bioreactors were used extensively for mass cultivation
of different algae (Tredici and Materassi, 1992; Hu et al., 1996; Zhang et al., 2002; Hoekema.,
2002). Lack of temperature control and gas engagement zones are some of the inherent dis-
advantages observed with this type of photobioreactor.

8.5.2.5 Helical-Type Photobioreactors

A coiled transparent and flexible tube of small diameter with separate or attached
degassing unit is the basis for the helical type of bioreactor. A centrifugal pump is used to
drive the culture through a long tube to the degassing unit. CO2 gas mixture and feed can
be circulated from either direction, but injection from the bottom gives better photosynthetic
efficiency (Morita et al., 2001). A degasser facilitates removal of photosynthetically produced
oxygen and residual gas of the injected gas stream. This system facilitates better CO2 transfer
from gas phase to liquid phase due to a large CO2 absorbing pathway (Watanabe et al., 1995).
The energy required by the centrifugal pump in recirculating the culture and associated shear
stress limits this reactor’s commercial use (Briassoulis et al., 2010). Fouling on the inside of the
reactor is another disadvantage of this system.

8.5.2.6 Stirred-Tank Photobioreactors

Stirred-tank photobioreactors are the conventional reactor setup in which agitation is
provided mechanically with the help of impellers or baffles by providing illumination exter-
nally. CO2-enriched air is bubbled at the bottom to provide a carbon source for algae growth
(Petkov, 2000; Demessie and Bekele, 2003).Protoceratium reticulatum growth studied in 2 L and
15 L stirred photobioreactors equippedwith internal spin filters showed average biomass cell
productivity 3.7 times higher than that of the static cultures (Camacho et al., 2011). Low
surface-area-to-volume ratio, which in turn decreases light-harvesting efficiency, is the inher-
ent disadvantage of this system. Low surface-area-to-volume ratio and high shear stress
imposed due to mechanical agitation limits this reactor’s use in CO2 sequestration (Demessie
and Bekele, 2003).

8.6 PREPARATION OF ALGAL FUEL/BIODIESEL

Selection of appropriate inoculum and mode of cultivation are the key aspects involved in
microalgae cultivation, which comes under preharvesting. Followed by preharvesting, the
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processes for converting the algae biomass to biodiesel are crucial and involve a series of se-
quentially integrated post-harvesting steps: harvesting, drying, cell disruption, extraction,
and transesterification, followed by the characterization of the fuel (Figure 8.9). These
post-harvesting steps can be performed in different ways depending on the strain, substrate,
and extraction method employed. Harvesting algal biomass could be the most energy-
demanding process due to its concentration, smaller size, and surface charge, especially when
the cultures are operated in open pond systems (Singh et al., 2011). Flocculation, sedimenta-
tion, and filtration are the common harvesting techniques that are widely used (Harun et al.,
2010). Drying the biomass prior to extraction is a prerequisite so as to avoid moisture inter-
ference with the solvents. Drying can be performed using dryers or by exposing the biomass
to diffused solar drying. Exposure to solar drying minimizes the production cost as well as
power consumption. Subsequent to drying, cell disruption, oil extraction, transesterification
of oil to fuel, and characterization of the fuel are explained in the following sections.

8.6.1 Cell Disruption

The disruption of algae cells prior to extraction is of particular importance because the con-
tents of the extracted lipids are determined according to the disruption method and device
employed. The selection of appropriate device for disruption is the key factor for enhancing
the lipid extraction efficiency (Lee et al., 2010). The following are themethods commonly used
for the disruption of algae cells.

8.6.1.1 Expeller Press Method

Expeller pressing (also called oil pressing) is a mechanical method applied for the disrup-
tion of algae cell membranes by squeezing the cells under high pressure (Mercer and
Armenta, 2011). Expeller pressing can also be used as an extraction technique because it
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can recover nearly 75% of the oil from algae cells in a single step. The advantages of this
method include elimination of a solvent requirement and easy operation, the drawback
associated with it is the requirement of a large amount of biomass.

8.6.1.2 Bead-Beating Method

The bead-beating method involves the application of beads for the disruption of the algal
cell wall. Continuous exposure of biomass to beads leads to cell-wall rupture, resulting in the
release of intracellular contents into the solvent medium. Similar to expeller pressing, this
method can also be applied for both disruption and extraction. The influence of bead beating
on cell-wall disruption was evaluated for the strains Botrycoccus braunii,Chlorella vulgaris, and
Scenedesmus sp. using a bead beater (bead diameter of 0.1 mm) (Lee et al., 2010). The method
showed a lipid productivity of 28.1%.

Though the disruption of algae cell walls prior to extraction requires an additional step,
which is the selection of a cost-effective method, it helps to enhance lipid production efficien-
cies. Themethods discussed here are economical and applicable tomass cultures compared to
few other techniques, such as microwaves, sonication, and autoclaving.

8.6.2 Extraction of Algae Oil

Microalgae are composed of single cells surrounded by an individual cell wall, which in-
cludes “unusual” lipid classes and fatty acids that differ from those in higher animals and
plants (Guschina and Harwood, 2006). For extraction of lipids from microalgae, regular
extraction methods may not be applicable (Eline et al., 2012). Extracting and purifying oil
from algae is considered challenging due to its energy- and economically intensive nature
(Fajardo et al., 2007; Lee et al., 2010; Mercer and Armenta, 2011).

8.6.2.1 Solvent Extraction

The existing procedures for the extraction of lipids from source material usually involve
selective solvent extraction, and the starting material may be subjected to drying prior to ex-
traction (Lee et al., 2010). Lipids are soluble in organic solvents but sparingly soluble or in-
soluble in water. Solubility of lipids is an important criterion for their extraction and
typically depends on the type of lipid present and the proportion of nonpolar lipids (princi-
pally triacylglycerols) and polar lipids (mainly phospholipids and glycolipids) in the sample
(Huang et al., 2010). Several solvent systems are used, depending on the type of sample and
its components. The solvents of choice are usually hexane in the case of Soxhlet and Goldfish
methods (Additions and Revisions, 2002); chloroform/methanol or chloroform/methanol/
water in the case of the Folch Method (Folch and Sloane-Stanley, 1957); or modified Bligh
and Dyer Procedure (Bligh and Dyer, 1959). This method is best suited to extract nonpolar
lipids because polar lipids are scarcely soluble in nonpolar solvents.

8.6.2.2 Soxhlet Extraction

The Soxhlet extraction procedure is also used commonly for oil extraction. The goldfish
extraction procedure may also be employed for this purpose. The Soxhlet extraction proce-
dure is a semicontinuous process that allows the buildup of a solvent in the extraction
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chamber for 5 to 20 minutes (Additions and Revisions, 2002). The solvent surrounding the
sample is siphoned back into the boiling flask. The procedure provides a soaking effect
and does not permit channeling. Polar and bound lipids are not recovered from this method.

8.6.2.3 Wet Lipid Extraction

The wet lipid extraction process uses wet algae biomass by using solvent proportionately
(Sathish and Sims, 2012). This method resembles the solvent extraction process but varies
with the nature of biomass (wet). The advantage of the process includes the elimination of
a drying step, the interference of moisture content with the extraction solvents and lack of
wide applicability to all kinds of solvents are the major limitations of this extraction
procedure.

8.6.2.4 Hydrothermal Liquefaction

Hydrothermal liquefaction is a process in which biomass is converted in hot compressed
water to a liquid biocrude (Brown et al., 2010; Biller et al., 2012). Processing temperatures
range from 200–350 �C with pressures of around 15–20 MPa, depending on the temperature,
because the water has to remain in the subcritical region to avoid the latent heat of vaporiza-
tion (Biller et al., 2012). At these conditions, complex molecules are broken down and
repolymerized to oily compounds (Peterson et al., 2008). This procedure is ideal for the con-
version of high-moisture-content biomass such as microalgae because the drying step of the
feedstock is not necessary.

8.6.2.5 Ultrasonic Extraction

Ultrasonic-assisted extractions can recover oils from microalgae cells through cavitation
(Harun et al., 2010). During the low-pressure cycle, high-intensity small vacuum bubbles
are created in the liquid.When the bubbles attain a certain size, they collapse violently during
a high-pressure cycle. During the implosion very high pressures and high-speed liquid jets
are produced locally, and the resulting shear forces break the cell structure mechanically.
This effect supports the extraction of lipids from algae (Wei et al., 2008). The high-pressure
cycles of the ultrasonic waves support the diffusion of solvents, such as hexane, into the cell
structure. As ultrasound breaks the cell wall mechanically by the cavitation shear forces, it
facilitates the transfer of lipids from the cell into the solvent (Cravotto et al., 2008).

8.6.2.6 Supercritical Carbon Dioxide Extraction (SC-CO2)

Carbon dioxide usually behaves as a gas in air at standard temperature and pressure (STP)
or as a solid called dry ice when frozen (Sahena et al., 2009; Mendiola et al., 2007). If the tem-
perature and pressure are both increased from STP to at or above the critical point for carbon
dioxide, CO2 can adopt properties midway between a gas and a liquid and behave as a su-
percritical fluid, expanding like a gas but with a density like that of a liquid. Supercritical CO2

is becoming an important commercial and industrial solvent due to its role in chemical
extraction in addition to its low toxicity and environmental impact (Cooney et al., 2009).
The relatively low temperature of the process and the stability of CO2 also allow most com-
pounds to be extracted with little damage or denaturing. The main drawbacks of this method
include high power consumption and expense and difficulty involved in scaling up at this
time (Eller, 1999).
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8.6.2.7 Pulse Electric Field Technologies

Pulsed electric field (PEF) processing is a method for processing cells by means of brief
pulses of a strong electric field (Guderjan et al., 2007). Algal biomass is placed between
two electrodes and the pulsed electric field is applied. The electric field enlarges the pores
of the cell membranes and expels its contents (Guderjan et al., 2004).

8.6.2.8 Enzymatic Treatment

Enzymatic extraction uses enzymes to degrade the cell walls, with water acting as the
solvent (Mercer and Armenta, 2011). This makes the fraction of oil much easier. The combi-
nation of “sono-enzymatic treatment” causes faster extraction and higher oil yields compared
to individual ultrasonication and enzymatic extractions alone (Fajardo et al., 2007). The draw-
backs associated with the process are lack of commercial feasibility and inapplicability for
mass cultures (Halim et al., 2011).

8.6.2.9 Osmotic Shock

Osmotic shock or osmotic stress is a sudden change in the solute concentration around a
cell, causing a rapid change in the movement of water across its cell membrane (Fajardo
et al., 2007). This shock causes a release in the cellular contents of microalgae. The method is
more applicable for the strains cultivated in marine environments (eg.Nannochloropsis sp.). Os-
motic shock is also induced to release cellular components for biochemical analysis (Mario,
2010). This method is also applied for Halorubrum sp. isolated from saltern ponds. The results
showed increased lipid productivities andvariations in lipid compositions (Lopalco et al., 2003).

Extraction of lipids is a key aspect involved in biomass-to-biodiesel production, the
method directly influences the lipid productivity potential of the process. So far, several
methods have been employed for extracting the cellular contents (lipids) of microalgae. Each
method has its own advantages and disadvantages for practical applicability. Among the pro-
cesses described, solvent extraction is suitable for extracting lipids from mass cultures but
requires large volumes of solvent. The Soxhlet extraction method is applicable only when
a single solvent is used and is not suitable for binary solvent applications. However, recovery
and reusability of the solvent are possible with this method. The ultrasonic extractionmethod
can perform well when coupled with the enzymatic treatment, but both methods lack cost
effectiveness and feasibility for large-scale applications. Supercritical carbon dioxide extrac-
tion (SC-CO2), pulse electric field procedure, osmotic shock, hydrothermal liquefaction, and
wet lipid extraction require more optimization efforts for large-scale applications. A suitable
method operatable with both binary and single solvents, applicable at large scales and yield-
ing higher lipid productivities, is yet to be optimized for achieving enhanced microalgae
lipid yields.

8.7 TRANSESTERIFICATION

The transesterification process consists of the reaction of triglyceride molecules with alco-
hol in the presence of a catalyst to produce glycerol andmono-alkyl fatty acid esters (Harrison
et al., 2012). Biodiesel is typically transesterified using methanol, and therefore the fatty acid
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alkyl esters that are produced are fatty acid methyl esters (FAME). The fatty acids are reacted
with methanol to form diacyl glycerides, monacyl glycerides, and finally, fatty acid methyl
esters (FAMEs) (Gong and Jiong, 2011). In this process glycerol is formed as byproduct
(Figure 8.10). The transesterification process reduces the viscosity of the FAME compared
to the parent oil, whereas the fatty acid composition will not be altered. FAMEs are the most
prevalent alkyl esters in the current biodiesel market because of the price and availability of
methanol compared to other alcohols (Knothe et al., 1997). Alcohols are the key substrates in
transesterification. The commonly used alcohols are methanol, ethanol, propanol, butanol,
and amyl alcohol, but methanol is widely applied in the transesterification of microalgae
oils because of its low cost and physical and chemical advantages. Acid, base, or enzyme
catalyzed processes may be applied in transesterification reactions (Canakci and Gerpen,
1999). The nature of the catalyst (acid/base/enzyme) influences the type of reaction.
Transesterification can also be performed in the absence of catalysts using a supercritical
methanol process that occurs at high temperatures (200–350�C) and pressures (20–50 MPa).
The transesterification reaction proceeds in shorter times (<5 min). Currently, this method is
applied for the conversion of vegetable oils and animal fats rather than for microalgae oils
(Gong and Jiong, 2011; Kusdiana and Saka, 2001).

8.7.1 Direct Transesterification

The conversion of microalgae oil to biodiesel by direct transesterification involves both
extraction and esterification in a single step (Sathish and Sims, 2012; Ehimen et al., 2010).
The algae biomass can be effectively converted to fatty acidmethyl esters through this process
in relatively less time. Minimization of solvents and requirement of less time for reactions are
the advantages of this method; the lipid productivity and success rate of the reactions are the
associated drawbacks.

8.7.2 Acid-Catalyzed Transesterification

The acid-catalyzed transesterification process involves an acid catalyst (H2SO4/HCl) to
undergo the reaction. These reactions are usually performed at high alcohol-to-oil-molar ra-
tios, low to moderate temperatures and pressures, and high acid-catalyst concentrations
(Zhang et al., 2003). Compared to base catalysts, acid catalysts are less susceptible to the pres-
ence of free fatty acids in the source feedstock (Helwani et al., 2009), but the reaction rates of

CH2– OCOR1

CH2– OCOR2

CH2– OCOR3
Triacylglycerides

(TAGs)

3 HOCH3

R1 – COOCH3 CH2 – OH

CH2 – OH

CH2 – OH

Glycerol

R2 – COOCH3

R3 – COOCH3

Fatty acid methyl
Esters (FAME)

(biodiesel)

+ +

Methanol
(alcohol)

Catalyst

KOH/H2SO4

FIGURE 8.10 Transesterification reaction illustrating the conversion of triacyl glycerides to fatty acid methyl
esters
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converting triglycerides to methyl esters are too slow (Gerpen, 2005). Repeated application of
catalyst in the reactions increases the acid value of the microalgae oil.

8.7.3 Base-Catalyzed Transesterification

Base-catalyzed transesterification of microalgae oil is used most frequently and involves
the presence of a base catalyst (hydroxides/carbonates) to precede the reaction (Meher
et al., 2006; Vargha and Truter, 2005). In the reaction, the triglycerides are readily
transesterified batchwise in the presence of the catalyst at an atmospheric pressure and tem-
perature of 60–70 �C in the presence of excess methanol (Srivastava and Prasad, 2000). The
main drawbackwith the process is the formation of soap at high free fatty acid concentrations
(Furuta et al., 2004). Prior removal of free fatty acid and water from algae oils is a prerequisite
for the reaction (Demirbas, 2008).

8.7.4 Enzyme-Catalyzed Transesterification

The reaction in an enzyme-catalyzed transesterification process is catalyzed by the enzyme
lipase, whereby total triacylglycerides (both extracellular and intracellular) can be converted
to biodiesel (Bisen et al., 2010). The conversion process requires complex processing instru-
ments, and the costliness of the enzymes makes the process limiting. Immobilization was
employed to overcome the limitations. However, the low feasibility of the process makes
the reaction complex (Helwani et al., 2009; Watanabe et al., 2001).

8.8 ALGAL FUEL PROPERTIES

The characterization of the algal oil derived after transesterification showed the possibility
of using it as biodiesel. The properties of themicroalgae oil are mostly dependent on the feed-
stock and the conversion method used. Key aspects to evaluate the properties of microalgae
oil are acid number, iodine number, specific gravity, density, kinematic viscosity, flash point,
pour point, heating value, and cetane number. Table 8.1 illustrates the properties of algal fuel
compared to conventional fuel.

Physical properties of microalgae oil show its efficiency to use as biodiesel. Of the prop-
erties derived, acid number (AN) indicates the corrosiveness of the oil; iodine values (IV) refer
to the degree of unsaturation. The AN and IV recorded within the limits indicate the less cor-
rosiveness and higher saturation of the algae fuel. Similarly, the specific gravity and density
enumerated its energy efficiency as fuel. Flash point expresses the lowest temperature at
which the oil vaporizes to form an ignitable mixture. The temperature of the flash point
recorded for microalgae oil determined the potential of the oil to form ignitable mixtures
at relatively lower temperatures over conventional diesel fuel. Pour point is the lowest tem-
perature at which the oil becomes semisolid and loses its flow properties. It is also an impor-
tant diesel quality parameter in tropical countries like India. The solidifying temperature of
the microalgae oil shows its application as diesel. Similar to pour point, viscosity defines the
fluids’ resistance to flow; heating value is the energy released as heat when a compound
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undergoes combustion. The less viscosity and higher energy values recorded for the algae oil
denote its comparable features with standard norms and conventional fuel (Demirbas, 2008).
Cetane number refers to the ignition quality of the diesel engines where it can be operated
efficiently. The relative cetane number of microalgae oil with standard fuel indicates ignition
and operational quality of algae fuel. Fatty composition of the microalgae oil (after transester-
ification) showed diverse fatty acid profiles over the other biological feedstocks (Table 8.2).
The microalgae oil profile depicted a higher degree of saturation with wide fuel and food
characteristics, whereas the rest of the feedstock documented higher degrees of unsaturation.
Algal lipids contain a substantial quantity of long-chain polyunsaturated fatty acids (LC-
PUFA), including eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Chisti
2007). The EPA fatty acid has a carbon chain length of 20 with five double bonds (C20:5),
and the DHA fatty acid has a carbon chain length of 22 with six double bonds (C22:6). The
algal lipids have greater quantities of LC-PUFA compared to typical feedstock associated
with higher quantities of fully saturated fatty acids (C14:0, C16:0 and C18:0), which have im-
plications in terms of fuel properties (Harrison et al., 2012). The fatty acid composition (carbon
chain length and degree of unsaturation) of FAME has a major effect on fuel properties. The
most important characteristics affected by the level of unsaturation are oxidative stability,
ignition quality (i.e., cetane number), and cold flow properties (Graboski and McCormick,
1998; Knothe et al., 1997; Ramos et al., 2009). Fully saturatedmethyl esters have high oxidative
stability and a high cetane number but suffer from poor cold flow properties (Harrison et al.,
2012). Conversely, methyl esters with a higher degree of unsaturation have better cold flow
properties but decreased oxidative stability and decreased cetane number. Higher concentra-
tions of some of the significant fatty acids, such as palmitic acid (C16:0) and oleic acids (C18:1),
in microalgae oil are also a positive feature supporting the biofuel applications.

TABLE 8.1 Characterization of Microalgae Biodiesel

S. No. Fuel Property

Biodiesel Standards

(ASTM*)

Microalgae

Biodiesel

Diesel Fuel

(ASTM*)

1 Acid number (mg KOH/g of oil) <0.5 0.42a 0.7–1.0

2 Iodine value (g I/100 g of oil) <25 (efficient fuel) 19.0a 120

3 Specific gravity (g/cm3) 0.85–0.90 0.85c 0.82–0.90

4 Density (g/cm3) 0.88 0.85a 0.86–0.90

5 Kinematic viscosity (mm2/s) 1.9–6.0 2.0–4.5b 3.5

6 Heating value (MJ/kg) 44 37b 42.2

7 Flash point (�C) 130 >130c >62

8 Pour point (�C) –11.6 –6c –16

9 Cetane number 47 46c 60

a Venkata Mohan et al., 2011
b Demirbas, 2008
c U.S. Department of Energy, 2006

* ASTM ¼ American Society for Testing and Materials
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TABLE 8.2 Comparative Evaluation of Fatty Acid Composition of Microalgae with Other Biological Feedstocks

Fatty Acid

Lipid

Number

Jatropha

curcasa
Fungal

Oilb
Rapeseed

Oilb
Sunflower

Oilb
Palm

Oilb
Soy

Oilb

Microalgae Oil

Scenedesmus

obliquusc
Chlorella

vulgarisc
Mixed

Cultured

Lauric acid 12:0 Nd* Nd Nd Nd Nd Nd Nd 0.10 0.9

Myristic acid 14:0 0.1 1.6 0.1 Nd 0.7 Nd Nd Nd 6.7

Myristoleic acid 14:1 Nd 0.6 Nd Nd Nd Nd 0.66 0.63 Nd

Penta decanoic
acid

15:0 Nd 2.5 Nd Nd Nd Nd Nd 0.44 4.3

Palmitic acid 16:0 14.2 20.7 5.0 6.3 36.7 11.3 52.07 40.31 33.9

Palmitoleic acid 16:1 0.7 1.1 Nd 0.2 0.1 0.1 Nd 3.16 5.5

Stearic acid 18:0 7.0 7.0 1.6 2.2 6.6 3.6 7.48 8.01 15.9

Oleic acid 18:1 44.7 28.0 36.3 20.6 46.1 24.9 21.46 29.29 2.8

Linoleic acid 18:2 32.8 12.7 19.8 52.8 8.6 53.0 4.60 8.54 3.5

Linolenic acid 18:3 0.2 22.5 7.8 3.5 0.3 6.1 2.83 Nd 3.4

Arachidic acid 20:0 0.2 0.3 0.1 1.6 0.4 0.3 Nd Nd 2.0

Gadoleic acid 20:1 Nd Nd 9.1 0.3 0.2 0.3 Nd Nd Nd

Behenic acid 22:0 Nd 0.4 Nd 7.2 0.1 Nd Nd Nd 0.0

Erucic acid 22:1 Nd 0.07 20.2 5.1 Nd 0.3 Nd Nd 1.3

Lignoceric acid 24:0 Nd 1.2 Nd 0.2 0.1 0.1 Nd Nd 3.8

Nervonic acid 24:1 Nd Nd Nd Nd Nd Nd Nd Nd Nd

Others – Nd 1.3 Nd Nd Nd Nd Nd Nd 0.1

a Akbar et al., 2009
b Vicente et al., 2010
c Nascimento et al., 2012
d Venkata Mohan et al., 2011

* Nd¼Not detected.

1
7
9

8
.8

A
L
G
A
L
F
U
E
L
P
R
O
P
E
R
T
IE
S



8.9 CONCLUDING REMARKS

Commercialization of algal oil production needs to overcome several obstacles. Space,
water availability, efficient light utilization, cultivation system design, productivity of algal
culture, algal growth and nutrient uptake, gas transfer and mixing, requirement of cooling,
dissolved oxygen degassing, dewatering, oil extraction, and so on are some of the key issues
that require considerable attention. Cost-cutting research with a multidisciplinary ap-
proach will help resolve some of the inherent limitations prior to up-scaling. Conjunction
of the algal fuel production process with waste gas, wastewater, and water reclamation is a
promising strategy to be considered for economic viability. Integration of algal fuel with
simultaneous production of valuable byproducts will also have a positive impact on the
overall process economics. At present, considerable interest in algal-based fuel in conjunc-
tion with intensified research makes a testimony that the process of algal biofuels will be
economically viable and will be able to replace some proportion of fossil-fuel usage in
the near future.
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9.1 INTRODUCTION

Extensive effort is being made globally to exploring renewable energy sources that could
replace fossil fuels in mitigating global warming and other environmental issues. Hydrogen
is a promising fuel alternative to conventional fossil fuels because it releases energy ex-
plosively without air pollutants in combustion. Most of the hydrogen in use currently is
produced through thermochemical processes via electricity generation from fossil fuels.
Because the current hydrogen fuel is based on the use of nonrenewable fossil-fuel resources,
a major issue related to conventional hydrogen production is sustainability.

Biohydrogen production is deemed a key development in creating a sustainable energy
supply and a promising alternative to fossil fuels. Hydrogen production via biological pro-
cesses is carried out largely at ambient temperatures and pressures and hence is less energy
intensive than chemical or electrochemical ones. As a desired green energy product of natural
bioconversion, biohydrogen metabolism is primarily the domain of bacteria and microalgae.
Within these groups, it involves many taxonomically diverse species, a variety of enzymes,
andmetabolic pathways and processes (Schulz, 1996; Vignais et al., 2001; Weaver et al., 1980).
Biological processes use the enzyme hydrogenase or nitrogenase as a hydrogen-producing
protein. This enzyme regulates the hydrogenmetabolism of prokaryotes and some eukaryotic
organisms, including green algae. The function of nitrogenase as well as hydrogenase is
linked with the utilization of metabolic products of photosynthetic reactions that generate
reductants from water.
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Current development of algal hydrogen production is focusing on biophotolysis and
photosynthesis-hydrogen production using various microbial species. Sunlight is necessary
for hydrogen production by photosynthetic microorganisms. Photoautotrophic green
microalgae and cyanobacteria use carbon dioxide and sunlight as the respective sole carbon
and energy sources. The reducing power for cellular photosynthesis and/or biophotolysis
comes from water oxidation under light irradiation (Ghirardi et al., 2000; Schütz et al.,
2004). This chapter examines the perspectives and state-of-the-art of algal hydrogen research
in the context of pathways of hydrogen production, bioreactor design and operation, and eco-
nomic evaluation. Prospects and challenges in algal hydrogen production are also outlined.

9.2 PATHWAYS OF HYDROGEN PRODUCTION

Biohydrogen can be generated by microorganisms such as microalgae and cyanobacteria
through biophotolysis and catabolism of endogenous substrate. Biophotolysis occurs due to
the effect of light on the microbial systems, resulting in dissociation of water into molecular
hydrogen and oxygen. The light-dependent biophotolysis metabolic pathways can be differ-
entiated into two distinct categories: direct photolysis and indirect photolysis. Whereas elec-
trons derived from water lead to photosynthetic hydrogen production in biophotolysis,
electrons from catabolism of endogenous substrate would result in hydrogen production
in a distinct mechanism.

9.2.1 Direct Photolysis

Direct photolysis involves water oxidation and a light-dependent transfer of electrons to
the [Fe]-hydrogenase, leading to the photosynthetic hydrogen production. Electrons are
derived from water upon the photochemical oxidation by photosystem II (PSII or water-
plastoquinone oxidoreductase), which is an enzyme located in the thylakoid membrane of
algae and cyanobacteria. PSII uses photons from sunlight to energize electrons that are then
transferred through the thylakoid membrane electron-transport chain and, via photosystem I
(PSI or ferredoxin oxidoreductase) and ferredoxin (Fd), to the hydrocarbon cluster of
[Fe]-hydrogenase (Florin et al., 2001). Plastoquinone is reduced to plastoquinol from the
transferred electrons, which are used to reduce NADPþ to NADPH or are used in cyclic
photophosphorylation. The energized electrons are replaced by oxidizing water to form
hydrogen ions and molecular oxygen, as shown in Figure 9.1. By obtaining these electrons
from water, PSII provides the electrons needed for the photosynthesis. The hydrogen ions
(protons) generated by the oxidation of water help create a proton gradient that is used by
ATP synthase to generate ATP. Protons are the terminal acceptors of these photosynthetically
generated electrons in the algal chloroplast. The process results in the simultaneous produc-
tion of oxygen and hydrogen gases (Spruit, 1958; Greenbaum et al., 1983).

Direct photolysis capitalizes on the photosynthetic capability of microalgae and
cyanobacteria to split water directly into oxygen and hydrogen. Cyanobacteria, also known
as blue-green algae, belong to a phylum of bacteria that obtain their energy through photo-
synthesis. Microalgae have evolved the ability to harness solar energy by extracting protons
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and electrons from water via water–splitting reactions. The biohydrogen production takes
place via direct absorption of light and transfer of electrons to two groups of enzymes:
hydrogenases and nitrogenases (Manis and Banerjee, 2008). Under anaerobic conditions or
when too much energy is captured in the process, some microorganisms vent the excess
electrons by using a hydrogenase enzyme that converts the hydrogen ions to hydrogen
gas (Sorensen, 2005; Turner et al., 2008). It has been reported that the protons and electrons
extracted via the water-splitting process are recombined by a chloroplast hydrogenase to
form molecular hydrogen gas with a purity of up to 98% (Hankamer et al., 2007).

In addition to producing hydrogen, the microorganisms also produce oxygen, which in
turn suppresses hydrogen production (Kovacs et al., 2006; Kapdan andKargi, 2006). Research
work has been carried out to engineer algae and bacteria so that the majority of the solar
energy is diverted to hydrogen production, with bare energy diverted to carbohydrate
production to solely maintain cells. Researchers are attempting to either identify or engineer
less oxygen-sensitive microorganisms, isolate the hydrogen and oxygen cycles, or change the
ratio of photosynthesis to respiration to prevent oxygen buildup (U.S. DOE, 2007). Addition
of sulfate has been found to suppress oxygen production. However, the hydrogen production
mechanisms are also inhibited (Sorensen, 2005; Turner et al., 2008).

The merit of direct photolysis is that the principal feed is water and the driver energy is
derived from sunlight, both of which are readily available. Although this technology has
significant promise, it is also facing tremendous challenges. A major challenge is the incom-
patibility in the simultaneous molecular hydrogen and oxygen production. Photosynthetic
hydrogen can only be produced transiently, since oxygen is a strong suppressor of hydroge-
nate reactions and a powerful inhibitor of the [Fe]-hydrogenase. In addition, the photolysis
process requires a significant algae cultivation area to collect sufficient light. Another
challenge is achieving continuous hydrogen production under aerobic conditions (U.S.
DOE, 2007).

9.2.2 Indirect Photolysis

Other than direct photolysis, photosynthetic hydrogen can be produced through the use
of green algae that can directly produce hydrogen under the condition of sulfur depri-
vation (Manis and Banerjee, 2008). Deprivation of sulfur nutrients in the growth medium
causes a reversible inhibition in the activity of oxygenic photosynthesis in green algae
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FIGURE 9.1 Simplifiedschematic
of hydrogenase-mediated direct pho-
tolysis.
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(Melis et al., 2000). Protein biosynthesis is impeded in the absence of sulfur, and the green
algae are unable to perform the required turnover of the D1/32-kD reaction center protein
of PSII (known as the psbA chloroplast gene product) in the thylakoid membrane of algae
(Wykoff et al., 1998). Under sulfur deprivation, the photochemical activity of PSII declines,
and the absolute activity of photosynthesis becomes less than that of respiration. As a result,
the rates of photosynthetic oxygen evolution drop below those of oxygen consumption by
respiration (Melis et al., 2000). Such imbalance in the photosynthesis–respiration relationship
by sulfur deprivation resulted in net consumption of oxygen by the cells, causing anaerobic
conditions in the growth medium. Consequently, an anaerobic condition prevails in the
sealed light-dependent algal cultures. With energy derived from light under deprivation
of sulfur, the anaerobic algal cultures would elicit the [Fe]-hydrogenase pathway of electron
transport in the chloroplast to photosynthetically produce hydrogen (Melis, 2002).

In essence, hydrogen can be produced under sulfur deprivation by circumventing the
sensitivity of the [Fe]-hydrogenase to molecular oxygen through a temporal separation of
the reactions of oxygen and hydrogen photoproduction. In the course of such a hydrogen pro-
duction condition (sulfur-deprivation), algal cells consumed significant amounts of internal
starch and protein (Zhang et al., 2002). Such catabolic reactions apparently indirectly sustain
the hydrogen production process.

Hydrogen production via indirect photolysis by algae is deemed feasible if photon conver-
sion efficiency can be improved for large-scale applications. Algal bioreactors can provide an
engineering approach to regulate light inputs to the culture to improve the photon conversion
efficiency of algal cell. The improvement of photosynthesis efficiency is too difficult to achieve
for conventional crop plants (Hankamer et al., 2007). Recent research has reported a substan-
tial increase in light utilization efficiency of up to 15%, comparedwith the previous utilization
of around 5% (Tetali et al., 2007; Laurinavichene et al., 2008). Some researchers claimed that
efficiency between 10% and 13% is attainable by engineering the microorganisms to better
utilize the solar energy (Turner et al., 2008). However, improvements must be made to opti-
mize the solar conversion efficiency of the algae undermass culture conditions. Optical short-
comings associated with the chlorophyll antenna size and the light-saturation drawback of
photosynthesis need to be addressed before high photosynthetic solar conversion efficiencies
inmass culture can be achieved (Melis et al., 1999). Additional challenges thatmust be tackled
include finding ways to recycle photobioreactor components and minimize the chemical cost
of the nutrients to support algal growth, since these two items constitute 80–85% of the overall
cost of commercial hydrogen production (Melis, 2002).

Photoproduction of hydrogen at a rate of about 12.5 ml H2/h per gram cell dry weight was
reported in a study on indirect biophotolysis with cyanobacterium anabaena variabilis (Markov
et al., 1997). In another study on indirect biophotolysis with cyanobacterium gloeocapsa alpicola,
it was found that maintaining the culture at pH value between 6.8 and 8.3 yielded optimal
hydrogen production (Troshina et al., 2002). Increasing the temperature from 30�C to 40�C
resulted in twofold increase in the hydrogen production. The hydrogen production rate
through indirect biophotolysis is comparable to hydrogenase-based hydrogen production
by green algae.

Currently, less than 10% of the algae photosynthetic capacity was utilized for biohydrogen
production. Research is underway to further improve algal photosynthetic capacity using a
molecular engineering approach. Mutant algae with less chlorophyll could be manipulated
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for large-scale commercial applications that disperse more light to deeper algae layers in the
bioreactor (Hankamer et al., 2007; Beer et al., 2009). Hence, sunlight ismade available formore
algal cells to generate hydrogen, thus improving the production rate. With technology ad-
vancement, biohydrogen production via algae bioreactors will offer a sustainable alternative
energy resource in future.

9.2.3 Endogenous Substrate Catabolism

It has been established that electrons are derived from water upon photochemical
oxidation by PSII or so-called water plastoquinone oxidoreductase (PQOR) and are trans-
ferred to the [Fe]-hydrogenase, leading to the photosynthetic hydrogen production in the
direct photolysis process. Apart from the previously described PSII-dependent hydrogen
production, catabolism of endogenous substrate and the associated oxidative carbon metab-
olism in green algae may generate electrons for the photosynthetic systems (Gfeller and
Gibbs, 1984; Melis, 2002).

Electrons generated from such an endogenous substrate catabolism flow into the PQ pool
between photosystems PSI and PSII (Stuart and GaDron, 1972; Godde and Trebst, 1980).
An NADPH-PQOR that has been ascertained in vascular plant chloroplasts supplies elec-
trons to the PQ pool (Shinozaki et al., 1986; Kubicki et al., 1996; Neyland and Urbatsch, 1996;
Endo et al., 1998; Field et al., 1998; Sazanov et al., 1998). Daylight assimilation by PSI and the
associated electron transfer raise the redox potential of these electrons to the equivalent
level of ferredoxin and the [Fe]-hydrogenase. Functioning as the terminal electron acceptor,
the hydrogen ions (protons) would lead to the production of molecular hydrogen (Gfeller
and Gibbs, 1984; Bennoun, 2001; Gibbs et al., 1986). It has been found that in the presence
of the PSII inhibitors 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), which impede
photosynthetic electron flow from PSII to the PQ pool, the process generates molecular
hydrogen and carbon dioxide in a stoichiometric ratio of 2 to 1 (Bamberger et al., 1982).
Thus, following a dark incubation of the culture under anaerobic conditions and the ensu-
ing induction of the [Fe]-hydrogenase, considerable rates of hydrogen generation can be
captured upon illumination of the algae in the presence of DCMU (Happe et al., 1994; Florin
et al., 2001).

9.2.4 Dark Fermentation

Dark or heterotrophic fermentation by anaerobes aswell as somemicroalgae, such as green
algae on carbohydrate-rich substrates, can produce hydrogen in an anaerobic environment
without the need of light energy (Zhang et al., 2006; 2007a, b, c; 2008a, b, c, d; Show et al.,
2007; 2010; Lee et al., 2011). The possibility with dark fermentative hydrogen production from
algal biomass remains that hydrogen was produced by heterotrophic bacterial satellites
present in the algal biomass slurries (Carver et al., 2011; Lakaniemi et al., 2011). It has been
well established that methane is generated in conventional anaerobic fermentation in two
distinct stages: acidification and methane production. Each stage is carried out by specific
microorganisms through syntrophic interactions. Hydrogen is produced in the first-stage
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acidogenesis as an intermediate metabolite, which in turn is used as an electron donor by
methanogens at the second-stage methanogenesis.

Formation of molecular hydrogen in dark fermentation is generally accom-
plished through two pathways in the presence of specific coenzymes (Show et al.,
2011). One pathway is by a formic acid decomposition route; the other pathway is
the reoxidization of nicotinamide adenine dinucleotide (NADH) route represented by
NADH þ Hþ þ 2Fd2þ! 2Hþ þ NADþ þ 2Fdþ and 2Fd2þ þ 2Hþ! 2Fdþ þ H2 under
the mediation of hydrogenase. The Embden-Meyerhof, or glycolytic, pathway is un-
doubtedly the most common route for glucose degradation to pyruvate, which functions
in the presence or absence of oxygen (Prescott et al., 2002). In this pathway, glucose is
converted into pyruvate associated with the conversion of NADH from NADþ via an-
aerobic glycolysis represented by C6H12O6þ2NADþ!2CH3COCOOHþ2NADHþ2Hþ.
Electron transfer via pyruvate-ferredoxin oxidoreductase or NADH-ferredoxin oxidore-
ductase and hydrogenase could be affected by the corresponding NADH and acetyl-CoA
levels or prevailing environmental conditions. Thus, the oxidation-reduction state has
to be balanced through the NADH utilization to form several reduced compounds,
i.e., lactate, ethanol, and butanol, resulting in a lowered hydrogen yield.

Theoretically, it is possible to harvest hydrogen at the acidogenesis stage of anaerobic fer-
mentation if only acidogens are left to produce hydrogen gas and other metabolites and the
final methanogenesis stage and other hydrogen-consuming biochemical reactions are
inhibited during the dark fermentation. However, inhibition of hydrogen-consuming micro-
organisms in complex microbial consortia decomposing algal biomass for hydrogen produc-
tion poses a challenging task. It has been reported that the hydrogen produced from green
algae C. vulgaris and D. tertiolecta biomass by anaerobic enriched cultures containing BESA
was subsequently consumed by nonmethanogenic microorganisms (Lakaniemi et al.,
2011). Similar hydrogen utilization was also reported from the work on hydrogen production
by anaerobic sludge fed with lipid-extracted Scenedesmus algal biomass (Yang et al., 2010).

During the dark fermentation, carbohydrates are converted into hydrogen gas and volatile
fatty acids and alcohols, which are organic pollutants and energy carriers. For the purpose of
energy production and protection of the water bodies, a second-stage process is necessary to
recover the energy residues remaining in the effluent in the form of fatty acids and alcohols.
Thus the fermentative reactor becomes part of a process wherein the effluent post-treatment
process and hydrogen utilization should also be included. A possible second-stage process is
photofermentation, anaerobic digestion, or microbial fuel cells, which have been assessed in a
recent review (Show et al., 2012).

For hydrogen produced from dark fermentation to be used alone in an internal combustion
engine or a fuel cell, some issues such as biohydrogen purification, storage, and transport are
to be addressed. Unlike a biophotolysis process that produces only hydrogen, the gaseous
product of dark fermentation is a mixture of primary hydrogen (generally less than 70%)
and CO2 but may also contain other gases such as CH4, H2S, ammonia, and/or moisture. Pu-
rification of the hydrogen is essential before the hydrogen utilization can be practical (Show
et al., 2011; 2012). Nevertheless, hydrogen production by dark fermentation is an attractive
process in the sense that it does not demand large land space and is not affected by weather
conditions (solar radiation is not a requirement). Also, among the biohydrogen production
processes, dark fermentation is deemed to be more favorable. Hydrogen is yielded at a high
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rate, and various organic compounds and wastewaters are enriched with carbohydrates as
the substrate results in low-cost hydrogen production (Hallenbeck and Ghosh, 2009). Hence,
the feasibility of the technology yields a growing commercial value.

9.3 BIOREACTOR DESIGN AND OPERATION

Open-pond culture systems and enclosed bioreactor facilities have been used commer-
cially in the recently evolved alga biomass biotechnology, but bioreactor design in algal hy-
drogen production is still in the research and development stage. Because biohydrogen
metabolism is primarily the domain of microalgae, diatoms, or cyanobacteria, the design
of a photobioreactor depends on microbiological processes associated with bacteria and
microalgae (Show et al., 2008; 2011; 2012). Although these photoheterotrophic bacteria differ
in photochemical efficiency, absorption coefficient, and size, the light regime, including light
and dark cycles, is assumed to be much more determining than biological factors (Akkerman
et al., 2003). Hence the productivity of a photobioreactor is light-dependent, and a large
surface-to-volume ratio is a prerequisite for a productive photobioreactor for optimal light
exposure of the algae. Provisions for thermal control and monitoring of factors, including
flow rates, pH, and dissolved oxygen, sulfur, and hydrogen are essential. Technical develop-
ment is now moving toward devising gas-tight systems, engineered microalgae culturing,
and computer-controlled systems formonitoring and automatic nutrient delivery and culture
dilution.

Photobioreactors have been designed to achieve an economical, rapid multiplication and
high algal biomass density (>1012 cells per cubic meter of culture) (Evens et al., 2000). Various
photobioreactor designs, including flat plate, tubular, pond, and pool type, have been inves-
tigated (Akkerman et al., 2003). The photobioreactor process, whether of batch or continuous
flow, should be designed for optimal light exposure to the algae. Sufficient light supply is
vital for adequate biomass growth in achieving high-density culture and for photosynthetic
generation of hydrogen. Light conversion efficiencies are low (limited to 10% theoretically)
and tend to decrease at higher light intensities because of the light saturation effect
(Akkerman et al., 2003). The reason for this inefficiency is that, at high solar intensities, the
rate of photon absorption by the chlorophyll antenna of the upper layers of algal biomass
far exceeds the rate at which photosynthesis can consume. This phenomenon is attributable
to the fact that algae have an intrinsic tendency to accumulate a large assembly of photon-
absorbing chlorophyll antenna molecules as a survival strategy. The overabsorption of light
by the chlorophyll antenna results in loss of excess photon as heat or other rays. Moreover,
cells at the upper layers of the algal mass are subject to severe photoinhibition of photosyn-
thesis due to the high rate of photon absorption (Baroli and Melis, 1996; Melis, 1999).

Research is underway in improving further algal photosynthetic capacity using an molec-
ular engineering approach, whereas algal strains have been manipulated to increase hydro-
gen production (Hankamer et al., 2007; Beer et al., 2009). It has been reported that a truncated
chlorophyll antenna size of the photosystems in the chloroplast of the microalgae could alle-
viate the optical shortcomings associated with a fully pigmented chlorophyll antenna (Melis
et al., 1999; Neidhardt et al., 1998). The work on the truncated chlorophyll antenna size in
maximizing solar conversion efficiencies is delineated in Section 9.5. Mutant algae with less
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chlorophyll were cultured and are able to distribute more sunlight to deeper layers in the
algal biomass for large-scale applications (Hankamer et al., 2007). In this manner, sunlight
is made available for more algal cells to generate hydrogen. Hence, for efficient
photoproduction of hydrogen, it is critical to dilute the light and distribute it over the entire
reactor volume and to mix the culture at high rates so that cells are exposed to the light for
only a short time.

Algal photobioreactors can be designed to regulate light inputs to the algal culture to im-
prove its photon conversion efficiency. A substantial increase in light utilization efficiency of
up to 15% has been reported (Tetali et al., 2007; Laurinavichene et al., 2008). Conversion ef-
ficiency between 10% and 13% is feasible using engineered microbial culture to better utilize
the solar energy (Turner et al., 2008). However, improvements must be made to the solar con-
version efficiency of the algae for commercial purposes. Critical issues such as the optical
shortcomings associated with the chlorophyll antenna size and the light saturation of photo-
synthesis must be addressed under mass culture conditions (Melis et al., 1999). Technological
advancement addressing these issues is discussed in Section 9.5.

Appropriate configuration of the bioreactor needs to be established for the most effective
use of light and surface area. Biomass mixing is hence significant to ensure uniform disper-
sion of nutrients and light illumination in the culture as well as to prevent agglomeration and
sedimentation of algal biomass (Melis, 2002).Modular design of experimental systems should
be allowed for possible scale-up. Such commercial scale should achieve sustainable gas out-
put and high hydrogen yields with compact configuration. Trapping and withdrawal of hy-
drogen gas in the system are also important design considerations for photobioreactors.
Given the current advancement in photobiohydrogen production, technical and economic
strategies for cycling the microalgae between sulfur deprivation and supply must be devel-
oped (Laurinavichene et al., 2008).

Various types of photobioreactors had been investigated in a study by Janssen (2002).
Small-scale flat panel reactors consisting of a rectangular transparent box were mixed with
gas introduced via a perforated tube at the bottom of the reactor. To create a high degree
of turbulence, 3 to 4 liters of air per liter of reactor volume per minute must be provided.
The panels were illuminated from one side by direct sunlight, and the panels are placed
vertically or inclined toward the sun. Light/dark cycles were short in flat panel reactors,
and this is probably the key factor leading to high photochemical efficiency. A disadvantage
of flat panel reactors systems is that the power consumption of aeration (or mixing with
another gas) is high, although mixing is always necessary in any reactor. The large-scale flat
plate reactor consists of a rectangular airlift photobioreactor with a large number of light-
redistributing plates fixed a few centimeters from each other. Mixing was provided by air
injected between adjacent plates, and the culture liquid rises in between.

Tubular photobioreactors consist of long transparent tubes with diameters ranging from 3
to 6 cm and lengths ranging from 10 to 100 m (Janssen, 2002). The culture liquid is pumped
through these tubes by means of mechanical or airlift pumps. The tubes can be positioned in
many different ways: in a horizontal plane as straight tubes with a small or large number of
U-bends; vertical, coiled as a cylinder or a cone; in a vertical plane, positioned in a fence-like
structure using U-bends or connected by manifolds; or horizontal or inclined, parallel tubes
connected by manifolds. In addition, horizontal tubes can be placed on different reflective
surfaces with a certain distance between the tubes. Although tubular reactor design is rather
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diverse, the predominant effect of the specific designs on the light regime is a difference in the
photon flux density incident on the reactor surface. The shape of the light gradient in the tubes
is similar in most designs. Also with respect to liquid mixing, the circumstances in most de-
signs are similar. The length of the tubes is limited because of accumulation of gas, though this
might not be so important for nitrogenase-based processes, since they may be less inhibited
by hydrogen. The way to scale up is to connect a number of tubes via manifolds. Flat panel
reactors normally show a high photochemical efficiency or biomass yield on light energy,
while biomass density is also high. Tubular bioreactors in theory should show better
efficiencies because of the shorter average light/dark cycles.

Although much of the research has been focused on single-stage photobioreactor systems,
multistage bioreactors entailing three or even four bioreactors in biohydrogen production
have also been examined (see Figure 9.2) (U.S. DOE, 2007; Wang et al., 2011; Show et al.,
2011). Sunlight is first filtered through first-stage direct photolysis, in which visible light is
utilized by blue-green algae, and the unfiltered infrared ray is used by photosynthetic mi-
crobes in the second-stage photofermentative reactor. The effluent from the second-stage
photofermentation, togetherwith the biomass feedstock, is fed into a third-stage dark fermen-
tation reactor, where the microorganisms convert the substrate into hydrogen and organic
acids. As the effluent is enriched with organic acids, a supply of external organic acids for
the photofermentative process can be eliminated. The fourth stage involves the use of a
microbial electrolysis cell to convert the organic acids generated from the dark fermentation
into hydrogen in a light-independent process. This stage thus can be operated during the
night or in low-light conditions.

The increasing attention on hythane has led to research interest in hydrogen production by
dark fermentation of biomass in hybrid or multistage bioreactors. Hythane, a mixture of
hydrogen and methane, is a highly efficient and ultraclean-burning alternative fuel that is
probably the most promising biogas for industrial applications (Cavinato et al., 2009). How-
ever, there are issues to be addressed before multistage bioreactors can be put to practical
applications. Integration of multiple biochemical conversion processes poses significant chal-
lenges for multistage reactor engineering, system design, process control, operation, and
maintenance. Major challenges with the simultaneous production of hydrogen and oxygen
from photolytic hydrogen production include respiration-to-photosynthetic-capacity ratio,
co-culture balance, and concentration and processing of cell biomass (Holladay et al., 2009).

H2H2H2H2

Electricity input

Water

Biomass feedstock

Recycled organic acids

Photolysis
Photo-

fermentation
Dark

fermentation
Microbial

electrolysis

FIGURE 9.2 A multistage hydrogen production bioreactor system. Adapted from U.S. DOE 2007 and Show et al.,

2012.
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9.4 ECONOMIC EVALUATION

The costs of an algal hydrogen production facility and its operation are important factors to
be considered for practical large-scale applications. Detailed cost analyses must be conducted
on minimizing the materials and operating costs as well as optimizing the yield and gas
collection. Although there are many reports in the literature about biohydrogen production,
only a handful of them deal with economic analyses of biohydrogen production. Critical
parameters in the cost analyses include the light environment, the climate and land space,
reactor construction materials, the mechanism of culture mixing, reactor maintenance, and
long-term operational stability with maximal gas production (Melis, 2002).

Benemann (1997) estimated an initial cost for an indirect algal biophotolysis system
consisting of open ponds (140 ha) and photobioreactors (14 ha). The plant was assumed to
generate 1.2 million GJ per year at 90% plant capacity, with estimated total capital
costs for the system at US$43 million and annual operating costs at US$12 million. Overall
total hydrogen production costs were estimated at US$10/GJ. The capital costs were almost
90% of total costs at a 25% annual capital charge (Akkerman et al., 2003). The algal pondswere
estimated at a cost of US$6 per square meter (sq m), whereas the photobioreactors, with
assumed costs of US$100 per sqm,were themajor capital and operating cost factors. The costs
of gas handling were not estimated but were presumed a significant cost factor.

An initial cost for a large-scale (>100 ha) single-stage algal or cyanobacterial biophotolysis
process in a near-horizontal tubular reactor system was analyzed (Tredici and Zittelli, 1998).
The main objective of the analysis was to determine whether the proposed photobioreactor
design could meet the cost requirements for hydrogen production through single-stage
biophotolysis. The tubular photobioreactor offers superior features for biohydrogen produc-
tion due to the internal gas exchange and the effective water-spray cooling. Based on 10%
solar energy conversion efficiency, the costs of the tubular photobioreactor were estimated
at US$50 per sq m. The analysis did not include costs for gas handling and assumed a rela-
tively low annual capital charge at 17%. The capital fixed costs were estimated at 80% of total
costs, with the tubular material for the photobioreactor the major cost. The hydrogen produc-
tion costs were estimated at US$15/GJ, which are comparable to the costs projected for
hydrogen produced in a two-stage process from biomass residues projected at €19/GJ
(Tredici and Zittelli, 1998).

An estimated 80 kilograms of hydrogen can be produced commercially per acre of
cultivation area per day, assuming that the entire capacity of the photosynthesis of the al-
gae could be diverted toward hydrogen production (Melis and Happe, 2001). Based on a
realistic 50% capacity, the cost of producing hydrogen comes close to US$2.80 a kilogram.
The authors maintained that the biohydrogen thus generated could compete with gasoline
at this price, assuming one kilogram of hydrogen is equivalent to a gallon of gasoline.
Currently, less than 10% of algae photosynthetic capacity is utilized for biohydrogen
production.

A scale-upmodular pilot photobioreactor was operated on site over a six-month period for
assessment of economic and reactor performance (Melis, 2002). From the distribution among
the various cost inventories derived from the field operation, the costs of materials and nu-
trients turned out to be themajor expenses (84%). A construction cost of US$0.75 per sqmwas
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established, which was considerably lower than the range of US$20–100 per sq m commonly
quoted (Zaborsky, 1998). Although the economic analysis probably reflects a simplified, strip-
down, bare design, it does provide an indication of the relative cost of the various components
such as materials, nutrients, labor, water use, land lease, power, and others that are necessary
and sufficient to assemble a commercially viable photobioreactor. The analysis also indicated
that, to substantially lower the cost of the overall operation, effort should be directed toward
the recycling and reuse of photobioreactor construction materials and growth nutrients.

These economic analyses indicated that photobiohydrogens could be produced at a cost
between US$10 and US$20 per GJ (Akkerman et al., 2003). This is a reasonable maximal cost
target for renewable hydrogen fuel, according to Benemann (2000). It should be noted that the
economic analyses were based on optimistic assumptions and are highly presumptive and
were intended predominantly to ascertain the major cost drivers for photobiological hydro-
gen production. At present, biologically produced hydrogen is more costly than other fuel
alternatives. Before economic barriers can be meaningfully addressed, many technical and
engineering challenges have to be tackled. Nevertheless, these economic analyses provide
an indicator that the development of low-cost photobioreactors and the optimization of
photosynthetic efficiency are the major R&D challenges.

9.5 PROSPECTS AND CHALLENGES

Given the delicate oxygen-sensitive hydrogenase and the prevailing oxidative environ-
mental conditions, questions have been asked as to whether algal hydrogen production
via direct photolysis can ever be utilized to generate hydrogen for practical applications.
A practical approach to overcome the oxygen sensitivity of hydrogenases needs to be devel-
oped to motivate research on applied algal hydrogen production systems. To this end, it is
critical to develop novel methods to separate oxygen from the biochemical activities, thus en-
abling hydrogen production for extended periods. Advancement in molecular bioengineer-
ing also indicates that genetic engineering might offer a feasible approach to developing
oxygen-tolerant algal mutant.

Although indirect photolysis hydrogen production technology has significant promise,
some crucial challenges are to be addressed. Given that hydrogen production by sulfur
deprivation is time limited, a major challenge is to maintain stable hydrogen production for
practical uses. Hydrogenase is too oxygen-labile for sustainable hydrogen production. Light-
dependent hydrogen production ceases within a few days, since photosynthetically produced
oxygen inhibits or inactivates hydrogenases. Substantial rates of hydrogen production were
steadily sustained initially for about 60 h in the light, but the yield begins to level off gradually
thereafter (Zhang et al., 2002). After about 100 h of sulfur deprivation, the algae need to go back
to normal photosynthesis in order to be rejuvenated by replenishing endogenous substrate
(Ghirardi et al., 2000). Improvements must bemade tomaintain the process continuity for com-
mercial applications.

Although it has been established that hydrogen can be produced from endogenous
substrate catabolism, the mechanisms this entails are yet fully understood. Rates of water ox-
idation by the photosynthetic systems can be determined precisely, but the electron transport
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by endogenous substrate catabolism and NADPH-PQOR activity are hard to measure (Melis,
2002). Research on hydrogen production from anaerobically incubated and DCMU-inhibited
chloroplasts suggests that sizable rates of hydrogen production can be detected only in the
initial incubation period (Florin et al., 2001). In other words, hydrogen production via endog-
enous substrate catabolism is not a sustainable process (Zhang et al., 2002). This observation
may suggest a limitation in the capacity of the electron transport and the attendant NADPH-
PQOR activity. Nevertheless, the prospect of hydrogen production with endogenous sub-
strate catabolism is important and should warrant further research to fully tap its potential.
Application of molecular bioengineering might help increase the capacity of this important
process.

Low hydrogen yield and production rate are twomajor challenges for practical application
of biohydrogen production. Genetic manipulation or modification of the hydrogen-
producing microorganisms probably will play a vital role in tackling the problem of low
yields (Beer et al., 2009). In a recent development, metabolic engineering has received increas-
ing attention in improving biohydrogen production. Improvements in hydrogen yields by
existing pathways have been attempted by increasing the flux through gene knockouts of
competing pathways or increased homologous expression of enzymes involved in the
hydrogen-generating pathways (Hallenbeck and Ghosh, 2009).

Several algal strains related to biohydrogen production have been isolated and manipu-
lated; for example, C. reinhardtii strain can increase hydrogen production under high starch
conditions (Hankamer et al., 2007). Mutant algae with less chlorophyll were manipulated for
large-scale commercial applications that allow more sunlight penetrating into deeper algae
layers beneath the water surface in the bioreactor. Hence, sunlight is made available for more
algal cells to generate hydrogen, thus improving the production rate. Whereas metabolic flux
analysis has been used to guide a priori most suitable genetic modifications oriented to a hy-
drogen yield increase for a fermentative hydrogen production process (Show et al., 2012), the
flux balance analysis may also offer a useful tool to provide valuable information for optimi-
zation and design of the photosynthetic hydrogen production process.

It has been reported that a truncated chlorophyll antenna size of the photosystems in the
chloroplast of the microalgae could alleviate the optical shortcomings and light-saturation ef-
fect associated with a fully pigmented chlorophyll antenna (Melis, 2002). With the genetically
manipulated algal cells, the drawback of overabsorption of photons by the photosystems can
beminimized. A truncated chlorophyll antennawill reduce the loss of energy by the cells, and
it will also dampen down photoinhibition of photosynthesis at the surface of the culture.
Moreover, a truncated chlorophyll antenna size will alleviate the problem of light attenuation
and mutual cell shading by permitting a more consistent illumination to the entire algal bio-
mass. Such altered optical properties of the cells would result in much greater photosynthetic
productivity and better solar utilization efficiency in the culture.

Experiments have shown that a smaller chlorophyll antenna size would bring about a
higher light intensity for the saturation of photosynthesis in individual algal cells but with
an associated threefold improved productivity of the culture (Neidhardt et al., 1998; Melis
et al., 1999; Nakajima and Ueda, 1999). Excitation pressure was used as a bioengineering
tool in the work to culture green algae with a truncated chlorophyll antenna size. The stud-
ies concluded that green algae with a truncated chlorophyll antenna size are essential in
augmenting photosynthetic efficiencies and the hydrogen yield under mass culture

200 9. PRODUCTION OF BIOHYDROGEN FROM MICROALGAE



conditions. Manipulation of the chlorophyll antenna size in response to light is essentially
an inherent reaction of the chloroplasts, since they are inversely related to the incident
light. In principle, it is possible to genetically manipulate the relevant regulatory mecha-
nism in the photosystems and, in transforming green algae, to direct the chloroplast bio-
synthetic and assembly activities toward a permanently truncated chlorophyll antenna
size (Melis, 2002).

At this moment, the acceptability of genetically modified microorganisms is another
challenge, due to the possible risk of horizontal transference of genetic material. However,
this can be ruled out by chromosomal integration and the elimination of plasmids
containing antibiotic markers with available molecular tools (Datsenko and Wanner,
2000). Moreover, the improvement of hydrogen production by gene manipulation is mainly
focused on the disruption of endogenous genes and not introducing new activities in the
microorganisms.

Hydrogen production from water photolysis has the potential to be the cleanest and most
direct energy conversion process. Direct biophotolysis, albeit limited by its low hydrogen
production, provides a feasible scheme for hydrogen production from water and sunlight.
Technology advancement and innovations in enzymes, electron carriers, biomaterials, and
genetic engineering may lead to a practical water photolysis system that overcomes the
intrinsic oxygen inhibition shortcoming. Hydrogen production via indirect biophotolysis
remains far behind the productivity rates of other biofuels. The low energy productivity of
biohydrogen can be improved if the energy stored in fermentative products, such as acetic
acid, is reused.Mutant algae could be cultured to produce themaximum amount of hydrogen
from endogenous carbohydrates via dark fermentation, and then use the residual acetate for
accumulation of endogenous carbon reserve in photosynthesis. Alternatively, a microbial
electrolysis cell can be incorporated into the system (Figure 9.2) to convert the organic acids
generated from the dark fermentation into hydrogen under light-independent process.
The hydrogen yield and productivity rate can therefore be significantly improved to make
highly compact energy generators for a future hydrogen economy.

In essence, the future of algal hydrogen production depends not only on research advances
such as improvement in efficiency through genetically engineering microorganisms and/or
the development of bioreactors but also on economic considerations, social acceptance,
and the development of hydrogen energy systems.

9.6 CONCLUSIONS

Biohydrogen is believed to be one of the biofuels of the future, combining its ability to
potentially reduce our dependence on fossil fuels and to contribute to lowering greenhouse
gas emissions from the energy and transportation sectors. The future role of hydrogen as a
clean fuel for fuel cells producing near-zero emissions and as an intermediate energy carrier
for storage and transport of renewable energy is increasingly recognizedworldwide. The role
of biohydrogen in a future hydrogen economy, however, remains to be seen. Nevertheless,
it is clear that the advent of hydrogen as a renewable energy source will have important
economic implications, provided that scientific and technological challenges are overcome.
The R&D in the field of algal hydrogen production will therefore be intensified.
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10.1 INTRODUCTION

Over the past 50 years, theworld populationmore than doubled. This fact, coupledwith an
extension of life expectancies and rising standards of living, has led to a dramatic increase in
primary energy consumption, chiefly from fossil sources (Jones and Mayfield, 2012).

A suitable alternative is to produce biofuel from photosynthetic organisms, that is, higher
plants, algae, and cyanobacteria, which can use sunlight and carbon dioxide to produce a va-
riety of organic molecules, namely carbohydrates, proteins, and lipids. These biomolecules
can then be used to generate biomass rich in fuel-like metabolites that can then be extracted
(Yang, Guo et al., 2011; Jones andMayfield, 2012). However, the problem remains:What to do
with the spent biomass? In particular, third-generation biofuels based on micro- and
macroalgae offer an excellent possibility to displace fossil fuels; it is even believed that ances-
tors of marine microorganisms were responsible for the formation of petroleum in the first
place (Goh and Lee, 2010).

Macroalgae (or seaweeds) are multicellular organisms that takemany forms and sizes. They
are classified into threebroadgroupsbasedon theirpigmentation: brownalgae (Phaeophyceae),
red algae (Rhodophyta), and green algae (Chlorophyta). In contrast,microalgae aremicroscopic
organisms, which, beyond Rhodophyta and Chlorophyta, may belong to another three specific
groups of unicellular organisms: blue-green algae (Cyanobateria), diatoms (Bacillariophyta),
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and dinoflagellates (Dinophyceae). These species are commonly referred to as phytoplankton
(Garson, 1993; Samarakoon and Jeon, 2012).

Despite looking similar to land plants, microalgae miss the lignin cross-linking in their
cellulose structures because their growth in aquatic environments does not require strong
supports (John, Anisha et al., 2011). On the other hand, macroalgae contain significant
amounts of sugars (at least 50%) suitable for fermentation (Wi, Kim et al., 2009). In certain
marine algae (e.g., red algae), the carbohydrate content is strongly influenced by the presence
of agar, a polymer of galactose and galactopyranose. Recent research has attempted to
develop methods of saccharification to release galactose from agar and to release glucose
from cellulose so as to increase fermentation yields in terms of bioethanol (Jones and
Mayfield, 2012). Other studies have shown that red algae such as Gelidium amansii and brown
algae such as Saccharina japonica are both potential sources of biohydrogen via anaerobic
fermentation (Jones and Mayfield, 2012). Unfortunately, harmful algal blooms in lakes,
ponds, and oceansmay result in drastic effects on those ecosystems, so removal of those algae
for biogas production is welcome (Du, Li et al., 2011).

Microalgae are ubiquitous microorganisms that are characterized by a remarkable
metabolic plasticity; they may indeed be cultivated in brackish and wastewaters that provide
suitable nutrients (e.g., NH4

þ, NO3
–, and PO4

3–) at the expense of only sunlight and atmospheric
carbon dioxide (CO2). On the other hand, metabolic engineering has been taken advantage of
to produce molecular hydrogen or to improve the lipid content as storage products (Amaro
et al., 2011).

Overall, economic analyses have consistently indicated that algal-based biofuel feasibility
hinges on the possibility of production coproducts with a market value from the spent
biomass (Stephens, Ross et al., 2010). A wide range of fine chemicals may indeed be extracted
from said biomass, depending on the species at stake (Raja, Hemaiswarya et al., 2008); these
hold added value sufficiently high to contribute to the economic feasibility of biofuel manu-
facture. Such bioproducts include sugars for production of bioethanol and biomethane, both
via fermentation of biomass; intermediate value products, e.g., proteins for animal feedstock;
and high-value products such as active principles bearing antimicrobial, antioxidant,
antitumoral, and anti-inflammatory features for pharmaceutical purposes. Finally, biomass
may be pyrolyzed to produce sequestered carbon in the form of biochar, which holds value
as a soil enhancer (Kruse and Hankamer, 2010). A general overview of applications of spent
biomass is given in Figure 10.1.

When discussing the upgrade of spent biomass, one should take into account the process
that originated it or the target metabolite from which the biofuel is obtained. For example, if
the objective is to produce biohydrogen, the spent biomass consists of essentially intact cells,
whereas when accumulated lipids are required of biodiesel, the spent biomass takes the form
of oilcake. Compounds such as carbohydrates, hydrocarbons, and the biomass itself may still
be transformed into secondary biofuels such as ethanol, oil, biochar, and syngas, as shown in
Figure 10.2. On the other hand, the spent biomass from production of a biofuel may be used to
high value-added products via extraction (see Table 10.1). Therefore, this chapter is organized
according to two perspectives: spent biomass used for further biofuel production and spent
biomass as a source of value-added products, namely as fine chemicals or feed or even in
bioremediation.
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10.2 SPENT BIOMASS FOR BIOFUEL PRODUCTION

Algae can produce, but they can also behave as material for production of several biofuels.
The main possibilities will be scrutinized below, focusing on reuse of spent biomass for
complementary production of secondary biofuel.

Feed

Fine
chemicals

Bioremediation

Secondary
biofuels

Spent
biomass

FIGURE 10.1 General applications of spent algal
biomass.

Microalgae

CarbohydratesLipids Hydrocarbons Biomass Hydrogen

GasificationLiquefactionPyrolysisFermentationTransesterification

Microalgal
oilcake

Non-fermentable
or residual slurry

Microalgal
biomass

Macroalga biofuels
production route

Microalga biofuels
production route

Spent biomass

Macroalgae

Biodiesel
Bio etanol Bio oil

Bio char

Bio methane

Bio methanol

Syngas Hydrogen

FIGURE 10.2 Applications of spent biomass for secondary biofuel production after their use in primary and
corresponding routes.
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TABLE 10.1 Biomass Resulting from Alga-based Processing Towards Biofuels, and Treatment of Corresponding Spent Biomass for Secondary
Biofuel Production.

Biomass

Processing Feedstock Conditions

Feedstock

Pre-treatment

Main

Products Residual Biomass

Benefits of Residue or

Byproducts Reference

Hydrogen release – – Hydrogen Intact cells for biofuel
production or value-
added product
extraction

Biomass can be used for
biofuel production or high-
value products extraction

(Yang, Guo
et al., 2011)

Transesterification Crude microalgal oil
composed mainly of
TAG

– Biodiesel of
more than
90%
conversion

Oilcake rich in
carbohydrates and
proteins for ethanol
production

Crude glycerol can be used
as feed in heterotrophic
microalgal culture
Excess alcohol and catalysis
can be recycled to the
system

(Suali and
Sarbatly,
2012)

Fermentation Biomass rich in
carbohydrates

Release of
carbohydrates

Ethanol:
23%

Residual slurry for
methane production

CO2 can be fed into
phototrophic microalgal
culture
Unfermentable cellulose
may be processed for animal
feed

(Suali and
Sarbatly,
2012)

Pyrolysis Biomass free of water Drying of
biomass

Bio-oil:
28.6–57.9%
(fast
pyrolysis)
Pyrolysis
gas: 13–25%
(slow
pyrolysis)

– Syngas can be converted
into methanol
Biochar may be used in
agriculture
Fluidizing gas can be
recycled to pyrolysis reactor

(Heilmann,
Jader et al.,
2011)

Liquefaction Moisture content of
biomass up to 65%

Surge bin
catalysis for
slurry
generation

– – Aqueous byproduct is
obtained for microalgal
culture

(Ross, Biller
et al., 2010)

Gasification Low levels of moisture
below 40%, and low
levels of nitrogen and
alkali

– H2: 5–56%
CO: 9–52%

– Hydrocarbons are
synthesized for methanol
production at yields up to
64% of biomass

(Suali and
Sarbatly,
2012)
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10.2.1 Hydrogen

Chlamydomonas reinhardtii has been comprehensively investigated in terms of potential
hydrogen photoproduction; in addition to hydrogen, a variable amount of byproducts are
generated as part of the microalgal biomass. Its volatile nature permits the biomass to remain
essentially intact (Kruse, Rupprecht et al., 2005).

To obtain further energy, the biomass can itself be processed via extraction and transester-
ification of the remaining lipids to produce biodiesel. For example, the total lipid content of
the biomass of the C. reinhardtii strain D1 after photobiological hydrogen production is
15�2% on a dry-weight basis; oil may then be extracted, being composed of 3.3% w/woil

phytols, 21% w/woil triglycerides, 39% w/woil polar lipids, and 37% w/woil highly polar
lipids, to eventually biodiesel composed of 41% saturated fatty esters, 53%mono unsaturated
fatty esters, and 7.2% polyunsaturated fatty esters (mainly linoleic acid) (Torri, Samorı̀ et al.,
2011). This mix of methyl esters adheres to European Union (EU) standard EN 14214
pertaining to biodiesel specifications.

Following biodiesel production from the spent biomass, the lipid-free residue can still be
used for animal feed or be anaerobically digested into biogas (Sialve, Bernet et al., 2009) as
discussed in further detail in the following paragraph. Moreover, pyrolysis of the residue left
after extraction may represent another pathway to produce extra energy (Mohan et al., 2006).
Pyrolysis of the microalgal extraction residue may lead to oil with a quality lying between pe-
troleum tar and bio-oil from lignocellulosic biomass (Miao et al., 2004); the mass yields of
biochar, oil, and gas are 44�1%, 28�2%, and 28�1%, respectively. The ash content of said
biochar, obtained via combustion at 700 �C, was 45�5%. On an ash-free basis, the mass yields
of biochar, oil, and gas were 24�5%, 38�9%, and 36�1%, respectively (Torri, Samorı̀ et al.,
2011). Since amajor portion of ashes, phosphorus, and nitrogen are retained in biochar, it may
be used as fertilizer to improve the productivity of soil, thus contributing to abatement of
greenhouse gases while making it possible to convert carbon-neutral energy into carbon-
negative bio-energy (Kruse and Hankamer, 2010).

Additionally, production of biogas via fermentation of the microalgal biomass offers the
possibility to recycle a large proportion of the original nutrients. Although this option is
not economically feasible at low throughput rates, it will become a more interesting possi-
bility as medium costs become a larger fraction of the final cost, coupled with consideration
of phosphorous limitations (Cordell, Drangert et al., 2009).

10.2.2 Ethanol

Production of ethanol from algal biomass is chiefly obtained via fermentation of its starch,
sugar, and cellulose. In the case of microalgae, carbohydrate contents amount to 70–72%
(Brányiková, Maršálková et al., 2011), with starch dominating (i.e., up to 60% dry weight,
depending on culture condition) (Dragone, Fernandes et al., 2011). Conversely, the most
abundant sugars in brown macroalgae are alginate, mannitol, and glucan, i.e., glucose poly-
mers in the form of laminarin or cellulose (Wargacki, Leonard et al., 2012).

In the case of microalgae, production of ethanol starting from the microalgal oilcake after
biodiesel production is to be taken into consideration. By the end of production of ethanol, the
waste can be in turn recycled, and the CO2 generated can be fed to phototrophic microalgae
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culture, while nonfermentable cellulose can be further processed as an animal feed supple-
ment (Suali and Sarbatly, 2012).

Finally, the nonfermentable (or residual) slurry, composed mainly of proteins, lipids, and
organic acids or alkali, can be used as feedstock for methane production by up to 10%; alter-
natively, the cells may be ruptured to release their proteins or enzymes as useful byproducts
(Suali and Sarbatly, 2012).

10.2.3 Bio-oil

Bio-oil production can be achieved along two alternative approaches: biomass pyrolysis or
biomass thermochemical liquefaction, as explained in this section.

The pyrolysis process is basically an anaerobic heating process carried out at high temper-
atures (between 200 �C and 750 �C). Pyrolysis may take place quickly or slowly; the former
produces bio-oil (19–58% of the final product) and biochar (Miao et al., 2004; Grierson, Strezov
et al., 2009). On the other hand, slow pyrolysis results in gas and biochar, with methane and
CO2 accounting for most of the gaseous product.

Bio-oil produced from microalgal spent biomass is more stable than that produced
from traditional crops (e.g., wood), although it is not as stable as fossil fuel (Mohan et al.,
2006). Such bio-oil is composed mainly of aliphatic and aromatic hydrocarbons,
phenols, long-chain fatty acids, and nitrogenous compounds (Du, Li et al., 2011). During
pyrolysis 10–25% of biomass is converted into char (i.e., solid porous carbon particles),
whereas 10–30% becomes a (noncondensable) gas (Grierson, Strezov et al., 2009; Ross,
Biller et al., 2010).

An alternative fuel gas is synthesis gas (syngas), a gas mixture that comprises carbon mon-
oxide (CO) and dioxide as well as hydrogen. It can be obtained by gasification of algal bio-
mass via a process consisting of reaction of carbonaceous compounds with atmospheric air,
steam, or oxygen at high temperature (ranging from 200 �C to 700 �C) in a gasifier (Suali and
Sarbatly, 2012). As a result, one obtains clean H2 with yields from 5–56%, and COwith yields
ranging from 9–52% (Abuadala, Dincer et al., 2010). Methane can be considered a coproduct
since it is produced only to low levels, 2–25% (Suali and Sarbatly, 2012). The hydrocarbon
products of gasification can be further processed to produce methanol: at 1000 �C, methanol
production is 64% (w/w), on a biomass weight basis.

Another method for bio-oil production is thermochemical liquefaction of biomass. This
requires heating the biomass at temperatures between 200 �C and 500 �C, under pressures
above 20 bar in the presence of a catalyst. This process leads to bio-oil yields of 9–72%,
together with a gaseous mixture (containing, for example, H2) ranging from 6–20% (Ross,
Biller et al., 2010; Suali and Sarbatly, 2012). The remaining ash ranges in term from
0.2–0.5%. The product of biomass liquefaction is somewhat comparable to crude fuel: most
biomass feedstock characterized a ratio of solid to water of 1:10 lead to a bio-oil yields of
ca. 37% (Zou, Wu et al., 2010).

The profile of products is mainly affected by the biomass composition and the processing
conditions of temperature, pressure, residence time, and catalyst. The bio-oil yield can be
5–25% higher than the lipid content of the original microalgae, depending on the composition
in other compounds such as carbohydrates (Biller and Ross, 2011). For instance, Dunaliella
tertiolecta is mainly composed of crude protein (63.6%) and fat (20.5%) and produces a bio-oil
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yield of ca. 37% on an organic basis (Minowa, Yokoyama et al., 1995); on the other hand,
Spirulina sp. (a well-known food supplement, owing to its protein content) was reported
to produce a bio-oil yield of up to 54% (Matsui, Nishihara et al., 1997). Microcystis viridis,
which is composed of 46% carbon, 7.3% hydrogen, and 9.5% nitrogen, was able to lead to
up to 33% bio-oil (Yang, Feng et al., 2004).

The aqueous coproduct of biomass liquefaction can be recycled to themicroalgal culture; it
is indeed rich in nitrogen, phosphorus, and potassium. The growth rate of microalgae
cultured in a medium containing 0.1% aqueous coproduct was found to be one-half of that
in microalgae cultured with established media, e.g., BG11 (Jena, Vaidyanathan et al., 2011).

10.2.4 Biochar

Biochar is a solid material obtained as the product of carbonization of biomass. This ma-
terial can adsorb fatty acids, thus unfolding a potential application as hydrophobic adsorbent
for use in water and air purification systems. Despite biochars possessing a relatively hydro-
phobic core, they are wetted bywater due to such hydrophilic functional groups as carboxylic
acids, aldehyde, and hydroxyl on the surface (Mursito, Hirajima et al., 2010), so these biochars
may be useful as reenforcing additives in cement and organic polymers. The low ash content
of carbonized char (Heilmann, Jader et al., 2011) also points to potential application as a car-
bon source for production of synthesis gas or as an alternative to coke in steel manufacture.
This material may be easily stored in subterranean locations, thus entailing a form of carbon
sequestration; it may also be applied in soil amendment, since it is rapidly attacked by soil
microorganisms (Heilmann, Jader et al., 2011).

10.2.5 Biodiesel

Biodiesel typically consists of a mixture of fatty acid alkyl esters obtained by transesteri-
fication of oils or fats, which are normally composed of 90–98% triglycerides, much smaller
levels of mono- and diglycerides and free fatty acids, and residual amounts of phospholipids,
phosphatides, carotenes, tocopherols, sulphur compounds, and water (Bozbas, 2008).

The biomass left after biodiesel production takes the form of an oilcake containing
glycerol as a byproduct of transesterification. This compound may then be refined and sold
to the pharmaceutical industry or else used livestock feed (Shirvani, Yan et al., 2011).
The oilcake stores 35–73% of its total energy as carbohydrates and proteins (Hu,
Sommerfeld et al., 2008), and three distinct options may be considered: (1) an adjacent
coal-fired power system that co-fires the left biomass (Xu et al., 2006); (2) a direct combus-
tion of the oilcake in an integrated biomass-heating system (Amaro et al., 2011); or (3) a bio-
mass combined heat and power unit (Huang and Wang, 2004) for energy cogeneration
(and, indirectly, electricity production) (Bozbas, 2008; Mata, Martins et al., 2010; Yang,
Guo et al., 2011).

Despite these possibilities, most oilcakes frommicroalgal origin are fermented into ethanol
or methane or else to H2 via anaerobic digestion. Alternatively, they may be incorporated in
livestock feed or simply used as organic fertilizer, owing to a particularly high N:P ratio.
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10.3 SPENT BIOMASS FOR FINE CHEMICAL PRODUCTION

In this section, some aspects of algal biology and biochemistry are introduced in view of
their relevance to the underlying economics. The composition of algal biomass in terms of
polysaccharides, proteins, lipids, pigments, iodine, phenols, and halogenated compounds
is expected to critically determine its overall value.

10.3.1 Polysaccharide Material

Algae contain large contents of polysaccharides, notably as contributors to cell-wall
structure but also as storage polysaccharides (Holdt and Kraan, 2011). Polysaccharides are
polymers of simple sugars (monosaccharides) linked by glycosidic bonds. They entertain nu-
merous commercial applications as stabilizers, thickeners, and emulsifiers in food (including
beverages) and feed (Tseng, 2001).

Different groups of algae produce specific types of polysaccharides; for example, green
algae produce starch for energy storage, which consists of both amylose and amylopectin,
in a way similar to higher plants (Williams and Laurens, 2010). Their total concentrations
range from 4–76% of dry weight (Holdt and Kraan, 2011).

On the other hand, macroalgae have a low lipid content, and even though their carbohy-
drate content is normally high, most of it is accounted for by dietary fibers that are not taken
up by the human body but are rather utilized as a bulking agent (Holdt and Kraan, 2011).

The polysaccharides consist mainly of cellulose and hemicelluloses as well as neutral
polysaccharides, yet cell-wall and storage polysaccharides are species-specific: green algae
may contain sulphated galactans and xylans, whereas brown algae may have alginic acid,
fucoidan (sulphated fucose), laminarin (b-1,3 glucan), and sargassan, and red algae may
contains agars, carrageenans, xylans, floridean starch (amylopectin-like glucan), and water-
soluble sulphated galactan aswell asporphyran (Chandini, Ganesan et al., 2008). Cyanobacteria
can produce cyanophycin and multi-L-arginyl-poly-L-aspartic acid (Williams and Laurens,
2010), but the contents of both common and species-specific polysaccharides undergo seasonal
variations (Holdt and Kraan, 2011).

Algal polysaccharides can be classified as dietary fibers and hydrocolloids, as is done in the
following sections, but they usually possess more than just one type of functional group.

10.3.1.1 Dietary Fibers

These kinds of polysaccharides are very diverse in chemical structure and in composition
in the algal biomass. Edible marine macroalgae contain 33–62% total fibers (on a dry-weight
basis), quite a bit higher than in higher plants, and such fibers are rich in soluble fractions
(Dawczynski, Schubert et al., 2007). Recall that dietary fibers may be insoluble (e.g., cellulose,
mannans, and xylan) or water-soluble (e.g., agars, alginic acid, furonan, laminaran, and
porphyran, addressed in further detail in the next subsection).

These algal fibers are commonly extracted by precipitation, as described by Venugopal
(2008), and may be used as nutraceuticals for functional food formulation (Holdt and Kraan,
2011). Examples of polysaccharides bearing antitumor and antiherpetitic bioactivity (among
others) are tabulated in Table 10.2.
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TABLE 10.2 Bioactivities of Polysaccharides Extracted from Spent Algal Biomass.

Polysaccharide Bioactivity Reference

Sulphated
polysaccharides

Anti-inflammatory
Antiviral against VHSV, ASFV
Antioxidant
Anticoagulant

(Matsui, Muizzuddin et al.,
2003)
(Fabregas, Garcı́a et al., 1999)
(Li, Zhang et al., 2005)
(Zhao, Xue et al., 2008)

p-KG03
exopolysaccharide

Immunostimulatory
Antiviral against Encephalomyocarditis virus

(Yim, Kim et al., 2004 )

Polysaccharides Antiviral against HSV1, 2, influenza A virus (Lee, Hayashi et al., 2004)

GA3P
exopolysaccharide

Antitumoral against human
myeloid leukemia K562 cells

(Umemura, Yanase et al.,
2003)

Algins/alginic acid Antibacterial (Holdt and Kraan, 2011)

Polysaccharides Antitumoral
Antiherpetic
Anticoagulant
Hypocholesterolemic

(Athukorala, Lee et al., 2007)
(Ye, Wang et al., 2008)
(Amano, Kakinuma et al.,
2005)
(Murata and Nakazoe, 2001)

Carrageenan Anticoagulant
Antitumoral
Antiviral

(Morrissey, Kraan et al.,
2001)

Alginate Antihypertensive
Toxic chemical absorption preventive
Hypocholesterolemic
Hypolipidemic
Protective against carcinogens via coating of surface
membranes in stomach and intestine
Antidiabetic
Antibacterial
Anticancer

(Murata and Nakazoe, 2001)
(Kim and Lee, 2008)
(Nishide, Anzai et al., 1993)

Agar Hypoglycemic
Anti-aggregative
Antitumoral
Antioxidant
Anti-inflammatory

(Holdt and Kraan, 2011)
(Murata and Nakazoe, 2001)

Agaroseþagaropectin
(7:3)

Anti-aggregative
Antitumoral
a-Glucosidase inhibition
Pro-inflammatory cytokine TNF-a suppressive
Inducible nitric oxide synthase (iNOS) suppressive
Antioxidant

(Morrissey, Kraan et al.,
2001)
(Murata and Nakazoe, 2001)
(Athukorala, Lee et al., 2007)
(Amano, Kakinuma et al.,
2005)

Phycarine Immunostimulatory (Mayer, Rodriguez et al.,
2007)
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10.3.1.2 Hydrocolloids

The group of phycocolloid polymers, commonly termed hydrocolloids because they are
soluble in water, includes alginates, carrageenans, and agars—and red and brown
macroalgae have long been used for the production of such compounds (Carlsson, 2007).
These polymers are either located in the cell walls or within the cells where they serve as
storage materials (Tseng, 2001).

Hydrocolloids account for the major industrial products derived from algae (Radmer,
1996; Pulz and Gross, 2004). They possess several useful properties for the food industry
in thickening agents, forming gels and water-soluble films that are commonly applied to sta-
bilize such products as ice cream, toothpaste, and mayonnaise (Tseng, 2001), thus taking ad-
vantage of their forming a gel upon cooling (Carlsson, 2007). Each major subgroup is
described in further detail in the follow subsections.

10.3.1.2.1 ALGINATES

Alginates are polymers extracted from the cell walls of various brown algae, particularly
the species Laminaria, Saccharina, Macrocystis, and Ascophyllum. They are composed of
D-mannuronic acid and L-guluronic acid monomers, available in both acid and salt forms;
the latter constitutes 40–47% of the dry weight of this brown algal biomass (Arasaki and
Arasaki, 1983; Rasmussen and Morrissey, 2007).

Alginates are commonly applied as intermediate feedstock in the food and pharmaceutical
industries as stabilizers for the preparation of emulsions and suspensions in ice cream, jam,
cream, custard, lotions, and toothpaste but also as coatings for pills. Furthermore, they have
found application in the production of paint, construction materials, glue, and paper as well
as in the oil, photo, and textile industries (Radmer, 1996).

Besides these technological functions, alginates possess bioactivities, as depicted in
Table 10.2. Positive favorable dietary effects of alginates upon faecal microbial fauna have
been claimed, as well as prebiotic features (Wang, Han et al., 2006); for instance, the bioactive
food additive Detoxal™ containins calcium alginate and exhibits antitoxic effects on hepatitis.
Additionally, mannuronate surfactants derived from alginate have been applied in cosmetics,
health products, and agrochemicals (Benvegnu and Sassi, 2010).

10.3.1.2.2 CARRAGEENANS

Carrageenans are composed of linear polysaccharide chains, with sulphate half-esters
attached to the sugar unit. They are normally classified according to their structural charac-
teristics, and there are at least 15 distinct structures.

Carrageenans are used in the food, textile, and pharmaceutical industries, where they are
sought as aids to stabilize emulsions and suspensions. Most carrageenan is currently pro-
duced from cell walls of Eucheuma and Kappaphycus spp. Food applications for carrageenans
(usually labeled E 407) include canned foods, dessert mousses, salad dressings, bakery fill-
ings, ice cream, instant desserts, and pet foods. They are also used as suspension agents
and stabilizers in drugs, lotions, and medicinal creams. An illustrative medical application
is treatment of bowel problems, such as diarrhea, constipation, or dysentery; they are also
used to make internal poultices to control stomach ulcers (Morrissey, Kraan et al., 2001).
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10.3.1.2.3 AGARS

Agar is a mixture of polysaccharides, typically extracted from the cell walls of red algae; it
is composed of agarose and agropectin and exhibits structural and functional properties sim-
ilar to those of carrageenans. Like carrageenans, agar is also extracted with hot water. The
generaGelidium andGracilaria are themajor commercial sources of agar (Carlsson, 2007). Like
carrageenans, agar is used as stabilizers for emulsions and suspensions and as gelling agents.
Approximately 90% of all agar produced worldwide is intended for food applications; the
remainder is used in the manufacture of capsules for medical applications and as a medium
for cell cultures (Carlsson, 2007). Agar affects absorption of ultraviolet radiation (Murata and
Nakazoe, 2001) and exhibits a few bioactivities as well (see Table 10.2).

10.3.2 Proteinaceous Compounds

Algal proteinsmay play both structural and nutritional roles, so their extraction from spent
biomass is of potentially commercial interest. One application is for animal feed due their
richness in essential amino acids (Williams and Laurens, 2010). The nonprotein nitrogen
consists of amino acids, peptides, amines, and nucleotides and accounts for 10–20% of the
total nitrogen in algae (Arasaki and Arasaki, 1983).

Recently, a few studies have been reported with respect to the organic solvent extractions
due to the experience of remaining toxic residues with the target compounds, so enzyme-
assisted extractions have attracted particular interest. Mechanical techniques such as ultra-
sound sonication and pulverizing the lyophilizedmaterials by grindingmight also be helpful.
Namely, bioactive peptides can be obtained in threeways: (1) hydrolysis bydigestive enzymes
from animals; (2) hydrolysis by proteolytic enzymes, harvested by microorganisms or plants;
and (3) hydrolysis by proteolytic microorganisms during fermentation (Samarakoon and
Jeon, 2012).

10.3.2.1 Proteins

The proteins, peptides, and amino acids vary with the algal species as well as the habitat
and the season (Arasaki and Arasaki,1983). In general, the protein content is relatively low in
brown algae but is higher in green and red algae. Proteins may indeed represent 35–45% of
dry matter in macroalgae (Holdt and Kraan, 2011) and even 60%–70% in microalgae
(Babadzhanov, Abdusamatova et al., 2004; Samarakoon and Jeon, 2012). These levels are com-
parable to those found in high-protein vegetables (e.g., soybeans), in which proteins account
for up to 40% of their dry mass (Murata and Nakazoe, 2001).

Most algal species contain all essential amino acids and are in particular a rich source of
aspartic and glutamic acids (Fleurence, 1999). The levels of some amino acid residues are
actually higher than those found in terrestrial plants—for example, threonine, lysine, trypto-
phan, cysteine, methionine, and histidine (Galland-Irmouli, Fleurence et al., 1999). Brown al-
gae proteins have been reported as good sources of threonine, valine, leucine, lysine, glycine,
and alanine but poor sources of cysteine, methionine, histidine, tryptophan, and tyrosine
(Dawczynski, Schubert et al., 2007). Red algae possess high quantities of glutamic and
aspartic acids but lower levels of basic amino acids compared to the other two algal groups
(Fleurence, 1999).
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Bioactive proteins and peptides have been found in micro- and macroalgae that possess a
nutraceutical potential (DeFelice, 1995), as is the case of their role in reducing the risk of
cardiovascular diseases (Erdmann, Cheung et al., 2008). Several other bioactivities are
presented in Table 10.3.

10.3.2.2 Peptides

Bioactive peptides usually contain 3–20 amino acid residues, and their activities stem from
both their amino acid composition and sequence (Pihlanto-Leppälä, 2000). Usually such short
chains of amino acids are inactive within the sequence of the parent protein, but they become
active upon release during gastrointestinal digestion or during food processing, including

TABLE 10.3 Bioactivities of Proteinaceous Compounds Extracted from Spent Algal Biomass.

Proteonaceous Compound Bioactivity Reference

Total protein Mitogenic of lymphocytes
Erythrocyte agglutination

(Bird, Chiles et al., 1993)
(Holdt and Kraan, 2011)

Protein Lectin Antibiotic
Antibacterial against Vibrio vulnificus
Anti-inflammatory
Antinociceptive
Mitogenic of lymphocytes
Apoptosis, metastasis and differentiation promoter
Binder of carbohydrates, including viruses, bacteria,
fungi and parasites
Antiviral against HIV
Anti-adhesive
Cytotoxic
Platelet aggregation inhibitory

(Liao, Lin et al., 2003)
(Smit, 2004)
(Bird, Chiles et al., 1993)
(Sugawara, Baskaran
et al., 2002)
(Cardozo, Guaratini
et al., 2007)
(Mori, O’Keefe et al.,
2005)
(Holdt and Kraan, 2011)
(Liao, Lin et al., 2003)

Agglutinin
glycoprotein

Mitogenic of lymphocytes
Cytotoxic against several cancer cell lines
Antitumoral

(Holdt and Kraan, 2011)
(Sugahara, Ohama et al.,
2001)

Mycin-binding
agglutinin

Anti-inflammatory (Bitencourt, Figueiredo
et al., 2008)

Peptides Depsipeptide
(kalahide F)

Antitumoral
Antiviral against AIDS

(Smit, 2004)

Hexapeptide
(SECMA 1)

Mitogenic (Ennamany, Saboureau
et al., 1998)

Cyclic
pentapeptide
(galaxamide)

Antiproliferative against human renal cell carcinoma
GRC-1 and hepatocellular carcinoma HepG2

(Xu, Liao et al., 2008)
(Sato, Hosokawa et al.,
2002)

Dipeptide Blood pressure reducer
Inhibitory of angiotensin-converting enzyme

(Sato, Hosokawa et al.,
2002)
(Suetsuna, Maekawa
et al., 2004)

Continued
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fermentation. Examples of bioactive peptides obtained by enzymatic hydrolysis of algal
proteins (Kim andWijesekara, 2010) are shown in Table 10.3 together with their characteristic
physiological roles.

10.3.2.3 Free Amino Acids

The free amino-acid fraction of macroalgae is composed chiefly of alanine, taurine,
omithine, citrulline, and hydroxyproline (Holdt and Kraan, 2011). In the case of microalgae,
high quantities of lysine, methionine, cysteine, and threonine have been reported (Morist,
Montesinos et al., 2001), which differ among species (McHugh, Food et al., 2003).

All essential amino acids were reported in brown and red seaweed species, whereas red
species feature unusually high concentrations of taurine compared to their brown counter-
parts (Dawczynski, Schubert et al., 2007). Taurine is not a true amino acid due to the lack
of a carboxyl group, but it contains a sulfonated acid group instead. It is found in fish and
shellfish in addition to macroalgae. A number of health-promoting properties of algal amino
acids are depicted in Table 10.3.

In addition to taurine, other unusual (but bioactive) amino acids, such as laminine,
kainoids, and mycosporine-like amino acids, have been found in marine macroalgae.
Kainoids are a unique group of amino acids that are structurally and functionally related
to aspartic and glutamic acids; they have attracted an interest due to their strong insecticidal,
anthelmintic, and neuroexcitatory properties (Parsons, 1996). Algal extracts containing
domoic and kainic acid have indeed been used as anthelmintic agents in Japan for centuries
for treatment of ascariasis caused by the parasitic roundworm (Parsons, 1996; Smit, 2004).
Such compounds are currently being tested against neurophysiological disorders such as
Alzheimer’s and Parkinson’s diseases and epilepsy (Smit, 2004).

TABLE 10.3 Bioactivities of Proteinaceous Compounds Extracted from Spent Algal Biomass—Cont’d

Proteonaceous Compound Bioactivity Reference

Peptide Inhibitory of angiotensin-converting enzyme
Hypocholesterolemic
Enhancer of hepatic function
Reducer of plasma glucose
Antioxidant

(Holdt and Kraan, 2011)
(Smit, 2004)

Oligopeptides Analog of the neurotransmitter g-aminobutyric acid
(GABA)

(Aneiros and Garateix,
2004)

Amino
acids

Taurine Antihypertensive
Hypocholesterolemic
Antidiabetic
Preventive of vascular diseases and hepatitis
Antioxidant

(Militante and
Lombardini, 2002)
(Zhang, Li et al., 2003)
(Houston, 2005)
(Mochizuki, Takido
et al., 1999)

Laminine Hypertensive
Depressor of smooth muscle contraction

(Holdt and Kraan, 2011)
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10.3.3 Lipid Compounds

Depending on the primary biofuel target, a broad group of naturally occurring lipids remain
in algal spent biomass; these include fats; waxes; sterols; fat-soluble vitamins (e.g., A, D, E
and K); mono-, di-, and triacylglycerols; diglycerides, and phospholipids (Williams and
Laurens, 2010). Of particular importance are polyunsaturated fatty acids (PUFA); interest
has emerged in recent years owing to their potential therapeutic uses in addition to nutritional
applications derived from physiological roles in actual cells. PUFAs have been thoroughly
studied, especially o3 long-chain PUFA (LC-PUFA), in regard to docosahexaenoic acid
(DHA), eicosapentaenoic acid (EPA), and a-linolenic acid (ALA). Their importance to
human health has backed up market demand for them (Guedes et al., 2011a).

The predominant PUFA in various marine algae is EPA at concentrations as high as 50%
of its total fatty acid content (Murata and Nakazoe, 2001; Dawczynski, Schubert et al., 2007).
Marine algae also contain 18:4 n-3, which is hardly found in other organisms; notably, red
alga species contain significant quantities of EPA and arachidonic acid (20:4), whereas
green algae are unique in their content of 16:4, varying from 4.9% to 23.1% of the total
fatty acids, besides 16:0, 18:1, and 18:3 acids. Unsaturated fatty acids predominate in all
brown algae and saturated fatty acids in red algae, both groups being balanced sources
of n-3 and n-6 acids (Mabeau and Fleurence, 1993; Sánchez-Machado, López-Hernández
et al., 2004).

The main effects of n-3 fatty acids on human health can be classified into three categories:
(1) structural components of cell and organelle membranes, (2) significant role in lowering
blood lipids, and (3) precursors in mediating biochemical and physiological responses.
Human beings have to include ALA, EPA, and/or DHA in their daily diet, especially via
inclusion of marine products. However, algae exhibit competitive advantages as sources of
PUFAs: Fish (the most common source) have typically lower contents (on a mass basis)
and are subjected to seasonal variations in fatty acid profile, besides their being proven
to be contaminated by heavy metals (Guil-Guerrero, Navarro-Juárez et al., 2004). Fur-
thermore, they have a limited capacity to synthesize PUFA, so most of them are simply
accumulated from their microalgal diet (Guedes et al., 2011a). Algae are indeed a good source
of EPA (Plaza, Cifuentes et al., 2008) and an important source of n-3 PUFAs (Murata and
Nakazoe, 2001). Besides the well-accepted effect of 18:4 n-3 on the immune system in humans
(Ishihara, Murata et al., 1998 ), several other bioactivities have been reported, as tabulated
in Table 10.4.

The relative composition of algal lipids depends greatly on the species as well as available
nutrients and prevailing environmental conditions during cell culture and harvest. For
instance, it has been shown that the composition of algal lipids varies considerably with
the growth cycle, under nutrient limitation and a diurnal light/dark cycle (Ekman A,
Bulow L et al., 2007; Greenwell, Laurens et al., 2010). Many algal species can be induced to
accumulate substantial contents of lipids; although average lipid contents vary between
1% and 70%, some species may reach 90% (w/wDW) (Guedes et al., 2011a). Concerning their
extraction, several methods can be applied, but the most common are expeller/oil pressing,
liquid–liquid extraction (solvent extraction), supercritical fluid extraction (SFE), and ultrasound
techniques, all of which bear advantages and limitations, as discussed elsewhere (Singh and
Gu, 2010).
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10.3.3.1 Phospholipids

Phospholipids (PLs) consist of fatty acids and a phosphate-containing moiety attached to
either glycerol or (the amino alcohol) sphingosine, thus resulting in compounds with fat-
soluble and water-soluble regions that are ubiquitors in cell membranes. Glycerol-containing
PLs include phosphatidic acid, phosphatidylcholine (PC), phophatidylethanolamine (PE),
phosphatidylinositol, and phosphatidylserine. Sphingomyelin (SPH), a major PL, consists
of sphingosine and PC. Phospholipids and choline entail several benefits for human health,
as depicted in Table 10.4. The level of phospholipids in various red macroalgae varies from
10–21% of total lipids; the main ones are PC (62–78%) and PG (10–23%) (Dembitsky and
Rozentsvet, 1990).

Dietary phospholipids act as natural emulsifiers and as such they facilitate digestion and
absorption of fatty acids, cholesterol, and other lipophilic nutrients. Algal phopholipids
appear to bear a number of advantages relative to fish oils because they are more resistant
to oxidation (rancidity), have higher contents of EPA and DHA and provide them with
a better bioavailability, and entail a wider spectrum of health benefits for humans and
animals (Holdt and Kraan, 2011).

10.3.3.2 Glycolipids

Glycolipids are carbohydrate-attached lipids that can be extracted from algal biomass.
Their role is to provide energy and to serve as markers for cellular recognition owing to their
association with cell membranes.

Red algae contain monoglycosyldiacylglycerol (MGDG), diglycosyldiacylglycerol (DGDG),
and sulphaquinovosyldiacyl-glycerol at essentially similar levels. Conversely, MGDG and
DGDG are the chief glycolipids in green algae. On the other hand, theMGDG content of brown
algae varies from 26–47%, the DGDG content from 20–44%, and the ulphaquinovosylglycerol
content from 18–52% of the total glycolipids (Dembitsky and Rozentsvet, 1990).

10.3.3.3 Sterols

Sterols occur naturally in plants and animals; the most familiar type of the latter is
cholesterol, which is vital to cellular functioning due to its role in the fluidity of the cell

TABLE 10.4 Bioactivities of Lipid Compounds Extracted from Spent Algal Biomass.

Lipid Compound Bioactivity Reference

Sterols Anti-inflammatory (Guzmán, Gato et al., 2001)

Eicosapentaenoic
acid

Antimicrobial against MRSA, Listonella anguillarum and
Lactococcus garvieae

Antioxidant

(Guedes et al., 2011b)

a-Linolenic acid Antibacterial (Ohta, Chang et al., 1993)

Phospholipids Contributor to lipoprotein formation in liver, nervous
system conduction and protection, memory storage, and
muscle control

(Holdt and Kraan, 2011)

Choline Methyl donor and precursor of acetylcholine (Holdt and Kraan, 2011)
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membrane, besides serving as a secondary messenger in developmental signaling. Further-
more, cholesterol is a precursor of fat-soluble vitamins and steroid hormones.

The content and type of sterols vary with the alga species: green algae contain
28-isofucocholesterol, cholesterol, 24-methylene-cholesterol, and b-sitosterol, whereas brown
algae contain fucosterol, cholesterol and brassicasterol; red algae contain desmosterol,
cholesterol, sitosterol, fucosterol, and chalinasterol. The predominant sterol in brown algae,
fucosterol, accounts for 83–97% of the total sterol content, whereas desmosterol, in red algae,
accounts for 87–93% (Sánchez-Machado, López-Hernández et al., 2004; Kumar, Ganesan
et al., 2008).

10.3.4 Pigment Materials

10.3.4.1 Chlorophylls

Chlorophylls are green, lipid-soluble pigments found in all algae, higher plants, and
cyanobacteria that carry out photosynthesis (Rasmussen and Morrissey, 2007). Chlorophyll
is converted into pheophytin, pyropheophytin, and pheophorbide in processed vegetable
foods following ingestion by humans. These valuable bioactive compounds show
antimutagenic effect so are thus likely play a significant role in cancer prevention—
specifically via inhibition of myeloma cell multiplicity via pheophorbide (Simon, Alvin
et al., 1999). Moreover, chlorophylls are used as a natural food-coloring agent and has anti-
oxidant as well as antimutagenic properties.

The process of extracting chlorophyll from marine algae begins with dewatering and
desalting the highly dilute culture (0.1–1%w/v, in the case ofmicroalgae). Chlorophyll is then
extracted from the dried biomass by organic solvent extraction or SFE. This process is
followed by a fractionation step to separate the chlorophyll pigments and derivatives. Many
studies have been carried out to optimize chlorophyll extraction and fractionation from algae
(Liqun, Pengcheng et al., 2008; Hosikian, Lim et al., 2010).

10.3.4.2 Carotenoids

Carotenoids are the most widespread pigments in nature and they appear in all algae,
higher plants, and many photosynthetic bacteria. Their role is to protect from light radiation
in the red, orange, or yellow wavelengths. Chemically speaking, carotenoids are
tetraterpenes, whereas carotenes are hydrocarbons and xanthophylls contain one or more ox-
ygen molecules (Lobban and Harrison, 1994). All xanthophylls synthesized by higher plants,
e.g. violaxanthin, antheraxanthin, zeaxanthin, neoxanthin, and lutein, can also be synthesized
by green algae. However, these possess additional xanthophylls, that is, loroxanthin,
astaxanthin, and canthaxanthin. Diatoxanthin, diadinoxanthin, and fucoxanthin can also
be produced by brown algae or diatoms (Guedes et al., 2011c). In general, green algae contain
b-carotene, lutein, violaxanthin, neoxanthin, and zeaxanthin, whereas red species contain
mainly a- and b-carotene, lutein, and zeaxanthin. b-carotene, violaxanthin, and fucoxanthin
are present chiefly in brown species (Haugan and Liaaen-Jensen, 1994).

Extraction of carotenoids from algae has been boosted in recent years in the alimentary
and aquaculture fields (Lamers, Janssen et al., 2008), driven by consumers’ environmental
and health awareness and commercial feasibility. The major large-scale applications are
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food and health. Carotenoids’ antioxidant properties have been shown to play a role in
preventing pathologies linked to oxidative stress (Yan, Chuda et al., 1999).

Recall that most oxidation reactions in foods are deleterious, e.g., degradation of vitamins,
pigments, and lipids, with consequent loss of nutritional value and development of off-
flavors (Bannister, O’Neill et al., 1985; Fennema, 1996). On the other hand, carotenoids are
particularly strong dyes, even at ppm levels. Specifically, canthaxanthin, astaxanthin, and
lutein have been in regular use as pigments and accordingly have been included as ingredi-
ents of feed for salmonid fish and trout as well as poultry, to enhance the reddish color of fish
meat or the yellowish color of egg yolk (Lorenz and Cysewski, 2000; Plaza, Herrero et al.,
2009). Furthermore, b-carotene has experienced an increasing demand as pro-vitamin A (ret-
inol) in multivitamin preparations. It is usually included in the formulation of healthy foods
under antioxidant claims (Krinsky and Johnson, 2005; Spolaore, Joannis-Cassan et al., 2006).
Some carotenoids are part of vitamins, which have diverse biochemical functions, including
hormones, antioxidants, mediators of cell signaling, and regulators of cell and tissue growth
and differentiation (Holdt and Kraan, 2011).

In humans, oxidation reactions driven by reactive oxygen species can lead to protein
damage as well as DNA decay or mutation; these may, in turn, lead to several syndromes,
such as cardiovascular diseases, some kinds of cancer, and degenerative diseases, besides
aging in general (Kohen and Nyska, 2002). As potential biological antioxidants, carotenoids
have the ability to stimulate the immune system and may be involved in as many as 60 life-
threatening diseases, including various forms of cancer, coronary heart diseases, premature
aging, and arthritis (Mojaat, Pruvost et al., 2008). Carotenoids exhibit hypolipidemic and
hypocholesterolemic effects as well (Guedes et al., 2011c). A summary of these
bioactivities is provided in Table 10.5.

TABLE 10.5 Bioactivities of Carotenoid Compounds Extracted from Spent Algal Biomass.

Carotenoid Compound Bioactivity Reference

b-carotene Antioxidant (Plaza, Herrero et al., 2009)

Astaxanthin Antioxidant
Anti-inflammatory
Antitumoral against colon cancer

(Plaza, Herrero et al., 2009)

Cantaxanthin Antioxidant (Plaza, Herrero et al., 2009)

Lutein Antioxidant

Violaxanthin Antioxidant

DiadinochromeA, B, diatoxanthin/
cynthiaxanthin

Antitumoral (Holdt and Kraan, 2011)

Fucoxanthin Anti-obesity (Sugahara, Ohama et al., 2001)
(Plaza, Cifuentes et al., 2008)

Zeaxanthin Preventer of ophthalmological
diseases

(Astorg, 1997)
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Concerning carotenoid extraction, methodologies such as solvent extraction, supercritical
extraction, or expanded bed absorption chromatography can be applied, as described by
Liam et al. (Liam, Anika et al., 2012).

10.3.4.3 Phycobiliproteins

Unlike chlorophylls and carotenoids, phycobiliproteins are water-soluble and formparticles
(phycobilisomes) on the surface of thylakoids rather than being embedded in the membranes.
Theseproteinsaremajorphotosynthetic accessorypigments inalgaeand includephycoerythrin,
phycocyanin, allophycocyanin, and phycoerythrocyanin (Jian-Feng, Guang-Ce et al., 2006).

Phycobiliproteins consist of pigmented phycobilins, i.e., linear tetrapyrroles. Various
combinations of the two major phycobilins—phycoerythrobilin (red) and phycocyanobilin
(blue)—can absorb at distinct spectral regions (Lobban and Harrison, 1994). Within
phycobilisomes, phycobiliproteins play an important role in the photosynthetic process of
at least three families of algae: Rhodophyta, Cyanophyta, and Cyptophyta (Chronakis,
Galatanu et al., 2000; Aneiros and Garateix, 2004). The additional photosynthetic pigments
make light harvesting possible in deep waters because surface light wavelengths for some
colors are almost completely absorbed below 10 m (Voet, Voet et al., 2008).

The aforementioned proteins have been used as natural colorants for food and
cosmetic applications, e.g., chewing gum, ice sherbets and gellies, and dairy products, in
addition to lipsticks and eyeliners (Bermejo Román, Alvárez-Pez et al., 2002; Sekar and
Chandramohan, 2008). Several phycobiliproteins have been shown to exhibit antioxidant,
anti-inflammatory, neuroprotective, hypocholesterolemic, hepatoprotective, antiviral,
antitumoral, liver-protecting, serum lipid-reducing, and lipase-inhibiting activities (Sekar
and Chandramohan, 2008). Therefore, such health products as tablets, capsules, or powders
that includephycocyaninhave successfully reached themarket in recent times (Guil-Guerrero,
Navarro-Juárez et al., 2004). This type of pigment can be recovered by several techniques,
e.g., solvent extraction and pressurized liquid extraction as well as expanded bed absorption
chromatography, as covered by Liam et al. (Liam, Anika et al., 2012).

10.3.5 Halogenated Materials

10.3.5.1 Iodine

Marine algae are known for their high mineral content, so they have been used as feed and
food supplements. In fact, they have 10–100 times the mineral content of traditional vege-
tables (Arasaki and Arasaki, 1983; Nishizawa, 2002), with ash reaching levels of up to
55% on a dry-weight basis, whereas sweet corn has a content of 2.6% and spinach an excep-
tionally high mineral content of 20% (Rupérez, Ahrazem et al., 2002). The mineral composi-
tion varies according to phylum as well as such other factors as seasonal, environmental,
geographical, and physiological variations.

The mineral iodine deserves particular attention because its concentration may reach quite
high levels in certain brown algae—say, 1.2% of dry weight. For instance, Saccharina japonica
(kombu) is an excellent source of iodine, so it has been used for centuries in China as a dietary
iodine supplement to prevent goiter; most of it is dried and eaten directly in soups, salads,
and tea or used to make secondary products with various seasonings (Lobban and Harrison,
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1994). Furthermore, kelp was used as raw material for extraction of iodine in Ireland during
the 17th century (Morrissey, Kraan et al., 2001). Nevertheless, excessive iodine intake in sen-
sitive persons can trigger hyperactivity of the thyroid gland, similar to the myxoedema reac-
tion (Holdt and Kraan, 2011), so brown alga consumption has to be limited. The main
methods of extracting iodine from seaweed, such as incineration, blowout, ion exchange,
and activated carbon adsorption, have been fully discussed and compared in terms of advan-
tages and shortcomings by Jinggang et al. (Wang, Feng et al., 2008).

10.3.5.2 Halogenated Derivatives

Besides iodine, compounds derived from halogens are produced by red and brown
macroalgae (Butler and Carter-Franklin, 2004). Halogenated compounds appear as several
classes of primary and secondary metabolites, including indoles, terpenes, acetogenins,
phenols, fatty acids, polyhalogenated monoterpenes, and volatile halogenated hydrocarbons
(e.g., bromoform, chloroform, and dibromomethane) (Dembitsky and Rozentsvet, 1990;
Butler and Carter-Franklin, 2004). In many cases, they possess biological activities of
pharmacological interest, as emphasized in Table 10.6. These compounds may also play

TABLE 10.6 Bioactivities of Polyphenol and Halogenated Compounds Extracted from Spent Algal Biomass.

Compound Bioactivity Reference

Polyphenol Phorotannins Antioxidant
Radiation protection
Antiproliferative
Antibiotic
Antidiabetes
Anticancer
Anti-HIV
Hepatoprotective
Anti-allergic
Plasmin inhibitor
Photo chemopreventive
Antibacterial
Anti-inflammatory
Preventive against
cardiovascular diseases
Preventive against arthritis
Preventive against autoimmune
disorders

(Plaza, Cifuentes et al., 2008)
(Yuan and Walsh, 2006)
(Cérantola, Breton et al., 2006)
(Chandini, Ganesan et al., 2008)
(Kang, Park et al., 2003)
(Lim, Cheung et al., 2002)
(Zubia et al., 2008)
(Li, Li et al., 2007)
(Sampath-Wiley, Neefus et al., 2008)
(Zhang, Tiller et al., 2007)
(Yuan, Carrington et al., 2005)
(Li, Qian et al., 2009)
(Zou, Qian et al., 2008)
(Yong, Zhong-Ji et al., 2008)
(Nagayama, Shibata et al., 2003)
(Holdt and Kraan, 2011)

Fucol,
Fucophlorethol,
Fucodiphloroethol
G
Ergosterol

Antioxidant (Garbisa, Sartor et al., 2001)
(Maliakal, Coville et al., 2001)
(Kang, Park et al., 2003)

Halogenated
compound

Antibacterial
Antitumoral
Antituberculosis
Cytotoxicity

(Vairappan, Suzuki et al., 2001)
(Fuller, Cardellina et al., 1992)
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multifunctional ecological roles (Suzuki, Takahashi et al., 2002; Brito, Cueto et al., 2002). These
kinds of compounds can be extractable by SFE or/and using solvents (Pourmortazavi and
Hajimirsadeghi, 2007) or by pressurized liquid with solid-phase extraction (Onofrejová,
Vašı́čková et al., 2010).

10.3.6 Phenolic Materials

Phenols (sometimes called phenolics) are a class of chemical compound consisting of a hy-
droxyl group (–OH) directly bound to an aromatic hydrocarbon group. The simplest of this
class is phenol, the parent compound used as disinfectant and for chemical synthesis.
Phlorotannins are an extremely heterogeneous group of phenolic compounds in terms of
structure and degree of polymerization; accordingly, they provide a wide range of biological
activities (Holdt and Kraan, 2011). Green and red macroalgae possess low concentrations of
phenols (Mabeau and Fleurence, 1993) compared to brown macroalgae that are particularly
rich in phlorotannin. Typical phenolic contents vary from 1–14% of dry macroalga biomass.
Such polyphenols as fucol, fucophlorethol, fucodiphloroethol G, and ergosterol as well as
phlorotannin are abundant in brown macroalgae and possess strong antioxidant effects.
The concentration of polyphenols exhibits seasonal variations and shows a significant time
correlation with the algal reproductive state, besides being affected by a number of other
parameters such as location and salinity (Holdt and Kraan, 2011).

Polyphenols entail a cosmetic and pharmacological value owing to their antioxidative
activity; they also have shown other favorable effects, e.g., protection from radiation as well
as antibiotic and antidiabetic qualities. Several of these effects were tested in bacteria, cell
cultures, rodents, and even humans, namely with regard to sexual performance and desire.
Certain polyphenols may work as preventative medicines due their several bioactivities (see
Table 10.6); in particular, phlorotannins are candidates for development of unique natural
antioxidants for further industrial applications in functional food, cosmetic, and pharmaceu-
tical formulations (Li, Qian et al., 2009).

For their extraction, several methods can be applied using Soxhlet-based solvent extraction
or ultrasonic extraction, as discussed elsewhere (Mahugo Santana, Sosa Ferrera et al., 2009).

10.4 BIOREMEDIATION

Inaddition tobeingasourceof secondarybiofuels andvalue-addedcompounds, thespentbio-
mass of algaemay also be applied as CO2 sequester and wastewater treatment, as detailed next.

10.4.1 Carbon Dioxide Sequestering

Algae have higher growth rates and higher photosynthetic efficiencies than terrestrial
plants, so they are more efficient in capturing atmospheric carbon (Packer, 2009). However,
flue gases from industrial plants have been reported as a suitable feed of algae. The use of
algae for carbon sequestration is at present considered feasible if they are used as biofuel
feedstock rather than merely as a carbon sequester (Suali and Sarbatly, 2012).
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10.4.2 Wastewater Treatment

Because algae require a variety of organic nutrients, it is possible to use them inwastewater
treatment. In fact, wastewater has a significantly higher content of individual amino acids that
support growth of algae, and they have been shown to reduce the chemical oxygen demand
(COD) and biochemical oxygen demand (BOD) in wastewater (Christenson and Sims, 2011).

10.5 FEED

A final important use of spent biomass is a feed—for plants as fertilizers but also for such
aquatic animals as fish or even zooplankton. These two applications are discussed in further
detail in this section.

10.5.1 Fertilizer (Plant Feed)

Commercial fertilizers, used for long periods, have adverse effects on soil productivity
and environmental quality, so interest in environmentally friendly, sustainable agricultural
practices has been on the rise. In developing and implementing sustainable agriculture tech-
niques, biofertilization is of great importance to alleviate deterioration of natural ecosystems
and to reduce the impact of environmental pollution while integrating nutrient supply into
agriculture. Biofertilizers include mainly nitrogen-fixing, phosphate-solubilizing, and plant
growth-promoting microorganisms, as in the case of microalgae.

Marine algae and algae-derived products have been widely used as nutrient supplements
and as biostimulants or biofertilizers to increase plant growth and yield. The regulatory sub-
stances cytokinins, auxins, gibberellins, and betaines in algae can induce plant growth
(Valente, Gouveia et al., 2006), but their roles as macro- and micronutrients also make them
valuable components of biofertilizers. A few commercial products based on marine algae are
ready available for use in agriculture, but ongoing research has featured several alga species
in terms of ascertaining their effects on plant growth. For instance, recent workwith Laminaria
digitata indicated that this marine macroalga (traditionally used as soil amendment in many
parts of the world) improves seed germination and rooting in terrestrial plants (Thorsen,
Woodward et al., 2010).

Several pieces of evidence confirmed that microalgae are beneficial in plant cultivation
by producing growth-promoting regulators, vitamins, amino acids, polypeptides, and
antibacterial and antifungal substances that exert phytopathogen biocontrol as well as poly-
mers, especially exopolysaccharides that improve both plant growth and productivity (de
Mulé, de Caire et al., 1999). Other indirect growth-promotion effects may be claimed, such
as enhancing the water-holding capacity of soils or substrates, improving availability of plant
nutrients, and producing antifungal and antibacterial compounds (Schwartz and Krienitz,
2005). In hydroponic cultivation, microalgae present a few extra benefits: The oxygen pro-
duced by photosynthesis avoids anaerobiosis in the root system while releasing such
growth-hormones as auxins, cytokins, gibberelins, abscisic acid, and ethylene (Schwartz
and Krienitz, 2005). Equally important and promising is the high N:P ratio exhibited by
microalgae, which is an extra indicator of its potential as fertilizer.
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10.5.2 Animal Feed

The moisture content of fresh marine algae is quite high and can account for up to 94% of
their biomass. However, marine algae contain such nutritional elements as proteins, lipids,
carbohydrates, vitamins, and minerals that are in high demand for animal feed (Zubia
et al., 2008). In particular, the ash content is high compared to that of vegetables (Murata
and Nakazoe, 2001) and includes both macrominerals and trace elements.

Fish feeding represents over 50% of the whole operating costs in intensive aquaculture,
with protein being the most expensive dietary source (Lovell, 2003). Nowadays 24% of the
fish harvested by fisheries worldwide is used to produce fish meal and fish oil, thus putting
high pressure on fisheries that aquaculture has attempted to alleviate. This demand promoted
extensive efforts to find alternative sources of protein sources for aquatic feed; unfortunately,
plants are poor protein sources in fish diets owing to their deficiency in certain essential
amino acids, their content of antinutritional compounds, and taste problems.

Conversely, microalgae have been traditionally used to enrich zooplankton, which will in
turn be used to feed fish and other larvae. In addition to providing proteins contain essential
amino acids, they carry such other key nutrients as vitamins, essential PUFAs, pigments,
and sterols, which may then be transferred upward through the food chain (Guedes and
Malcata, 2012).

On the other hand, contamination by bacteria that attack fish can potentially devastate
aquaculture farms. Microalgal fatty acids longer than 10 carbon atoms can induce lysis of
bacterial protoplasts; said ability depends on composition, concentration, and degree of
unsaturation of free lipids (Guedes et al., 2011b). The contents of carotenoids are
important in aquaculture as well. In fact, artificial diets that lack natural pigments preclude
such organisms as salmon or trout to acquire their characteristic red color (muscle), which, in
nature, is a result of ingesting microalgae containing red pigments; without such a color, a
lower market value will result (Guedes and Malcata, 2012).

10.6 FINAL CONSIDERATIONS

Due to the dramatic increase in primary energy consumption and the increasingly strict
environmental issues triggered by fossil-fuel sources, it is our firm belief that development
of algal biofuel is urged. As discussed in this chapter, the main challenges pertaining to algal
biofuel viability entail lower environmental impact beyond a number of associated benefits
(namely, CO2 reduction and wastewater treatment), which may contribute to ensuring eco-
nomic competitiveness.

However, associated with biofuel production is the spent biomass that is produced, with
huge potential in terms of applications—from secondary biofuels through feed formulations
and fine chemicals to bioremediation purposes. Therefore, biofuel production using spent
biomass entails a strong economic interest, as thoroughly discussed in this chapter.

For competitiveness in this algae-based scenario, industry should follow an integral
upgrade approach via implementation of an algal-based biorefinery, thus maximizing the
economic return on all components of algal biomass, aiming at the point of zero residues.
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A careful analysis of the current state of the art indicates that it is difficult to develop algal
biofuel to the point where it can fully replace fossil fuels, in either developing or developed
economies. Governments should indeed adopt an affirmative action by enforcing carbon
taxes to limit use of fossil fuels as well as subsidizing investment, funding R&D efforts,
and promoting consumption of renewable energies. Multilateral alternative energy develop-
ments will probably be necessary to fully address the CO2 emission objectives of the
Copenhagen Agreement and the Kyoto Protocol—and extensive cultivation of algae could
play a central role in that process.
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Brányiková, I., Maršálková, B., et al., 2011. Microalgae—novel highly efficient starch producers. Biotechnol. Bioeng.
108 (4), 766–776.

Brito, M., Cueto, A.R., et al., 2002. Oxachamigrenes, new halogenated sesquiterpenes from Laurencia obtusa. J. Nat.
Prod. 65 (6), 946–948.

Butler, A., Carter-Franklin, J.N., 2004. The role of vanadium bromoperoxidase in the biosynthesis of halogenatedma-
rine natural products. ChemInform. 35 (17), no-no.

Cardozo, K.H.M., Guaratini, T., et al., 2007.Metabolites from algaewith economical impact. Comp. Biochem. Physiol.
C Toxicol. Pharmacol. 146 (1–2), 60–78.

Carlsson, A.S., 2007. Micro- and Macro-algae: Utility for Industrial Applications: Outputs from the EPOBIO Project.
CPL Press, Newbury, UK.
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11.1 INTRODUCTION

Concerns over energy supply security, global climate change as well as local air pollution,
and the increasing price of energy services are having a growing impact on policy making
throughout the world. Today’s energy and transport system, which is based mainly on fossil
energy carriers, can in no way be evaluated as sustainable. The search for a sustainable and
environment-friendly source of hydrocarbons is the need of the hour. Research efforts di-
rected toward the conversion of biomass into a liquid transportation fuel have their origins
in the first U.S. energy crisis of October 1973, a consequence of the Yom Kippur War and the
Organization of Petroleum Exporting Countries (OPEC) oil embargo. Subsequently, the 1979
Iranian revolution and more recent concerns about the security of imported petroleum
and the contribution of carbon dioxide (CO2) emissions to global warming trends have led
to renewed efforts to provide an essentially CO2-neutral supply of transportation fuel
(Blanch, 2012).

It has been long expected that biofuels and biorefineries can at least partially mitigate these
problems and create more sustainable and balanced economies. To date three generations of
biofuels have been developed. The first-generation biofuels were made from edible feedstock
such as corn, soybean, sugarcane, and rapeseed. Biofuel production from these resourceswas,
rightfully or not, blamed for the subsequent surge in food prices. Second-generation biofuels
produced fromwaste lignocellulosic biomass and dedicated lignocellulosic feedstock such as
miscanthus, switchgrass, or poplar have advantages over those of the first generation. The
main advantages are higher yields and lower land requirement (in both quality and quantity).

The concept of using algae tomake fuels was already being discussed 50 years ago (Oswald
andGolueke, 1960), but a concerted effort beganwith the oil crisis of the 1970s. Large research
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programs in Japan and the United States focused on developing microalgal energy produc-
tion systems. Third-generation biofuel feedstock, micro-, and macroalgae can have an edge
over the previous two generations. These marine organisms show the prospect of high bio-
mass yields without requiring any arable land and have the potential to be cultivated in con-
tainment off-shore (Trent, 2012). Moreover, some algal species grow well in saline, brackish,
andwaste water, whichmakes themmore promising feedstock than terrestrial crops that rely
exclusively on fresh water. These features, along with successful methods for large-scale
algae cultivation and processing, can make third-generation feedstock superior to that of pre-
vious generations (Daroch et al., 2012).

The typical differences between lignocellulosic biomass and algal biomass are depicted in
Figure 11.1. The transition from first- and second-generation to third-generation biofuels
offers a reduction in land requirements. This is due to higher energy yields per hectare as
we move along this transition as well as utilization of nonagricultural land (Fenton and
Ó hUallacháin, 2012). In addition, algae do not deplete any soil nutrients that could aid ag-
riculture. Green and blue-green (cyanobacteria) microalgae have been on Earth for millions of
years and differ substantially from higher plants. They are single-celled microorganisms that
live in aquatic environments, and all components necessary for life and procreation are lo-
cated within a single cell. In higher terrestrial plants, specialized cells with specific functions
are required, making up roots, stems, flowers, and other functional parts. Cellulose, hemicel-
lulose, and lignin often provide structural support for these specialized cells and are present
in significant quantities. In contrast, microalgae and cyanobacteria are not lignocellulosic in
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LIGNOCELLULOSIC
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FIGURE 11.1 Differences between lignocel-
lulosic biomass and algae.

236 11. HYDROTHERMAL UPGRADATION OF ALGAE INTO VALUE-ADDED HYDROCARBONS



composition but are composed of proteins, lipids, noncellulosic carbohydrates, and nucleic
acids (Heilmann et al., 2010).

Today, efforts are being made to maximize the productivity of biomass and identify new
species of plants and processes to fulfill future demands for food, fodder, materials, and en-
ergy. The utilization of algae is seen as one of the possible alternatives (Kröger and Müller-
Langer, 2012). Algae are a feedstock that has certain advantages over land-based feedstock.
Under favorable conditions, the growth rate of algae is estimated to be 5–10 times higher than
land-based crops, implying a higher production rate of theoretically convertible biomass.
Additionally, certain species may have a high fraction of lipids or carbohydrates of up to
70–80 wt% (Chisti, 2007). There are several reasons for the high production rate. One of them
is the higher photosynthetic efficiency.

Many commercial efforts are underway to maximize economic return and improve energy
balances in algal cultivation. Currently, much work is focused on extracting high-value
chemicals (e.g., nutraceuticals) and energy-dense lipids (e.g., for biodiesel) from algae, but
this still leaves behind a large residual of “defatted” biomass. Effective utilization of defatted
algal biomass will be necessary to achieve favorable energy balances and production costs
(Pan et al., 2010).

The use of macroalgae for energy production has received less attention for the production
of fuels/chemicals, despite the fact that macroalgae have long been cultivated for several pur-
poses (food production, chemical extraction) in China, Korea, the Philippines, and Japan. The
productivity is in the range of 1–15 kg m�2 y�1 dryweight (10-150 tdw ha�1 y�1) for a seven- to
eight-month culture. Either brown algae (Laminaria, Sargassum) or red algae have been used so
far for such purposes (Aresta et al., 2003).

11.2 ALGAL BIOMASS

The term algae can refer to microalgae, cyanobacteria (the so-called “blue-green algae”),
and macroalgae (or seaweed). As a first approximation, the composition of algal biomass
is similar to that of conventional plant biomass, with both containing primarily lipids, carbo-
hydrates, and protein. However, unlike conventional plant crops, algae lack the structural
component lignin. This can be viewed as advantageous in the separation of more valuable
carbohydrates from less valuable lignin, which is often complicated and resource intensive.
Also, algae are commonly cultured under dilute conditions, and whereas this results in the
need for extensive dewatering, it also allows for growth conditions to be tweaked to meet
market demands in real time (Foley et al., 2011).

Unlike plants that contain predominantly cellulose Ib (monoclinic crystalline form), algal
cells contain cellulose Ia (triclinic crystalline form) (Hayashi et al., 1997; Atalla and Van der
Hart, 1984). The latter form contains weaker hydrogen bonding resulting from spatial ar-
rangement of individual cellulose chains with respect to one another. Carbohydrate profiles
of algae and terrestrial plants also differ significantly. Both groups contain hemicelluloses—
heterogeneous polysaccharide composed of pentoses, mainly xylose, that can be utilized for
fermentative bioethanol production. In addition, algae contain various contents of other
heteropolysaccharides that are largely species-dependent. Red seaweeds, for example, are
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mainly composed of polymers of modified galactose: carrageenan and agar. The major cell
wall component of red algae K. alvarezii is j-carrageenan (Khambhaty et al., 2012; Meinita
et al., 2012), a linear, sulphated polysaccharide composed of galactose that cannot be directly
metabolized to ethanol. Another rhodophyte,Gelidium amansi, is predominantly composed of
agar (Kim et al., 2011), a polysaccharide composed of D- and L-galactose derivatives. Brown
algae of Laminaria sp. (Adams et al., 2009; Horn et al., 2000; Kim et al., 2011), on the other hand,
are rich in mannitol and contain large quantities of laminaran, a polysaccharide composed of
1, 3 linked and 1, 6 linked glucopyranose units terminatedwith D-mannitol. These sugars and
sugar alcohols could be an additional pool of carbohydrates when combined with an appro-
priate conversion scheme. Besides these heteropolysaccharides, both micro- and macroalgae
store their reserves as starch. The highest contents of starch were reported for microalgae
C. reinhardtii UTEX90 (Choi et al., 2010; Nguyen et al., 2009) and reached as much as
35–45% of dry cellular weight (Daroch et al., 2012).

In addition to fungible biofuels, a variety of biofuels and products can be generated
using algae precursors. There are several aspects of algal biofuel production that have com-
bined to capture the interest of researchers and entrepreneurs around the world: (1) high
per-acre productivity, (2) nonfood-based feedstock resources, (3) use of nonproductive,
nonarable land, (4) utilization of a wide variety of water sources (fresh, brackish, saline,
marine, produced, and waste water), (5) production of both biofuels and valuable coprod-
ucts, and (6) potential recycling of CO2 and other nutrient waste streams (Varfolomeev and
Wasserman, 2011).

11.2.1 Microalgae/Defatted Microalgae

Microalgae are microscopic photosynthetic organisms that are found in both marine and
freshwater environments. Their photosynthetic mechanism is similar to that of land-based
plants, but due to a simple cellular structure and submerged in an aqueous environment
where they have efficient access to water, CO2, and other nutrients, they are generally more
efficient in converting solar energy into biomass. These organisms constitute a polyphyletic
and highly diverse group of prokaryotic (two divisions) and eukaryotic (nine divisions) or-
ganisms. The classification into divisions is based on various properties such as pigmentation,
the chemical nature of the photosynthetic storage product, the organization of photosynthetic
membranes, and other morphological features. The most frequently used microalgae are
Cyanophyceae (blue-green algae), Chlorophyceae (green algae), Bacillariophyceae (including the
diatoms), and Chrysophyceae (including golden algae). Many microalgae species are able to
switch from phototrophic to heterotrophic growth. As heterotrophs, the algae rely on glucose
or other utilizable carbon sources for carbon metabolism and energy. Some algae can also
grow mixotrophically (Carlsson et al., 2007).

Microalgae have the following advantages over crops as a source of biomass. They are
more effective biological systems for converting sun power into organic compounds;
microalgae, like bryophytes, have no complex reproductive system; it is possible to induce
in many microalgae species generation of valuable proteins, hydrocarbons, lipids, and pig-
ments in extremely high concentrations; they are organisms that have a simple cycle of cell
pressure; and they can be grown in various water areas (Vonshak, 1990).
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11.2.2 Production Systems

Today there are three main types of system for the production of microalgae. These
systems are open cultivators (flow reactors, raceway ponds), tubular photobioreactors or
fermenters (photobioreactors), and vertical reactors (vertical growth reactors). Open cultiva-
tors consist of parallel circular tunnels situated on the earth. Microalgae inside them are
moved by a wheel mixer (Salis, 2010). It is difficult to control the conditions under which
microalgae are developed in these reactors because they can be contaminated by other
microorganisms.

11.2.3 Harvesting of Microalgae

Conventional processes used to harvest microalgae include concentration through centri-
fugation, foam fractionation (Csordas and Wang, 2004), flocculation (Knuckey et al., 2006;
Poelman et al., 1997), membrane filtration (Rossignol et al., 2000), and ultrasonic separation.
Harvesting costsmay contribute 20–30% to the total cost of algal biomass (MolinaGrima et al.,
2003). The microalgae are typically small, with a diameter of 3–30 mm, and the culture broths
may be quite dilute at less than 0.5 g L�1. Thus, large volumes must be handled. The
harvesting method depends on the species and cell density and, often, the culture conditions.

11.3 MACROALGAE

Seaweeds or macroalgae belong to the lower plants, meaning that they do not have roots,
stems, and leaves. Instead they are composed of a thallus (leaf-like structure) and sometimes a
stem and a foot. Macroalgae represent a diverse group of eukaryotic, photosynthetic marine
organisms. Unlike microalgae, which are unicellular, the macroalgal species are multicellular
and possess plant-like characteristics. They are typically composed of a blade or lamina, the
stipe, and a holdfast for anchoring the entire structure to hard substrates in marine environ-
ments. The general features of these structures are very diverse in the various taxa comprising
macroalgae. There are forms of which the primary feature comprises long blades, forms that
are branched, and others that are leafy and that formmats. Moreover, some forms possess air
bladders that act as flotation devices that enable some species to stand upright or occur free-
floating on ocean surfaces. They are often fast growing and can reach sizes of up to 60 m in
length (McHugh, 2003). They are classified into three broad groups based on the composition
of photosynthetic pigmentation: (1) brown seaweed (Phaeophyceae), (2) red seaweed
(Rhodophyceae), and (3) green seaweed (Chlorophyceae). Seaweeds are mainly utilized for the
production of food and the extraction of hydrocolloids.

11.3.1 Production Systems

The world production of seaweeds was some 8 million metric tons (MMT) in 2003
(McHugh, 2003). Seaweeds are used in the production of food, feed, chemicals, cosmetics,
and pharmaceutical products. Seaweeds are mainly produced for end users in Asian coun-
tries such as China, the Philippines, North and SouthKorea, Japan, and Indonesia. TheUnited
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States, Canada, and European countries such as France, Germany, and the Netherlands are
attempting to establish large-scale seaweed cultivation (Buck and Buchholz, 2004).

11.3.2 Habitats for Red, Green, and Brown Macroalgae

In their natural environment, macroalgae grow on rocky substrates and form stable, mul-
tilayered, perennial vegetation, capturing almost all available photons. Due to the fact that
seaweeds are fixed to their substrate, values for maximum productivity may be 10 times
higher for a seaweed stand than for a plankton population and can be as high as 1.8 kg
C m�2 y�1. Commercial farming of seaweed has a long history, especially in Asia. The kelp
Laminaria japonica is the most important, with 4.2 million tons (Mio. t) cultivated mainly in
China (Luning and Pang, 2003). Approximately 200 species of seaweeds are used worldwide,
about 10 of which are intensively cultivated, including the brown algae Laminaria japonica and
Undaria pinnatifida; the red algae Porphyra, Eucheuma, Kappaphycus, and Gracilaria; and the
green algae Monostroma and Enteromorpha (Luning and Pang, 2003).

11.4 THERMOCHEMICAL CONVERSION

Pyrolysis forms the base of thermochemical conversion in most cases. The products of con-
version include biocrude, tars, charcoal (carbonaceous solid), and permanent gases, including
methane, hydrogen, carbon monoxide, and carbon dioxide. The products and ratios in which
they are formed vary depending on the reaction parameters, such as environment, reactors
used, final temperature, rate of heating, and source of heat. Pyrolysis is the fundamental chem-
ical reaction process and is simply defined as the chemical change that occurs when heat is
applied to a material in the absence of oxygen. Hydrothermal upgradation (HTU) is one of the
processes of a general term of thermochemical conversion (TCC), which includes gasification,
liquefaction, and pyrolysis. Various conversion processes for the production of a wide range
of products from algal biomass are provided in Figure 11.2.

The hydrothermal upgradation process is a promising liquefaction process because it can
be used for the conversion of a broad range of biomass feedstock. The process is especially
best suited to wet materials; the drying of feedstock is not necessary because the water is used
as one of the reactants. This thermochemical means of reforming biomass may have energetic
advantages since, whenwater is heated at high pressures, a phase change to steam is avoided,
which in turn avoids large enthalpic energy penalties. Superior to pyrolysis technology, high-
pressure direct liquefaction technology has the potential for producing liquid oils with much
higher caloric values and a range of chemicals, including vanillin, phenols, aldehydes, and
organic acids (Appell et al., 1971). The advantage of liquefaction is that the bio-oil produced
is not miscible with water and has a lower oxygen content, and therefore higher energy con-
tent, than pyrolysis-derived oils (Goudriaan et al., 2001; Huber et al., 2006). Oxygen hetero-
atom removal occurs most readily by dehydration, which removes oxygen in the form of
water, and by decarboxylation, which removes oxygen in the form of carbon dioxide
(Peterson et al., 2008). The changes and optimization of reaction parameters and catalysts
can produce the functional hydrocarbons/specialty chemicals in a single step. In the follow-
ing sections the process of hydrothermal upgradation is explained in detail and its use for the
valorization of algae is discussed.
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11.5 HYDROTHERMAL UPGRADATION

Hydrothermal upgradation (HTU) is a process for the conversion of complex organic mate-
rials such as waste biomass into crude oil and other value-added chemicals. Hydrothermal
liquefaction involves the reaction of biomass in water at high temperature and pressure, with
or without the presence of a catalyst. The products include a biocrude, an aqueous fraction,
a gaseous fraction, and unconverted organic and inorganic content. The hydrothermal
processing of biomass was investigated by Shell research in the 1980s (Ruyter et al., 1987)
and is the basis of the HTU process (Goudriaan et al., 2000). Hydrothermal technologies
are broadly defined as chemical and physical transformations in high-temperature
(200–600�C), high-pressure (5–40 MPa) liquid or supercritical water. Hydrothermal
processing of lignocellulosic biomass has received extensive interest over the last two decades
for both the production of liquid fuels (subcritical conditions) and for gasification (supercrit-
ical conditions) and is extensively reviewed by Peterson et al. (Peterson et al., 2008).

11.5.1 Reaction Media: Subcritical and Supercritical Water

Water is an ecologically safe substance that is widespread throughout nature. Below the
critical point, the vapor pressure curve separates the liquid and vapor phases (Franck and
Weingärtner, 1999) and ends at the critical point (Tc¼373�C, pc¼22.1 MPa, and
rc¼320 kg m�3). Beyond the critical point, the density of the supercritical water (SCW)
can be varied continuously from liquid-like to gas-like values without any phase transition
over a wide range of conditions.

Water plays an essential role inHTU. It is therefore critical to understand the fundamentals
of water chemistry when subjected to high-temperature conditions. Water is rather benign
and will not likely react with organic molecules under standard environmental conditions
(20�C and 1 bar). However, when the temperature increases, two properties of water mole-
cules change substantially. First, the relative permittivity (dielectric constant), Er, of water
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decreases quickly when the temperature increases. When the thermal energy increases, the
shared electron between oxygen and hydrogen atoms tends to circulate more evenly and
the electronegativity of the oxygen molecule is reduced (becomes less polar). For example,
when temperature increases from 25�C to 300�C, the relative permittivity decreases from
78.85 to 19.66, resulting in water molecules from very polar to fairly nonpolar, in relative
terms. This polarity change makes water more affinitive to the organic hydrocarbons, most
of which are nonpolar molecules.

Second, the dissociation of water dramatically increases with the increase in temperature.
Water, like any other aqueous solution, splits into Hþ and OH� ions in hydrolysis or disso-
ciation. This process is reversible and the rate is sufficiently rapid that it can be considered to
be in equilibrium at any instant (Zhang, 2010).

The complete miscibility of supercritical water and gases as well as many organic com-
pounds makes SCW an excellent solvent for homogeneous reactions of organic compounds
with gases, like the oxidation of organic compounds with oxygen and air. The absence of
phase boundaries leads to a rapid and complete reaction. From themacroscopic point of view,
SCW is a nonpolar solvent; from amicroscopic view, water is a molecule with a strong dipole
moment of 1.85 D. Water in the supercritical state is able to react with different compounds.
Therefore water is both solvent and reactant in a variety of reactions.

The ionization constant of water increases with temperature and reaches a maximum near
250�C; the amount of dissociation is three timeswhat it would be at ambient temperatures and
pressures. Therefore, subcritical water in the 220–300�C region offers opportunities as both a
benign solvent and a self-neutralizing catalyst. Here, water acts as both reactant and reaction
medium. Water as reactant leads to hydrolysis reactions and rapidly degrades the polymeric
structure of biomass to water-soluble products (Kumar, 2010).

Hot compressed water in the sub- and supercritical states exhibits exciting physical and
chemical properties, which can be varied continuously from gas-like to liquid-like behavior.
This opens up several promising opportunities for separation processes and chemical reactions.

11.5.2 Hydrothermal Chemistry

Water at high temperatures becomes a good solvent for hydrocarbons that are typically
nonpolar hydrophobic under standard environmental conditions. Ionic reactions of organics
should be favored by increased solubility in water. The enhancement of this solubility of
hydrocarbons in water will further enhance the possibilities of contact of dissociated Hþwith
hydrocarbons and hence accelerates the activities of hydrolysis. Water has the ability to carry
out condensation, cleavage, and hydrolysis reactions and to affect selective ionic chemistry.
This is largely due to changes in its chemical and physical properties, which become more
compatible with the reactions of organics as the temperature is increased.

Hot water as a reactant and catalyst likely creates a second pathway for the cascade of
molecular transformations that leads to oil. In this pathway, water causes organic material
to disintegrate and reform (by addingHþ to an open carbon bond) into fragments, which then
transform into hydrocarbons. This implies that hot water becomes a catalyst for a series of
ionic reactions. The acidic and basic nature of hot water—rather than heat—drives this cas-
cade. For example, water may function first as a base, nibbling away at certain linkages in the
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organic material. As new molecular fragments build up and modify the reaction environ-
ment, water can change its catalytic nature. It can then act as an acid, accelerating different
reactions. The resulting products attack parts of the remaining molecules, further speeding
the breakdown (Siskin and Katritzky, 1991).

The exact pathways of HTU to produce crude oil from biomass remain unclear, and addi-
tional research is needed. The following examplesmay give some hints of possible pathways of
HTU of waste biomass feedstock. The basic reaction mechanism can be described as depoly-
merization of the biomass; decomposition of biomass monomers by cleavage, dehydration, de-
carboxylation; and deammination and recombination of reactive fragments (Toor et al., 2011).

In a study by Appell et al. (Appell et al., 1975), one of the mechanisms for the conversion of
carbohydrates into oil that was consistent with the results is as follows.

Sodium carbonate reacts with carbon monoxide and water to yield sodium formate:

Na2CO3 þ 2CO þH2O! 2HCO2Na þ CO2

Vicinal hydroxy groups in the carbohydrates undergo dehydration to form an enol followed
by isomerization to a ketone. The following reaction will be initiated with the attack of Hþon
the compound with vicinal hydroxyl groups; the water molecule will be eliminated to form
carbocation, and further rearrangement is:
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The newly formed carbonyl group is reduced to the corresponding alcohol with formate ion
and water:
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The hydroxyl ion then reacts with additional carbon monoxide to regenerate the formate ion:

OH� þ CO! HCO–

A variety of side reactions may occur, and the final product is a complex mixture of com-
pounds. One of the beneficial side reactions occurring in alkaline conditions is that the car-
bonyl groups tend to migrate along the carbon backbone. When two carbonyl groups become
vicinal, a benzylic type of rearrangement occurs, yielding a hydroxy acid. The hydroxy acid
readily decarboxylates, causing a net effect of reducing the remainder of the carbohydrate-
derived molecule.
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This type of reaction is beneficial to HTU because it leads to the formation of paraffin-type
structures, which have less oxygen than the original compounds. In addition, the reaction
happens by disproportionation and does not require any additional reducing agent. Aldol
condensation may also be part of the reaction process. Aldol condensation occurs between
a carbonyl group on one molecule and two hydrogens on another molecule with the elimi-
nation of water. The condensation product is a high-molecular-weight compound, typically
with high viscosity. Condensation reactions become amajor pathway in the absence of reduc-
ing agents such as carbon monoxide and hydrogen. Reducing agents keep the carbonyl con-
tent of the reactant system sufficiently low so that liquid instead of solid products are formed.

In a study by Appell et al. (Appell et al., 1980), the authors believed that the free hydrogen
radical (H•), not the hydrogen molecule (H2), participates in the chemical conversion reac-
tions. Thus, they concluded that the addition of carbon monoxide (CO) to the process was
more efficient than the addition of hydrogen gas. Based on the water–gas shift reaction,
carbon monoxide reacts with water to form carbon dioxide and two hydrogen radicals:

C=O + H−O−H O=C=O + 2H•

In the presence of the hydrogen radicals, the oxygen is removed from the compounds
containing carbonyl and hydroxyl groups, then forms paraffin andwater. A possible pathway
is described in the following four reactions (He, 2000):
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11.5.3 Reactors

Conventional hydrothermal treatment processes are divided into three categories: batch-
type reactor, semibatch reactor, and continuous reactor.

In a batch reactor, water and reactant are sealed in the same reactor. The reactor is heated
from outside or inside. Due to the easy handling and operation of a batch reactor, many re-
sults and analysis data in various operation conditions have been reported. But productivity
in a batch system does not meet commercial demand. Steel batch autoclaves are used in most
cases. Steel autoclaves have the disadvantage of heating slowly, and thus some time is re-
quired to reach reaction temperature (Manarungson et al., 1990). Other reactor types include
capillaries and tubular steel reactors. Quartz capillaries have also been used as batch
microreactors.

In a semibatch reactor, a reactor is filled with reactant and hot compressed water is
introduced to the reactant separately. Temperature control of the slurry and flow rate control
of the hot water are simple, and moreover product is obtained continuously. However,
reactants have to be refilled in the reactor for continuous production. Sakaki et al. developed
a semibatch system (Sakaki et al., 1998), but productivity was still very low.

There are two methods in a continuous system; one is a separate type, and the other is a
slurry type. Feeding of solid feedstock into a high-pressure reactor is the biggest challenge to
the operation of the separate process. On the other hand, a commercial high-pressure slurry
pump is available for continuous feeding of high-concentration slurry (Kobayashi et al., 2011).
For continuous operation, tubular steel reactors are often used. Other types of reactors, such
as the stirred tank reactor, can be used in principle, but to date this configuration has not yet
been applied (Navarro et al., 2009).

11.5.4 Catalysts

Catalysts are important in hydrothermal liquefaction processes, and a range of catalysts
has been proposed for the subcritical processing of biomass to tailor the reaction to a specific
product and enhance the reaction rates of the proceeding reactions. These catalysts comprise
homogeneous catalysts such as mineral acids, organic acids, and bases as well as heteroge-
neous catalysts such as zirconium dioxide, anatase titania, and other materials (Moller
et al., 2011).

11.5.5 Homogeneous

The addition of alkali salts has a positive influence on hydrothermal processes. It improves
gasification, accelerates the water gas shift, and increases liquid yields (Watanabe et al., 2005;
Yang andMontgomery, 1996; Mok et al., 1992). In addition, the catalysts raise the pH, thereby
inhibiting dehydration of the biomass monomers. A high degree of oxygen removal in the
form of dehydration instead of decarboxylization might result in unsaturated compounds
that easily polymerize to char and tar. Indeed, alkali is also known to suppress char and
tar formation (Toor et al., 2011).

Song et al. (Song et al., 2004) investigated the effect of the addition of 1.0 wt% of Na2CO3 on
the liquefaction of corn stalk and concluded that the use of a catalyst increased the yield of
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biocrude (from 33.4% to 47.2%); however, no elaboration on the action of the catalyst was
made. Similarly, alkali in the form of K2CO3 was shown to have a positive effect on hydro-
thermal treatment of wood biomass at 280�C for 15 min (Karagoz et al., 2006). In a similar
study performedwith the same equipment and utilizingwood biomass, the authors observed
that potassium salts were more effective than sodium salts, and they ranked the salts in order
of catalytic activity as follows: K2CO3>KOH>Na2CO3>NaOH. The catalysts improved liq-
uid yields and decreased the amount of solid residue. Minowa et al. (Minowa et al., 1998)
tested the catalytic action of Na2CO3 during hydrothermal conversion of cellulose. Above
300�C the catalyst decreased secondary tar formation from the oil product and catalyzed
the gasification of the aqueous organics. The study shows how nicely cellulose is converted
at different temperatures.

One important catalytic action of alkali during hydrothermal liquefaction is the accelera-
tion of the so-called water gas shift, and thus it favors H2 and CO2 formation at the expense of
CO. The produced hydrogen gas may act as a reducing agent, increasing the heat value and
quality of the oil product. Themechanismproceeds via formation of a formate salt (Schmieder
et al., 2000; Sinag et al., 2004) and is more thoroughly described next.

A formate salt (HCOO�Kþ) is formedwhen the alkali salt reactswithCOfromthegasification:

K2CO3 þH2O! KHCO3 þ KOH ð11:1Þ
KOHþ CO! HCOOK ð11:2Þ

Hydrogen is obtained when formate reacts with water:

HCOOKþH2O! KHCO3 þH2 ð11:3Þ
In the next step, CO2 is produced from KHCO3:

2KHCO3 ! H2Oþ K2CO3 þ CO2 ð11:4Þ
The overall reaction can be written as:

H2Oþ CO$ HCOOH$ H2 þ CO2 ð11:5Þ
There are also other positive effects of homogeneous catalysts, such as enhanced decarbox-
ylation of fatty acids. For example, Watanabe et al. (Watanabe et al., 2006) improved the con-
version of C17-acid (fatty acid) decomposition from 2% to 32% by addition of a KOH catalyst.

11.5.6 Heterogeneous Catalysts

Heterogeneous catalysts have so farmostly been used in gasification processes, where they
are reported to have a significant positive effect on low-temperature processes. In addition,
during hydrothermal liquefaction some gasification is crucial, since oxygen is removed dur-
ing this process. However, extensive gasification will reduce the bio-oil yield. Nickel, palla-
dium, and platinum catalysts were tested during gasification of cellulose at 350�C, 25 MPa,
and 10–180 min reaction time, and it was reported that mainly methane and carbon dioxide
were produced over supported nickel catalysts, whereas mainly hydrogen and carbon diox-
ide were produced over supported palladium and platinum catalysts. Most likely the gas is
produced by direct gasification of aqueous compounds of the primary biomass degradation
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(Minowa and Inoue, 1999). Various other heterogeneous catalysts have been tested in hydro-
thermal conversion processes; however, the main focus has been to improve gasification, not
liquid yields. Examples of these catalysts are Ni/Al2O3, Ru/TiO2, and ZrO2 (Elliot et al., 1993;
Elliot et al., 1994). Catalysis of gasification at conditions below 400�C was extensively
reviewed by Peterson et al. (Peterson et al., 2008). In a rare study of heterogeneous catalysts
at semihydrothermal conditions, Watanabe et al. (Watanabe et al., 2006) tested the effect of
zirconia (ZrO2) on stearic acid (C17H35COOH) decomposition at 400�C and 25 MPa for
30 min. Zirconia has a high density of amphoteric sites on the surface, which means that it
potentially promotes both acid and base-catalyzed reactions. They observed that zirconia
(ZrO2) enhanced the conversion of the C17-acid, and the main products were the C16-alkene,
acetic acid, and 2-Nonadecanone.

11.6 HYDROTHERMAL PROCESSES FOR
UPGRADATION OF ALGAE

Algal biomass is attractive for renewable liquid fuels, but much water accompanies this
aquatic biomass feedstock. The energy requirements for drying algae are very high, which
militates against a large-scale fuel production process employing this step. Thus, there is a
need for processes that convert wet algal biomass directly and therefore operate in the aque-
ous phase. Two major considerations of the emerging algal biofuel industry are the energy-
intensive dewatering of the algae slurry and nutrient management. The process is suitable for
high-moisture aquatic biomass such as defatted microalgae and macroalgae because the bio-
mass is processed as slurry in hot compressed water.

11.6.1 Hydrothermal Liquefaction of Model Compounds

To understand the reactivity of wet algal biomass, it is necessary to understand the reac-
tivity of model compounds (components of algal biomass). Experiments with wet algal bio-
mass are very useful for understanding how the yields and comparison of different product
fractions (e.g., crude bio-oil, aqueous phase products, gaseous products, and solid products)
vary with hydrothermal processing conditions. Such data can be used to develop phenome-
nal kinetics models that have utility for process design and optimization. Such data provide
little insight into the details of the chemistry that occurs. However, to elucidate some of these
details, several studies have been carried out with simpler organic molecules (phytol,
ethyloleate, phenylalanine, and a model phospholipid) that mimic the structural features
and functional groups present in microalgae and/or crude algal bio-oil from hydrothermal
liquefaction (Savage et al., 2012a).

Changi et al. examined the behavior of phytol, an acyclic diterpene C20-alcohol and a
model compound for algal biomass, in high-temperature water (HTW) at 240�C, 270�C,
300�C, and 350�C. Under these conditions, the major products include neophytadiene,
isophytol, and phytone. The minor products include pristene, phytene, phytane, and
dihydrophytol. Neophytadiene is likely formed via dehydration of phytol, whereas isophytol
can be obtained via an allylic rearrangement. Phytol disappearance follows first-order
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kinetics with activation energy of 145�20 kJ mol�1 and a pre-exponential factor of
109.94�0.12 s�1. Delplot analysis discriminated between primary and nonprimary products
and led to a potential set of reaction pathways. A kinetics model based on the proposed path-
ways was consistent with the experimental data (Changi et al., 2012).

Formic acid, acetic acid, lactic acid, glycolic acid, 2-hydroxybutyric acid, succinic acid,
malic acid, mannuronic acid, and guluronic acid were obtained by the hydrothermal treat-
ment of alginate. The total yield of the organic acids was 46% at maximum yield 350�C,
40 MPa, and 0.7 s reaction time (Aida et al., 2012). The formation of organic acids suggests
that the carboxyl group structure of the alginate is preserved during the hydrothermal de-
composition of the alginate. The formation of dicarboxylic acids is evidence that oxidation
reactions occur during the hydrothermal treatment, introducing carboxyl groups into the de-
composition products. The product distribution indicates that both acid and base catalyzed
reactions occur during the hydrothermal treatment of alginate. Hydrothermal treatment of
uronic acid, glucuronic acid, gave the same organic acids as those obtained from hydrother-
mal treatment of alginate (Aida et al., 2012).

11.6.2 Hydrothermal Liquefaction of Microalgae

The HTU is evaluated for its potential as a process to convert algae and algal debris into a
liquid fuel within a sustainable algae biorefinery concept in which, next to fuels (gaseous and
liquid), high-value products are coproduced, nutrients and water are recycled, and the use of
fossil energy is minimized.

Microalgae strains of Chlorella vulgaris, Scenedesmus dimorphus, and the cyanobacteria
Spirulina platensis and Chlorogloeopsis fritschii were processed in batch reactors at 300�C and
350�C. The biocrude yields ranged from 27–47 wt%. The biocrudes were of low O and N con-
tent and high heating value, making them suitable for further processing. Growth occurred in
heavy dilutions where the amounts of growth inhibitors were not too high. The results show
that the closed-loop system using the recovered aqueous phase offers a promising route for
sustainable oil production and nutrient management for microalgae (Biller et al., 2012).

Hydrothermal liquefaction (300�C and 10–12 MPa) was used to produce bio-oils from
Scenedesmus (raw and defatted) and Spirulina biomass that were compared against Illinois
shale oil. Sharp differences were observed in the mean bio-oil molecular weight (pyrolysis
280–360 Da; hydrothermal liquefaction 700–1330 Da) and the percentage of low boiling com-
pounds (bp<400�C) (pyrolysis 62–66%; hydrothermal liquefaction 45–54%). Analysis of the
energy consumption ratio (ECR) also revealed that for wet algal biomass (80% moisture con-
tent), hydrothermal liquefaction is more favorable (ECR 0.44–0.63) than pyrolysis (ECR 0.92–
1.24) due to required water volatilization in the latter technique (Vardon et al., 2012).

Yu et al (Yu et al., 2011) studied the conversion of a fast-growing, low-lipid, high-protein
microalgae species, Chlorella pyrenoidosa, via hydrothermal liquefaction into four products:
biocrude oil, aqueous product, gaseous product, and solid residue. The effects of operating
conditions (reaction temperature and retention time) on the distributions of carbon and nitro-
gen in hydrothermal liquefaction products were quantified. Carbon recovery (CR), nitrogen
recovery (NR), and energy recovery in the biocrude oil fraction generally increased with the
increase of reaction temperature as well as the retention time. The highest-energy recovery of
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biocrude oil was 65.4%, obtained at 280�C with 120 min retention time. Both carbon and ni-
trogen tended to preferentially accumulate in the hydrothermal liquefaction biocrude oil
products as temperature and retention time increased, but the opposite was true for the solid
residual product. The NR values of hydrothermal liquefaction aqueous product also in-
creased with reaction temperature and retention time. 65–70% of nitrogen and 35–40% of car-
bon in the original material were converted into water-soluble compounds when reaction
temperature was higher than 220�C and retention time was longer than 10 min. The CR of
gas was less than 10% and is primarily present in the form of carbon dioxide.

Garcia et al. used the freshwater microalgae Desmodesmus sp. as feedstock for HTU over a
very wide range of temperatures (175–450�C) and reaction times (up to 60 min) using a batch
reactor system. The different product phases were quantified and analyzed. The maximum
oil yield (49 wt%) was obtained at 375�C and 5 min reaction time, recovering 75% of the algal
calorific value into the oil and an energy densification from 22 to 36 MJ kg�1. At increasing
temperature, both the oil yield and the nitrogen content in the oil increased. A pioneering
visual inspection of the cells after HTU shows a large step increase in the HTU oil yield when
going from 225–250�C at 5 min reaction time, which coincided with a major cell wall rupture
under these conditions. Additionally, it was found that the oil components, by extractive re-
covery after HTU below 250�C, did changewith temperature, even though the algal cells were
visually still unbroken. Finally, the possibilities of recycling growth nutrients became evident
by analyzing the aqueous fractions obtained after HTU. From the results obtained, the au-
thors concluded that HTU is most suited as post-treatment technology in an algae biorefinery
system after the wet extraction of high-value products, such as protein-rich food/feed ingre-
dients and lipids (Garcia et al., 2012).

Vardon et al. studied the influence of wastewater feedstock compounds on hydrothermal
liquefaction biocrude oil properties and physicochemical characteristics. Spirulina
algae, swine manure, and digested sludge were converted under hydrothermal liquefaction
conditions (300�C, 10–12 MPa, and 30 min reaction time). Biocrude yields ranged from
9.4% (digested sludge) to 32.6% (Spirulina). Although similar higher heating values
(32.0–34.7 MJ kg�1) were estimated for all product oils, more detailed characterization
revealed significant differences in biocrude chemicals. Feedstock components influenced
the individual compounds identified as well as the biocrude functional group chemicals.
Molecular weights tracked with obdurate carbohydrate content and followed the order
Spirulina<swine manure<digested sludge (Vardon et al., 2011).

Valdez et al. performed hydrothermal liquefaction of Nannochloropsis sp. at 350�C for
60 min and analyzed the gas, crude bio-oil, dissolved aqueous solids, and insoluble residual
solids product fractions. Most of the carbon and hydrogen in the algal biomass appear in the
crude bio-oil product, as desired. A majority of the original nitrogen appears as ammonia in
the aqueous phase. They used both nonpolar solvents (hexadecane, decane, hexane, and cy-
clohexane) and polar solvents (methoxycyclopentane, dichloromethane, and chloroform).
Hexadecane and decane provided the highest gravimetric yields of bio-oil (39�3 and
39�1 wt%, respectively), but these crude bio-oils had a lower carbon content (69 wt% for
decane) than those recovered with polar solvents such as chloroform (74 wt%) and
dichloromethane (76 wt%). Fatty acids were the most abundant components, but some aro-
matic and sulfur- and nitrogen-containing compounds were also quantified. The amount of
free fatty acids in the crude bio-oil significantly depended on the solvent used, with polar
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solvents recovering more fatty acids than nonpolar solvents. The bio-oil recovered with
chloroform, for example, had fatty acid content equal to 9.0 wt% of the initial dry algal
biomass (Valdez et al., 2011).

Biller and Ross liquefied a range of model biochemical components, microalgae, and
cyanobacteria with different biochemical contents under hydrothermal conditions at
350�C, approximately 200 bar in water, 1 M Na2CO3 and 1 M formic acid. The model com-
pounds include albumin and a soya protein, starch and glucose, the triglyceride from sun-
flower oil, and two amino acids. Microalgae include Chlorella vulgaris, Nannochloropsis
occulata, and Porphyridium cruentum and the cyanobacteria Spirulina. The yields and product
distribution obtained for each model compound have been used to predict the behavior of
microalgae with different biochemical composition and have been validated using
microalgae and cyanobacteria. Broad agreement is reached between predictive yields
and actual yields for the microalgae based on their biochemical composition. The yields of
biocrude are 5–25 wt% higher than the lipid content of the algae, depending on biochemical
composition. The yields of biocrude follow the trend lipids>proteins>carbohydrates (Biller
and Ross, 2011).

Valdez et al. investigated hydrothermal liquefaction of Nannochloropsis sp. at different
temperatures (250–400�C), times (10–90 min), water densities (0.3–0.5 g mL�1), and biomass
loadings (5–35 wt%). Liquefaction produced a biocrude with light and heavy fractions,
along with gaseous, aqueous, and solid byproduct fractions. The gravimetric yields of
the product fractions from experiments at 250�C, summed to an average of 100�4 wt%,
shows mass balance closure at 250�C. The gravimetric yields of the product fractions are
independent of water density at 400�C. Increasing the biomass loading increases the
biocrude yield from 36 to 46 wt%; the yields of light and heavy biocrude depend on reaction
time and temperature, but their combined yield depends primarily on temperature. Regard-
less of reaction time and temperature, the yield of products distributed to the aqueous phase
is 51�5 wt% and the light biocrude is 75�1 wt% C. Two-thirds of the N in the alga is
immediately distributed to the aqueous phase, and up to 84% can be partitioned there.
Up to 85% of the P is distributed to the aqueous phase in the form of free phosphate for
nutrient recycling. Up to 80% of the chemical energy in the alga is retained within the
biocrude (Valdez et al., 2012).

Biller et al. processed a range of microalgae and lipids extracted from terrestrial oil seed at
350�C at pressures of 150–200 bars in water using heterogeneous catalysts. The results indi-
cate that the biocrude yields from the liquefaction of microalgae were increased slightly with
the use of heterogeneous catalysts, but the higher heating value (HHV) and the level of de-
oxygenation increased by up to 10%. Under hydrothermal conditions, the lipids from
microalgae and oil seeds decompose to fatty acids and are hydrogenated to more saturated
analogues. The use of heterogeneous catalysts causes an increase in deoxygenation of the
biocrude. The Co/Mo/Al2O3 and Pt/Al2O3 appear to selectively deoxygenate the carbohy-
drate and protein fractions, whereas the Ni/Al2O3 deoxygenates the lipid fraction. This is
illustrated by the presence of alkanes for theNi/Al2O3 catalyst. The use of aNi/Al2O3 catalyst
also appears to promote gasification reactions (Biller et al., 2011).

Microalgae can be converted to an energy-dense bio-oil via pyrolysis; however, the rela-
tively high nitrogen content of this bio-oil presents a challenge for its direct use as fuels.
Therefore, hydrothermal pretreatment was employed to reduce the N content in
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Nannochloropsis oculata feedstock by removing proteins without requiring significant energy
inputs. The effects of reaction conditions on the yield and composition of pretreated algae
were investigated by varying the temperature (150–225�C) and reaction time (10–60 min).
Compared with untreated algae, pretreated samples had higher carbon contents and
enhanced heating values under all reaction conditions and 6–42% lower N contents at
200–225�C for 30–60 min. The pyrolytic bio-oil from pretreated algae contained less
N-containing compounds than that from untreated samples, and the bio-oil containedmainly
(44.9% GC–MS peak area) long-chain fatty acids (C14–C18), which can be more readily
converted into hydrocarbon fuels in the presence of simple catalysts (Du et al., 2012).

Schuping et al. investigated the hydrothermal liquefaction of microalgae Dunaliella
tertiolecta cake under various liquefaction temperatures, holding times, and catalyst dosages.
It was observed that the maximum bio-oil yield of 25.8% was obtained at a reaction temper-
ature of 360�C and a holding time of 50 min using 5%Na2CO3 as a catalyst. The bio-oil is com-
posed of fatty acids, fatty acid methyl esters, ketones, and aldehydes. Its empirical formula is
CH1.44O0.29 N0.05, and its heating value is 30.74 MJ kg�1. The bio-oil product is a possible eco-
friendly green biofuel and chemical (Shuping et al., 2010).

Ross et al. aimed to investigate the conditions for producing high-quality, low-molecular-
weight biocrude from microalgae and cyanobacteria containing low lipid contents including
Chlorella vulgaris and Spirulina. The influence of process variables such as temperature (300�C
and 350�C) and catalyst type has been studied. Catalysts employed include the alkali, potas-
sium hydroxide and sodium carbonate, and the organic acids, acetic acid and formic acid. The
yields of biocrude are increased using an organic acid catalyst; produced biocrude has a lower
boiling point and improved flow properties. The biocrude contains a carbon content of typ-
ically 70–75% and an oxygen content of 10–16%. The nitrogen content in the biocrude typi-
cally ranges from 4% to 6% and the HHV range was from 33.4 to 39.9 MJ kg�1. Analysis
by GC/MS indicates that the biocrude contains aromatic hydrocarbons, nitrogen heterocy-
cles, and long-chain fatty acids and alcohols. A nitrogen balance indicates that a large propor-
tion of the fuel nitrogen (up to 50%) is transferred to the aqueous phase in the form of
ammonium. The remainder is distributed between the biocrude and the gaseous phase,
the latter containing HCN, NH3, and N2O, depending on catalyst conditions. The addition
of organic acids results in a reduction of nitrogen in the aqueous phase and a corresponding
increase of NH3 and HCN in the gas phase. The addition of organic acids has a beneficial ef-
fect on the yield and boiling-point distribution of the biocrude produced (Ross et al., 2010).

Shen et al. studied the application of microalgae to the production of acetic acid under hy-
drothermal conditions with H2O2 oxidant. Results showed that acetic acid was obtained with
a good yield of 14.9% based on a carbon base at 300�C for 80 s with 100% H2O2 supply. This
result should be helpful to facilitate studies for developing a new green and sustainable pro-
cess to produce acetic acid from microalgae, which are the fastest-growing sunlight-driven
cell factories (Shen et al., 2011).

The hydrothermal method includes adding dried and pulverized algae raw material to
0.05–0.15 M base solution or 0.05–0.15 M acid solution, soaking at room temperature for at
least 20 h, and adding the soaked liquid and modified natural mordenite catalyst at a mass
ratio of 1: 0.02–0.05 to a pressure reactor. The base solution is NaOH, KOH and/or sodium
carbonate solution, and the acid solution is sulfuric acid, acetic acid, and/or formic acid
(Hu et al., 2011).
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11.6.3 Hydrothermal Liquefaction of Algae Followed by Catalytic
Hydrothermal Upgradation

Savage et al. demonstrated hydrothermal liquefaction to produce a crude bio-oil from
wet algae paste and then hydrothermal catalytic upgrading of the biocrude to produce hydro-
carbon product in high yield. This work provides new results on the liquefaction pathways
and kinetics and on the roles and effectiveness of different upgrading catalysts for removing
heteroatoms from algae and reducing the viscosity of the biocrude (Savage et al., 2012b).

Duan et al. reported the catalytic hydrotreatment of crude bio-oil produced from the hy-
drothermal liquefaction of microalgae (Nannochloropsis sp.) over Pd on C (5% Pd/C) in super-
critical H2O (SCW) at 400�C and 3.4 MPa high-pressure H2. Longer reaction times and higher
catalyst loadings did not favor the treated oil yield due to the increasing amount of gas and
coke products formation but did lead to treated bio-oil with higher HHV (41-44 MJ kg�1) than
that of the crude feed. Highest HHV of treated oil (ca.44 MJ kg�1) was obtained after 4 h using
an 80% intake of catalyst on crude bio-oil. The product oil produced at longer reaction times
and higher catalyst loadings, which was a freely flowing liquid as opposed to being the vis-
cous, sticky, tar-like crude bio-oil material, was higher in H and lower in O and N than the
crude feed, and it was essentially free of S (below detection limits). Typical H/C and O/C
molar ratio ranges for the bio-oils treated at different reaction times and catalyst loadings
were 1.65–1.79 and 0.028–0.067, respectively. The main gas-phase products were unreacted
H2, CH4, CO2, C2H6, C3H8, and C4H10. Overall, many of the properties of the treated oil
obtained from catalytic hydrotreatment in SCW in the presence of Pd/C are very similar
to those of hydrocarbon fuels derived from fossil-fuel resources (Duan and Savage, 2011a).

Duan and Savage determined the influence of a Pt/C catalyst, high-pressureH2, and pHon
the upgrading of a crude algal bio-oil in supercritical water (SCW). The SCW treatment led to
product oil with a higher heating value (ca.42 MJ kg�1) and lower acid number than the crude
bio-oil. The product oil was also lower in O andN and essentially free of sulfur. Including the
Pt/C catalyst in the reactor led to freely flowing liquid product oil with a high abundance of
hydrocarbons. Overall, many of the properties of the upgraded oil obtained from catalytic
treatment in SCW are similar to those of hydrocarbon fuels derived from fossil-fuel resources
(Duan and Savage, 2011b).

11.6.4 Hydrothermal Liquefaction of Macroalgae

Ross et al. studied the preliminary classification of five macroalgae from the British Isles:
Fucus vesiculosus, Chorda filum, Laminaria digitata, Fucus serratus, and Laminaria hyperborea, and
Macrocystis pyrifera from South America, using a Van Krevelen diagram. The macroalgae
have been characterized for proximate and ultimate analysis, inorganic content, and calorific
value. The different options for thermal conversion and behavior under combustion and
pyrolysis have been evaluated and compared to several types of terrestrial biomass, includ-
ing miscanthus, short rotation willow coppice, and oat straw. Thermal treatment of the
macroalgae has been investigated using thermogravimetry (TGA) and pyrolysis-GC-MS.
Combustion behavior is investigated using TGA in an oxidizing atmosphere. The suitability
of macroalgae for the different thermal processing routes is discussed. Ash chemistry restricts
the use of macroalgae for direct combustion and gasification. Pyrolysis produces a range of
pentosans and a significant proportion of nitrogen-containing compounds. High char yields
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are produced. Significant differences in fuel properties exist between kelps and terrestrial bio-
mass. The heating value is lower than that of the terrestrial energy crops (cf. 14–16 MJ kg�1 to
17–20 MJ kg�1) since, in general, the ash content is higher. Consequently, the metal contents
(especially alkali metals) are, for themost part, higher in the seaweeds studied here compared
to the terrestrial biomass. Total halogen content is in the range 0.5–11% in kelps, which is also
significantly higher than the terrestrial biomass (1–1.5%). Thus it is clear that unless washing
were utilized to reduce the alkali levels, these macroalgae could not be used in dedicated sys-
tems without encountering problems in component failure (Ross et al., 2008).

The liquefaction of “green tide” macroalgae Enteromorpha prolifera in sub- or supercritical
alcohols in a batch reactor has been investigated. Under the conditions of the reaction time of
15 min and algae/solvent ratio set at 1:10, the macroalgae in methanol at 280�C produced a
bio-oil yield at 31.1 wt% of dry wt, and the ethanol at 300�C yielded bio-oil at 35.3 wt%. The
bio-oils obtained by liquefaction ofmacroalgae in alcohols aremainly composed of ester com-
pounds. A variety of fatty acid (C3–C22) esters (Me or ethyl) in the bio-oils obtained in meth-
anol and ethanol, respectively, were qualified byGC-MS, and their relative contents are above
60% of the total area for each bio-oil. Overall, bio-oils obtained in two alcohols are very similar
to biodiesel in composition. The elemental analysis of bio-oils indicated that bio-oils still have
high oxygen content (Zhou et al., 2012).

The marine brown algae, Sargassum patens C. Agardh, floating on the Yellow Sea, was col-
lected and converted to bio-oil through hydrothermal liquefaction with a modified reactor. A
maximum yield of 32.1�0.2 wt% bio-oil was obtained after 15 min at 340�C at a feedstock
concentration of 15 g biomass/150 mL water, without using a catalyst. The bio-oil had a
heating value of 27.1 MJ kg�1 and contained water, lipid, alcohol, phenol, esters, ethers,
and aromatic compounds. The solid residue obtained had a high ash and oxygen content.
The results suggest that Sargassum patens C. Agardh have potential as biomass feedstock for
fuel and chemical products (Li et al., 2012).

The brown macroalga Laminaria saccharina was converted into biocrude by hydrothermal
liquefaction. A maximum biocrude yield of 19.3 wt% was obtained with a 1:10 biomass-
to-water ratio at 350�C and a residence time of 15 min without the presence of the catalyst.
The biocrude had an HHV of 36.5 MJ kg�1 and is similar in nature to a heavy crude oil or
bitumen. The solid residue has high ash content and contains a large proportion of calcium
and magnesium. The aqueous phase is rich in sugars and ammonium and contains a large
proportion of potassium and sodium (Anastasakis and Ross, 2011).

Marine macroalgae Enteromorpha prolifera, one of the main algae genera for green tide,
was converted to bio-oil by hydrothermal liquefaction in a batch reactor at temperatures
of 220–320�C. The liquefaction products were separated into a dichloromethane-soluble
fraction (bio-oil), water-soluble fraction, solid residue, and gaseous fraction. A moderate
temperature of 300�C with 5 wt% Na2CO3 and reaction time of 30 min led to the highest
bio-oil yield of 23.0 wt%. The HHV of bio-oils obtained at 300�C were around 28–30 MJ kg�1.
Acetic acid was the main component of the water-soluble products (Zhou et al., 2010).

11.6.5 Two-Step Sequential Hydrothermal Liquefaction

To make algal biofuel economically viable, extraction of value-added coproducts, along
with oil, appears absolutely necessary. The major barrier in algal coproduct development
is the lack of an efficient separation technology. To address this issue, a unique two-step
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sequential hydrothermal liquefaction (SEQHTL) technology for the simultaneous production of
value-added polysaccharides and bio-oil from algal-biomass was developed. The first step
involves the subcritical water extraction of valuable algal (Chlorella sorokiniana) polysaccha-
rides at 160�C. The polysaccharide-rich water extract was removed and precipitated with
ethanol. In the next step, the extracted biomass was liquefied to bio-oil at 300�C. The yield
of bio-oil by SEQHTL was 24% of the dry wt. In addition, this method also extracted 26%
of the polysaccharides present, whereas direct hydrothermal liquefaction (DIRHTL) generated
only 28% bio-oil. In the SEQHTL method, biochar formation was remarkably low, and as
such, SEQHTL produced 63% less biochar than DIRHTL. The yield of biochar production
is negligible correlated to polysaccharide content (p>0.98), suggesting a majority of carbohy-
drates present in algal biomass were converted into biochar. This conversion did not signif-
icantly influence the bio-oil production. Comparative GC-FID, GC-MS, NMR, FT-IR analysis
and ESI-MS of the bio-oil extracted by SEQHTL with DIRHTL showed no significant
differences. Elemental analysis of the SEQHTL bio-oil demonstrated that it contained 70%
carbon, 0.8% nitrogen, and 11% oxygen (Chakraborty et al., 2012).

11.6.6 Hydrothermal Gasification of Algae

Different seaweed species were gasified in supercritical water as biomass feedstock. The
experimental conditions were 500�C of temperature and 1 h of reaction time. The coke yields
were found to be significantly lower than those obtained with lignocellulosic and protein
contained wastes. The gaseous species detected contained mainly hydrogen, methane, and
carbon dioxide. Hydrogen yields ranging between 11.8 and 16 g H2 kg

�1 seaweed have been
obtained. On the other hand, the methane yields were found to be in the range of 39 and 104 g
CH4 kg

�1 seaweed. Dissolved organic carbon (DOC) values of aqueous phase show the extent
of higher gasification (Schumacher et al., 2011).

Guan et al. reported results from a systematic study of the gasification of the alga
Nannochloropsis sp. in supercritical water at 450–550�C. The gaseous products were mainly
H2, CO2, and CH4, with lesser amounts of CO, C2H4, and C2H6. Higher temperatures, longer
reaction times, higher water densities, and lower algae loadings provided higher gas yields.
The algae loading strongly affected the H2 yield, which more than tripled when the loading
was reduced from 15 wt% to 1 wt%. Thewater density had little effect on the gas composition.
The temporal variation of intermediate products indicated that some (e.g., alkanes) reacted
quickly, whereas others (aromatics) reacted more slowly (Guan et al., 2012).

11.6.7 Hydrothermal Carbonization of Algae

Employing relatively moderate conditions of temperature (ca. 200�C), time (<1 h), and
pressure (<2 MPa), microalgae can be converted in an energy-efficient manner into an algal
char product that is of bituminous coal quality. Potential uses for the product include creation
of synthesis gas and conversion into industrial chemicals and gasoline; application as a soil
nutrient amendment; and as a carbon-neutral supplement to natural coal for generation of
electrical power. Some strains of cyanobacteria also provided high-quality chars, but yields
were only half those obtained with green microalgae (Heilmann et al., 2010).
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11.7 OPPORTUNITIES AND CHALLENGES

The rapid commercial expansion of the algal biofuel industry is an excellent example of
sustainable product developmentwith dramatic future potential for contributions to fuel sup-
plies, yet many questions regarding algae production remain unanswered. The state of
knowledge regarding the potential environmental impact of the production of algae and
algae-derived biofuels continues to be incomplete, fragmented, and largely obscured by
proprietary concerns. However, this knowledge is changing rapidly, facilitated by research
and industry and driven by economics. Commercialization of the production of algae-
derived biofuels as part of the overall biofuel industry will have a profound future impact
on society. Waste products that are currently discharged into the environment as contami-
nants will be utilized to produce much-needed renewable energy sources. Now is the time
to initiate the development of an algae industry evaluation methodology that allows for
the advancement of knowledge and evaluation tools for authorities to best understand the
potential implications (Menetrez, 2012).

The process of generating biofuel from algae involves the growth, concentration, separa-
tion, and conversion of microalgae biomass, some of which can be genetically altered. After
separating the desired biofuel product or products from the microalgae biomass, a significant
portion of byproduct remains. It is important that the remaining byproducts have a useful
and safe purpose for the economic feasibility and environmental sustainability of the process.
Post-extraction byproducts must be used efficiently and completely. Since no biofuel is car-
bon-neutral in the current scenario, significant fossil-fuel input is needed for growing,
processing, and extracting the oil, which might offset the positive aspects of the algal biofuel
(U.S. DOE, 2006).

Microalgae hold great promise as starting materials for biofuel production, but signifi-
cant challenges exist for the developing industry. Present economy-of-scale differences
between the algal oil industry and the petrochemical industry are immense and will require
significant investment in the form of government-funded incentives for liquid fuels de-
rived from microalgae. The present microalgae manufacturing industry is very small at
only 5000 tons y�1 (Pulz and Gross, 2004). It is almost completely devoted to synthesizing
high-value nutraceutical products and is not extensively engaged in the mass production
of high oil-containing microalgae. In addition, microalgae require significantly higher levels
of nitrogen than terrestrial plants to achieve effective growth rates, which increases the cost of
production (Brezinski, 2004).

Moreover, microalgae do not achieve concentrations at maturity in their natural aqueous
growth media >1 wt%. Therefore, to become a significant industrial commodity in terms
of cost and scale, growth and harvesting technologies need to be developed that can econom-
ically provide higher concentrations required for industrial-scale processing operations.
Actual extraction processes for lipids and lipid-derived materials require considerable
improvement. Essentially, any process suitable for commercial consideration must not dry
algae by evaporating water. The energy input to evaporate water is significant, and the heat
energy input required will, with very few exceptions, be greater than any energy output that
can be obtained by combustion of the dried material (Heilmann et al., 2011).

Although algal biofuels possess great potential, profitable production is quite challeng-
ing. Much of this challenge is rooted in the thermodynamic constraints associated with
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producing fuels with high energy, low entropy, and high exergy from dispersed materials
(Beal et al., 2012).

One of the difficulties with using conventional gasification technologies for converting
high-moisture biomass such as algae is the low thermal efficiency that results from the need
to vaporize the water in and with the feedstock. Thus, conventional biomass gasification pro-
cesses require a dry feedstock. Of course, energy is still required to do this drying prior to
gasification, and the energy needed here offsets some of the energy gained by producing
the gaseous product. Gasifying wet biomass in supercritical water is a means of
circumventing this energy penalty (Guan et al., 2012).

In addition to these holistic challenges, some of the other challenges with respect to the
reactors and catalyst are as follows: Due to the high pressures needed for processing, special
reactor and separator designs are required. The process has to be designed in a way that can
handle solids loading in excess of 15–20 wt% and handle feedstock with impurities. Proper
heat-recovery systems have to be designed because the reactors operate at very high temper-
atures in pressurized conditions. Feeding at high pressures into the reactor is always a chal-
lenge and is a major problem in small-scale plants. In the case of heterogeneous catalysts, the
catalyst has to be robust and should not deactivate easily due to the formation of coke. If ho-
mogeneous catalysts are used, they must be recovered at the end of the process and reused
again. Another most important phenomenon that occurs is the wall effect, which can cause
serious problems after scaling up if not understood at lab-scale level (Peterson et al., 2008).

With respect to the conversionmethods, effective heat andmass transfer is required for the
proper conversion of feedstock into the desired products. This requires advanced design of
reactors used for conversion and preparation of hybrid catalysts.
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Schumacher, M., Yanık, J., Sınăg, A., Kruse, A., 2011. Hydrothermal conversion of seaweeds in a batch autoclave.
J. Supercrit. Fluids 58, 131–135.

Shen, Z., Zhou, J., Zhou, X., Zhang, Y., 2011. The production of acetic acid frommicroalgae under hydrothermal con-
ditions. Appl. Energ. 88, 3444–3447.

Shuping, Z., Yulong, W., Mingde, Y., Kaleem, I., Chun, L., Tong, J., 2010. Production and characterization of bio-oil
from hydrothermal liquefaction of microalgae Dunaliella tertiolecta cake. Energy 35, 5406–5411.

Sinag, A., Kruse, A., Rathert, J., 2004. Influence of the heating rate and the type of catalyst on the formation of key
intermediates and on the generation of gases during hydropyrolysis of glucose in supercritical water in a batch
reactor. Ind. Eng. Chem. Res. 43, 502–508.

Siskin, M., Katritzky, A., 1991. Reactivity of organic compounds in hot water: Geochemical and technological impli-
cations. Science 254, 231–237.

Song, C., Hu, H., Zhu, S., Wang, G., Chen, G., 2004. Non-isothermal catalytic liquefaction of corn stalk in subcritical
and supercritical water. Energy Fuels 18, 90–96.

Toor, S.S., Rosendahl, L., Rudolf, A., 2011. Hydrothermal liquefaction of biomass: A review of subcritical water tech-
nologies. Energy 36, 2328–2342.

Trent, J., 2012. OMEGA: The future of biofuels? In: The ASEAN algae biofuels conference Singapore.
U.S. DOE, 2006. Report to Congress on the interdependence of energy and water. U.S. Department of Energy,

Washington, D.C., USA.
Valdez, P.J., Dickinson, J.G., Savage, P.E., 2011. Characterization of Product Fractions from Hydrothermal Liquefac-

tion of Nannochloropsis sp. and the Influence of Solvents. Energy Fuels 25, 3235–3243.
Valdez, P.J., Nelson,M.C.,Wang,H.Y., Lin, X.N., Savage, P.E., 2012. Hydrothermal liquefaction ofNannochloropsis sp.:

Systematic study of process variables and analysis of the product fractions. Biomass Bioenerg 1–15, in press.
Vardon, D.R., Sharma, B.K., Scott, J., Yu, G., Wang, Z., Schideman, L., et al., 2011. Chemical properties of biocrude oil

from the hydrothermal liquefaction of Spirulina algae, swine manure, and digested anaerobic sludge. Bioresour.
Technol. 102, 8295–8303.

Vardon, D.R., Sharma, B.K., Blazina, G.V., Rajagopalan, K., Strathmann, T.J., 2012. Thermochemical conversion of
raw and defatted algal biomass via hydrothermal liquefaction and slow pyrolysis. Bioresour. Technol. 109,
178–187.

25911.7 OPPORTUNITIES AND CHALLENGES

http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0305
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0305
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0310
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0310
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf9010
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf9010
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0315
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0315
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0320
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0320
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0325
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0325
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0330
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0330
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0335
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0335
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0340
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0340
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0345
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0345
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0345
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0350
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0350
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0355
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0355
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0360
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0360
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0365
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0365
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0370
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0370
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0375
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0375
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0375
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0380
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0380
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0385
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0385
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0390
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0390
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0395
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0400
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0400
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0405
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0405
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0410
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0410
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0415
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0415
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0415
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0420
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0420
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0420


Varfolomeev, S.D., Wasserman, L.A., 2011. Microalgae as Source of Biofuel, Food, Fodder, and Medicines. Appl.
Biochem. Microbiol. 47, 789–807.

Vonshak, A., 1990. Recent advances in microalgal biotechnology. Biotech. Adv. 8, 709–727.
Watanabe, M., Aizawa, Y., Iida, T., Aida, T.M., Levy, C., Sue, K., et al., 2005. Glucose reactions with acid and base

catalysts in hot compressed water at 473 K. Carbohyd. Res. 340, 1925–1930.
Watanabe, M., Iida, T., Inomata, H., 2006. Decomposition of a long chain saturated fatty acid with some additives in

hot compressed water. Energ. Convers. Manage. 47, 3344–3350.
Yang, B.Y., Montgomery, R., 1996. Alkaline degradation of glucose: effect of initial concentration of reactants.

Carbohyd. Res. 280, 27–45.
Yu, G., Zhang, Y., Schideman, L., Funk, T., Wang, Z., Urbana, I.L., 2011. Distributions of carbon and nitrogen in the

products from hydrothermal liquefaction of low-lipid microalgae. Energ. Environ. Sci 4, 4587–4595.
Zhang, Y., 2010. Hydrothermal Liquefaction to Convert Biomass into Crude Oil. In: Blaschek, H.P., Ezeji, T.C.,

Scheffran, J. (Eds.), Biofuels from Agricultural Wastes and Byproducts. Blackwell Publishing, pp. 201–232.
Zhou, D., Zhang, L., Zhang, S., Fu, H., Chen, J., 2010. Hydrothermal liquefaction of macro algae Enteromorpha prolifera

to bio-oil. Energy Fuels 24, 4054–4061.
Zhou, D., Zhang, S., Fu, H., Chen, J., 2012. Liquefaction of Macro algae Enteromorpha prolifera in Sub-/Supercritical

Alcohols: Direct Production of Ester Compounds. Energy Fuels 26, 2342–2351.

260 11. HYDROTHERMAL UPGRADATION OF ALGAE INTO VALUE-ADDED HYDROCARBONS

http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0425
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0425
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0430
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0435
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0435
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0435
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0440
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0440
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0445
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0445
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0450
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0450
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0455
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0455
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0460
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0460
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0465
http://refhub.elsevier.com/B978-0-444-59558-4.00011-5/rf0465


C H A P T E R

12

Scale-Up and Commercialization
of Algal Cultivation and Biofuel

Production
Man Kee Lam, Keat Teong Lee

School of Chemical Engineering, Universiti Sains Malaysia, Pulau Pinang, Malaysia

12.1 INTRODUCTION

Increasing energy demand coupled with serious environmental concerns over the last
10 years have made the search for renewable and sustainable energy a key challenge of this
century (Singh and Gu, 2010). To date, many countries are still heavily dependent on crude
petroleum as a source of transportation fuel, and the price of petroleum has always fluctuated
in the global fuelmarket. In addition, 57.7% of the primary energy consumed has been used in
the transportation sector, where the consumption rate of fossil diesel fuel was estimated to be
934 million tonnes per year (Kulkarni and Dalai, 2006; Lam et al., 2010). Nevertheless, fossil
fuels are nonrenewable resources that are limited in supply and will one day be exhausted
(Sharma and Singh, 2009). The concern regarding limited energy resources is caused by
the rapid growth in human population and industrialization (Pimentel and Pimentel,
2006). Due to our knowledge of the impending shortage of energy resources, the era of inex-
pensive fossil fuel no longer exists. Instead, the world is facing a shortage in the fossil fuel
supply, bitter conflicts, and an increasing number of undernourished people, especially in
the undeveloped countries (Lam et al., 2010).

Lately, much attention has been devoted to the cultivation of algae for biofuel production.
Algae are desirable for biofuel production compared to land-based plants because (1) algae
are fast-growing microorganisms, with reproducibility 100 times faster than land-based
plants and able to double their biomass in less than one day; (2) some algal strains can accu-
mulate significant amounts of lipids within their cells (as high as 75% of their weight), and the
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lipids can be converted to biodiesel; (3) algal-based biofuels do not interfere with food secu-
rity concerns; (4) fertile land is not required to cultivate algae and thus their cultivation does
not compete with agricultural land, and (5) cultivation of algae could be coupled with waste-
water treatment and biological CO2 mitigation that enhances the sustainability of algal-based
biofuels (Chisti, 2007; Mata et al., 2010; Mutanda et al., 2011; Pittman et al., 2011). The residue
of algal biomass after lipid extraction could be further converted to produce different types of
biofuels such as bioethanol, biomethane, and biohydrogen (Harun et al., 2010). Examples
of algal strains that have been widely evaluated for biofuel production include Botryococcus
braunii, Neochloris oleoabundans, Nannochloropsis sp., Chlorella vulgaris, Dunaliella salina,
and Haematococcus pluvialis (Chisti, 2007; Harun et al., 2010; Mata et al., 2010; Singh and
Gu, 2010).

To date, large-scale algal cultivation still faces several technical challenges that hinder the
commercialization potential of algal biomass as a renewable feedstock for biofuel production.
The challenges can be divided into two categories: (1) upstream processes: algal selection and
cultivation method, energy input for operating closed photobioreactors, nutrient sources,
water reusability and footprint, and sensitivity of algae to surrounding environment; and
(2) downstream processes: harvesting and drying techniques for algal cells, effective algal
lipid extraction methods, algal biodiesel conversion technologies, and biodiesel quality and
potential to diversify biofuel production from algal residue after the lipid-extraction process.
Beyond the technical challenges, the economic feasibility of commercial algal biofuel produc-
tion is still questionable because algal cultivation and associated biofuel production technol-
ogies are still under development. As such, an in-depth understanding of these technical and
economically related problems should be able to help identify possible solutions to enhance
the commercial potential of algal biofuels (Bull and Collins, 2012). In this chapter, several im-
portant technical problems surrounding the entire algal biofuels supply chain are discussed,
especially from a thermodynamic (energy-balance) perspective. In addition, techno-economic
assessments of algal biofuel production are included at the end of this chapter to benchmark
the current status of algal biofuels compared to fossil fuels and other renewable fuels.

12.2 LIFE-CYCLE ENERGY BALANCE OF ALGAL BIOFUELS

Ever since the positive prospects of cultivating algal cells for biofuel production began
being extensively deliberated in the literature (Chisti, 2007; Singh et al., 2011; Singh and
Gu, 2010; Wijffels and Barbosa, 2010), recent active research and development have further
propelled this industry a step closer to scaling up and commercialization. However, the issue
of energy balance in the entire system boundary of algal biofuels is not clearly addressed,
mainly due to limited availability of commercial cultivation plants for technical assessment.
Based on several life-cycle assessments (LCAs) of algal biofuel production,most of the studies
unfortunately revealed a negative energy balance in their assessments, especially when algae
were cultivated in closed photobioreactors (Jorquera et al., 2010; Razon and Tan, 2011;
Stephenson et al., 2010). Although some important parameters (biomass yield, lipid pro-
ductivity, specific growth rate) assumed in the LCA studies were predominantly based on
findings from laboratory scale and might be irrelevant for large-scale production, it gives
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a baseline to visualize and to verify energy balance-related problems in the algal biofuel
production system. As a result, several precautionary steps could be suggested to further
improve the energy conversion efficiency of algal biofuel production before commencing
the commercialization stage.

Energy-efficiency ratio (EER) is usually used as an indicator to address the energy con-
version efficiency for the entire biofuel production process. The EER is defined as the ratio
of total energy output to total energy input, where a ratio higher than 1 designates net positive
energy generated, and vice versa (Lam and Lee, 2012; Lam et al., 2009). Table 12.1 shows a
comparative study on EER for biodiesel derived from various energy feedstocks such as
oil palm, jatropha, rapeseed, sunflower, and algae. The values presented in the table are a
rough indicator because all the LCA studies were conducted based on different assumptions
and system boundaries. From the information presented in the table, it can be observed that
biodiesel derived from oil-bearing crops is muchmore energy efficient than biodiesel derived
from algae. All the EER values for biodiesel derived from oil-bearing crops are more than 1,
whereas algal-derived biodiesel has an EER value as low as 0.07. These quantitative results
showed that the cultivation of algae for biodiesel production does not necessarily produce a
positive energy output but, worse still, could pose a critical risk of unsustainable biodiesel
production. In addition, several issues such as reusability of water to recultivate algae, the
possibility of using contaminated wastewater as a nutrient source, and the extraction and
transesterification conversion efficiency have not been clearly accounted for in those LCA
studies. If these factors are taken into consideration, the EER value is expected to decrease
significantly.

However, there are exceptional cases where the EER values are positive, such as those
studies performed by Lardon et al. (2009), Batan et al. (2010), Jorquera et al. (2010), Sander and
Murthy (2010), andClarens et al. (2010). These studies highlighted the importance of choosing
suitable cultivation methods (e.g., nutrient deficiency to increase lipid productivity), nutrient
sources (e.g., wastewater), open pond/photobioreactor design, and downstream biomass

TABLE 12.1 Energy-efficiency Ratio (EER) for Various Energy Crops and Algae.

Feedstock EER Comment Reference

Oil-bearing crops

Jatropha 1.92 Included coproduct production (Lam et al., 2009)

Jatropha 1.85 Excluded biogas production (Achten et al., 2010)

Jatropha 3.4 Included biogas production (Achten et al., 2010)

Palm oil 2.27 Included coproduct production (Lam et al., 2009)

Palm oil 3.53 Included coproduct production (Yee et al., 2009)

Palm oil 3.58 Included coproduct production (Pleanjai and
Gheewala, 2009)

Palm oil 2.42 Excluded coproduct production (Pleanjai and
Gheewala, 2009)

Continued
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TABLE 12.1 Energy-efficiency Ratio (EER) for Various Energy Crops and Algae—Cont’d

Feedstock EER Comment Reference

Rapeseed 1.44 Included coproduct production (Yee et al., 2009)

Rapeseed 5 Based on Chilean conditions (Iriarte et al., 2010)

Sunflower 3.5 Based on Chilean conditions (Iriarte et al., 2010)

Algae

Chlorella vulgaris 0.35 Tubular photobioreactor (Stephenson et al.,
2010)

Chlorella vulgaris 1.46 Raceway pond (Stephenson et al.,
2010)

Chlorella vulgaris 0.98 Sufficient nutrients condition and biomass are dried prior to
extraction

(Lardon et al., 2009)

Chlorella vulgaris 3.54 Sufficient nutrients condition and biomass are not dried prior
to extraction

(Lardon et al., 2009)

Chlorella vulgaris 1.25 Low nitrogen culture and biomass are dried prior to extraction (Lardon et al., 2009)

Chlorella vulgaris 4.34 Low nitrogen culture and biomass are not dried for extraction (Lardon et al., 2009)

Haematococcus

pluvaris

0.25–
0.54

Haematococcus pluvaris strain (Razon and Tan,
2011)

Nannochloropsis 0.09–
0.12

Nannochloropsis strain (Razon and Tan,
2011)

Nannochloropsis 1.08 Nannochloropsis strain (Batan et al., 2010)

Nannochloropsis

sp.
3.05 Raceways: The system boundary is limited to the cultivation

stage, excluding dewatering, drying, extraction, and
transesterification stages

(Jorquera et al.,
2010)

Nannochloropsis

sp.
1.65 Flat plate: The system boundary is limited to the cultivation

stage, excluding dewatering, drying, extraction, and
transesterification stages

(Jorquera et al.,
2010)

Nannochloropsis

sp.
0.07 Tubular photobioreactors: The system boundary is limited to

the cultivation stage, excluding dewatering, drying, extraction,
and transesterification stages

(Jorquera et al.,
2010)

Not specified 3.33 Filter press as primary dewatering method (bioethanol is
considered a secondary product)

(Sander and
Murthy, 2010)

Not specified 1.77 Centrifuge as primary dewatering method (bioethanol is
considered a secondary product)

(Sander and
Murthy, 2010)

Not specified 1.06 Base case: Inorganic (chemical) fertilizers as nutrient source (Clarens et al., 2010)

Not specified 13.2 Conventional activated sludge as nutrient source (Clarens et al., 2010)
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processing options that can enhance the EER value of algal biodiesel. In the following
sections, several energy-related problems in producing algal biofuels are comprehensively
elaborated to propose possible strategies to commercialize this renewable fuel.

12.2.1 Open Ponds and Closed Photobioreactors

To commercialize algal biofuels, the first challenge is the mass production of algal biomass
with minimal energy input and in a cost-effective manner. Phototrophic cultivation appears
to be the preferred method to cultivate algae because sunlight is abundantly available at no
cost. Apart from that, phototrophic algae are able to capture CO2 from flue gases and could
potentially act as a superior carbon sink, offering an added advantage to this cultivation
method. However, this method has its limitations, especially in temperate countries where
suitable sunlight intensity is not always available throughout the year (Lam and Lee, 2012).
The open pond system and the closed photobioreactor are among the cultivation systems that
are suitable for growing phototrophic algae. An ideal cultivation system should meet the fol-
lowing requirements: (1) has a large effective illumination area, (2) utilizes optimal gas–liquid
transfer, (3) is simple tooperate, (4)maintains a lowcontamination level, (5)has lowcapital and
operating costs, and (6) utilizes a minimal amount of land (Xu et al., 2009). Unfortunately,
this ideal cultivation system is yet to be realized, even with intensive research and field trials.

The following section details the basic design of the open and closed photobioreactors,
including their advantages, limitations, and factors to consider before attempting to scale up
both cultivation systems.

12.2.1.1 Raceway Pond Systems

The raceway pond system is currently the most economically feasible cultivation method
for mass production of algal biomass, primarily due to its relatively low capital cost and ease
of operation. The pond usually consists of a closed-loop recirculation channel (oval in shape)
where mixing and circulation are provided by paddlewheels to avoid algal biomass sedi-
mentation. The CO2 source is sparged at the bottom of the raceway pond, as shown
in Figure 12.1 (Chisti, 2007; Greenwell et al., 2010; Stephenson et al., 2010). Some raceway
ponds incorporate artificial light in the system; however, this design is not practical and is
economically infeasible for commercial production (Singh et al., 2011).

CO2

CO2

Sunlight Nutrient
input Paddlewheel

FIGURE 12.1 Raceway pond for
algal cultivation. (Modified from Brennan
and Owende, 2010.)
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Raceway ponds are normally constructed with either concrete or compacted earth and
lined with white plastic bags. The depth of the pond is usually 0.2–0.5 m to ensure that algae
receive adequate exposure to sunlight (Brennan and Owende, 2010; Chisti, 2007). Under this
cultivation system, the recorded algal biomass productivity and yield were 0.05–0.1 g/L/day
and 0.3–0.5 g/L, respectively (Pulz, 2001); but are highly dependent on algal strains, cultivation
conditions, and local weather.

Although raceway ponds have the advantages of low energy input and low operating cost,
this system still suffers several limitations, such as massive loss of water due to high evap-
oration rate and being easily contaminated by undesired microorganisms (e.g., bacteria, fun-
gus, and protozoa) that could annihilate the entire algal population (Schenk et al., 2008).
Hence, regular cleaning and maintenance are required in the raceway pond to ensure that
the algae are growing under optimal conditions. In this regard, high lipid content and bio-
mass productivity of algae for biofuel production are not the only factors to be considered,
but other considerations such as fast growth rate, ease of cultivation, and ability to survive
under extreme environmental conditions are equally important to ensure the existence of
monoculture in a raceway pond. Chlorella, for example, can grow well in a nutrient-rich
medium, Spirulina grows favorably at high pH and bicarbonate concentration, and D. salina
is well adapted to a highly saline medium (Borowitzka, 1999; Brennan and Owende, 2010).

12.2.1.2 Closed Photobioreactors

To overcome the limitations of the open pond system in algae cultivation, closed
photobioreactors are designed to ensure that algal cells are always grown under optimal con-
ditions with high consistency in biomass productivity. Since the conditions in a closed
photobioreactor system are strictly controlled, the contamination level in the cultivation me-
dium is minimized. This permits the cultivating of single algal strain for a prolonged period,
andwater sources may be reutilized for subsequent cultivation cycles (Brennan andOwende,
2010; Chisti, 2007). Closed photobioreactors are amore flexible system than the raceway pond
because the photobioreactors can be optimized according to the biological and physiological
characteristics of the algal strain that is being cultivated (Mata et al., 2010). For example,
cultivation pH, temperature, CO2 concentration, mixing intensity, and nutrient level can
be manipulated to suit the optimal growing conditions of different algal strains.

These advantages have attracted the interest of many researchers to further improve on the
operating conditions of closed photobioreactors for commercial-scale implementations.
Depending on the algal strains and cultivation conditions, a closed photobioreactor always
offers high biomass productivity, generally in the range of 0.05–3.8 g/L/day (Brennan and
Owende, 2010). Several types of closed photobioreactor designs, such as flat plate, tubular,
and column, are discussed in Table 12.2. For comparison purposes, the characteristics of a
raceway pond are also included in Table 12.2.

Recently, a few LCA studies have been performed to evaluate the overall energy balance
for cultivating algal biomass in raceway ponds and airlift tubular closed photobioreactors, as
shown in Table 12.3. From the table, we see that the airlift tubular photobioreactor can achieve
high biomass productivity compared to the raceway pond, but the energy input to operate the
entire systemwas approximately 350% higher than for the raceway pond. Despite the advan-
tages of low contamination and minimum water loss due to evaporation, the airlift tubular
photobioreactor consumed a huge amount of electricity to power heavy-duty pumps so that
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TABLE 12.2 Various Photobioreactor Designs for Algal Cultivation. (Chisti, 2007; Mata et al., 2010; Sierra et al., 2008; Ugwu et al., 2008;
Xu et al., 2009)

Raceway Pond Flat Plate Tubular Vertical Column

Conceptual
design

Design
characteristics

Consists of closed-loop
recirculation channel (oval shape)

Bioreactor with rectangular
shape

Consists of an array of straight, coiled,
or looped transparent tubes

Bioreactor with
vertically arranged
cylindrical column

. Usually built using concrete or
compacted earth-lined pond with
white plastic

The flat plates are usually
made of transparent plastic
or glass

The tubes are usually made of
transparent plastic or glass

The columns are
usually made of
transparent plastic or
glass

Mixing and circulation are
provided by paddlewheels

Usually coupled with gas
sparger

Usually coupled with a pump or
airlift technology

Usually coupled with
a pump or airlift
technology

The depth of the pond is usually
0.2–0.5 m to ensure algae receive
adequate exposure to sunlight

The light path (depth) is
dependent on algal strain;
ranges between 1.3 and
10 cm

Tube diameter is limited (0.1 m) to
increase the surface/volume ratio

Optimum column
diameter is 0.2 m
with 4 m height

Advantages Easy to construct and operate Large illumination surface
area gives maximum
utilization of solar energy

Large illumination surface area High mass-transfer
rate with good
mixing

Continued 2
6
7

1
2
.2

L
IF
E
-C

Y
C
L
E
E
N
E
R
G
Y
B
A
L
A
N
C
E
O
F
A
L
G
A
L
B
IO

F
U
E
L
S



TABLE 12.2 Various Photobioreactor Designs for Algal Cultivation (Chisti, 2007; Mata et al., 2010; Sierra et al., 2008; Ugwu et al., 2008;
Xu et al., 2009)—Cont’d

Raceway Pond Flat Plate Tubular Vertical Column

. Low energy input and low cost Low concentration of
dissolved oxygen

Relatively higher biomass
productivity

Compact, easy to
operate, and
relatively low cost

Can be positioned vertically
or inclined at an optimum
angle facing the sun

Potential of cell damage is minimized
if airlift system is used

Lower power
consumption

Lower power consumption

Disadvantages Water loss due to high evaporation
rate

Scale-up requires many
compartments and support
materials

Requires large land area because long
tubes are used

Small illumination
surface area

. Difficulty in controlling the
temperature and pH

Difficulty in controlling
culture temperature

Potential in accumulating high
concentration of O2 (poison to algae)
in culture medium if tubes are too
long

Cell sedimentation
may occur if airlift
system is not used

Susceptible to contamination Decreasing CO2 concentration along
the tubes may cause the algae to be
deprived of carbon source

Mixing is problematic in extended
tubes
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sufficient mixing and optimum gas–liquid transfer rate are attained. Cultivating algae using
the airlift tubular photobioreactor could easily lead to a negative energy balance in producing
algal biofuels if no precautionary steps are taken to reduce the energy input. Furthermore, the
energy input does not include the energy used for artificial lights during the nighttime,
harvesting and drying of algal biomass, water treatment, lipid extraction, and biodiesel
conversion. If these factors are taken into consideration, the overall energy balance for culti-
vating algae for biofuel production is expected to be even more negative, as revealed by
Stephenson et al. (2010) and Razon and Tan (2011) (Table 12.1). Other photobioreactor de-
signs, such as column type and flat plate, are relatively low cost compared to airlift tubular
photobioreactors, making them more feasible for commercialization. However, more exten-
sive research is required to improve the CO2 transfer and mixing in these photobioreactors
with minimum energy input.

12.2.2 Harvesting and Drying of Algal Biomass

Harvesting of algal biomass refers to the separation of algae from water for subsequent
biofuel production. The process consists of two distinctive steps: (1) bulk harvesting, to
separate algae from bulk suspension via gravity sedimentation, flocculation, and flotation,
and (2) thickening, to concentrate the algal slurry after bulk harvesting using techniques
such as centrifugation and filtration (Brennan and Owende, 2010; Chen et al., 2011).
Harvesting of algal biomass is extremely challenging because of algae’s small cell size (gen-
erally 1–20 mm) and suspension in water (Lam and Lee, 2012; Suali and Sarbatly, 2012). The
mass ratio of algal biomass towater is considered very low, even if the algae are cultivated in a
closed photobioreactor (Chen et al., 2011). For example, the mass ratio of algal biomass to wa-
ter lies in the range of 0.00035–0.027 for algae cultivated in a closed photobioreactor, assuming
a biomass productivity of 0.05–3.8 g/L/day and cultivated for seven days. When the algal
cultivation system (typically a closed photobioreactor) is scaled up for mass production of
algal biomass, an average of 73 tonnes of water need to be processed when harvesting 1 tonne
of algal biomass. This amount of water is quite substantial; thus, developing effective algal

TABLE 12.3 Energy Consumption in Various Algal Culture Systems. (Razon and Tan, 2011)

Culture System Energy Consumptiona (GJ/Tonne of Biodiesel) Reference

Raceway 4–11 (Lardon et al., 2009)

Raceway 13–15 (Jorquera et al., 2010)

Raceway 22–30 (Stephenson et al., 2010)

Raceway 53–158 (Campbell et al., 2011)

Airlift tubular 195–231 (Stephenson et al., 2010)

Airlift tubular 537 (Jorquera et al., 2010)

a Energy associated with electricity consumption to operate culture system:

Raceway: Paddlewheel and gas sparging

Flat plate: Pump and gas sparging

Airlift tubular: Airlift pump and gas sparging
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harvesting methods is exceptionally important to strengthen the possibility of commercia-
lizing algal biofuel production. Table 12.4 summarizes the current available algal biomass
harvesting technologies.

A recent LCA study revealed that current technologies for harvesting and drying algal
biomass consumed a significant amount of energy input to produce algal biodiesel (Sander
and Murthy, 2010). The study assessed two types of algal thickening methods (without
prior bulk harvesting), namely, filter press and centrifugation, and reported that eachmethod
contributed 88.6% and 92.7%, respectively, to the total energy input for the LCA. Thus,

TABLE 12.4 Algal Biomass Harvesting Methods. (Brennan andOwende, 2010; Greenwell et al., 2010; Molina
Grima et al., 2003; Schenk et al., 2008)

Harvesting

Method Process Description Advantages Disadvantages

Centrifugation Governed by Stokes’ law:
Sedimentation of suspended
solids is determined by density
and radius of algal cells

Rapid and efficient Energy intensive and high
maintenance cost

Concentrated algal biomass can
be obtained

Centrifugation force: 5,000–
10,000 g with 95% removal
efficiency

Flocculation To aggregate the algal biomass
to a larger size and hence ease
sedimentation
Flocculants used: Ferric chloride
(FeCl3), aluminum sulfate
(Al2(SO4)3, alum), and ferric
sulfate (Fe2(SO4)3)

Cost effective The algal biomass cannot be
used for some downstream
applications such as animal feed
or for anaerobic digestion

Normally used as a pretreatment
step to centrifugation, gravity
sedimentation, and filtration

Floatation Trapping algal biomass by
dispersing micro air bubbles
The fine bubbles (less than
10 mm) adhere to the biomass
(after flocculation process),
making them very buoyant and
causing them to rise rapidly to
the surface

Applicable to process
large volume of biomass

Toxicity of flocculants may
reduce algal biomass value

Filtration Filter press and membrane filter
(micro and ultrafiltration) are
operated under pressurized or
vacuum condition

Filter press: Effective in
recovering algae of
relatively large size (e.g.,
Spirulina platensis)

Filter press: Ineffective to
recover small algae (e.g.,
Scenedesmus and Chlorella)

Continued
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harvesting algal biomass using solely centrifugation or filtration is still far from commercial
application because of the high energy consumption and high operating cost.

On the other hand, bulk harvesting methods such as flocculation offer an alternative
approach to harvesting algal biomass with lower energy input and at a reasonable cost.
Conventional flocculants, such as ferric chloride (FeCl3), aluminium sulphate (Al2(SO4)3),
and ferric sulphate (Fe2(SO4)3) (Brennan and Owende, 2010), which are widely used in waste-
water treatment plants, can be used to agglomerate algal cells to become dense flocs (slurry)
and subsequently settle out of the cultivation medium (de Godos et al., 2011). After the
flocculation process, water that is still retained in the algal slurry can be concentrated further
through centrifugation or filtration (Suali and Sarbatly, 2012).

Nevertheless, conventional flocculants that are always referred to as multivalent salts
could contaminate the algal biomass andmay affect the quality of the final product. Although
no scientific work or assessment has been carried out to justify this claim, flocculant toxicity
should not be ignored, especially if health-related products are to be extracted from algal
biomass before the algal biomass is diverted to biofuel production. Other organic polymeric
flocculants that are biodegradable and less toxic offer an alternative and environmentally
friendly way to harvest algal biomass, but these organic polymeric flocculants require further
development prior to application on the commercial scale.

After concentrating the algal slurry to 5–15% dry solid content through centrifugation or
filtration, further dehydration or drying of the slurry is necessary to facilitate subsequent
biofuel production (Brennan and Owende, 2010; Lam and Lee, 2012). The presence of water
could severely inhibit the biofuel processing and conversion, including lipid extraction using

TABLE 12.4 Algal Biomass Harvesting Methods (Brennan and Owende, 2010; Greenwell et al., 2010; Molina
Grima et al., 2003; Schenk et al., 2008)—Cont’d

Harvesting

Method Process Description Advantages Disadvantages

Micro/ultrafiltration:
Effective in recovering
large and small algae

Micro/ultrafiltration: High cost
due to membrane replacement,
membrane clogging, and
maintenance

Gravity
sedimentation

Governed by Stokes’ law:
Sedimentation of suspended
solids is determined by density
and radius of algal cells
Algae are left to settle naturally
by means of gravity

Low cost because no
additional chemicals or
physical treatment
needed

Requires relatively longer
settling time
Not effective for small algae

Ultrasonication Ultrasound wave (20–100 MHz)
compresses and stretches
molecular spacing of a medium
through which it passes and
hence creates a cavitation effect
Algal cells are disrupted
immediately, thus facilitating
sedimentation rate

Can be operated
continuously without
inducing shear stress on
the algal biomass

Safety problem
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chemical solvents and biodiesel production through transesterification (Ehimen et al., 2010).
The water would cause some difficulty in recovery of chemical solvents as well as biodiesel
refining, requiring even higher energy input for subsequent water separation.

Several dehydration methods are currently applicable to drying the algal slurry, including
solar drying, spray drying, freeze drying, and fluidized bed drying (Brennan and Owende,
2010; Desmorieux and Decaen, 2005; Orset et al., 1999; Prakash et al., 1997). Solar drying is
apparently the most inexpensive dehydration method because it is free, but a large drying
surface is required, and it is time-consuming (Prakash et al., 1997). Nevertheless, solar drying
is not feasible in temperate countries where sunlight is not always available throughout the
year (Lam and Lee, 2012). Thus, the use of heat generated from fossil fuels cannot be avoided
to ensure that the algal slurry is continuously dried for each cultivation cycle. Some LCA stud-
ies have emphasized that a large amount of energy is consumed in drying the algal slurry,
making commercial algal biofuel production even more challenging (Cooney et al., 2011;
Lardon et al., 2009; Lohrey and Kochergin, 2012; Sander and Murthy, 2010; Xu et al., 2011).
For example, Sander and Murthy (2010) revealed that using natural gas as the fuel to dry
the algal slurry consumed nearly 69% of the overall energy input and consequently resulted
in a negative energy balance for producing algal biofuels. Heavy dependence on fossil fuels to
dry the algal slurry could reduce the market potential and feasibility for producing algal
biofuels; thus, new development of an efficient drying method is required to ensure that
the energy input in this step is minimized (Lohrey and Kochergin, 2012).

12.3 POTENTIAL BIOFUEL PRODUCTION FROM ALGAE

12.3.1 Biodiesel

12.3.1.1 Lipid Extraction

Currently the main interest in algal cultivation is to convert algal lipids to biodiesel (Chisti,
2007). Biodiesel is an alternative diesel fuel that offers several advantages to the environment;
it is biodegradable and nontoxic as well as possession high lubricity, low SOx, and low CO
emissions (Jacobson et al., 2008; Lam et al., 2010).

After the algal biomass is dehydrated, the biomass then proceeds to the lipid-extraction
process. Unlike terrestrial oil-bearing crops, extraction of lipids from algal biomass is rela-
tively difficult because of the presence of the thick cell wall that prevents the release of
interlipids. Hence, the use of a mechanical press that is effective in extracting oil from terres-
trial oil-bearing crops is generally not applicable to algal biomass (Lam and Lee, 2012).
Ideally, the algal lipid-extraction technology should display a high level of specificity and
selectivity solely toward algal lipids (e.g., acylglycerol) to avoid the coextraction of other
compounds such as protein, carbohydrates, ketones, and carotenes that cannot be directly
converted to biodiesel (Halim et al., 2012).

Apparently, using chemical solvent to extract algal lipids seems to be the most suitable
method since it is widely practiced in laboratory-scale research. This is because chemical
solvent has high selectivity for the algal lipids and the algal lipids are soluble in the chemical
solvent. This allows even interlipids to be extracted by diffusion across algal cell walls (Halim
et al., 2012; Ranjan et al., 2010). Chemical solvents such as n-hexane, methanol, ethanol, and

272 12. SCALE-UP AND COMMERCIALIZATION OF ALGAL CULTIVATION AND BIOFUEL PRODUCTION



mixed polar/nonpolar chemical solvents (e.g., methanol/chloroform and hexane/
isopropanol) are effective for extraction of the algal lipids, but the extraction efficiency is
highly dependent on algal strains (Halim et al., 2012; Lam and Lee, 2012).

However, before chemical solvent extraction can be implemented on a commercial scale,
several issues must be addressed: (1) a large quantity of chemical solvent is required for
effective lipid extraction, (2) solvent toxicity and safety must be considered, (3) additional
energy input will be needed for solvent recovery, and (4) additional costs will be incurred
for wastewater treatment. Other advanced technologies to improve algal lipid-extraction
efficiency, such as autoclaving (Lee et al., 2010), supercritical CO2 (Couto et al., 2010; Halim
et al., 2011; Tang et al., 2011), and ultrasonication (Adam et al., 2012; Lee et al., 2010;
Prabakaran and Ravindran, 2011), are still under investigation, and further optimization is
urgently required before extending the technologies to the commercial scale.

12.3.1.2 Homogeneous Catalyst

After the extraction process, the algal lipids are ready to be converted into biodiesel
through transesterification, whereby the lipids react with a short-chain alcohol (e.g., metha-
nol) in the presence of a catalyst (Sharma and Singh, 2009). Since the reaction is reversible, an
alcohol-to-oil molar ratio of more than 3 is usually used to push the reaction toward the
product side at reflux temperature (60–70 �C) using a homogeneous base catalyst (e.g.,
KOH and NaOH) to accelerate the reaction. At the end of the reaction, two obvious layers
will be observed due to gravity separation: The top layer is biodiesel (the main product),
whereas the bottom layer is glycerol (byproduct). Subsequently, biodiesel is subjected to sev-
eral purification steps, such as water washing and evaporation, to produce pure biodiesel of
high quality. In a recent optimization study, more than 90% of algal biodiesel (Chlorella
vulgaris) yield was attained at a reaction temperature of 43 �C, with a methanol-to-oil molar
ratio of 14, 0.42 wt% of NaOH, and a reaction time of 90 minutes (Plata et al., 2010).

Nevertheless, it is important to note that the presence of a high free fatty acid (FFA) content
in algal lipids (more than 0.5% w/w) may prevent the use of a homogeneous base catalyst for
the transesterification reaction (Ehimen et al., 2010; Zhu et al., 2008). This is because FFA will
react with the base catalyst to form soap, resulting in a low biodiesel yield and causing sig-
nificant difficulty in product separation and purification. An alternative acid catalyst (e.g.,
sulfuric acid, H2SO4) will be a better choice because it is not sensitive to the FFA content
in the oil and thus esterification (FFA is converted to alkyl esters) and transesterification
can occur simultaneously. Nevertheless, the acid catalyst has a significant drawback from
a commercialization aspect for the following reasons: (1) the reaction is extremely slow
and a high concentration of catalyst is required to accelerate the reaction, (2) reuse and
recycling of the catalyst are not possible, and (3) strong acidic properties of the catalyst will
cause serious corrosion on valves, pipelines, and reactor walls (Lam et al., 2010).

12.3.1.3 Heterogeneous Catalyst

The use of a heterogeneous catalyst (base or acid) for biodiesel production has been
recently and extensively explored. The main advantage of a heterogeneous catalyst over a
homogeneous catalyst is that the former can be recycled and regenerated for repeated reac-
tion cycles, resulting in minimum catalyst loss and improvement of the economic feasibility
of biodiesel production. Furthermore, the catalyst can easily be separated at the end of the
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reaction using filtration; therefore, product contamination is reduced and the number of
water washing cycles (purification) is minimized (Lam and Lee, 2012).

Heterogeneous catalysts can generally be divided into two categories:

1. Catalysts with basic sites, such as CaO, MgO, ZnO, and waste materials impregnated
with KOH or NaOH. This type of catalyst can catalyze transesterification under mild
reaction conditions with a high yield of biodiesel usually attained. Nevertheless, due to
the basic properties of the catalyst, it is highly sensitive to the FFA content in the oil
and results in soap formation instead of biodiesel. Leaching of active sites from the
catalyst is another limitation that can cause product contamination and catalyst
deactivation.

2. Catalysts with acidic sites, such as SO4
2�=ZrO2, SO4

2�=TiO2, SO4
2�=SnO2, zeolites,

sulfonic ion-exchange resins, and sulfonated carbon-based catalysts. These catalysts are
insensitive to the FFA content in oil and are able to perform esterification and
transesterification simultaneously. However, the reaction rate is exceptionally slow; hence,
extreme reaction conditions such as high temperature (more than 100 �C) with high
alcohol-to-oil molar ratio (more than 12:1) are necessary to accelerate the overall
reaction rate.

To date, the application of heterogeneous catalysts to algal biodiesel conversion is still
scarcely reported in literature, primarily because algal lipids are a relatively new feedstock
that is not commercially available in the market. In a recent study carried out by Umdu
et al. (2009), CaO supported with Al2O3 was used as a heterogeneous base catalyst in
transesterification of Nannochloropsis oculata lipids (Umdu et al., 2009). The highest algal bio-
diesel yield attainedwas 97.5% under the following reaction conditions: reaction temperature
of 50 �C, methanol-to-lipid molar ratio of 30:1, catalyst loading of 2 wt%, and reaction time of
4 h. The long reaction time was requiredmainly because of the initial three immiscible phases
(lipid-alcohol-catalyst) that increase mass-transfer limitations in the system. When pure CaO
was used as catalyst in the transesterification of algal lipids, insignificant biodiesel yield was
recorded, but when CaO supported with Al2O3 (ratio 8:1 w/w) was used instead, signifi-
cantly better results were achieved due to the increasing basic density and basic strength
of the catalyst. Other heterogeneous catalysts such as Mg-Zr and hierarchical zeolites have
also been investigated for transesterification of algal lipids; however, unsatisfactory biodiesel
yield (less than 30%) was attained (Carrero et al., 2011; Krohn et al., 2011).

12.3.1.4 In situ Transesterification

In situ transesterification, better known as reactive extraction, has been developed with the
purpose of simplifying the biodiesel production process by allowing extraction and
transesterification to occur in a single step, in which oil-bearing seeds or algal biomass are
in direct contact with the chemical solvent in the presence of a catalyst (acid or base). Through
intensive research in recent years, the optimum conditions for in situ transesterification have
become well established for different edible and nonedible oil feedstock, such as jatropha
(Shuit et al., 2010), soybeans (Haas and Scott, 2007), and castor (Hincapié et al., 2011).
However, themain constraint in commercializing this technology is the requirement of a high
volume of chemical solvent, and the process is limited to homogeneous catalyst usage only.
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In situ transesterification of algal biomass has been explored to attain high biodiesel con-
version, including optimization of the alcohol-to-lipid molar ratio, reaction temperature,
catalyst loading, and the effect of the use of a cosolvent, microwave, and ultrasonication.
In a study performed by Ehimen et al. (2010), dried Chlorella biomass was subjected to in situ
transesterification, attaining 90% of biodiesel yield at a reaction temperature of 60 �C,
a methanol-to-lipid molar ratio of 315:1, a H2SO4 concentration of 0.04 mol, and a reaction
time of 4 h.

To further reduce methanol consumption for the in situ transesterification, adding a
cosolvent to the reaction mixture is suggested to increase the solubility of the algal lipids
in methanol, creating a single phase reaction that could subsequently improve the reaction
mass transfer rate. A yield of approximately 95% Chlorella pyrenoidosa biodiesel was attained
when hexane was used as a cosolvent (hexane-to-lipid molar ratio of 76:1). The methanol-to-
lipid molar ratio was significantly reduced to 165:1 and the total reaction time was shortened
to 2 h at a reaction temperature of 90 �C and a catalyst loading of 0.5 M H2SO4. Nevertheless,
the presence of water in the reaction media could impede the in situ transesterification and
cause negligible biodiesel conversion (Ehimen et al., 2010). Thus, extensive drying of algal
biomass is absolutely necessary to facilitate biodiesel conversion by avoiding the occurrence
of any side reactions and to simplify the subsequent refining processes (Lam and Lee, 2012).

Other technologies that could further improve the reaction conditions for in situ transes-
terification of algal biomass are microwave irradiation (Patil et al., 2011a; Patil et al., 2012),
ultrasonication (Koberg et al., 2011), and supercritical alcohol (Levine et al., 2010; Patil
et al., 2011b). However, these technologies are still far from commercialization due to
safety- and health-related problems.

12.3.2 Bioethanol

Apart from biodiesel, bioethanol is another attractive biofuel that is used as a substitute for
gasoline. Biomass that contains sugar, starch, or cellulose is used by yeast as a substrate dur-
ing the fermentation process, releasing bioethanol as the product and CO2 as the byproduct
(Brennan and Owende, 2010). Since algae are able to accumulate significant amounts of
carbohydrates (mainly referred to as starch) inside their cells, the potential to utilize the car-
bohydrate for bioethanol production is high (Harun et al., 2010). Among the algal strains that
have been identified as having high carbohydrate content are Chlamydomonas reinhardtii
(53%), C. reinhardtii (45%), Chlorella vulgaris (12–37%), Chlorella sp. (21–27%), and Scenedesmus
sp. (13–20%) (John et al., 2011).

Unlike terrestrial plants, algal cells are buoyant and thus do not require lignin and hemi-
celluloses for structural support (John et al., 2011). Therefore, carbohydrate extraction from
algal biomass is expected to be simpler than carbohydrate extraction from lignocellulosic
materials; avoiding the complicated pretreatment steps to remove lignin and the economic
feasibility of bioethanol production can consequently be improved. Nevertheless, the
extracted algal carbohydrates need to be hydrolyzed further (hydrolysis process) to simple
reducing sugars (e.g., glucose) for yeast to effectively convert the sugar into bioethanol during
the fermentation process.

Recently, several effective carbohydrate hydrolysis methods for algal biomass, such
as using dilute acid solution (Harun and Danquah, 2011), dilute alkaline solution
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(Harun et al., 2011), and enzymatic methods (Choi et al., 2010; Harun and Danquah, 2011),
have been reported in the literature, as shown in Table 12.5. The data in the table show that
the bioethanol yields are comparable to the yields attained from sugar and lignocellulosic
feedstocks, indicating that it is technically viable to produce bioethanol from algal biomass.
Reutilization of the algal residue after lipid extraction for bioethanol conversion instead of
using the freshly dried algal biomass is also possible (Lam and Lee, 2011). This would be a
more realistic approach because two different types of biofuels are simultaneously produced
from the algal biomass, and thus the life-cycle energy balance of algal biofuels can be further
strengthened.

This concept has been proven viable in a recent study in which lipids from Chlorococum sp.
were preextractedwith supercritical CO2 at 60

�C and subsequently subjected to fermentation
with the yeast Saccharomyces bayanus (Harun et al., 2010). From the study, algal biomass with
pre-extracted lipids gave 60% higher bioethanol concentration for all samples than the dried
algal biomass without lipid extraction. This is because during supercritical CO2 extraction of
lipids, the algal cell wall is ruptured due to the high temperature and pressure required for
the supercritical process (Harun et al., 2010). The rupturing of the cell wall leads to the release
of carbohydrates and subsequently being hydrolyzed to simple reducing sugar. Thus the
algal residues after lipid extraction are readily available for fermentation with yeast.
Based on this study, a maximum bioethanol yield of 3.83 g/L was achieved from 10 g/L
of lipid-extracted algal residue.

12.3.3 Bio-Oil

Bio-oil is another important biofuel that can be obtained from thermochemical conversion of
biomass, such as pyrolysis and hydrothermal liquefaction (Brennan andOwende, 2010). Bio-oil
has been considered a promising feedstock to replace petroleum fuel for power generation due
to its high energy density and convenience in storage or transport compared to gaseous prod-
ucts (Pan et al., 2010; Xiu and Shahbazi, 2012). In addition, bio-oil is biodegradable, is CO2 or
greenhouse gas neutral, and, compared to petroleum-based fuel, generates significantly less
NOx and SOx when combusted in an engine. Bio-oil is therefore a “green fuel” with benefits
to the environment (JenaandDas, 2011;MiaoandWu, 2004).Bio-oil production todate ismainly
based on lignocellulosic biomass as raw material. However, the bio-oil obtained could not be
directly used as transportation fuel due to its high viscosity, high oxygen content, high corro-
siveness, and thermal instability (Pan et al., 2010; Xu et al., 2010). The poor quality of bio-oil is

TABLE 12.5 Effect of Various Hydrolysis Methods on Bioethanol Yield from Algal Biomass.

Feedstock Pretreatment

Ethanol Yield

(g Ethanol/g Substrate) Reference

Chlorococum sp. Supercritical CO2 0.38 (Harun et al., 2010a)

Chlorococum humicolo Acid 0.52 (Harun and Danquah, 2011b)

Chlorococum infusionum Alkaline 0.26 (Harun et al., 2011b)

Chlamydomonas reinhardtii Enzymatic 0.24 (Choi et al., 2010)
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due to the presence of a complicated composition of cellulose, hemicelluloses, and lignin,
which in turn produces a highly oxygenated and acidic bio-oil that must be upgraded prior
to use (Grierson et al., 2011; Mohan et al., 2006; Pan et al., 2010). Thus, the research for more
appropriate biomass is urgently needed to exploit the actual potential of bio-oil as a green
and renewable fuel.

Algal biomass appears to be a prospective source for bio-oil production since algal cells
contain no lignin and have lack of cellulose. In a study reported by Miao and Wu (2004),
the highest bio-oil yield attained from fast pyrolysis of heterotrophically cultivated Chlorella
protothecoides was 57.9% at a pyrolysis temperature of 450 �C. The pyrolysis temperature re-
quired was much lower than that for pyrolysis of wood or lignocellulosic biomass (�650 �C)
(Mohan et al., 2006; Pan et al., 2010), indicating that algal bio-oil production could substan-
tially reduce the energy input in the pyrolysis process. The algal bio-oil obtained was char-
acterized to have lower oxygen content, higher heating value (41 MJ/kg), lower density
(0.92 kg/L), and lower viscosity (0.02 Pa s) compared to bio-oil derived from wood (Miao
and Wu, 2004). In another study performed by Pan et al. (2010), Nannochloropsis sp. residue
after lipid extraction was further reutilized to produce bio-oil via catalytic pyrolysis. By using
HZSM-5 as a catalyst and at a pyrolysis temperature of 400 �C, approximately 19.7% of bio-oil
with better quality (lower oxygen content and higher aromatic hydrocarbon concentration)
was successfully recovered from the process, compared to direct pyrolysis without a catalyst.
The study also suggested that instead of using the algal residue for bioethanol production that
involves multiple steps (i.e., hydrolysis, neutralization, and fermentation), the pyrolysis pro-
cess offers a more direct way to produce bio-oil with higher energy density compared to
bioethanol.

Since algae are aquatic microorganisms, extensive drying of algal biomass is required to
produce algal bio-oil through the pyrolysis process. As mentioned in Section 12.2.2, the need
to dry the wet algal slurry is one of the detrimental factors that impede the commercialization
of algal biofuels, primarily due to the high consumption of energy in the drying process.
In this regard, hydrothermal liquefaction could be an attractive alternative to produce bio-
oil from algae, because hydrothermal liquefaction circumvents the need for water removal,
and directly process the algal biomass without thermal drying (Garcia Alba et al., 2012). The
aim of hydrothermal liquefaction is to obtain low-molecular-weight liquid fuels from
high-molecular-weight compounds by converting the biomass in water at high temperature
and pressure (Shuping et al., 2010). Algal biomass is an excellent feedstock for application of
this technology because the small size of the algal cells will enhance rapid thermal transfer for
achieving the required processing temperature (Heilmann et al., 2010).

In a study performed by Brown et al. (2010), hydrothermal liquefaction of Nannochloropsis
sp. slurry with a water content of 79 wt% was carried out at 350 �C for 60 minutes.
A maximum of 43 wt% of bio-oil was successfully recovered, as reported in the study, and
the bio-oil obtained had a high heating value of 39 MJ/kg, which is comparable to petroleum
crude oil (43 MJ/kg) (Brown et al., 2010; Pan et al., 2010). However, the recovered bio-oil has a
relatively higher composition of nitrogen and oxygen, and thus deoxygenation and
denitrogenation are necessary to upgrade the bio-oil (Brown et al., 2010; Jena et al., 2012).
Producing and upgrading the bio-oil simultaneously via hydrothermal liquefaction in a sin-
gle step becomes possible by adding a heterogeneous catalyst to the process. Heterogeneous
catalysts such as Co/Mo/Al2O3, Pt/Al2O3, Ni/Al2O3, and NiO are able to increase the
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deoxygenation reaction and subsequently reduce the oxygen content and viscosity of the
algal bio-oil that is produced (Biller et al., 2011; Jena et al., 2012).

12.4 TECHNO-ECONOMIC EVALUATION OF ALGAL BIOFUELS

Apart from the perspective of energy balance, economic feasibility, coupled with techno-
logical innovations, plays a critical role in ensuring the successful production of algal biofuels
on a commercial scale. Based on an ideal assumption that algae could grow at a very rapid
rate (typically requiring less than 10 days to reach the stationary growth phase) and could
accumulate a high lipid content (30–70%) inside the cells, the resulting algal biodiesel
should be able to compete or at least be on par with the current petrol-diesel price.

A preliminary cost analysis conducted by Chisti (2007) revealed that oil recovered from
algal biomass produced in closed photobioreactors cost approximately $2.80/L, assuming
that the algal biomass contained 30% oil and the oil-recovery process contributed 50%
to the total production cost. However, in comparison to the average petrol-diesel price of
$1.20/L gross delivered in the year 2010 (McHenry, 2012), the estimated algal biodiesel price
is still much too high for commercial use, unless the algal biomass contains 70% oil, which
could further reduce the price to $0.72/L (Chisti, 2007).

In a recent algal technological roadmap reported by theU.S. Department of Energy, amore
robust system of modeling and comprehensive techno-economic analyses for algal biofuels
should be developed to reach the goal of commercialization in the next 5 to 15 years
(Fishman et al., 2010). An economic breakdown of multiple algal processing units with dif-
ferent integration systems could help address the techno-economic feasibility of algal biofuels
before reaching the commercial scale (Amer et al., 2011). An in-depth understanding of the
techno-economic feasibility of algal biofuels is required to not only maximize profits and
minimize investment risk but also to stimulate the consideration of the “bigger picture” in
identifying the critical problems for scaling up this process and recommending specific
corrective measures (Davis et al., 2011; Delrue et al., 2012; Harun et al., 2011; Sun et al.,
2011). The following sections describe some significant results from recent techno-economic
studies of algal biofuels.

12.4.1 The Economic Road Map of Algal Biofuels

Figure 12.2 shows the projected techno-economic performance of algal biofuels at the cur-
rent phase as well as the projected outcome for the future. From the figure, it can be observed
that current algal biofuel production is still in its infancy stage for commercialization,
predominantly due to the high investment cost and premature technology. However, with
emerging technologies and innovation through progressive R&D efforts, the way will be
paved to develop truly sustainable algal biofuels with affordable production costs in the near
future. All the technical problems surrounding the supply chain of algal biofuels, such as
nutrient source, cultivation system, harvesting and drying processes, and biofuel-conversion
technology, must be resolved to attain its commercialization threshold and economic
viability. Thus, current techno-economic assessments of algal biofuels should be highly
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interdisciplinary, with a flexible modeling and analysis framework that can completely
address the multiple pathways, coupled with various integration systems for algal biofuel
production.

The production cost of algal biofuels is defined as the sum of capital and operating costs
minus the revenues derived from all coproduct, as shown in Eq. 12.1 (Sun et al., 2011). Capital
cost is usually related to one-time expenses such as the cost of land, buildings (e.g., indoor
cultivation systems, offices, and laboratories), equipment (photobioreactors, dryer, filter
press), and infrastructure (piping and pumps), whereas operating cost is associated with
day-to-dayexpenses suchaspower (e.g., tooperatephotobioreactors), rawmaterials (nutrients
and water), labor costs, and maintenance fees (Sun et al., 2011).

The coproduct that could possibly be derived from algal biomass residue after lipid
extraction is carbohydrate, which can be an excellent substrate for anaerobic digestion or
fermentation process to produce biomethane or bioethanol, respectively. The biomethane
and/or bioethanol produced can be diverted to use at an algal cultivation farm to reduce
the associated energy burden, or it can be sold as energy fuel. However, additional capital
and operating cost will be required to build the facilities to convert carbohydrates to
biomethane/bioethanol. In the worst-case scenario, the coproduct processing facilities may
consume substantial amounts of cost and energy due to the low conversion efficiency of
biomethane or bioethanol, making it commercially impractical to integrate the coproducts
into the supply chain of algal biodiesel. On the other hand, coproducts that have high market
value, such as phytonutrients and proteins, could be the alternative options instead of
carbohydrates.
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FIGURE 12.2 Road map of techno-economic algal biofuels. (Modified from Fishman et al., 2010.)
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12.4.2 Current Scenario

Due to the overwhelming response and interest in cultivating algae as a sustainable
source of energy, several comprehensive techno-economic assessments have revealed the
actual potential of this renewable source on a commercial scale (Amer et al., 2011; Davis
et al., 2011; Delrue et al., 2012; Sun et al., 2011). Referring to Figure 12.3, the average biodie-
sel selling prices for algae cultivated in an open pond and a closed photobioreactor are
$2.97/L and $4.93/L, respectively, or 66% higher for algae cultivated in a closed
photobioreactor compared to an open pond. Clearly, although the closed photobioreactor
has the advantage of permitting a single strain culture and has high biomass productivity,
this cultivation system is still considered expensive from the techno-economic point of view.
On the other hand, algal biodiesel produced using the open pond system faces high
economic competition from first- and second-generation biodiesel. The estimated biodiesel
selling prices for biodiesel produced from soybean oil, jatropha oil, and waste frying oil
were $1.35/L (Hu et al., 2008), $1.4/L (Wang et al., 2011), and $0.73/L (Araujo et al.,
2010), respectively, which are much lower compared to algal biodiesel but very close to
the selling price of petro-diesel at $1.2/L (McHenry, 2012). Although the biomass and
lipids productivity of algae are superior to terrestrial oil-bearing crops, nevertheless the
cultivation and downstream processing stages are much more complicated and consumed
significant amounts of energy input. This result also indicates that the positive opportunity
for using algal biomass to generate alternative fuel has been overclaimed, and thus ad-
vanced improvements are needed to address the feasibility of utilizing this renewable
feedstock for commercial use.

0 1 2 3 4 5 6

Davis et al. (2011)

Delrue et al. (2012)

Amer et al. (2011)

Richardson et al. (2010)

Davis et al. (2011)

Delrue et al. (2012)

O
pe

n 
po

nd
P

ho
to

bi
or

ea
ct

or
P

et
ro

l
di

es
el

Biodiesel selling price, $/L

FIGURE 12.3 Estimated algal biodiesel selling price based on various cultivation systems. (Amer et al., 2011;
Davis et al., 2011; Delrue et al., 2012; Richardson et al., 2010.)
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12.4.3 Insight into the Economic Breakdown of Algal Biofuels

Algal biofuel technology is currently still in an early stage of development and therefore
economically unfavorable for scaling-up purposes. Thus, analyzing the detailed economic
breakdown of the multistage processing of algal biofuels will certainly open up a new direc-
tion in identifying, evaluating, and verifying the actual problems that result in the high pro-
duction cost of algal biofuels. A detailed discussion of the economic breakdown follows:

• Capital cost. The capital cost is the main cost driver in the entire system boundary of
algal biofuels. A study performed by Davis et al. (2011) revealed that the capital cost
of algae cultivated in an open pond and in a closed photobioreactor contributed
approximately 91.0% and 94.7% of the total production costs, respectively. The total
capital cost for algae cultivated in a closed photobioreactor was 153.8% higher than
an open pond system, indicating the high investment risk in scaling up a closed
photobioreactor for algal biomass production. Furthermore, the closed photobioreactor
manufacturing cost contributes a large portion to the total capital cost at 52.7%, or 12.7
times higher than the open pondmanufacturing cost. A similar result was also reported
by Acién et al. (2012); in an actual algal biomass production plant, the capital cost
contributed 87.2% of the total production cost, whereas 34% of the total capital cost was
utilized to purchase equipment such as closed photobioreactors, a freeze dryer, and
a decanter (Acién et al., 2012). The closed photobioreactor manufacturing cost was
lower compared to the study by Davis et al. (2011), which accounted only 16.1% of
the total capital cost, but if other associated expenses such as installation costs,
instrumentation and control, piping, engineering, and supervision were included, the
cost to set up the closed photobioreactor cultivation system would reach up to 45%
of the total capital cost. Based on the data presented, reduction of the associated
equipment cost for algal cultivation systems by simplifying the overall designs and
materials used, but allowing high productivity of algal biomass, is deemed necessary.

• Operating cost. The total operating cost for algal biomass production cultivated in a closed
photobioreactorwasdominatedby labor cost (88.3%), followedbypower consumptionand
watercost (9.2%),andfinallynutrientandCO2cost (2.5%)(Aciénetal.,2012). In thisregard, it
is obvious that reducing the amount of labor (e.g., one worker/hectare or less) could
significantly help reduce the overall operating cost. Reducing the amount of labor can be
accomplishedby introducingextensiveautomation into theentirealgalbiomassproduction
plant, from cultivation farm to final biofuel production process (Acién et al., 2012). On the
contrary, the raceway pond required 32.7% lower operating costs than the closed
photobioreactor (Davis et al., 2011), primarily due to the ease of operating the open pond
system and, hence, less power consumption. The high power consumption in the closed
photobioreactor cultivation system (usually referred as an airlift tubular photobioreactor) is
caused primarily by the use of heavy-duty pumps to circulate and to provide sufficient
mixing of the algae (Lam and Lee, 2012). Hence, extensive research efforts to design an
innovative closed photobioreactor with less power consumption that has the potential
to be easily scaled up are necessary to move the algal biofuels industry to the next level.

Water consumption cost is another important issue that should not be ignored.
Although the total water cost is lower compared to the power consumption cost,
incessant waste of water could cause an enormous water footprint in algal biofuel
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production and lead to irreversible consequences for regional water resources
(Subhadra, 2011). Several precautionary steps should be taken because the
evaporation rate for the open pond system is exceptionally high (�0.3 cm/day),
resulting in a massive waste of water in this cultivation system. The water consumed
in the open pond system was approximately 3.3–6.7 times higher than in the
photobioreactor (Davis et al., 2011; Delrue et al., 2012), where continuously pumping
fresh water into the system could inevitably increase the overall operating cost,
especially for long-term operation.

• Coproducts. Valuable coproducts such as carbohydrates and proteins remain in the algal
biomass after lipid extraction. These products could be further utilized to increase the
revenue of algal biomass. Unfortunately, in some recent techno-economic studies, the
coproducts did not bring a significant return to reduce the production cost of algal
biofuels (Davis et al., 2011; Sun et al., 2011). For example, when biogas production
facilities (e.g., using residue of algal biomass for biomethane production) was
incorporated into the algal biodiesel production plant, the total coproduct sales revenue
could reduce the operating cost by only 12.7–18.2% (Davis et al., 2011). However, the
contributions from coproducts, especially those that have higher economic value, such
as bio-butanol, should not be totally ignored, because the process for producing them
could be further improved in the near future as technology develops (Davis et al., 2011).

12.5 CONCLUSION

Cultivating algae as a sustainable source of biomass for biofuel production illustrates a
new trend in the renewable energy industries. The advantages and promises of algal biofuels
are alleged to bring a revolutionary breakthrough in balancing the global fuel demand with
better environmental protection. However, producing algal biofuels requires a large cultiva-
tion system and substantial energy requirements, which subsequently induce a negative im-
pact in commercializing these renewable fuels. Several technical challenges, such as
cultivation method, harvesting and drying processes, and biofuels conversion technologies
using algal biomass, are still in the infancy phase, and extensive ventures in research and de-
velopment are urgently needed to address the commercial feasibility of this renewable energy
source. From the techno-economic point of view, algal biofuels are currently considerably
more expensive than fossil fuels; thus political support is desirable to strengthen the eco-
nomic viability of algal biofuels and to be able to compete in the global fuel market. Sustained
support from technology developers, politicians, and policymakers, as well as acceptance
from the public, are the driving forces to materialize this commercially viable biofuel source
as a solution to future energy concerns.
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Hélias1,3, Jean-Philippe Steyer1, Olivier Bernard4

1INRA UR0050, Laboratoire de Biotechnologie de l’Environnement,

Avenue des Etangs, Narbonne, France
2Department of Chemistry and Center for Complex System Investigation,

University of Siena, Siena, Italy
3Montpellier SupAgro, Montpellier, France

4INRIA BIOCORE, Sophia Antipolis Cedex, France

13.1 INTRODUCTION

Environmental impacts and depletion of fossil energies have promoted the development of
alternative and renewable sources of energy. Nonetheless, it is clear now that the replacement
of current fossil energy will require both the development of new strategies to reduce our
global energy consumption and the development of a panel of renewable energy sources. Re-
newable energy can be extracted from solar, wind, or geothermal energy. However, these en-
ergy forms are globally hard to store and hence cannot yet replace our consumption of fossil
fuel for some important functions, such as powering cars and planes.

So far, several paths have been explored to produce fuels from renewable sources, themost
developed strategies leading to the production of so-called first- and second-generation
biofuels. First-generation biofuels are based on fuel production (ethanol or methylester) from
a currently cultivated and harvested biomass (e.g., corn, rapeseed). Second-generation
biofuels correspond to the development of new energy production pathways fromusual feed-
stock not reclaimed by food production (e.g., straw or wood). The development of first-
generation biofuels has been criticized—first, because of the direct competition they create
with food crops in a context where food security is a raising concern, and second, because
of their actual poor environmental performance. Indeed, inputs to production (e.g., fertilizer
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or pesticides), feedstock culture, harvest, and transformation imply fuel consumption and
lead to new pollutant emissions (Börjesson and Tufvesson, 2011), especially emissions of
greenhouse gases to the environment (Searchinger et al., 2008). Consequently, energy and en-
vironmental benefits of these biofuels are limited. Second-generation biofuels improve envi-
ronmental performance but are not free of criticisms.

These observations advocate for the necessity of systematically assessing new energy pro-
duction paths with a life-cycle assessment (LCA) perspective, which means, first, the adoption of
a cradle-to-grave perspective, that is, looking at resource depletion, energy consumption, and
substance emissions of all the processes required to achieve the production and use of the
fuel, and second, the assessment of several environmental impacts, not only global warming
potential or net energy production. LCA is an ISO method developed with this aim: It allows
the detection of pollution transfer from one step to another or from one kind of environmental
impact to another. The European Directive on Renewable Energy (European Union, 2009),
adopted in 2009, embraces LCA as a reference method to assess environmental impacts of
biofuel and to meet greenhouse gas reduction objectives of 50% in 2017.

Third-generation biofuels correspond to the development of bioenergy productions
based on new feedstock reputed to have lower land competition. Microalgae belong to this
third category. Their very high actual photosynthetic yield and their ability to accumulate
lipids, or, for some species, starch, added to the possibility that they can be cultivated
in controlled environments, promise the potential of biofuel that has a low competition
with food crops (Chisti, 2007) and limited environmental impacts. In addition, the ability
to use CO2 directly from industrial emissions as a source of carbon for the growth of
microalgae is a promising feature for flue-gas mitigation (Huntley and Redalje, 2007;
Chisti, 2007). However, this promise should be challenged. So far, microalgae industrial
production has been developed only for the production of high-value molecules (such
as beta-carotenes) or dietary supplements (Spirulina or Chlorella can be found as pills in
health shops); hence, energy or environmental performance has never been a concern.
Moreover, the scale of the existing facilities is far smaller than that required for fuel pro-
duction (at least several hundred ha). It is necessary to assess the expected environmental
performance of these potential production systems in order to detect technological bottle-
necks and to determine which processes should be optimized in priority. This approach is
now necessary to design a sound, energetically efficient, and environmentally friendly bio-
fuel production system.

Since the new focus of international scientific and economic communities on microalgae-
based biofuel, many environmental, energy, or economical assessments have been published,
with different final energy carriers or different production assumptions. Here we propose to
review a set of publications, all of them published in peer-reviewed scientific journals, using
the LCAmethod to assess the environmental impacts linked to microalgae-based biofuel. The
lack of real industrial facilities dedicated to energy production from microalgae imposes the
use of models and extrapolations to describe the production systems. In addition, system
frontiers and coproduct management differ among the studies. Altogether, this leads to di-
vergences between publication results. This review aims to identify and explain this variabil-
ity and then to propose guidelines to improve future LCAs of algal-based bioenergy
production systems. This work is a mirror of this diversity and underlines the difficulty in
comparing different studies without common assumptions.
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13.2 ASSESSED FUNCTIONS, ASSOCIATED FUNCTIONAL UNITS,
AND PERIMETERS OF MICROALGAE PRODUCTION LCAs

The main selection criterion has been a clear definition of a functional unit. The concept of
functional unit (FU) is the main characteristic of the LCA (Udo de Haes et al., 2006) and allows
relevant and fair comparisons between studies or between different technological options.
Here the studies are briefly described:

• Kadam (2002) (Kad).Comparative LCA of electricity production from coal only or from coal
and microalgal biomass. Half of the CO2 emitted from the power plant is assumed to be
captured by a monoethanolamine (MEA) process.

• Lardon et al. (2009) (Lar). LCA of biodiesel production in open raceways with or without
nitrogen stress and with wet or dry extraction of the lipids.

• Baliga and Powers (2010) (Bal). LCA of biodiesel production in photobioreactors located in
cold climates. Cultivation is realized under greenhouses; heat losses from a local power
plant are used as the heat source.

• Batan et al. (2010) (Bat). LCA of biodiesel production in photobioreactors based on the
GreenhouseGases, RegulatedEmissions, andEnergy use in Transportation (GREET)model.

• Clarens et al. (2010) (Cla10). Comparative LCA of the energy content of microalgae with
terrestrial crops used as biofuel feedstock. Microalgae are cultivated in open raceways
using chemical fertilizers.

• Jorquera et al. (2010) (Jor). Comparative LCA of microalgal biomass production in open
raceways, tubular photobioreactors, and flat plate photobioreactors.

• Sander andMurthy (2010) (San). LCAof biodiesel production in open raceways based on the
GREET model with a culture in two stages (first photobioreactors, then open raceways).

• Stephenson et al. (2010) (Ste). Comparative LCA of biodiesel production in open raceways
and photobioreactors. Oil extraction residues are treated by anaerobic digestion; the
digestates are used as fertilizers.

• Brentner et al. (2011) (Bre). Combinatorial LCA of industrial production of microalgal
biodiesel. The base configuration consists of cultivation in open raceways, hexane
extraction of dry algae, and methanol transesterification. Oilcakes are considered as a
waste; the optimized configuration is composed of cultivation in PBR, extraction with in
situ esterification by supercritical methanol, anaerobic digestion of oilcakes, and use of the
digestates as fertilizers.

• Campbell et al. (2011) (Cam). LCA and economic analysis of biodiesel production in open
ponds. Pure CO2 produced during the synthesis of nitrogen fertilizer is used as a source of
carbon.

• Clarens et al. (2011) (Cla11). LCA of algae-derived biodiesel and bioelectricity for
transportation. Four types of bioenergy production are compared: (1) anaerobic digestion
of bulk microalgae for bioelectricity production, (2) biodiesel production with anaerobic
digestion of oilcakes to produce bioelectricity, (3) biodiesel production with combustion of
oilcakes to produce bioelectricity, and (4) direct combustion of microalgae biomass to
produce bioelectricity. Four ways to supply nutrients are compared: (1) pure CO2, (2) CO2

captured from a local coal power plant, (3) CO2 in flue gas, (4) CO2 in flue gas and nutrients
in wastewater.
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• Collet et al. (2011) (Col). LCA of biogas production from anaerobic digestion of bulk
microalgae. Biomass is grown in open raceways; digestates are used as fertilizers.

• Hou et al. (2011) (Hou). LCA of biodiesel from microalgae and comparison with soybean
and jatropha.

• Khoo et al. (2011) (Kho). LCA of biodiesel frommicroalgae. Cultivation is carried out in two
phases: first in photobioreactors, then in open raceway.

• Yang et al. (2011) (Yan). LCA of biodiesel production limited to water and nutrient
consumption.

Among the 15 selected papers, two functions are assessed: either biomass production (two
publications) or bioenergy production (14 publications). Three final vectors for the bioenergy
are considered: methylester (11 publications), methane (2 publications), and electricity
(2 publications). It is worth noting that these different energy carriers have different charac-
teristics. Methane and methylester are easily storable, unlike electricity. There is also an im-
portant diversity of FUs. Most of the studies focus on the production of biodiesel as the
main energy output from microalgae. The amount of biodiesel produced is described in
different units: volume (Baliga and Powers, 2010), mass (Stephenson et al., 2010), or energy
content (Lardon et al., 2009). Unfortunately, there is no consensus on the values of energy
content or on the mass density of algal oil and algal methylester; in addition, the description
of the energy content is not harmonized and can be based either on the lower heating value
(LHV) or the high heating value (HHV). Finally, among the studies dedicated to biodiesel
production, six are well-to-pump studies, which means that the use of the fuel is not included
in the perimeter (Baliga et Powers, 2010; Batan et al., 2010; Sander andMurthy, 2010; Brentner
et al., 2011; Khoo et al., 2011; Yang et al., 2011), and five arewell-to-wheel studies, where the use
of the fuel is included (Lardon et al., 2009; Stephenson et al., 2010; Campbell et al., 2011;
Clarens et al., 2011; 2011; Hou et al., 2011).

This diversity of FUs leads to a diversity of perimeters for the inventory. Table 13.1 sum-
marizes the assessed systems. The different steps potentially included in the perimeter of the
study can be classified among five categories: production of the inputs required for the cul-
tivation (I), cultivation (C), harvesting and conditioning of microalgae (H), transformation
into different types of energy carrier (T), and, eventually, use of the produced energy (U).

Figures 13.1 and 13.2 illustrate the various options met in the selected LCAs. The culture
phase is the more consensual, with two options: open raceways or photobioreactors. The
transformation phase is the one with the largest number of alternatives, including the final
energy carrier or the fate of the coproducts.

13.3 MODELING THE INVENTORY DATA

According to the LCA method, once the FU, the perimeter of the study, and the system
have been defined, each process included in the perimeter has to be characterized in terms
of technical inputs and outputs, energy and resource consumption, and emissions into the
environment. Because of the lack of industrial data on microalgae culture or transformation,
the inventory data compiled in the selected studies often rely on extrapolation from lab-scale
results, adaptation from similar processes used in different conditions or with different
feedstock, or modeling.
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13.3.1 Choice of Inputs

The input category refers here to any product or service required at some point of the
microalgae culture or transformation. It includes the materials used to build cultivation sys-
tems, fertilizers and chemical reactants, production of electricity, and heat required at the facil-
ity. Almost all the publications consider these inputs in exhaustive ways, except:

• Jorquera et al. (2010). Fertilizers are not taken into account.
• Clarens et al. (2010, 2011). Infrastructures are not taken into account.
• Sander et Murthy (2010). Only flows that contribute to more than 5% of the total mass,

energy, and economy are taken into account.

The energy and the fertilizer are the most influencing inputs on the final environmental
performance and energy balance.

13.3.1.1 Energy

Table 13.2 specifies the electricity and heat sources used in the publications in our study.
The electricity mix is determined by the country where the production is supposed to take
place; in some publications, electricity and heat consumption are totally or partially covered
by internal production from the microalgae, either by anaerobic digestion of the oilcakes

TABLE 13.1 Functional Units and Perimeters of Selected Studies.

Reference Functional Unit Heating Value

Perimeter

I C H T U

Kad Production of 1 MWh of electricity – ✓ ✓ ✓ ✓ ✓

Lar Combustion of 1 MJ of biodiesel 37.8 MJLHV kg�1 ✓ ✓ ✓ ✓ ✓

Bal Production of 1 L of biodiesel – ✓ ✓ ✓ ✓

Bat Production of 1 MJ of biodiesel – ✓ ✓ ✓ ✓

Cla10 Production of 317 GJ of algae MJHHV kg�1 ✓ ✓ ✓

Jor Production of 100 t DM of algae – ✓ ✓

San Production of 1000 MJ of biodiesel 41.2 MJHHV kg�1 ✓ ✓ ✓ ✓

Ste Combustion of 1 t of biodiesel MJLHV kg�1 ✓ ✓ ✓ ✓ ✓

Bre Production of 10 GJ of algal methylester 34 MJ-HHV kg�1 ✓ ✓ ✓ ✓

Cam Carriage of 1 t.km – ✓ ✓ ✓ ✓ ✓

Cla11 Vehicle kilometer traveled 23.1 MJ-X kg�1 ✓ ✓ ✓ ✓ ✓

Col Combustion of 1 MJ of methane 6.96 MJLHV m�3 ✓ ✓ ✓ ✓ ✓

Hou Combustion of 1 MJ of biodiesel – ✓ ✓ ✓ ✓ ✓

Kho Production of 1 MJ of biodiesel 40 MJLHV kg�1 ✓ ✓ ✓ ✓

Yan Production of 1 kg of biodiesel – ✓ ✓ ✓ ✓
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(Stephenson et al., 2010; Brentner et al., 2011; Campbell et al., 2011; Clarens et al., 2011) or of
the algal biomass (Clarens et al., 2011; Collet et al., 2011) or by direct combustion ofmicroalgal
biomass or extraction residue (Clarens et al., 2011).

Most of the authors (Lardon et al., 2009; Baliga et Powers, 2010; Sander and Murthy, 2010;
Stephenson et al., 2010; Khoo et al., 2011) underlined the important contribution of energy
consumption to the global-warming potential of algal energy productions. The sensitivity
of this choice has been assessed with inventories from the EcoInvent database and the ReCiPe
impact assessment method (Goedkoop et al., 2009) in a hierarchical perspective. With this
perspective, characterization factors of the global-warming potential are the ones defined
by the IPCC (IPCC, 2006). As shown in Figure 13.3, climate change impact can vary by a factor
of two according to the chosen electric mix. Consequently, the potential reduction of green-
house gases by producing bioenergy frommicroalgae is strongly correlated with the origin of
the electricity. It is important to note that the variations of endpoint impacts (i.e., human

TABLE 13.2 Energy Sources Used to Produce Biomass and Biofuels from Microalgae.

Energy

Electricity Heat

Mix

USA

Mix

UK

Mix

EU

Mix

Australia

Mix

China Coal Algae NC

Natural

Gas Algae NC

Ref Bal
Bat
Cla10
San
Cla11

Ste Lar
Col

Cam Hou Kad Ste
Bre
Cam
Cla11

Jor
KhoYan

Kad
Lar
Bal
Bat
San
Cla11
Hou

Ste
Bre
Cla11
Col

Cam
Kho
Yan

NC¼Not communicated.
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FIGURE 13.3 Climate change and endpoint impacts of various electric mixes (percentage of the worst case by
impact category).
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health, ecosystems, and resources) are almost identical to that of the climate change impact.
This underlines the strong dependence of all the impacts on the energy mix composition.

13.3.1.2 Nutrients

The nutrient requirement is known to depend on the species but also on the stress that has
been induced to stimulate lipid or carbohydrate storage. The nitrogen and phosphorus quota
can strongly vary during a starvation period (Geider and La Roche, 2002). The hypotheses on
required fertilizers strongly vary according to the species and between the publications for
the same species (Lardon et al., 2009; Stephenson et al., 2010; Yang et al., 2011). Needs in ni-
trogen vary from 10.9 g kgDM�1 (Lardon et al., 2009) to 20.32 g kgDM�1 (Stephenson et al.,
2010) in limiting conditions and from 9.41 g kgDM�1 (Kadam, 2002) to 77.6 g kgDM�1

(Clarens et al., 2011) without stress. Needs in phosphorus vary from 2.4 g kgDM�1

(Lardon et al., 2009) to 2.58 g kgDM�1 (Khoo et al., 2011) in limiting conditions, and from
0.02 g kgDM�1 (Kadam, 2002) to 71 g kgDM�1 (Yang et al., 2011) without stress. All the au-
thors agree on high nutrient consumption for the culture of microalgae, but they differ on the
ways to provide them (see Table 13.3). Some authors, such as Sander and Murthy (2010) and
Clarens et al. (2010, 2011), consider that the needs in nitrogen and phosphorus can be totally or
partially covered by the addition of wastewater to the growth medium. But in most of the
publications, nutrients are provided by chemical fertilizers. To reduce the nutrient consump-
tion, several authors suggest recycling the digestates resulting from the anaerobic digestion of
oilcakes (Stephenson et al., 2010; Brentner et al., 2011; Campbell et al., 2011; Clarens et al.,
2011) or of bulk microalgae (Clarens et al., 2011; Collet et al., 2011).

Figure 13.4 shows environmental impacts of various fertilizer sources. As previously dem-
onstrated for the energy mix, the source of nutrients can have important consequences on the
environmental balance of the energy production from microalgae. Climate-change impact
and endpoint impacts on human health and ecosystem can vary by a factor of two, based
on the chosen nitrogen fertilizer. For these three impacts, ammonium nitrate is the worst
one, and the impacts of ammonium sulphate, calcium nitrate, and urea are quite the same.
Concerning resource consumption, urea is the worst, mainly because of the high amount
of natural gas used for its production. Clarens et al. (2010, 2011) and Sander and Murthy
(2010) suggest using wastewater to grow algae. This assumption allows reducing the con-
sumed quantities of freshwater and chemical fertilizers. However, mineral elements’ content
in wastewater can strongly vary depending on the place and the period of the year. For these
reasons, from our point of view it seems very difficult to rely on such fertilizers.

13.3.2 Cultivation of Microalgae

13.3.2.1 Cultivation System and Growth Medium

Microalgae cultivation is generally realized in two kinds of systems: open raceways (ORW)
or photobioreactors (PBR). ORWs are shallow ponds (between 10 and 50 cm depth). They can
be built in concrete (Lardon et al., 2009) or simply carved from the ground (Campbell et al.,
2011) and can be recovered by a plastic liner made of high-density polyethylene (HDPE)
(Collet et al., 2011) or polyvinylchloride (PVC). Ponds are generally open but can be sheltered
under a greenhouse. This kind of system is commonly used in the industry to produce
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microalgae used as foodstuffs (Shimamatsu, 2004; Del Campo et al., 2007). PBRs are closed
systems that allow the intensification of the culture. There are numerous types and very dif-
ferent designs of PBR. They can be tubular (TPBR) or made of flat panels (FPBR) (Jorquera
et al., 2010) or more rustically made of simple polyethylene bags soaked in a thermostatic wa-
ter bath (Batan et al., 2010).

The choice of growth medium can be made independently of the cultivation system.
Depending on the chosen species, algae can be cultivated in fresh water, brackish water,
or seawater. The use of wastewater has also been suggested by several authors (Clarens
et al., 2010, 2011; Sander andMurthy, 2010), offering the double advantage of an unreclaimed
source of water and nutrients. However, it should be acknowledged that microalgae grown in
wastewater could not be used afterward as feedstock for fish or cattle.Water consumption has

TABLE 13.3 Various Sources of Nutrients Used for Microalgae Cultivation.

Ref

Nitrogen Phosphorus Potassium

Mineral

Organic and

Recycled NC Mineral

Organic and

Recycled NC Mineral

Organic and

Recycled NC

Kad Ammonia – – Single
superphosphate

– – Potassium
sulphate

– –

Lar Calcium
nitrate

– – Single
superphosphate

– – Chloride
potassium

– –

Bal – – X – – X – – –

Bat – – X – – X – – –

Cla10 – Urea,
wastewater

– Single
superphosphate

Wastewater – – –

Jor – – – – – – – – –

San – Wastewater – – Wastewater – – – –

Ste Ammonium
nitrate

– – Triple
superphosphate

– – – – –

Bre Ammonium
nitrate

– – Calcium
phosphate

– – – – –

Cam – – X – – X – – –

Cla11 Ammonium
phosphate

Digestates – Ammonium
phosphate

Digestates – – – –

Col Ammonium
sulphate

Digestates – Single
superphosphate

Digestates – Chloride
potassium

Digestates –

Hou – – X – – X – – –

Kho Sodium
nitrate

– – Sodium
phosphate

– – – – –

Yan – – X – – X – – X

NC¼Not communicated.
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been identified as one of the main environmental concerns of bioenergy production from
microalgae. Consequently, some authors suggest growing algae in seawater in order to have
an unlimited resource (Batan et al., 2010; Khoo et al., 2011). Brackish water from groundwater
is also used in some systems (Clarens et al., 2011). It should be noted that fresh water is still
required in these systems in order to stabilize the salinity.

Table 13.4 lists cultivation systems, growthmedia, and cultivated species mentioned in the
selected studies.

13.3.2.2 Operating Conditions

Mineral composition, C/N ratio, and growth rate ofmicroalgae vary naturally according to
environmental conditions (light and temperature), availability of nutrients, or occurrence of
stress. For instance, the application of nitrogen starvation induces, for some species, the stor-
age of lipids (Ketchum and Redfield, 1949). However the increase of lipid content is done to
the detriment of cell division, and consequently the mass productivity is lower. Therefore, it
should be highlighted that all these properties are correlated and cannot be determined on the
basis of independent assumptions or sources.

As shown on Table 13.5, a large variability of productivity, lipid fraction, or nutrient re-
quirement is observed among the various studies. In four publications (Lardon et al., 2009;
Batan et al., 2010; Stephenson et al., 2010; Khoo et al., 2011), authors suggest to impose
nitrogen deprivation on the algae. To overcome the problem of the growth-rate reduction
under nutrient stresses, some authors suggest cultivating microalgae in two steps. First,
microalgal biomass is cultivated in nitrogen-replete conditions in order to reach a high
growth rate. Then microalgae are submitted to nitrogen deprivation to increase their lipid
content.
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FIGURE 13.4 Climate change and endpoint impacts of various fertilizers (percentage of the worst case by impact
category).
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Growth rate is known to be species dependent and strongly influenced by light and tem-
perature (Falkowski and Raven, 1997). It can be strongly reduced by the stress protocol used
to induce lipid accumulation by nutrient deprivation (Lacour et al., 2012). Depending on the
location, cultivation system, species, and protocol, growth rate and biomass concentration can
therefore vary by more than an order of magnitude. The hypotheses made in LCA studies
reflect this large spectrum. In ORW, growth rates vary from 25 (Batan et al., 2010; Collet
et al., 2011) to 40.6 g m�2 d�1 (Clarens et al., 2010). In PBR, productivities are much higher
and vary from 270 (Jorquera et al., 2010) to 1536 g m�3 d�1 (Brentner et al., 2011). The PBR
conception has a strong influence on the growth rate (Jorquera et al., 2010). Microalgae con-
centrations range from 0.5 (Lardon et al., 2009) to 1.67 g L�1 (Stephenson et al., 2010) in an OR,
and from 1.02 (Jorquera et al., 2010) to 8.3 g L�1 (Stephenson et al., 2010) in a PBR. Expected
lipid contents vary broadly between authors: from 17.5% (Lardon et al., 2009) to 50% (Kadam,
2002) without nitrogen deprivation and from 25% (Khoo et al., 2011) to 50% with nitrogen
deprivation (Batan et al., 2010; Stephenson et al., 2010).

TABLE 13.4 Cultivation Systems, Growth Media, and Cultivated Species.

Ref

Cultivation

System Growth Medium

Cultivated SpeciesORW PBR Freshwater Seawater

Brackish

Water Wastewater

Kad X – – X X – NC

Lar X – X – – – Chlorella vulgaris

Bal – X – X – – Phaeodactylum tricornutum

Bat – X – X – – Nannochloropsis salina

Cla10 X – X – – X NC

Jor X X – X – – Nannochloropsis sp.

San X – – – – X NC

Ste X X X – – – Chlorella vulgaris

Bre X X X – – – Scenedesmus dimorphus

Cam X – – X – – NC

Cla11 X – – – X X Tetraselmis sp., Cyclotella sp.,
Dunaliella sp.,
Phaeodactylum tricornutum

Col X – X – – – Chlorella vulgaris

Hou X – – X – – NC

Kho X X – X – – Nannochloropsis sp.

Yan X – X – – – Chlorella vulgaris

NC¼Not communicated.
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13.3.2.3 Quantity and Quality of CO2

CO2must be supplied to the growthmedium to reach high algal productivities. It has been
shown that, provided that pH is regulated, themicroalgae can be very tolerant to the source of
CO2 (Doucha et al., 2005). However, the dissolution efficiency, together with the ability of
microalgae to consume this CO2, are very dependent on the cultivation system. The supply
rate in the LCA studies ranges from 0.51 to 2.36 kgCO2 kgDM�1. Depending on the studies,
CO2 is supplied from compressed and purified gas or from the flue gas of a local power plant,
either after capture or directly (Table 13.6). The percentages of CO2 in the flue gas vary from
5% (Stephenson et al., 2010) to 15% (Brentner et al., 2011; Campbell et al., 2011). It is common
to point out the lack of knowledge of the long-term consequences on algae and on culture
facility due to the use of flue gas. However, Yoo et al. (2010) demonstrated that Botryococcus
braunii and Scenedesmus sp. could grow using flue gas as a source of carbon. Energy costs of

TABLE 13.5 Operating Conditions and Needs in Fertilizers for Microalgae Cultivation.

Growth Rate

(g m�2 d�1

for ORW)

(g m�3 d�1 for
PBR and FPBR)

Nutrients (g kg�1DM)

Ref

Concentration

(g L�1)
Nitrogen

Deprivation

Lipid

(%) N P K CO2

Kad ORW: 31.4 0.8 No 50 9.41 0.02 0.01 2.16

Lar ORW: 24.75
ORW: 19.25

0.5 No
Yes

17.5
38.5

46
10.9

9.9
2.4

8.2
2.0

1.8
2.0

Bal – 3.4 No 30 65 13 – 0.51

Bat ORW: 25 – Yes 50 – – – –

Cla10 ORW: 40.6 1 No – 70 14.73 – 1.6

Jor ORW: 35
FPBR: 270
PBR: 560

ORW: 0.35
FPBR: 2.7
TPBR: 1.02

No 29.6 – – – –

San – 0.5 No 30 – – – –

Ste ORW: 30
PBR: 1,000

ORW: 1.67
PBR: 8.3

Yes 50 20.32 – – 2.30

Bre ORW: 27.5
PBR: 1536

ORW: 0.47
PBR: 4

No 31.25 82 10 – 1.79

Cam ORW: 30 – No – 5.6 0.56 – 1.68

Cla11 ORW: 27.9 1.4 No 19.6 77.6 (including
wastewater)

5.17 (including
wastewater)

– 2.36

Col ORW: 25 0.5 No – 61 8.1 6.59 1.345

Hou ORW: 30 – No 45 5.5 0.56 – 1.68

Kho ORW: 25
PBR: NC

0.5 Yes 25 24.7 2.58 – 1.83

Yan ORW: 35 1 No 35 33 71 58 –
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injection and head losses are always taken into account. The injection of flue gas in the growth
medium without prior enrichment or compression requires compressing higher volumes of
gas and reduces the efficiency of the gas-injection system. Hence there is a clear trade-off in
terms of energy consumption between prior purification and gas injections. Some authors
(Kadam, 2002; Brentner et al., 2011; Clarens et al., 2011) include in their study the costs of
purification and transport.

13.3.2.4 Emissions to the Environment

CO2 emissions inevitably occur in ORW because of the poor efficiency of the injection sys-
tem and because of the natural outgassing from the growth medium. Only four publications

TABLE 13.6 Various Forms of CO2 and Steps Included in the Inventory.

Ref

Forms of CO2 Injected into the

Growth Medium

Steps Included in the Inventory

Purification Transport Injection

Kad (a) Pure CO2 (a) Yes, from flue gas from
power plants at 14% in CO2

Yes Yes

(b) Flue gas at 14% (b) No

Lar NC No No Yes

Bal Pure CO2 Yes Yes Yes

Cla10 Pure CO2 No No No

Ste (a) Flue gas at 12.5% No No Yes

(b) Flue gas at 9%

(c) Flue gas at 5%

Bre (a) Pure CO2 (a) No, from flue gas ammoniac
plants at 100% of CO2

No Yes

(b) Pure CO2 b) Yes, from flue gas power
plants at 15% of CO2

Cam (a) Pure CO2 a) No, from flue gas ammoniac
plants at 100% of CO2

Yes Yes

(b) Pure CO2 b) Yes, from flue gas power
plants at 15% of CO2

Cla11 (a) Pure CO2 (a) No Yes Yes

(b) Pure CO2 (b) Yes

(c) Flue gas at 12.5% (c) No

Col Pure CO2þCO2 recovered from
the purification of the
biogasþdissolved CO2 in the
anaerobic digestion output flow

Yes, just for the CO2 coming
from the biogas

No Yes

Kho Pure CO2 No No Yes
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(Kadam, 2002; Stephenson et al., 2010; Campbell et al., 2011; Collet et al., 2011) take into
account these losses, with respective emissions of CO2 equal to 0.07%, 30%, 10%, and 10%.
A few studies only consider emissions of other gases. Campbell et al. (2011) consider that
0.11% of the nitrogen is volatilized without specifying the forms of the emissions. According
to Hou et al. (2011), 0.5% is volatilized as NH3. Finally, Batan et al. (2010) mention NH3

volatilization without quantification.

13.3.3 Harvesting and Conditioning of the Biomass

It is widely acknowledged that one of the major bottlenecks of bioenergy production from
microalgae lies in the concentration step. The selected studies assess a large variety of tech-
nologies to achieve concentration, dewatering, and sometimes drying of the algal biomass.
The final dry-matter content (DM) before biofuel production depends also on the transforma-
tion process. For instance, anaerobic digestion of bulk microalgae requires a low DM content,
from 5% (Collet et al., 2011) to 14% (Clarens et al., 2011). DM content for biodiesel production
varies from 14% (Clarens et al., 2011) in the case of wet extraction to 90% (Lardon et al., 2009)
in the case of dry extraction and from 50–98% for direct combustion. Table 13.7 summarizes
harvesting and conditioning technologies in regard to the biomass transformation option se-
lected in the various studies.

Several studies suggest a first step of flocculation/sedimentation to concentrate the bio-
mass (Table 13.7). It was supposed to be done by pH adjustment with lime (Lardon
et al., 2009; Brentner et al., 2011) or by addition of aluminium sulphate (Clarens et al.,
2010; Stephenson et al., 2010; Brentner et al., 2011), chloride iron (Hou et al., 2011; Khoo
et al., 2011), or chitosan (Brentner et al., 2011). For some species, harvesting can be done
by passive sedimentation. This first step results in algal slurry with a DM content varying
from 2% (Lardon et al., 2009) to 14% (Clarens et al., 2011). An important issue for the char-
acterization of this step is the determination of the settling velocity and the ratio of biomass
staying in the supernatant. Still, the concentration of the algal slurry after settling is not
high enough to allow efficient down-processing. The most classical way to further increase
the biomass concentration is centrifugation, even though this method is considered one
of the most energy consuming (Molina Grima et al., 2003). Collet et al. (2011) use data from
a spiral plate centrifuge, which is reputed to consume less energy; other authors rely on
rotary drums (Lardon et al., 2009). Finally, solar drying was used in one study (Kadam,
2002), which led to an important decrease of the energy consumption of this step.

13.4 MICROALGAL BIOMASS TRANSFORMATION INTO ENERGY

Studied LCAs use three different kinds of energy carriers: electricity obtained by direct
combustion of the biomass, biodiesel by sequential or direct triglycerides esterification,
and biogas by anaerobic digestion.
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TABLE 13.7 Conditioning and Dry-Matter Content of the Algal Slurry in Regard to its Transformation Into
an Energy Carrier.

Ref

Biomass Transformation

Harvesting and Conditioning Electricity

Oil Extraction/

Transesterification Biogas

Kad Centrifugation 1: 0.8%
Centrifugation 2: 12%
Solar drying: 50%

Co-combustion
with coal

– –

Lar Flocculation: 2%
Rotary press: 20%

– Hexan-methanol –

Dry extraction belt
dryer: 90%

Wet
extraction:
20%

Bal Centrifugation: 30%
Steam drying: 95%

– Hexane-methanol –

Bat Centrifugation: NC – Hexane-methanol –

Cla10 Flocculation: NC
Centrifugation: 10%

– – –

San Filter press: NC
Plate separator: NC
Dryer: 91%

– Hexane-methanol –

Ste Flocculation
Centrifugation: 22%

– Hexane-methanol Oilcakes:
0.383 m3CH4 kgDM�1

Bre Flocculation
Centrifugation: 20%

– Hexane-methanol
Supercritical CO2 –
methanol
Sonicationþesterification
Supercritical methanol

Oilcakes:
0.800 m3CH4 kgDM�1

Cam Flocculation: NC
Dissolved air flotation: NC

– Hexane-methanol Oilcakes:
0.320 m3CH4 kgDM�1

Cla11 Autoflocculation: 1.4%
Settling: 14%

Drying
(90–98% DM)
Co-combustion
with coal

Hexane-methanol Oilcakes:
0.369 m3CH4 kgDM�1

Algae:
0.441 m3CH4 kgDM�1

Col Natural settling: 1%
Centrifugation: 5%

– – Algae:
0.262 m3CH4 kgDM�1

Hou Flocculation – Hexane-methanol –

Kho Flocculation: 3%
Centrifugation: 15%

– Hexane-methanol –

Yan Drying, up to 90% – Hexane-methanol –

NC¼Not communicated.
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13.4.1 Electricity Production

Electricity production is the easiest process to develop. Biomass is first dried up to 50% or
98% DM and then burned in co-combustion with coal. According to Clarens et al. (2011), this
transformation path has the lowest impacts on the environment. However, it is important to
note that in this study, the heat needed to dry the biomass comes from the recovery of flue gas
and hence is not accounted for in the environmental balance nor the energy balance.

13.4.2 Biodiesel Production

Very scarce data are available to build up an inventory of microalgal oil extraction. Char-
acterization of the lipid content of microalgae is based on techniques and solvents that cannot
be extrapolated to industrial-scale techniques, and often the characterization is done on ly-
ophilized algae, which of course is not an option for bioenergy production. Hence inventories
for oil extraction andmethylester production are usually based on inventories of vegetable oil
production and transesterification (e.g., rapeseed or soybean). Some studies specify a phase of
pretreatment based on homogenizers. The rapid compression and decompression of the algal
slurry is supposed to disrupt cell walls and hence increase extraction efficiency and digest-
ibility of extraction residues (Stephenson et al., 2010; Clarens et al., 2011). Triglycerides are
extracted with an organic solvent; hexane, lipids, and aqueous phases are then separated
and the oil/hexane mixture is finally purified by distillation. During distillation, most of
the hexane is recovered, so only a small quantity is lost by volatilization.

In all the concerned studies, triglyceride esterification is performed by reaction with meth-
anol andwith alkaline catalysis. This step requires heating, mixing, and the addition of a base,
usually potassium hydroxide. The reaction yield can be significantly reduced by a concurrent
saponification reaction, which is enhanced by water. Consequently there is a trade-off be-
tween the energy to invest for dewatering and drying the biomass and the energy for
extracting and down-processing the lipid fraction, with reaction yields drastically affected
by thewater content. Other approaches have been proposed, such as supercritical CO2 extrac-
tion of lipids or in situ esterification. Both approaches could suffer from too high water con-
tent. More recently, in situ esterification with supercritical methanol has been proposed as a
way to overcome this issue. This last option was selected in the LCA-based optimization pro-
posed Brentner et al. (2011).

13.4.3 Biogas Production

Finally, biomass can be converted into biogas, either directly from the microalgal biomass
or indirectly by the anaerobic digestion of the oilcakes. Various kinds of energies can thus be
produced, and the perimeters of the study could be different. Methane potential strongly
varies depending on the species composition and degradability (Sialve et al., 2009). In the con-
sidered studies, it ranges from 0.262 (Collet et al., 2011) to 0.800 m3CH4 kgDM�1 (Brentner
et al., 2011). It should be noted that this last value is higher than the theoretical maximum
value for Scenedesmus (Sialve et al., 2009). Energy consumption of anaerobic digesters is usu-
ally ignored. It is regrettable, since long hydraulic retention times required to digest low bio-
degradable materials (from 10 to 40 days) represent a significant energy effort for mixing and
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heating. Heat consumption is estimated at 2.45 MJ kgDM
�1 in Collet et al. (2011), and electricity

consumption is estimated at 0..47 MJ kgDM
�1 in Brentner et al. (2011) and 0.39 MJ kgDM

�1 in Collet
et al. (2011).

13.5 ENVIRONMENTAL IMPACT ASSESSMENT

The inventory phase allows the estimation of all resources, products, and emissions re-
quired for the production of one unit of the FU. This inventory phase will be used to deter-
mine potential environmental impacts, including global-warming potential, and the energy
balance. In addition to the variability stemming from different process designs or parameter
assumptions, the way of handling coproducts and the actual method chosen to assess energy
balance or environmental impacts will strongly affect the conclusions.

13.5.1 The Coproducts Issue

One of the statements of the LCAmethodology is to link every economic and environmen-
tal flow to the reference flow of the FU. However, several processes implied in the production
of the FU can lead to the production of several products. Two approaches are possible to han-
dle the multifunctionality of the system: allocation or substitution. The allocation approach
consists of distributing the environmental burden of the upstream between all the coproducts
of the multi-output process. This distribution should be based on the most sensitive criterion,
e.g., mass, economic value, or energy content of the products. The perimeter expansion (or sub-
stitution) option consists of adding the coproduct to the FU. The ISO norm for LCA stipulates
that perimeter expansion should be preferred when possible. When substitution is not pos-
sible, energy allocation should be preferred for processes leading to the production of energy.

Among the 15 publications, 3 publications (Kadam, 2002; Clarens et al., 2010; Jorquera
et al., 2010) analyze systems without coproducts. Table 13.8 presents the various coproducts
and the choices between allocation and substitution. Several processes can lead to coproducts:

• The oil extraction process leads to the production of an extraction residue (oilcake); only
Lardon et al. (2009) chose to use an energy-based allocation at this level. Other authors
(Stephenson et al., 2010; Brentner et al., 2011; Campbell et al., 2011; Clarens et al., 2011)
chose to directly treat the oilcake by anaerobic digestion. Oilcakes can also replace other
products: aquaculture or livestock food, carbohydrates’ source for bioethanol production.

• Oil esterification produces methylester and glycerol; here economic and energy allocation
are often used. In case of substitution, glycerol is mainly used as a source of heat.

• Anaerobic digestion produces biogas and solid and liquid digestates; these digestates can
be considered waste (and hence cannot support a part of the environmental burden of the
process), fertilizer, or soil conditioner. The liquid digestate can be recirculated to the
culturing device and hence substituted to a fraction of themineral fertilizer required for the
algae. The produced biogas is transformed into heat used on site to heat the digesters and/
or converted into electricity. Electricity is also consumed on site, and the surplus is injected
into the network (Stephenson et al., 2010; Clarens et al., 2011).
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TABLE 13.8 Management of the Coproducts and Impact Assessments.

Ref Management of the Coproducts

Energy

Balance Impact Assessment

Kad No coproduct NER Climate change, depletion of natural
resources, acidification, eutrophication
(CML)

Lar Oilcakes: Energy allocation
Glycerol: Energy allocation

NER
CED

10 impacts
(CML)

Bal Oilcakes: Substitution with soybean
oilcakes based on their protein content

NER Climate change, toxic emissions
(air), land use, acidification (unspecified
method)

Bat Oilcakes: Substitution with aquaculture
food

NER Climate change (IPCC)

Cla10 No coproduct CED Climate change (IPCC), land use,
eutrophication (unspecified method)

Jor No coproduct NER –

San Oilcakes: Substitution with maize for
ethanol production

NER Climate change (IPCC), liquid and solid
waste (unspecified method)

Ste Oilcakes: System expansion (anaerobic
digestion to produce biogas)
Digestates are considered waste
Glycerol: Economic allocation on the
pharmaceutical market or substitution
to heat production

NER
CED

Climate change (IPCC)

Bre Oilcakes: System expansion (anaerobic
digestion to produce biogas)
Glycerol: Economic allocation

NER
CED

Climate change, eutrophication, land use
(TRACI)

Cam Oilcakes: System expansion (anaerobic
digestion to produce biogas)
Digestates considered waste

– Climate change (Kyoto Protocol)

Cla11 Oilcakes: System expansion (anaerobic
digestion to produce biogas)
Digestates considered mineral
fertilizers

NER
CED

Climate change (IPCC)

Col Digestates considered mineral fertilizers – 9 impacts (CML)

Hou Oilcake: Mass allocation
Glycerol: Mass allocation

NER 10 impacts (CML)

Kho Not taken into account NER Climate change (unspecified)

Yan Not taken into account – –
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13.5.2 Energy Balance

Because the aim of biofuel production is to provide a substitute for the use of fossil
energy, it is important to check that the proposed system manages to create energy and
does not use more energy than it produces. Publications use different metrics to evaluate
the energy performances of the assessed systems. The net energy ratio (NER), defined as
the ratio of produced energy/consumed energy, totals energy consumption as seen
at the facility gate. This means that the consumption of 1 MJ of electricity will be accounted
for as 1 MJ of invested energy. Other studies measure energy consumption in terms of cu-
mulated energy ratio (CER); in that case the price of using 1 MJ of electricity will depend
on how it has been produced and will measure the total quantity of primary energy
used to create the MJ of electricity. Both approaches have their own interest; a NER
will focus on the system technology, whereas a CER will also include the effect of the
technological environment of the production system. None of the approaches considers
the fraction of storable energy (which could have been directly used for transportation)
mobilized by the process. Table 13.8 summarizes the environmental and energy assessment
methods.

13.5.3 Environmental Impacts

Most of the studies include impact assessments in their results. Only Yang et al. (2011) limit
their publication to the inventory step, and Jorquera et al. (2010) only assess the energy bal-
ance. All the other publications assess the potential reduction of greenhouse gas emissions in
addition to the energy balance. However, only three studies estimate other environmental
impacts, as defined by the LCA ISO norm: abiotic depletion, potential acidification, eutrophi-
cation, ozone depletion, human toxicity, marine toxicity, photochemical oxidation, ionizing
radiation, land use, freshwater toxicity, and terrestrial toxicity. In most of the studies, climate
change is assessed with the characterization factors given by the IPCC (IPCC, 2006) for a tem-
poral horizon of 100 years. Brentner et al. (2011) and Campbell et al. (2011) use different char-
acterization factors, and Khoo et al. (2011) do not present the used methodology to assess
climate change. Table 13.9 illustrates the divergence of characterization factors among the dif-
ferent methods.

As explained in the previous sections, perimeters, modeling assumptions, and impact
assessment methods can differ significantly among the publications. This results in a large

TABLE 13.9 Climate Change Characterization Factors of the three Main Greenhouse Gases.

Gas

GWP-100 (g-eq CO2 g
�1)

IPCC TRACI Kyoto Protocol

CO2 1 1 1

CH4 25 23 21

N2O 298 296 310

30513.5 ENVIRONMENTAL IMPACT ASSESSMENT



variability of the results related to the global-warming potential (GWP) and the energy
return on investment (EROI) and hampers the capacity to compare results. However,
we gathered results for these two indicators within the selected studies. Table 13.10 pre-
sents the GWP of the various publications, and Figure 13.5 illustrates the relationship
between EROI and GWP. Coproduct management has an important influence on the
climate-change results. In some studies, climate change impact is negative, which means
that the considered system fixes more greenhouse gases than it emits. In Batan et al. (2010),
the negative score is due to the substitution of algal oilcakes to soybean oilcakes used to
feed livestock. In Sander and Murthy (2010), it corresponds to the substitution of algal
oilcakes to maize for the production of bioethanol. Finally, in Campbell et al. (2011), it
corresponds to the electricity production from biogas produced by anaerobic digestion
of the algal oilcakes.

When only the NER is considered to determine the EROI, favorable values are determined
by most of the studies. However, when CER is taken into account, the EROI is limited (1.8 for
the best case, 0.96 for the less favorable). It can also be observed that poor EROI (between
0 and 1) corresponds to high GWP.

TABLE 13.10 Greenhouse Gas Balance of Production and Use of Algal Bioenergy.

Ref CO2 (g CO2 eq/MJ) Output

Kad 0.061 Electricity

Lar 59.9 Biodiesel

Bal 18.5 Biodiesel

Bat �75.3a
�1.31b

Biodiesel

Cla10 56.8 Biomass

San �18.0 Biodiesel

Ste 13.6 Biodiesel

Bre 534c

80.5d
Biodiesel

Cam �0.729 Biodiesel

Cla11 48.7e Electricitye

Col 61.02 Methane biofuel

Hou 15.0* Biodiesel

Kho 310* Biodiesel

a Combustion is not taken into account.
b Combustion is taken into account.
c Base configuration.
d Best configuration.
e Scenario 4D (direct combustion of algal biomass for bioelectricity production).

* Extrapolations of figure data.
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13.6 DISCUSSION AND GUIDELINES

13.6.1 Perimeter and Functional Units

The lack of inclusion of biofuel combustion from the perimeter of the study can facilitate
the comparison between different technologies or energy production pathways, but it ham-
pers the assessment of the real carbon balance; indeed, some of the carbon atoms of the
methylester stem from methanol, which is usually produced from fossil fuel (Stephenson
et al., 2010). Moreover, it ignores environmental impacts from combustion (such as photo-
chemical oxidation and particulate matter formation). Finally, all engines do not have the
same efficiency, and hence a fair comparison should be based on the available work produced
by the use of the fuel rather than on the chemical property of the fuel only.

To harmonize LCA results and provide a better basis for comparisons, the energy content
of intermediate products (raw algae, oil, oil extraction residues, and methylester) should be
systematically provided and justified. We also recommend using the LHV instead of the
HHV; indeed, in most cases, biofuel will be used in engines (internal combustion engines
or turbines) that are unable to use the energy stored in the water vapor resulting from fuel
combustion.

As shown in the preceding section, the choice of using allocation or substitution to handle
the multifunctionality of processes has a strong influence on the results. Even though the sys-
tem expansion is a priori preferable, it can lead to an increase in the overall uncertainty when
performance of substituted processes are little known (performance of anaerobic digestion of
oilcakes) or if the validity of the substitution is questionable (use of oilcake extraction as an-
imal food, for instance).

–20

0

20

40

60

80

300

320

520

540

1 2 3 4 5

Net energy

Cumulated energy

G
W

P
 (

gC
O

2/
M

J)

Bat

Ste Ste
Bal

Hou

San

Clar-2011
LarLar

Clar-2010

Col

Bre
Base config

Kho

EROI (MJ/MJ)

Bre
Base config

Bre
Best config

Bre
Best config

100

FIGURE 13.5 GWPversusEROI for 1 MJ
ofbiomassand/orbiofuel.EROI is expressed
in NER (diamond) and CER (square).

30713.6 DISCUSSION AND GUIDELINES



13.6.2 Inventory

Inventory data of microalgal-based energy production systems are based on models or
extrapolation of lab-scale or pilot-scale data. This is a clear source of uncertainty and variabil-
ity between studies. Consequently, it is important that each new study clearly sources its data
and provides detailed inventory data for each process of the production. Hence, a mass and
energy balance of each process should be provided, with specific attention to the flow of fossil
and biogenic carbon.

13.6.2.1 Input

It is a common practice when performing an LCA of a first- or second-generation biofuel to
exclude infrastructures. Indeed, in these systems, it has been shown that their impact was
negligible, and the inventory of every element of the infrastructure could be a tedious task.
On the contrary, algal biomass production requires the construction of culture facilities,
either raceways or photobioreactors. These two options differ from each other by the type
of infrastructure they require, and they also differ from a usual crop by the need for a heavy
culture infrastructure. As a consequence, LCAs of algae-based systems that exclude the
infrastructure do not allow a fair comparison between options for algae culture and between
algal-based and terrestrial plant-based biofuels.

13.6.2.2 Culture

As already pointed out, growth rates, biomass composition, C/N ratios, fertilizer require-
ments, and energy content of the algae are correlated parameters and hence should not be set
according to independent assumptions. We advocate for the definition of chemical properties
of each biochemical compartment of the algae (e.g., carbohydrates, lipids, membrane) in or-
der to justify the fertilizer budget, the energy content of the raw algae, and the extraction res-
idue. Thiswould hopefully reduce the spread of values for very important parameters such as
nutrient requirement, lipid content, or growth rate.

BIOMASS TRANSFORMATION

Experimental studies exploring new technologies to extract energy from algal biomass are
often based on lyophilized algae or use solvents that are difficult to use at the industrial scale
(e.g., chloroform). For instance, oil extraction performance and oil esterification yields are of
primary importance to realize the LCA of algal biodiesel. Yet up to now LCA studies have
demonstrated that dry extraction was too expensive in terms of energy, but at the same time
there is a lack of reliable data to assess the wet extraction path.

Anaerobic digestion is mostly used to produce bioenergy from the obtained residues after
lipid extraction. Energy consumption should be taken into account, and the potential meth-
ane production must be more realistically assessed with existing data in order to avoid
overestimation of the global energy balance. Operational parameters such as the organic load-
ing rate or the hydraulic retention time should be specified, since they directly influence the
energy consumption of the anaerobic process.
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MATURE AND EMERGING TECHNOLOGIES

Chosen technologies for the harvesting, processing, and transformation steps are of
different levels of maturity among the publications and even within each study. Some are
well-known industrial technologies (such as cultivation in open ponds), but others are
hazardous extrapolations from lab-scale pilot studies. Used data in the harvest and extraction
steps are particularly variable. For instance, solar drying is used in a study (Kadam, 2002),
whereas its feasibility at the industrial scale and the absence of alteration of the lipid content
of the algae have not been demonstrated (Lardon et al., 2009). Dry-matter content before lipid
extraction is also very variable; some authors consider that a percentage of 15–20% is enough
(Lardon et al., 2009; Clarens et al., 2011). This is a wet-extraction technology, and the app-
lications at the industrial scale are barely known. To limit the effect of potential unrealistic
processes, we recommend studying at least two scenarios, one includingmature technologies
and another one with emerging processes.

13.6.2.3 Emissions to the Environment

As we have previously underlined, few publications take into account nitrogen emissions
to the environment. We advocate for a better consideration of this problem. Because of the
important flow of reactive nitrogen (ammonia, nitrate, or urea), the high concentrations of
microorganisms in the culture medium, and the occurrence of anoxic conditions during night
periods, it is very likely that nitrogen emissions (NH3 and N2O) take place at the cultivation
system level (Fagerstone et al., 2011). These emissions are harmful to the environment, caus-
ing acidification and global warming. N2O is indeed a greenhouse gas with a GWP much
higher than the CO2 (298 kg-eq CO2 kg

�1 at a temporal horizon of 100 years).
Recent publications put the stress on the question (Frank et al., 2012) or proposed

emission factors derived from lab-scale measurements (Fagerstone et al., 2011) equal to
0.037 gN2O kgN�1 in ORW. Indirect emissions of N2O due to the transformation of the
volatilized ammoniac and nitrous oxides have been ignored up to now, whereas they can
be estimated at 1.6 gN2O kgN�1 (IPCC, 2006).

More experimental data are required to provide trustable emission factors. Single emission
factors are not satisfying because the control of some parameters of the system, such as the
dissolved oxygen content, the pH, the reactive nitrogen concentration, and the agitation,
influence the processes responsible for gas emissions.

13.6.3 Impact Assessment

13.6.3.1 Climate Change and Consideration of Biogenic Carbon

An important point in the assessment of greenhouse gases is the consideration of the fix-
ation of CO2 during photosynthesis in the cultivation step and the emissions of CO2 during
the combustion step (if this last step is included in the perimeter of the study). In the publi-
cations of Batan et al. (2010) and Clarens et al. (2010), the fixed CO2 is negatively counted in
the global balance of the greenhouse gas (respectively,�75.3 g CO2 eq MJ�1 and�69.4 g CO2

eq MJ�1). But this CO2 is then emitted to the atmosphere during the combustion step. This
emission is considered by Batan et al. (2010) but not by Clarens et al. (2010), so in this last case
the production of bioenergy from microalgae is a sink of carbon, and the greenhouse balance
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is widely underestimated. In most of the LCA studies, fixation and then emission of biogenic
carbon in the atmosphere are considered neutral processes from a “climate-change” point
of view. Consequently, most of the authors do not count the fixation of the CO2 during the
cultivation step nor the emission during the combustion step. We recommend dedicating
specific attention to this point to guarantee a sound carbon balance.

13.6.3.2 Energy Balance

Energy balance should systematically be realized in order to guarantee the consistency of
the proposed system with long-term economic constraints. As pointed out previously, CER
and NER can significantly differ by their conclusions. Hence we recommend always provid-
ing both values, since the NER focuses on the performance of the algae production and trans-
formation facility and is independent of country-specific constraints such as the energy mix,
whereas the CER will exhibit the consequences of using inputs with high energy demand,
such as nitrogen fertilizers or electricity. Our experience showed also that the energy balance
is sometimes expressed as the ratio of produced energy over consumed energy but at other
times as the ratio of consumed energy over produced energy. The first follows a logic of return
on investment (ROI); the second follows the logic of impact assessment, where resource con-
sumption and effects on the environment are standardized by the functional unit. This duality
is confusing for many readers, and we recommend keeping the logic of the ROI because the
energy balance is mainly an economic issue.

13.6.3.3 Other Environmental Impacts

The use of a large variety of impact assessment methodologies can be potentially problem-
atic if one wants to compare LCA studies. For instance, the comparison of the results of the
“eutrophication” impact is not possible between the study of Kadam (2002) and the study of
Brentner et al. (2011). In the first case, the methodology used is CML and the eutrophication
impact is expressed in phosphate equivalent, whereas in the second publication the method-
ology used is TRACI and the impact is expressed in nitrogen equivalent. Moreover, some
studies do not precisely state the impact assessment methodology (Clarens et al., 2010, 2011).

A comparison of the LCA results of bioenergy production frommicroalgae with results for
fossil fuels and other biofuels should be included. The strengths and weaknesses of this new
kind of bioenergy production compared to fossil fuel or classical bioenergy production from
biomass must be identified. Assessed impacts should include climate change and an energy
balance, but impacts that have reduced the interest in first-generation biofuel (such as land
use change occupation or impacts linked with the nitrogen flows or the use of chemical prod-
ucts) and have motivated the abandonment of fossil fuel (ozone layer depletion or abiotic re-
source depletion) should also be presented. A focus should also be made on the quantity and
the quality of required water, since evaporation or water spray to cool the process could lead
to drastic water consumption (Béchet et al., 2010, 2011).

13.7 CONCLUSION

This chapter presents a critical review of 15 publications about LCA and bioenergy produc-
tion from microalgae. The review illustrated the variability of assumptions made about
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technological and environmental performance of the different processes involved in the pro-
duction and transformation of algal biomass. Themain conclusion of this analysis is that there
is real difficulty in comparing the environmental burdens of the proposed setups, and there is
now a need for clear guidelines to ensure that each new LCA study will consolidate the cur-
rent knowledge. This is of key importance, since the objective of LCA works will more and
more often consist of guiding the design of new biofuel production systems and prove that
they lead to actual progress in terms of environmental impact. In this spirit, there is a clear
gain for the LCA community to accept a set of rules and guidelines to make any new analysis
comparable to the existing ones.

As a consequence, we have proposed some guidelines for the LCA to allow a clearer and
sounder comparison between processes and to better estimate the potential and challenges of
microalgae for biofuel production.
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14.1 INTRODUCTION

Microalgae have been proposed as the potential source for a wide range of products, rang-
ing from fine chemicals and pharmaceuticals to nutraceuticals and additives, foods, and feeds
and as a biofuel source as well as playing a role in wastewater treatment (Borowitzka, 1999;
Richmond, 2000). However, of all these products and roles, only a few are performed on an
industrial scale. Microalgae are produced as a source of certain carotenoids, such as
b-carotene and astaxanthin; microalgae biomass is also produced as food in nutraceutial
applications and as feed for aquaculture. The amount of microalgae produced worldwide
for these markets is around 5 kt/year. The price of microalgae biomass ranges from
€10–300/kg, and the size of these markets is from 10–50 kt/year (Pulz and Gross, 2004).
The development of new applications for microalgae biomass can increase the present pro-
duction capacity. Thus, large-scale markets such as energy or commodities have the potential
to absorb enormous amounts of microalgae biomass—up to 104 kt/year—but the price of
biomass in these markets is far lower, from €0.01–0.50/kg. For this reason, microalgae bio-
mass production costs must likewise be reduced to comply with these markets (Chisti, 2007).

Even though biomass production is normally performed under continuous operation in
order to maximize the system yield, some products can be produced by varying operation
modes from discontinuous to continuous-discontinuous combinations, as is the case with
astaxanthin. Whatever the final use of the microalgae biomass and whichever production
mode is used, the steps required to produce it are the same. The culture medium has to be
prepared and introduced into the photobioreactors, where the biomass is produced, then
it has to be harvested and stabilized. Alternatively, it can be processed to create products
according to adequate downstream schemes (see Figure 14.1). Each one of these steps requires
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materials and energy input. In addition, waste released in each step has to be treated. Differ-
ent possibilities exist for each of the necessary steps, the overall yield and cost of the finished
product being a function of the final scheme used. For example, a culture medium might be
prepared using fine chemicals, fertilizers, or wastes—the resultant costs using wastes being
less but the final biomass quality produced significantly diminished.

In this chapter, the cost of producing microalgae biomass is reviewed for various applica-
tions using various schemes. Analysis is performed based on (1) the product obtained, (2) the
overall scheme of the process, and (3) the production capacity. In each case, the major factors
determining total production costs are identified and strategies are discussed to reduce
those costs.

14.2 METHODOLOGY FOR COST ANALYSIS
OF MICROALGAE PRODUCTION

To assess the microalgae biomass production cost of any process, it is necessary to know
the complete process flowchart in detail, including a list of equipment and equipment size in
addition to raw material uptake and energy consumption (Kalk and Langlykke, 1986).

Figure 14.2 summarizes the steps necessary to define themajor contributions to production
cost: (1) depreciation, (2) raw materials and utilities, and (3) labor and supervision. The total
production cost is calculated as the sum of depreciation plus direct production costs (rawma-
terials and utilities, along with labor and supervision). From the block diagram of the process
(the conceptual approach), a detailed process flowchart can be defined based on production
capacity and kinetic parameters of the different unit operations performed. The flowchart al-
lows us to know the type and size of equipment necessary as well as the mass and energy
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Energy
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FIGURE 14.1 General scheme of microalgae biomass
production systems. Major inputs are nutrients, water,
and CO2 in addition to energy. Processes can be built to
produce stabilized biomass or final products according
to an adequate downstream process.
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balances on the entire process. The cost of major equipment can be obtained from the sup-
pliers or, alternatively, from bibliographic references or databases. From this information,
the total fixed capital is calculated, multiplying by the corresponding Lang factors according
to the nature of the item. The value of these factors is available for a wide variety of processes,
values for microalgae-based processes being previously verified (Acién et al., 2012a). The de-
preciation includes not only amortization of the fixed capital, which is a function of the esti-
mated lifetime, but also the property tax, insurance, and purchase tax.

The direct production cost includes rawmaterials, utilities, labor, and others (supervision,
maintenance, tax, contingencies, etc.). The amount of raw materials required is calculated
frommass balances according to the specified flowchart, whereas the consumption of utilities
is calculated from the power and water use of the process. The cost of raw materials has to
include transport to the facility and themarket values obtained from suppliers.With regard to
power, the cost of electricity can vary according to consumption and energy required; there-
fore, a detailed analysis of different suppliers is recommended.

Water is an important utility for microalgae production; thus its cost needs to be accurately
determined. Water cost is a function of its quality (seawater, brackish water, freshwater,
wastewater) and uptake volume. Moreover, in this section the cost of wastewater treatment
of effluents from the facility has to be included.Whatever the quality of water used, the cost of
pumping the water into and out of the facility has to be included in the power consumption
item, separate from the power required to operate the facility, which is mainly related to wa-
ter recirculation in the photobioreactors.

Labor consists of the workers necessary to correctly operate the process and the general
costs of supervision and management, in addition to maintenance, taxes, and contingencies.
To determine the direct production cost, it is necessary to know the cost of the raw materials,
power, water, and labor, whereas the other costs are calculated by previously defined
factors. The labor cost varies widely as a function of personnel qualification levels and facility
location. Supervision and other costs are calculated based on the number of personnel directly
involved in the operation of the facility and their salaries. Therefore, by reducing the number
or salary levels of direct personnel, the labor and supervision cost greatly reduces.

Following this methodology, it is possible to ascertain the production cost of microalgae
biomass for any facility. Moreover, the production cost at any other scale can also be approx-
imated simply by modifying the cost of major equipment according to the scale chosen and

Cost of major 
equipment

Process 
Flowchart

Size and type
of equipment

Depreciation

Consumibles
and utilities

Raw materials 
and utilities

Man power
Labor and 
supervision

Production cost

Lifetime and
taxes

Block 
diagram

FIGURE 14.2 Steps necessary to perform a cost analysis for a microalgae production process.
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then multiplying the direct cost by the adequate factor in order to increase the production
capacity. The process or equipment cost can be scaled up or down from a basic size using
an exponential law for which a value of 0.85 is considered appropriate. This equation is
not valid for large-scale changes because a certain technology can be feasible at one scale
but might not be available on a larger scale. Thus, a maximum scale-up factor of 10 is consid-
ered acceptable without revising the technology. Whenever larger requirements are needed,
the scale-up has to be solved by multiplying the number of units.

CostB ¼ CostA
SizeB

SizeA

� �0:85

ð14:1Þ

14.3 CASE STUDY

14.3.1 Production of High-Value Carotenoids

Carotenoids such as astaxanthin and beta-carotene are examples of high-value products
obtained from microalgae. Astaxanthin is a carotenoid that is naturally synthesized in some
plants and bacteria but especially in the microalgaHaematococcus pluvialis. It is widely used in
aquaculture for salmon and trout farming as well as in dietary supplements (Guerin et al.,
2003; Higuera-Ciapara et al., 2006).

Astaxanthin can be produced synthetically at a cost of $1,000/kg, its market size being
more than $200 million per year, with the market price above $2,000/kg (Olaizola, 2003).
However, because synthetic astaxanthin is derived from petrochemicals, its use is only
permitted in aquaculture. It is not allowed for human consumption nor in animal feed other
than in aquaculture applications, so for these other uses natural astaxanthin production is
required (Li et al., 2011).

Astaxanthin is produced from Haematococcus pluvialis using a two-step strategy. First,
green vegetative cells are produced under optimal growth conditions; they are then put un-
der stress to trigger the accumulation of astaxanthin (Guerin et al., 2003; Olaizola, 2003).
Because Haematococcus pluvialis is easily contaminated with other fast-growing strains such
as Scenedesmus or Chlorella, the production is ideally performed in discontinuous mode.
To enhance the process yield, repeated batches or semicontinuous cultures can be used to
produce green vegetative cells, but this has always to be carried out using closed
photobioreactors to avoid contamination problems. The second step is performed for a short
time, 5–10 days, under nutrient deprivation conditions and high irradiance, so this step is
usually carried out in cheaper open photobioreactors. Although a one-step production tech-
nique has been reported at the pilot scale, no commercial production using this methodology
exists (Del Riı́o et al., 2008; Garcı́a-Malea et al., 2009).

One of most extensive cost analyses carried out on astaxanthin production from
Haematococcus pluvialis has recently been published (Li et al., 2011). Cost analysis data were
obtained from the operation of a pilot-scale facility consisting of an 8,000 L airlift tubular
photobioreactor and a 100 m2 raceway photobioreactor located in Shenzhen, China. Biomass
is harvested by sedimentation and centrifugation, and then it is stabilized in a dryer, then
additionally disrupted by pulverization (see Figure 14.3). The production capacity of the pilot
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plant is estimated at 140 kg/year of dry Haematococcus pluvialis biomass with 2.5%
astaxanthin content: meaning an astaxanthin production capacity of 3.5 kg/year. From these
data, the authors extrapolate the production cost of a projected facility, located at a different
location under better environmental conditions, producing 900 kg/year of astaxanthin
(36 t/year of biomass); that is, a 260 times greater production capacity than demonstrated.
Scale-up is performed bymultiplying the number of units equal to that used on the pilot scale;
thus a total of 30 airlift tubular photobioreactors and 200 raceway photobioreactors were con-
sidered. From this analysis the total fixed capital required to build up the facility is close to
$1.5 million, the direct production cost including manpower being close to $0.5 million/year.
Thus, the expected biomass production cost is $14/kg and $718/kg for biomass and
astaxanthin, respectively. These costs are much lower than usually reported for this process
(which range from $2,000–3,000/kg); the authors attributing this fact to the low cost of the
photobioreactors used and of manpower in China. Thus, if the same production facility were
located in the United States, labor would cost approximately $600/kg of astaxanthin, com-
pared to only $120/kg of astaxanthin in China.

Data from Li et al. (Li et al., 2011) demonstrated that to produce high-value biomass, the
complexity of the process is greater and the use of reactors with adequate control systems is
mandatory. In this case, depreciation represents more than 23% of the total production cost,
although major costs relate to utilities (33%) and labor (30%) (see Figure 14.4). The utility cost
ismainly a result of the facility’s high power consumption, whereby temperature is controlled
by cooling the culture volume in tubular photobioreactors; the cost of water is not relevant.
Raw material cost is principally due to fertilizer use, representing up to 54% of raw material
cost, in addition to pure CO2, which represents up to 39%. The depreciation cost is mainly a
function of tubular photobioreactor and raceway pond costs, representing 25% and 16% of
total fixed capital, respectively. Machinery cost related to harvesting is low because
Haematococcus pluvialis is easily separated from the supernatant by sedimentation.

From these data, it is clearly shown that a reduction in power consumption is amajor factor
in reducing the production cost of this facility. Consequently, one third of power consump-
tion comes from the cooling of the tubular photobioreactors, one third is related to raceway
power consumption, and the rest is consumed in gas supply and harvesting (including
drying). Any reduction in cooling requirements or improvements in raceway reactor fluid
dynamics can help significantly improve the economic viability of the system. Regarding
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FIGURE 14.3 Block diagram of the process for the
production of astaxanthin from Haematococcus. (Adapted
from Li et al., 2011.)
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raw materials, the fertilizer cost cannot be reduced, so the only possibility is to reduce their
consumption. Finally, with regard to the depreciation cost, it is possible to reduce the cost of
tubular photobioreactors by increasing their size instead of installing multiply units. The pre-
cise total production cost obtained using these improvements can be evaluated only if their
viability is previously demonstrated not to influence the overall process yield, but it can reach
up to 30% of total production.

14.3.2 Production of High-Value Biomass Using Closed Photobioreactors

Certain strains of microalgae biomass are accepted as functional food for human and an-
imals. This is because they contain active compounds such as omega-3 fatty acids
(eicosapentanoic acid-EPA, decosahexaenoic acid-DHA), chlorophylls, carotenoids,
phycobiliproteins, and the like. Although the production of strains containing these com-
pounds can be performed in open reactors, it is preferable to carry out the process in closed
photobioreactors to ensure good manufacturing practices, as imposed by the food and phar-
maceutical industry.

Marine strains such as Pavlova viridis (Hu et al., 2008), Nannochloropsis sp. (Chini Zittelli
et al., 1999) and Phaeodactylum tricornutum (Acién et al., 2000) have proven useful for the out-
door production of omega-3 fatty acid-rich biomass in closed photobioreactors. However, its
production cost is higher than omega-3 produced heterotrophically or obtained from fish oil.
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FIGURE 14.4 Analysis of production costs related to the production of Haematococcus pluvialis using tubular
and raceway reactors scaled up to 36 t/year. (Adapted from Li et al., 2011.)
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For this reason, a cost-effective system based on autotrophic growth is not yet available.
Concerning freshwater strains, Chlorella biomass is accepted for human consumption and
is produced by more than 70 companies. The Taiwan Chlorella Manufacturing Co. Ltd.
(Taipei, Taiwan) is the largest producer, with 400 t/year, although there is also significant
production in Klötze, Germany, with 130 t/year using tubular photobioreactors. Annual
world sales of Chlorella are in excess of $38,000 million (Spolaore et al., 2006).

Chlorella biomass has related health benefits, such as being an active inmunostimulator and
reducer of blood lipids, among other things, in addition to its taste, flavor, and coloring prop-
erties. There is also a demand for microalgae biomass production of monoalgal strains by the
feed market. Thus, microalgae can be incorporated into fish, pet, and farm animal feed. In
1999, the production of microalgae for aquaculture reached 1,000 t/year (62% for molluscs,
21% for shrimps, and 16% for fish) (Spolaore et al., 2006). The importance of algae in this do-
main is not surprising, given that microalgae are the natural food source for these animals.
The main microalgae applications in aquaculture are associated with nutrition, either being
used fresh (as the sole component or as a basic nutrient food additive) or for coloring the flesh
of salmonids and for inducing other biological activities.

The production cost of monoalgal microalgae biomass in closed photobioreactors has re-
cently been analyzed (Acién et al., 2012a) (see Figure 14.5); a pilot-scale facility of 0.04 Ha
consisting of 10 tubular photobioreactors, each one 3 m3, operated in continuous mode at
an average dilution rate of 0.34 L/day year round. Fertilizers are used to prepare the culture
medium, which is filtered and ozonized to sterilize it. The strain Scenedesmus almeriensis is
cultivated under controlled pH (by injecting pure CO2) and temperature excess is avoided
by passing cool water from heat exchangers located inside the reactors. S. almeriensis has
proven to be a source of lutein, with an average percentage of this carotenoid in the biomass
of 1% (dw) all through the year (Sànchez et al., 2008).

Biomass productivity throughout the year ranges from 0.3 to 0.7 g/L. The biomass is
harvested and concentrated by centrifugation daily in continuous mode, then is freeze-dried
to obtain dry biomass; a production capacity of 3.8 t/year has been reported. Analysis of the
facility’s production cost shows depreciation (42.6%) and labor (51.6%) as being the main fac-
tors contributing to the final biomass cost of up to $89/kg (see Figure 14.6). As expected for
the production of microalgae biomass using closed photobioreactors for the production step,
in addition to centrifugation for harvesting and freeze drying for stabilization, these are the
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major contributions to the depreciation cost. Closed photobioreactors make up 47% of the de-
preciation cost, whereas harvesting represents 45%. Although raw material and utility costs
are much lower than depreciation and labor costs, the contributions of CO2 and power costs
are highly relevant. The cost of CO2 represents 71% of rawmaterial cost, whereas power rep-
resents 98% of the utility cost. These reported data have been obtained and verified over two
years of operation, making their robustness higher than other cost analyses performed using
laboratory data.

From these results it can concluded that, to reduce the production cost, it is necessary to
reduce labor by implementing extensive automation in addition to reducing the depreciation
cost by simplifying the equipment used and increasing production capacity. Indeed, by in-
creasing the production capacity up to 200 t/year, by adequate scale-up of the process, by
reducing manpower to 1 person/ha, and by avoiding the use of expensive equipment such
as freeze dryers and sterilization units, the production cost can be reduced to $16/kg versus
$89/kg at small scale (Acién et al., 2012a). This reduction to less than 20% of the initial value
demonstrates that the production capacity increase has a great effect on the reduction of the
production cost. Therefore, the obtained value is similar to that reported (Norsker et al., 2010),
indicating a production cost of $5.4/kg when producing microalgae biomass in tubular
photobioreactors at scales up to 100 ha.

It has also been reported that the production cost in tubular photobioreactors is lower than
that obtained using flat panels or open raceways. This is due to the lower productivity and
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FIGURE 14.6 Analysis of production costs related to the production of Scenedesmus almeriensis using tubular
reactors scaled up to 3.8 t/year. (Adapted from Acién et al., 2012a.)
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higher harvesting costs in these reactors compared to tubular photobioreactors (Posten, 2009),
production costs being as high as $6.4/kg and $7.7/kg when using flat panels and open race-
ways, respectively (Norsker et al., 2010). These studies demonstrate that biomass productivity
is a key factor determining the total production cost, in addition to the unitary cost of the re-
actor and unitary harvesting cost. Moreover, production costs can be lower using tubular
photobioreactors instead of open raceways in spite of lower costs for the latter; this is because
of the higher productivity achieved in tubular photobioreactors and lower volume to be
processed in the harvesting step.

14.3.3 Production of Low-Value Biomass for Biofuels

The idea of producing biofuels from microalgae comes from the 1960s (Oswald and
Golueke, 1960); now, given the high price of petroleum and the global-warming problem, at-
tention has refocused on this idea. Microalgae have several advantages over crops in the pro-
duction of biofuels: They have high productivity and do not compete for fertile land or water,
thus do not affect the food supply nor other crop products. Microalgae have been proposed as
the unique third-generation biofuel source (Chisti, 2007). However, for this to become a re-
ality, the production of microalgae still has to demonstrate its sustainability, in addition of
being produced on a large scale and at a comparably low price, as with traditional crops like
soya, corn, or palm. As an example, palm oil is produced at a volume of 40 million t/year and
has a market value of €0.5/kg. To replace only 5% of the U.S. demand for transport fuel, it
would be necessary to produce more than 66,000 kt/year of oil-rich biomass at production
costs below $400/t (Chisti, 2007). Moreover, to replace all transport fuels in Europe with bio-
diesel frommicroalgae, 9.25million ha (almost the surface area of Portugal) would be needed,
assuming a productivity of 40,000 L/ha year (Wijffels and Barbosa, 2010).

To produce microalgae-based biofuels that are able to compete in the worldwide energy
markets, it is essential to minimize the energy and nutrient input along with their cost, in
addition to optimizing the culture yield and developing adequate transformation routes
that allow the valorization of the entire biomass according to the biorefinery concept (see
Figure 14.7). For the production of biomass, the use of wastewater is required as the nutrient
(nitrogen and phosphorous) source, in addition to free CO2 from flue gases as the carbon
source, resulting in purified water and profits obtained from the wastewater treatment pro-
cess (Jorquera et al., 2010; Norsker et al., 2010; Acién et al., 2012a).With regard to valorization,
the microalgae biomass produced under high-productivity conditions is composed of

Flue gas

Wastewater

Production

Harvesting

Downstream

Biofuels

Consumables

Low energy

Low energy

Clean water

FIGURE 14.7 Block diagram of the process for the
production of biofuels from microalgae using wastewater
and flue gases.
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proteins (30–50%), carbohydrates (20–30%), lipids (10–30%), and ash (5–10%) (Vargas et al.,
1998; Chisti, 2007). Biodiesel can be obtained from the saponifiable lipids (approximately 50%
of total lipids), whereas bioethanol can be produced from fermentable sugars (approximately
30% of total carbohydrates); thus a mere 20–30% of the biomass would be used if only bio-
diesel and bioethanol production were carried out. The remaining biomass waste has been
suggested as useful in biogas production; however, the economic value of biogas is low
due to its low calorific value, CO2 content, and gas nature.

Other than this, biofuel production by hydrothermal liquefaction of the entire biomass has
been likewise proposed (Biller and Ross, 2012). In a general scheme, the microalgae could be
used to produce biodiesel by extraction/transesterification processes, and waste biomass
could be fermented anaerobically to produce biogas, which in the end could be used as both
energy and as a CO2 source. Alternatively, amino acids (Romero et al., 2012) and/or
bioethanol could be produced from microalgae biomass (John et al., 2011). The biodiesel pro-
duction capacity of microalgae is assumed to be up to 35,000 L/ha/year (Rodolfi et al., 2009),
whereas the production of bioethanol can reach values up to 38,000 L/ha/year (Harun et al.,
2010), although these values have not yet been demonstrated on an industrial scale.

Whatever the transformation route to produce biofuels frommicroalgae biomass, it is clear
that the production step has to be positive in terms of energy balance, in addition to being
cheap—a value of $0.5/kg beingwidely agreed as the upper limit. Recently, several economic
analysis approximations of biofuel production from microalgae have been published
(Douskova et al., 2009; Norsker et al., 2010; Singh and Gu, 2010; Wijffels et al., 2010; Williams
and Laurens, 2010). Due to the lack of both existing facilities and a defined technology, only
approximations can be made, all of which include significant uncertainty. Microalgae
biomass production costs for different scenarios have recently been analyzed (Acién et al.,
2012b). The base scenario considered is the operation of a 100-ha facility consisting of raceway
reactors with a V/S ratio depth of 0.2 m3/m2, operated in continuous mode at 0.2 L/day.
The power consumption dedicated to mixing is 2 W/m3, while an energy consumption of
0.1 kWh/m3 is assumed for harvesting using a flocculation–sedimentation step, followed
by centrifugation. The use of pure rawmaterials (CO2 and fertilizers) is considered, a biomass
productivity of 20 g/m2 day being assumed for the year overall. From these data a production
cost of $1.12/kg is reached, a major percentage corresponding to rawmaterial cost due to the
use of pure CO2 and fertilizers but especially due to the cost of using pure CO2 (see
Figure 14.8).

The second major contribution to overall production is depreciation, especially the cost of
harvesting equipment, meaning the sedimenter and centrifugation units, amounting to 59.8%
of the total equipment cost. Regarding the utility cost, this mainly corresponds to the power
consumption for both operating the photobioreactors and harvesting, water cost being neg-
ligible in spite of water evaporation losses of 30,000 m3/ha year. From these data, it is con-
cluded that to reduce the biomass production cost and approach the target value of
$0.5/kg, it is mandatory to improve CO2 use efficiency or even to replace it using flue gases.
Moreover, clean water can be replaced by wastewater, thus avoiding the use of fertilizers.
Under these conditions, the production cost reduces to $0.55/kg, which approaches the
target value of $0.50/kg.

Consideringsimilar conditions (free fluegases andwastewater), productioncostsof $0.70/kg
have been reported using closed photobioreactors, whereas this value increased up to $1.3/kg
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whenusing open racewaysdue to their lower productivity (Norsker et al., 2010). To reduce the
production cost below this value, it is necessary to improve the productivity of the system
to approximate the maximum theoretical values, which have only been demonstrated
under fully controlled conditions at a low scale. Therefore, increasing productivity to
40 g/m2 day, the production cost reduces to $0.21/kg, and considering a maximal productiv-
ity of 60 g/m2 dayunder optimal location and operating conditions, the production cost could
be reduced as far as $0.14/kg (Acién et al., 2012a). Recently it has been reported that to be
competitive with petroleum at $100/barrel, the biomass with a 40% oil content will need to
be produced at $0.16/kg if no credit is allowed for the residual biomass, or at $0.25/kg if a
credit is allowed for the nutrients in the residual biomass (Chisti, 2012).

To break the bottleneck formicroalgae production used in energy production, it is essential
to develop more productive photobioreactor systems while reducing their cost dramatically.
The productivity of open raceways varies widely according to the location, strain, and
operating conditions; long-term productivity in commercial raceways is lower than
47 t/ha year, although values of up to 91 t/ha year (Borowitzka, 1999) have been reported.
Design and operation optimization for open raceways in order to improve their efficiency
and productivity is currently performed starting from the basics: fluid dynamics and mass
transfer characterizations (Mendoza et al., 2012; Sompech et al., 2012; Chiaramonti et al.,
2013). Regarding the photobioreactor cost, it has been reported that to guarantee an econom-
ical production design for energy products, the investment costs cannot exceed €40/m2
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FIGURE 14.8 Analysis of production costs related to the production of microalgae biomass using open raceways
scaled up to 600 t/year. (Adapted from Acién et al., 2012a.)
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(Hankamer et al., 2007). The cost of open raceways is in the $13/m2 range, which includes the
compacted earth, lining, baffles, and paddlewheel, but this cost can be much higher if special
designs or plastic-cover structures are used. In addition, this cost does not take into account
the harvesting process: The machinery required to collect microalgae biomass from diluted
cultures has been demonstrated to be highly expensive. Considering a scaled-up size of
100 ha, the total investment cost has been reported as varying from $48/m2 for open raceways
to $66/m2 for tubular photobioreactors (Norsker et al., 2010).

From these data, it can be concluded that although microalgae are not yet produced on a
large scale for energy purposes, recent advances allow us to be optimistic and to expect this
process to develop in a sustainable and economical waywithin the next 10 to 15 years (Wijffels
and Barbosa, 2010).
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perfusion culture, 127–129
time course, growth and glucose consumption,

127–129, 128f
Centrifugation, algal biomass harvesting
algae separation, 101
analogous to sedimentation tanks, 101
hydrocyclone, 101
nozzle-type centrifuge, 102
solid-bowl decanter centrifuge, 101–102
solid-ejecting disc centrifuge, 102

CERs. See Certified emission reductions (CERs)
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with cell recycling, 127–129
continuous, perfusion and perfusion-bleeding culture

systems, 125–126, 126f
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Cost analysis, microalgae biomass production
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materials, 315
steps, 314–315, 315f
water, 315

Cross-flow ultrafiltration, 96
CTAB. See Cetyltrimethylammonium bromide (CTAB)
Cultivation, microalgae
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Deep-bed filtration
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Direct photolysis, hydrogen production
cyanobacteria, 190–191
description, 190
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DIRHTL. See Direct hydrothermal liquefaction
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froth-flotation method, 99–100
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selectivity, air-bubble attachment, 100
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cell-wall disruption, 133
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harvest and drying, 130–133
transesterification, 133
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algae cultivation, harvesting and processing, 86, 86f
biomass

methods, 16
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and oil extraction, 104
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biological activities, 8
CO2 fixation, 78
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E
EER. See Energy-efficiency ratio (EER)
Electroflotation, 99
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Energy-efficiency ratio (EER)
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defined, 263
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probable mechanisms, 149, 149f
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production, 124, 125f
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substrates, 124
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magnetic, 96
pressure, 94–95
problems, 94
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Flat panel photobioreactors, 171
Flat plate photobioreactors
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hydrodynamic stress, microalgae cells, 33–34
plate-type, microalgae cultivation, 33–34, 34f

Flocculation, biomass harvesting process, 14
Flocculation-sedimentation, 97
Flotation

advantages, 98
classification and separation process, 98
description, 15, 98
dispersed-air, 99–100
dissolved-air, 98–99
divisions, 102–103
electroflotation, 99
flocculation-flotation process, 98
limited algae biomass, 98
ozone, 100–101
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FU. See Functional unit (FU)
Fuel production, microalgae
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production)
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integrated omics approaches, 59
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microalgal biology, 47–48
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biomass transformation, 290, 292f
description, 289–290
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GPAT. See Glycerol-3-phosphateacyltransferase (GPAT)
Gravity sedimentation, algal biomass harvesting

algae separation, 97
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H
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processes and techniques, 89
production, 85
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techno-economic analysis, 106
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cell factory, Chlorella (see Chlorella protothecoides,
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Chlamydomonas, 134–135
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EMP and PP pathways, 113
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121–122
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coil-type systems, 35
commercial production, 34–35
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for microalgae cultivation, 34–35, 35f

Hybrid photobioreactors
description, 17
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Hydrocolloids
agars, 215
alginates, 214
carrageenans, 214

Hydrogen production
biogas production, 209
biophotolysis

dark fermentation, 193–195
direct photolysis, 190–191
endogenous substrate catabolism, 193
indirect photolysis, 191–193

Chlamydomonas reinhardtii, 209
lipid-free residue, 209
pyrolysis, 209

Hydrothermal carbonization, algae, 254
Hydrothermal gasification, algae, 254
Hydrothermal liquefaction, algae upgradation

algae, catalytic hydrothermal upgradation, 252
macroalgae, 252–253
microalgae, 248–251
model compounds, 247–248
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Hydrothermal upgradation (HTU)
algae upgradation, 247–254
algae utilization, 237
algal biomass, 237–239
biofuel production, 235
catalysts, 245
commercialization, 255
conventional gasification technologies, 256
definition, 241
heterogeneous catalysts, 246–247
homogeneous, 245–246
hydrothermal chemistry, 242–244
lignocellulosic biomass and algal biomass,

236–237, 236f
macroalgae, 239–240
post-extraction byproducts, 255

reaction media, 241–242
reactors, 245
TCC (see Thermochemical conversion (TCC))

I
Indirect photolysis, hydrogen production

algal bioreactors, 191–192
cyanobacterium gloeocapsa alpicola, 192
mutant algae, 192–193
protein biosynthesis, 191–192
sulfur deprivation, 191–192

Inventory data, microalgae
culture
biomass transformation, 308
description, 308
mature and emerging technologies, 309

description, 308
emissions to environment, 309
input, 308

L
Lamella-type sedimentation tanks, 97
LCAs. See Life-cycle assessments (LCAs)
LCE. See Light conversion efficiency (LCE)
LEDs. See Light-emitting diodes (LEDs)
LHCI. See Light harvest complex I (LHCI)
LHV. See Lower heating value (LHV)
Life-cycle assessments (LCAs)

algal-based bioenergy production systems, 288
algal biofuel production, 105–106, 262–263
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climate change and biogenic carbon, 309–310
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energy (see Energy, LCAs)
energy balance, 310
environmental impact assessment, 303–306
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first-and second-generation biofuels, 287–288
FU (see Functional unit (FU))
harvesting and conditioning, biomass, 300, 301t
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production systems, 288
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third-generation biofuels, 288

Light conversion efficiency (LCE)
culture productivity, 58
defined, 58
LHCI and LHCII, 58
light-harvesting chlorophyll antenna sizes, 58
uneven distribution, light, 58

Light-emitting diodes (LEDs), 28
Light harvest complex I (LHCI), 58
Lipid compounds

glycolipids, 219
n-3 fatty acids, human health, 218
PLs, 219
sterols, 219–220

Lipid synthesis
acetyl-CoA/malonyl-CoA formation, 158
algal-based, photoautotrophic mechanism, 157, 157f
de novo synthesis, fatty acids, 157
glucose accumulation, inside cell, 158
higher fatty acids synthesis, 160–161
palmitic acid synthesis, 159–160

Lower heating value (LHV), 290
LPAAT. See Lysophosphatidic acid acyltransferase

(LPAAT)
Lysophosphatidic acid acyltransferase (LPAAT)

and GPAT, 49
lipid metabolism and catabolism, 52

M
Macroalgae

description, 205–206, 239
production systems, 239–240
red, green, and brown macroalgae habitats, 240
sugars, 206

Magnetic filtration, 96
Major lipid droplet protein (MLDP), 52
Malonyl-CoA:ACPtransacylase (MCT), 48–49
Mass cultivation, CO2 fixation

cultivation vessels, 79
light diffusion, 79–80
mixing, 80

MCT. See Malonyl-CoA:ACPtransacylase (MCT)
Metabolic engineering, microalgae. See Fuel production,

microalgae
Microalgae. See also Cultivation, microalgae: Economics,

microalgae biomass production: Fuel production,
microalgae

biohydrogen production (see Biohydrogen,
microalgae fuel production)

and biotechnology

advantages, 2–3
aquatic and terrestrial, 2–3
biotransformation, 2
cyanobacteria, 2
description, 2
growth conditions and bioreactors, 2
industrial importance, ramifications, 2

bryophytes, 238
CO2 fixation

biomass productivity and CO2 fixation rate, 75, 76t
bioreactors, 72
Botryococcus braunii, 77
carbon and DIC transport, 72
Chlorella vulgaris, 76
development, media, 72
Dunaliella sp., 78
gas phase analysis, 75, 75f
global rates determination, 74–75
Haematococcus sp., 78–79
mineralization and extracellular products, 74
nutritional requirements, 72
PBRs (see Photobioreactors (PBRs), CO2 fixation)
Spirulina platensis, 77–78
systems, 72
therapeutical compounds, 72
utilization, complex media, 73

cultivation, 168–171
description, 238
energy-dense bio-oil, 250–251
harvesting, 239
hydrothermal liquefaction, 248–251
nutritional mode, 161–166
production systems, 239
substrates, growth and lipid production, 166–168

Microalgae biomass production
analysis, 314
continuous-discontinuous combinations, 313–314
cost analysis (see Cost analysis, microalgae biomass

production)
downstream schemes, 313–314, 314f
fine chemicals and pharmaceuticals, 313
high-value biomass (see Closed photobioreactors)
high-value carotenoids, 316–318
large-scale markets, 313
low-value biomass (see Biofuels)

Microalgal biomass transformation, LCAs
biodiesel production, 302
biogas production, 302–303
electricity production, 302
energy carriers, 300

Microalgal metabolism
description, 68–69
eukaryotic autotrophic microorganisms, 68–69
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Microalgal metabolism (Continued)

organic pigments, harvesting light energy, 69
photoautotrophic cultures, 69

Microstraining
biological fine screen, 90–91
with 6 mm and 1 mm meshes, 90–91
Micractinium and Scenedesmus, 90
problems, 90
rotary drums, 90
sewage effluents and water supply, 90
unit costs, 90

Mixotrophism, 165–166
MLDP. See Major lipid droplet protein (MLDP)

N
Nitrogen source, microalgae cultivation systems, 24–25
Nozzle-type centrifuge, 102
Nutrients, LCAs

chemical fertilizers, 294
climate change and endpoint impacts, fertilizers, 294,

296f
lipid/carbohydrate storage, 294

Nutritional mode, microalgae
autotrophic and heterotrophic organisms, 161–162
heterotrophic mechanism, 163–164
living organisms, divisions, 161–162
mixotrophic mechanism, 164–166
photoautotrophic mechanism, 162–163
photohetrotrophic metabolic process, 161–162, 161f

O
Open pond systems

advantages and disadvantages, 2
algal biofuels

advantages, limitations and factors, 265
phototrophic cultivation, 265
raceway, 265–266
requirements, cultivation system, 265

applications, biomass (see Biomass, applications)
biotechnology and microalgae, 2–3
Chlorella vulgaris, 1
closed photobioreactors (see Closed photobioreactors)
commercial production, 3
company Olson Microalgae with commercial

production, Spirulina capsules, 4, 5f
construction, tanks, 3
cultivation, Spirulina, 4, 4f, 5f
description, 1–2
development, cultivation systems, 1
drying, biomass (see Drying process, biomass)
environmental variations, 3
fixation, carbon dioxide (CO2), 11
Haematococcus pluvialis, 4

harvest, biomass (see Biomass, harvesting process)
hybrid photobioreactors, 17
hydrodynamics, 10
industrial scale, companies, 3–4
light spectrum and intensity, 9–10
microalga cultivation, vinasse and carbon dioxide,

6, 6f
microalgae cultivation systems
classification, 30
limitations, 30
raceway, 30–31
simple, 30

microalgal biotechnology, 1
photobioreactors, 3
pH values, 12–13
raceway, shallow big/circular forms, 3
reactor design (see Photobioreactors (PBRs), open

pond systems)
sterility, cultivation, 13
temperature (see Temperature, open pond systems)

Ozone flotation, 100–101

P
Palmitic acid synthesis, 159–160
PBRs. See Photobioreactors (PBRs)
PDATs. See Phospholipid:diacylglycerolacyltransferases

(PDATs)
PEF processing. See Pulsed electric field (PEF)

processing
Peptides, 216–217
Perimeter and functional units

allocation/substitution, 307
energy content, intermediate product, 307
technologies/energy production pathways, 307

Phospholipid:diacylglycerolacyltransferases (PDATs)
lipid metabolism and catabolism, 52
synthesis, TAG, 49

Phospholipids (PLs), 219
Photobioreactors (PBRs)

airlift, 170
biofuels production and biorefineries, 23–24
biomass productivity, 27–28
bubble column, 170–171
cell concentration, 27
CO2 fixation
gas–liquid mass transfer, 73
gas to aqueous phase, 73
high CO2-resistant strains, 73
isolation and selection, strains, 74
process, HCO3

�, 74
sources, 73
storage and pH, 73
uncatalyzed reaction paths, 73
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commercialization, microalgae-based products, 23–24
commercial-scale processes, 28
design and operation, microalgae cultivation

systems, 27
flat panel, 171
helical-type, 171
high mass transfer, 169–170
LEDs, 28
limitation, light energy, 27–28
microalgae cultivation and biofuels (see Cultivation,

microalgae)
microorganisms/alien microalgae species, 27
open pond systems
biofilms, 9
glass, fiberglass and PVC, 9
materials, construction, 9

outdoor microalgae cultivation system, 28
sequestration, CO2, 169–170
stirred-tank, 171
vertical tubular, 170

Photosynthesis
autotrophs, 158
carbon sequestration mechanism, 156
CO2 fixation
ATP and NADPH, 69
Calvin-Benson-Bassham cycle, 70
dark process, CO2 capture and transformation,

70–71, 70f
defined, 69
different forms, water, 70, 70f
hydrogen addition, carbohydrates ([CH2O]n), 69–70
light and dark reactions, 69
light reaction, 70
nitrogen source, microalgae cultivation, 71
phases, 71
photorespiration, 71

Pigment materials
carotenoids, 220–222
chlorophylls, 220
phycobiliproteins, 222

PLs. See Phospholipids (PLs)
Polysaccharide material

algal polysaccharides, 212
description, 212
dietary fibers, 212–213
hydrocolloids, 214–215
macroalgae, 212

Pressure filtration
chemical conditioners, 94–95
designs and types, 95
plate-and-frame presses/vessels, 94–95

Proteinaceous compounds
algal proteins, 215

bioactive peptides, 215
free amino-acids, 217
peptides, 216–217
proteins, 215–216

Proteins, 215–216
Pulsed electric field (PEF) processing, 175
Pyrolysis
characteristics, 147t
description, 145–146
fast, 147–149
proportion of gas, liquid and solid product, 146, 147t
reactions, 146
residence time, 146
yields and characteristics

algal biomass, 151t
average cost, 152
conditions, fast, 150
elemental analysis, 151t
equipment, 151f
lower heating value (LHV), 152t
open ponds, 150, 150f

R
Raceway pond systems
algal cultivation, 265, 265f
biomass productivity and yield, 266
Chlorella, Spirulina and D. salina, 266
description, 30–31, 265
drawbacks, 31
limitations, 266

S
SC-CO2. See Supercritical carbon dioxide extraction

(SC-CO2)
Screening, algal biomass harvesting
description, 90
microstraining, 90–91
vibrating screens, 91

SEQHTL. See Sequential hydrothermal liquefaction
(SEQHTL)

Sequential hydrothermal liquefaction (SEQHTL),
253–254

SIDS. See Sodium dodecyl sulfate (SIDS)
Simple ponds, 30
Sodium dodecyl sulfate (SIDS)
poor algal removal, 99–100
surfactants, 99–100

Solid-bowl decanter centrifuges, 101–102
Solid-ejecting disc centrifuge, 102
Solix Lumian�, AGS4000 system, 36–40, 42f
Spent biomass
alga-based processing, 208t
biofuel production, 207–211
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Spent biomass (Continued)
bioremediation, 224–225
feed, 225–226
fine chemical production, 212–224
macroalgae, 205–206
secondary biofuel production, 207f

Spirulina

definition, 7
hormogonia, 7
inhabitation medias, 7
life cycle, 7
morphology and taxonomy, 7
supply of nutrients, 7

Spirulina platensis, CO2 fixation
habitats, 78
optimum pH, 78
proteins and potassium, 78
Spirulina and Arthrospira, 77

Stability and separability, microalgae
AOM, 87–88
cell dimensions, 89
commercial polymers, 88
description, 86–87
destabilization and flocculation, 89
DLVO theory, colloid stability, 88
ionogenic functional groups, 88
mechanisms, enhanced coagulation, 87
NOM, 87
settling velocity, planktonic algae, 88–89
treatment methods, 87

Sterols, 219–220
Stirred-tank photobioreactors, 171
Supercritical carbon dioxide extraction (SC-CO2), 174

T
TCC. See Thermochemical conversion (TCC)
Temperature, open pond systems

cell morphology and physiology, 11
closed photobioreactors, 12
high temperatures, 11–12
raceway-type photobioreactors, 12
solubility, O2 and CO2, 12

Thermochemical conversion (TCC)
liquefaction, 240
product profile, 241f
pyrolysis, 240

Thickening
algae cultivation, harvesting and processing, 86, 86f
for microalgae, 89

Transesterification process
acid-catalyzed, 176–177
alcohols, 175–176
base-catalyzed, 177
biodiesel, 175–176
direct, 176
enzyme-catalyzed, 177
triacyl glycerides conversion, 176f

U
Ultrasonic methods, algal biomass harvesting

advantages, 104
algae separation process, 103
biofilter, 104
coagulation, Microcystis aeruginosa, 104
“nuclei” and “bubble crush” period, 104

V
Vacuum filtration

algal harvests with moisture contents, 95
capital costs, 95
eucalyptus and pine-crafts fibers, 95
types, 95

Vertical column photobioreactors
airlift reactors, 32–33
bubble column reactors, 32
description, 31–32
prospects and limitations, culture systems,

31–32, 32t
sparger’s design, 32

Vertical tubular photobioreactors, 170
Vibrating screens, 91
Vinasse, 145

W
Wastewater

acid-rich effluents, fermentative hydrogen-producing
reactor, 168

biodiesel production, 167–168
ecological water bodies, 167
macro/micronutrients, 168
microalgae, 167
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