CHAPTER 4

YALUE CHAIN OF ALGAK

4.1.Introduction

This chapter outlines the various stages in the value chain of algae for

biofuel production. It also provides a comprehensive understanding of

each and every stage along with all possible methodologies and

technologies developed till date for the production of green diesel. Once

the value chain is in place, this chapter would build up the base for the

further life cycle study for the calculation of net energy balance and net

energy ratio for algae green diesel production system. Each and every

stage of the value chain has influence on the Life Cycle Assessment

(LCA) result.

4.2.Algae

The microorganisms, such as, bacteria, yeasts, fungi and algae, which

have been shown to pOss€sS oil-producing capabilities [130, 131], and can

accumulate lipids at more than 20% of their biomass, are defined as

oleaginous species [1 31].

Microalgae represent a large group of [60] an exceptionally diverse but

highly specialized [35, 58], photosynthetic [60, 132, 133] and microscopic

[55, 132] organisms adapted to various ecological habitats [35, 58, 134],

such as, freshwater, brackish, marine and hyper-saline, with a range of
temperatures and pH, and unique nutrient availabilities [58]. They are

present in all existing earth ecosystems, not just aquatic, but also

terrestrial, representing a large variety of species living in a wide range of

environmental conditions. It is estimated that more than 50,000 species

exist, but only a limited number, of around 30,000, have been studied and

analyzed [35]-
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Algae are the most efficient biological producers of oil on the planet and a

versatile biomass source [60]. They are sunlight driven oil factories which

convert carbon dioxide into different types of renewable biofuels

including methane produced by anaerobic digestion of the algal biomass

o-biologically produced bio hydrogen [135, 60], foods

ounds [60] such as; vitamins (C, E, and biotin),

biodiesel, and phot

and high value comp

pigments (carotenoids and ficobiliproteins) and metabolites with

pharmacological activities [71]

US Department of Energy’s Aquatic Species Program (ASP) has provided

xcellent basis of work for the potential use of algae to produce

aid previous work was that

an €

biodiesel [63]. An important conclusion of the s

algae has the potential to produce more than two orders of magnitude

higher oil production per acre than conventional crops, such as, soybeans

and canola. Furthermore, algae are not a food crop like most vegetable oil

sources currently used for biodiesel production [63]. According to some

estimates, the yield (per acre) of oil from algae is more than 200 times

than that of the best-performing

s of cultivated terrestrial plant biomass versus

plant/vegetable oils [136].

Although the relative merit
microalgae, as feedstocks for biofuel production, are still a subject of

debate [66, 137], microalgae have numerous characteristics that favor their

use as a biofuel source.

4.3.Algal Physiology for lipid synthesis
A better understanding of how plants synthesize fatty acids and
triacylglycerols will ultimately allow the development of novel energy
s. For example, knowledge of t
glycerols in abundant non-seed tissues

crop he regulation of oil synthesis has

sugge
[138] . Further the algae oil conte
e ce
gal physiology, we will be able to use the

sted ways to produce triacyl
nt and composition is strongly dependent

on the metabolic status of the cells [69]- Therefore, only if we have an

increased understanding of al
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knowledge to better understand the ability of algae species to enhance

lipid and oil production during cultivation.

4.3.1. Physiology of lipid synthesis

In addition to starch and protein, many plants synthesize and store large

quantities of lipid in the form of fat and oil [139]. The carbon sources for

lipid synthesis are the photosynthate i.e. the carbohydrates formed during

the process of photosynthesis (starch, sugar etc.). In photosynthesis, the
plant uses solar energy to oxidize water, thereby releasing oxygen, and to
n dioxide, via calvin cycle, thereby forming large

primarily sugars [139]. The process is depicted by equation

reduce carbo

carbohydrates,
4.1).
6 CO2 + 6H,0— CeéHi20s + 6 O2 .. (4.1

Carbon Dioxide Water Carbohydrate Oxygen

The carbohydrates synthesized by the Calvin cycle are converted into

storage forms of energy and carbon mainly sucrose and starch. These

stored carbohydrates provide the carbon source, via glycolysis pathway,

for lipid synthesis. Anaerobic metabolism of glucose is known as

glycolysis [139].

of glycolysis is pyruvate. One molecule of glucose breaks

The end product
re then used to provide

two molecules of pyruvate, which a

in one of many ways. Pyruvate is a key intersection in the

vate can be converted into

down into

further energy,

k of metabolic pathways. Pyru

networ
to fatty acids or energy through acetyl-

carbohydrates via gluconeogenesis,

-CoA), to the amino acid alanine, and to ethanol.

co-enzyme A (acetyl

Therefore, it unites several key metabolic processes [139].
Pyruvate dehydrogenase converts Pyruvate into acetyl-co-enzyme A
(acetyl-CoA), which is the main input for a series of reactions, including
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fatty acid synthesis. Fatty acid biosynthesis involves the cyclic
condensation of two-carbon units in which acetyl-CoA is the precursor. In
plants, fatty acids are synthesized exclusively in the plastids. The enzymes
of the pathway are thought to be held together in a complex that is

collectively referred to as fatty acid synthase [139].

The first committed step in the pathway (i.e., the first step unique to the
synthesis of fatty acids) is the synthesis of malonyl-CoA from acetyl-CoA
and CO; by the enzyme acetyl-CoA carboxylase. The tight regulation of
acetyl-CoA carboxylase appears to control the overall rate of fatty acid

synthesis acid synthase [139]. Figure 4.1 shows the diagrammatic

representation of various steps involved in lipid synthesis.

CO;
Atmospheric CO: fixation via photosynthesis

v
Photosynthate

(Glucose, which|gets stored in the form of starch)

Glycolysis
v
Pyruvate

Pyruvate dehydrogenase( Decarboxylation)

v
Acetyl Co-A

Fatty acid

v
Lipid/fat/oil

Figured. 1: Various Steps Involved in Lipid Synthesis

Since biodiesel is produced from lipid content, biofuels ultimately derive

their energy from the sun through photosynthesis [138]. Therefore, only if

we can understand this phenomenon better, and its effect on lipid

synthesis, we can apply this information for better culture of microalgae.
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The photosynthesis process can be divided into two reaction stages,
namely the light and the dark stage [52, 69]. In microalgae, as well as in
higher plants, the light and dark reactions can operate independently. In
the light reactions stage the light energy is absorbed by pigments of the
photosystem antennae and converted into a biochemical reductant
NADPH, (nicotinamide adenine dinucleotide phosphate diaphorase) and a

high energy compound ATP (Adenosine triphospahte, coenzyme used as

an energy carrier in the cells of all known organisms). The pigments, that

absorb the light energy, are chlorophylls, which absorb the red light region
(650~700 nm), carotenoids, which absorb the blue light region (400-500

nm), and phycobilins, which absorb the orange-red light region (600—650

nm) [52] . The latter are pigments which are present only in the

cyanobacteria and the red-algae [139, 52].

Dark reaction stage is light independent [69]. In this stage the products of

the light reactions are subsequently consumed [52, 69] by the reduction of
CO, to carbohydrates [52] through calvin cycle [139].

For photosynthetic eukaryotic cells, such as microalgae, growth is the

result of the biomass increase caused by
on by respiration in mitochondria

photosynthesis in chloroplasts

(anabolism) and its partial degradati
(catabolism). The total growth rate can thus be expressed as the sum of

two terms i.e. the photosynthetic growth and the respiration process [70].

Photosynthesis is affected by many external factors like light, temperature,

carbon dioxide etc. Thus, these factors indirectly affect the rate of lipid

synthesis and also lipid composition. Lipid content and lipid composition

of microalgae could be adjusted through changing growth medium

composition [64]. Several studies have shown that the quantity and quality

of lipids within the cell can vary
itions [70, 133, 1401, which include temperature, light intensity [71,

ell culture density, pH and alkalinity, contamination by other

as a result of changes in growth

cond
69], ¢
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microorganisms [52]and nutrient media characteristics, like, concentration

of nitrogen, phosphates, and iron [71, 69]. The possibility of oil

accumulation through -the manipulation of environmental culture

conditions has a great potential in oil production. The culture conditions of

the microalgae can be optimized in order to maximize lipid synthesis [72]

Therefore, systematic studies are needed to gain a fundamental

understanding of the relationship between the combination of

environmental parameters and algae production system configuration in

order to produce a high cell density, a rapid turnover rate, and higher lipid

content [69].

4.3.2. Effect of various external factors on physiology of lipid

synthesis
1) Light

Light is the primary energy source for microalgae growth, enabling it to

y out all the necessary metabolic processes. Eight photons of

carr
e required to fix one molecule

photosynthetically active radiation (PAR) ar

of CO, into carbohydrate, resulting in a maximum photosynthetic

efficiency (not including respiration) of about 12%. When respiration is

taken into account, the maximum efficiency falls to 9% [56].

Photosynthesis is strongly dependent on the quality and the quantity of
light. The first is expressed as the wavelength of light and the latter as

photon-ﬂux-density (PFD)
saturated in the range of 20-50%

(m’s) [69] -

[52] . The photosynthesis of aquatic plants is
of full sunlight, or about 4001000 pE/

algae are subjected to illumination, the light reactions are

When micro
he quality and quantity of

ally activated and are deactivated if t

automatic
gment stimulation [52] . Algae

light decreases below threshold for photo pi
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cultures grow differently when exposed to different colors of light i.e.

different wavelengths of light [74].

Microalgae growth rates are enhanced by increasing light density up to the
point of light saturation, at which point photosynthetic activity reaches its

maximum [52]. This stage is critical because the excess energy is

dissipated in the form of heat [74] . At high light densities, the

photosynthetic capacity decreases and growth is inhibited. This
is called photo-inhibition, and it occurs at light

a situation in which the photo-system II (PSII) is

phenomenon

oversaturation,
negatively affected. Photo-inhibition depends mainly on light temperature,

strain and cultivation type (indoor or outdoor) [52] .

Light and dark cycles also strongly influence the growth of algae [52]. The
combination of factors, such as, the length of the light and dark cycles, and
the light intensity result in the overall light regime in a photobioreactor

[52] . Inan experiment on Porphyridium cruentum it was seen that highest

lipid accumulation level was achieved at 12:12 hours light dark cycle

[141].
In another experiment the longer light period significantly increased the

cell density of D. tertiolecta and the photoperiod of 24 hours light

produced the highest biomass during the same cultivation time. Thus, light

harvesting  efficiency is important for  bioreactor engineering

encompassing those microorganisms [69].

Biomass losses might reach as high as 25% during the night, depending on

the light intensity during the day, the temperature during the day, and
temperature at the night [52]. During night there is an overall decrease of
biomass because sunlight is absent and biomass is lost due to dark

respiration [142].
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2) Cell density

Cell density in a culture is principally limited by limitations in light
penetration [69]. Optimal cell density is specific to each strain and needs
to be maintained in order for light intensity and light penetration to remain

at optimal levels [74]. Both low and high biomass concentration result in a

loss of biomass productivity. If the biomass concentration is too low, some

of the light is transmitted through the cul
one appears in the depth of

ture (low absorption).

Conversely, if the biomass is too high, a dark z

culture (favoring the light limitation regime). Both situations result in a

loss of biomass productivity. In the first case, the light is not fully

absorbed, while in the second case, the dark zone, where respiration is

predominant, has a negative influence [70].

At high cell densities, cell mutual shading takes place and light intensity
decreases due to the increase in turbidity of the culture, causing a
reduction in the photosynthetic activity [52]. Thus, high frequency of
light/dark cycle is highly recommended in algal culture when the growth
is light-limited. In practical cases, utilization of high-intensity light would

be enhanced only by inducin
[143], which can be achieved through mixing) [143] -

g turbulent streaming in culture suspension

In algal cultivation, the productivity of algal systems, and cost of reactor

on are dependent on the mixing system employed.

construction and operati
ntion of cell settling,

y of purposes, including preve

Mixing serves a variet
distribution of nutrients and carbon

elimination of thermal stratification,

of photosynthetica

ght utilization efficiency [143].
all cells in the culture and reduces diffusion barriers

Iy produced oxygen, and

dioxide, removal
Mixing distributes

improvement of li

radiation evenly t0

around the cells, and thus, it increases the frequenc

light and dark volumes of the reactor. To ensure adequate mixing, a
aintained [143].

y of cell exposure to

minimum liquid circulation velocity should be m
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3) Temperature.

Maintaining proper temperature is very important for the growth of

microalga during cultivation [144]. Although algae may be able to grow at

a variety of temperatures, optimal growth of microalgae is limited to a

narrow range specific  to each strain [117]. Therefore, optimum

temperature for biomass production is genera and strain dependent [52]

Table 4.1, shows that a sharp drop in microalgae growth rate was seen

when the temperatures wWere further increased or decreased [71].

Tabled. 1: Effect of temperature deviation on microalgae growth rate

. -Optimal Temperature ..
At 38°C, there was an abrupt iﬁtel;rﬁﬁiion
of microalgal growth, and later the cells

died [71] .

Algae strain;

o C ] @5 o 30 °C
(144] )

C vizlgari& “

N. oculata 20 °C [71] Below optimal temperature, growth rate
more than halved [71] .

fluctuations in temperature, can interfere with

ower temperature appears to reduce the
g the night [117]. Temperature

Seasonal, and even daily

algae production. In addition, a |

loss of biomass due to respiration durin
strongly influences the oxygen evolving activity of the photo-system II

ction between temperature, light and photo-

photo-inhibition occurs by high light

be considered as the most important

(PSII). There is a conne
inhibition. At low temperatures
and thus, temperature can
r in outdoor cultivation durin
nsiderably reduced by an inc

intensities,
g the winter. However, photo-

limiting facto

inhibition can be cO

rease in temperature [52].

4) Oxygen

production is accompanied by oxygen production [142]. A high

en around algae cells i

d high oxygen concentrati

Biomass

presence of oxyg

s undesirable. The combination of

intense sunlight an on results in photo-oxidative
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damage to algal cells. As a general guideline, oxygen concentrations

should be maintained below 400% of air saturation value [74].

5) Nutrients
Nutrient assimilation is the process by which nutrients acquired by plants
are incorporated into the carbon constituents necessary for growth and
development. These processes often involve chemical reactions that are
intensive and thus may depend directly on reductant

photosynthesis [139]). Several studies have

highly energy
generated through
demonstrated that alteration in nutrient concentrations can modify the
growth and secondary metab
growth depends not only on an adeq
elements (carbon, nitrogen, phosphorus,

Ca’", CI', and SO,%) but also on a number of
cobalt, copper, and molybdenum [145].

olism of microalgae. Furthermore, microalgae
uate supply of essential macronutrient
silicon) and major ions (Mg,

micronutrient metals such as
iron, manganese, Zinc,

a. Carbon

Carbon is an essential nutrient for algae cultivation and can be taken up

nic forms. [norganic carbon is utilized through the

from inorganic and orga
nism, an active function that enables the

CO, concentrating mecha

oncentrate inorganic carbon from the

ae have the ability to utilize both CO

inorganic carbon source. As

microalgae to acquire and ¢
extracellular environment. Microalg
and bicarbonate ion (HCOy), as an
ar carbon is in the form of HCO3',
nic anhydrase (CA). The COz

portant buffer systems, a wea
ate—carbonate buffer system [52]. The formation of an

es is a function of pH and temperature. In pH values

intercellul it is converted to CO; by the
enzyme carbo dissolved in water generates
one of the most im

namely the bicarbon

k acid/base buffer system,

inorganic carbon speci
up to about 10.5, bicarbo

carbonate (COs”) specie

em provides carbon for ph

nate species dominate; while in higher pH values

s dominate. The bicarbonate—carbonate buffer
syst otosynthesis. Although the dissolution of
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CO, in water results in acidification due to the forming of carbonic acid
the photosynthetic process of CO2 fixation causes a gradual rise in pH due

to accumulation of OH". Moreover, the tendency of pH to rise is related to

photosynthetic activity, which means that pH becomes higher where

photosynthetic activity is higher [52]. Each strain of algae also has a

narrow optimal range of pH [73]. Rising pH can be regulated by the

addition of mineral acids, such as hydrochloric acid (HCI) or organic acids

[146]).

Therefore, CO; is an essential substrate for photosynthesis, and is an

important factor determining algal growth [69] and biosynthesis of fatty

acids [146] . CO: concentrations usually have to be kept within narrow

margins [69] . COz concentrations from 1% to 5% by volume often lead to

maximum growth [74, 146]. An excess 0
photosynthesis and cell growth [74]. However, highly CO; tolerant species
concentration also occur. One of such CO,

f CO, can also be detrimental to

that can grow under high CO;

tolerant species is the green alga Chlorococcum littorale, which has a

great potential for aqua cultural fatty acids production [146].

Chlorophyceae can grow with up to 18% dissolved COz in the cultivation

medium. CO, fixation efficiency can amount up to 38% in Spirulina sp.

cultures [52). Dunaliella tertiolecta grew very slowly at 100% CO,
concentrations, while it did not grow at all without CO2[69].

Some researchers have studied CO; concentration effects on biosynthesis
of fatty acid using several microalgae, and have concluded that CO; seems

to control intracellular fatty acid compos
adjusted by supplying a desired level of CO;

ition and content. Increasing CO,

concentration is generally

gas in air, which when use
y aci

d on Chlorella vulgaris, increased the

composition of saturated fatt ds over that of unsaturated fatty acids.

oncentration is an important factor in microalgal

Therefore, bubbling gas ©
growth [146].
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In an experiment on Chlorocuccum littorale it was seen that, though fatty
acid content was almost constant for the CO2 concentrations ranging from
594 to 50% under nitrate-rich conditions, but after nitrate depletion, the

content drastically increased with a decrease in CO, concentration. HCO*

/CO, ratio in the culture media was found to be a controlling factor for

fatty acid production after the nitrate limitation phase. For a CO;

5%, the fatty acid content was 34% by weight at
er land plant seed oils [146].

concentration of
maximum, which is comparable with oth

b. Nitrogen

Nitrogen is also an important nutrient for the production of microalgal

biomass. The nitro
than 10%, and is depe

of the nitrogen source. Nitro

gen content of the biomass can range from 1% to more
ndent upon the amount, the availability and the type
gen can be utilized as nitrate (NOy’), nitrite
2, 147, and also as N2. The preference
* > NO3 > Na. When NH," is

en sources until all the

(NO,”, or ammonium (NHs) [5
order in which nitrogen is utilized is NHs4
microalgae do not utilize other nitrog

available,
sed. When only nitrate is available, it is reduced

ammonia is utili
intracellularly by nitrate re
reductase to ammonium. The u

and since the reduction of nitrite ¢

ductase to nitrite and nitrite is reduced by nitrite
ptake of nitrate is light energy dependent,

onsumes energy, microalgae prefer to

utilize already reduced nitrogen such as ammonium. High concentrations

onium will inhibit uptake of nitrate,
while high nitrate concentration inhibits

of amm because ammonium represses

the synthesis of nitrate reductase,
he form in which nitrogen is present in a solution is pH

ammonia uptake. T
ent. In pH values higher than 9.25, free ammonia

and temperature depend
begins to dominate over amm
formation of free ammonia. Fr
etic organisms, but the tox
cies such as S. platensis [52]-

onium. Also, high temperatures favour the
ee ammonia is generally toxic to

photosynth icity appears to be reduced in

alkalophilic spe
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Nitrogen starvation induces several physiological changes in algae, deeply
altering intracellular composition and growth kinetics [70]. Experiments
on various algal species [148] showed that applying stress in the form of
lipid accumulation. However, this stress
h rate [74, 70, 71, 148, 149]. Nitrogen
ivision [148], and the

limited nitrogen triggers
application also curtails the growt

deficiency appears to inhibit the cell cycle, cell d

production of almost all cellular components [149]. Table 4.2 shows the

effects of changes in nitrogen concentration on lipid yield of microalgae.

Nitrogen Concentration on Lipid Yield of

Tabled. 2: Effect of Changes in
. Microalgae

7 Changes in Nitrate

iti-ation from

Algae strain.. (ha
- O LBy
concen

di

N.' oculata | Reduced to half and quarter Al“rr-x-dst. a duplicétion [71]
of lipid content.
C. vulgaris Reduced to half and quarter Threefold increase in (711
lipid content.
medium | Lipid content became [148]

In nitrogen deficient

C. vulgaris
more than two times.

Almost a duplication (80}

-
Nanochloropsis | In nitrogen deficient medium

sp.

of lipid content.

Generally microalgae accumulate lipid under nutrient limitation when

(light) and carbon source (
r the photosynthesis are act

CO,) are available and when the

energy source
ive [80] .

cellular mechanisms fo

Interestingly, nitrogen deprivation also promotes the accumulation of the

ment astaxanthin
h of these adaptive respon
while lipids serve as energy stores. In

antioxidant pig in the green alga Haematococcus

pluvialis [149; 82]. Bot
cells’ survival during times of st

axanthin seems t0 pla
[149]. Lipid accumulation during nitrogen

ses help to ensure the

ress,
this regard, ast y a role in the protection against

reactive oOxygen Species
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deprivation proved to be mainly TAGs, best suited to biodiesel production

[70]. In case of Haematococcus pluvialis, it was oleic acid in particular

known to be a desirable component of biodiesel feedstock [82].

In the range of 3-20 mM (mili moles) NaNO;, the highest lipid
productivity was obtained at 5 mM NaNO;, but not at 3 mM NaNO;

ghest lipid content was achieved [148] which proves that the
roductivity and lipid

where the hi
uctivity is the product of both biomass p

lipid prod
mitation as the trigger for lipid

content [148] . However, with nutrient i

high lipid content and high
found that, when the lipid content

accumulation, lipid productivity appear to be

in contradiction with each other. It was

was highest under nitrogen Or phosphorus limitation, lipid productivity

herefore,
he balance between high biomass and high

was not at its highest [80]. T the optimal culture conditions for

lipid accumulation should be t
150]. The trade-off between productivity and lipid

lipid content [71,
gh metabolic cost of lipid biosynthesis [74].

content stems from the hi

chloropsis is an exception to the rule and has both

However, genus Nanno
lipid productivity in an N-deficient

enhanced lipid conte

environment [74].

nt and

c. Phosphorus

s also an essential macro-nutrient for microalgae growth.

wth limiting factor,
d. Low phosphorus concentration

Phosphorous i
s is an important gro

nts where phosphorus is limite
The form O

hate (PO4™) form [52] -

Phosphoru especially in natural
environme
is related to low cell densities.
croalgae, is the orthophosp
e is energy dependent and its uptake rate is
ments [52] . When experimented on
ould be almost 100%

f phosphorus, which is utilized

by mi

The utilization of phosphat

slower in dark than in light environ
it was found that phosphorus ¢

Syndesmus Sp-
ios in the culture, but the nitrogen removal was

removed at any N/P rat
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obviously influenced by the N/P ratios. The optimum N/P ratio, at which

both nitrogen and phosphorus are removed efficiently, is strain specific. A

decrease in nitrogen removal efficiency was seen due to phosphorous

limitation [80].

It was found that under the condition of phosphorus limitation, the total

cellular lipid content of starved cells increased, mainly due to the dramatic

increase in TAG levels from 6.5% up t0 39.3% of total lipids [80] .

d. Other macro and micro-nutrients

Besides the essential nutrients mentioned above, microalgae also require

ther macro-nutrients in considerable

amounts, including Sulphur (S), Calcium (Ca), Magnesium (Mg) and
Potassium (K). Micronutrients required include Molybdenum (Mo), Iron
(Fe), Nickel (Ni), Copper (Cuw), Zinc (Zn), Cobalt (Co), Boron (B),

Manganese (Mn) and Chloride (C1). The presence of ions also influences

the uptake of phosphate; name

decreases the phosphate uptake rate [52] .

for their growth a number of ©

ly, lack of ions such as K*, Na* and Mg*"

6) Organic substrates:
algac are photoautotrophic organisms [52], but some

In general, micro
nic compounds as energy or/and

cies grow utilizing orga

(74, 73, 52] to generate
the light reactions are automatically

microalgae spe
ATP. If organic substrates are

carbon sources

present in adequate concentration,

deactivated [52]-

4.4.Growth Techniques

to thrive both on organic as well as inorganic

Due to ability of algae
substrates, it can als

photosynthetic), heterotrophic,
d mixotrophic growth

o be cultivated using photoautotrophic  (or

or mixotrophic growth techniques [74, 73).
Photoautotrophic an s are influenced by light
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intensity and by carbon source concentration, while heterotrophic growth

is influenced only by the organic substance concentration [52]. Figure 4.2

explains the different growth techniques of algae.

In photoautotrophic, the major lipids are membrane lipids, namely

glycolipids (GL) and phospholipids (PL) while in heterotrophic the major

lipids are storage lipids, namely neutral lipids [75]. Since NL especially

TAG has priority over PL o
higher content of fatty acids, therefore, together with the much higher lipid

yield, heterotrophic cells

r GL for biodiesel production due to their

are thus more feasible as a feedstock for

biodiesel production than photoautotrophic cells [72, 75]. With regard to
the oil unsaturation, the iodine value of oil from photoautotrophic cells is

over the European standard (120 g 12/10 g) for biodiesel; on the other hand

the iodine value of oil from the heterotrophic cells complies with the

existing standard [75] -

ultivation of microalgae also offers many other advantages

Heterotrophic ¢
trol of the cultivation

such as elimination of light requirement, good con

_cost for harvesting the biomass b
algae [77]. However,

process and low ecause of higher cell
n heterotrophic culture of micro

density obtained i
ergy and CO; directly,

jvation does not utilize solar en

heterotrophic cult
ost of commercial scale

it adds considerably to the ¢

and therefore,
vation should not be utilized

r this reason, heterotrophic culti

operations. Fo
of microalgae for biofuel

for the large-scale outdoor cultivation

production, but it may be useful for the rapid preparation of seed cultures

[73].
Mixotro several advantages over phototrophy
and heterotrophy.

phy and autotrophy. In
roved, and biomass night losses due to

phy, on the other hand, has

Mixotrophic a
mixotrophic cultures photo-inhibition is

lgae can simultaneously drive both

phototro
reduced, growth rates are imp

jon are less. Though, it is supposed that in mixotrophic cultures,

respirat
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the specific growth rate is approximately the sum of the autotrophic and
heterotrophic specific growth rate, but the mixotrophic specific growth
rate is not the simple combination of the autotrophic and heterotrophic
specific growth rate, and the two metabolic processes affect each other
[52] . Under mixotrophy, an apparent synergistic effect of heterotrophy
and phototrophy was observed. The biomass yield in mixotrophy was
more than the sum of them in heterotrophy and phototrophy. In an
experiment on C. globosa, mixotrophy allowed build up of 3 and 10 times
more biomass than heterotrophy and phototrophy respectively. In C.
minutissima biomass, under heterotrophy and mixotrophy, was
respectively 3 and 7 times more than the biomass content in phototrophy.
In case of S. bijuga, biomass concentration was 5 times more in
mixotrophy, and heterotrophy was almost at par with phototrophic

conditions [77].

Growth Techniques

The soleem;rgy source for | Heterotrophic growth is | The main energy source is
biomass production is light | based on the cellular | light [52] and they can
energy and the sole carbon | consumption of organic | simultaneously drive
source is inorganic | carbon instead of light [74]. | phototrophy and
compounds [52]. Utilize The carbon source used to | heterotrophy to utilize both
CO, as the carbon source | feed the algae  was inorganic  (CO,;)  and
[151]. ultimately derived from | organic carbon substrates
another plant by | [52, 77, 140].

photosynthesis [151, 74].

Figured. 2: Different growth techniques of algae on the basis of energy and carbon

source
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Another interesting feature of mixotrophy and heterotrophy is the
reduction in overall chlorophyll content. Reduction in chlorophyll could
be due to reduction in the synthesis of chlorophyll, as carbon is directly
incorporated from sugars and photosynthesis cannot occur. Hence the cells
adopt down regulation of chlorophyll synthesis and conserve energy. This
could also be due to biodegradation of chlorophyll because of metabolic
regulation. In view of interference of chlorophyll with transesterification,
such reduction in chlorophyll during heterotrophy and mixotrophy adds

value to the process of cultivation of algae as feedstock for biodiesel [77] .

4.5.Comprehensive Value chain of Algae

The complete value chain of algae for biofuel production contains

following major stages (Figure 4.3 shows the complete value chain of

algae for biofuel production):

1. Algae culture & Harvesting

2. Oil Extraction

3. Oil and Biomass residue processing

4. End combustion of green diesel
4.5.1. Algae culture and Harvesting
4.5.1.1.Algae culture

A. Open and Closed systems for algae culture

Algae can be cultivated in open systems, such as large open ponds [74, 54
152, raceway ponds (74, 75, 54], circular ponds with rotating components
for mixing [74], and large bags [74], or in closed systems such as

photobioreactors [74, 75, 54]).
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The main factors in selecting a location for algae cultivation systems are;

solar radiation, temperature, land type, carbon and water supply [55].

Algal growth is directly affected by the availability of nutrients, light, the

stability of pH, temperature, and the initial inoculum density [35, 132] .

Selection and Harvesting of Extraction of
culture of Microalgae oil from
Microalgae > | Microalgae
species
A h 4
Gasificatio > Processing of Biomass
oil for biofuel residue after
production oil extraction
Thqnnochernical
liquefaction .
Pyrolysis Micro-emulsion > Anaerobic
digestion
Pyrolysis & -
catalytic cracking > Pyrolysis
Transesterification Gasification —p

A

Biofuel Production

Figure4. 3: Value Chain of Biofuel Production from Algae

Among the various available open systems, raceway ponds have been the

most common choice for outdoor algal production, because they cost

lesser to build and operate [143] . Raceway ponds feature paddlewheels

and baffles to promote mixing [74, 132]. The raceways are typically made
from poured concrete, or they are simply dug into the earth and lined with
a plastic liner to prevent the ground from soaking up the liquid. Baffles in

the channel guide the flow around the bends in order to minimize space.

The system is often operated in a continuous mode, i.e., the fresh feed is
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added in front of the paddlewheel, and algal broth is harvested behind the
paddlewheel after it has circulated through the loop. The ponds are
operated continuously; that is, water and nutrients are constantly fed to the

pond, while algae-containing water is removed at the other end [132].

However, paddlewheel technology cannot meet certain growth
requirements, such as, efficient utilization of light and extent of turbulent
mixing to attain maximal productivity consistently. For efficient
utilization of light, depth of algal ponds should be within certain limits,
typically 12-15 cm, resulting in very dilute algal cultures [143] . Thus,
optimal pond depth is a trade-off between keeping the pond shallow

enough to provide sufficient light to the culture, but deep enough to

enhance mixing [74, 132].

Further, in traditional raceways, mixing can be achieved only by
increasing the liquid velocity, which requires additional energy input.
Thus, one of the challenges in algal cultivation is to maintain adequate
mixing and circulation velocity with minimal energy input. Based on
conservative energetic analysis of algal biodiesel systems, nearly 28% of

the energy input to the process is for algal cultivation, primarily for
mixing [143].

Moreover, since the open’ ponds are prone to contamination, the size of the
inoculums needs to be large enough for the desired species to establish in
the open system before an unwanted species. To further minimize
contamination issues, cleaning or flushing the ponds should be part of the

aquaculture routine, and as such, open ponds can be considered as batch
cultures [132].

However, when compared to closed photobioreactors, open culture
systems have many drawbacks, particularly with regard to the biomass

productivity obtainable [69, 143], and control of factors for optimal algae
growth [74] [70]. Therefore, much attention has been paid to closed
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photobioreactors. But even closed photobioreactors face many challenges
which need to be addressed before profitable biodiesel can be produced
from algae [75]. Therefore, a major decision to be made is whether to use
closed photobioreactors or open ponds [69].The choice of reactor system
depends upon a series of factors where there is a tradeoff between capital
costs and rate and reliability of biomass production [54]. Table 4.3 gives a

detailed comparison of open and closed systems for algae cultivation.

A. Role of external factors and physiology in Photobioreactors

design considerations

For mass scale production optimization of all the steps of microalgae
cultivation is required [70] , ways to which can very well be known by
understanding the physiology of algae. Optimization involves controlling
a range of parameters affecting productivity [70] i.e. the various
environmental and operational factors, which affect the biology and
habitats of the organisms, must be taken into account [52] . The growth of
microalgae during the cultivation period can be affected by several factors
including: biotic factors such as pathogens and competition by other algae;
abiotic factors such as light, temperature, nutrient concentration, CO,, pH,
and salinity; and operational factors such as shear stress, dilution rate, and
harvest frequency [73]. Figure 4.4 explains the effects of various external

factors on the photobioreactor design considerations.

Therefore, a few important design aspects of photobioreactor include:
lighting, mixing, water consumption, CO;, consumption, O, removal
nutrient supply, temperature, and pH. It is important to note that in each

category the precise conditions for optimal growth depends on the strain

of algae selected for cultivation [74].
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Table4. 3: Comparison of open and closed systems for algae cultivation

S.No. | Metrics/Parameters | < /" Open Pond;*-  ..[-""* ‘Close Pond/PBR: -
1 Capital investment | Requires less investment | Requires high investment
[151], and is simple and | [151, 153, 132, 62].The

cheap to build [69, 54, 76] . | cost of the construction

and operation is high [73].

2 Control of growth | Inadequate  control  of | Almost all growth

conditions nearly all growth | parameters can be easily
conditions, essential for | controlled in  these
optimal algae growth [54, | systems [76, 49, 149] .
65].

Light There is limited light | Photobioreactors offer the
availability [54] and do not | opportunity to optimize
offer the opportunity to | the light path, the extent
optimize the light path | to which the incoming
[69]. light is diluted, and also

the frequency of the light—
dark cycle seen by an
algal cell as it travels
from deep in the culture
to the illuminated surface
[69].

Temperature Difficulty of maintaining a | Temperature can be easily
constant environment for | controlled [49, 149, 76].
the culture particularly its
optimal growth temperature
[69, 144, 54] .

CO, removal Though CO, requirement is | More  effective  for
same as photobioreactors | removal of CO, [49, 149].
[151] but are less effective
in CO, removal [49, 149].

3 Cell density & | Low cell density [69, 73] | High growth rate [49,
Biomass due to shading effects [69], | 149, 153], due to shorter
Productivity thus, less growth rate [49, | light path [151].

| 149, 153].
4 Space requirement | To avoid shading effect, it | Space requirement is less.
requires extensive areas of
land for the raceways and
substantial  costs  for
harvesting.

5 Electricity Electricity ~ required  to | Electricity required to

Requirement operate is low in raceway | operate is high [82].

ponds [82].
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S.No. | Metrics/Parameters Open Pond Close Pond/ PBR
6 Location The location at which the | Since all the parameters
consideration pond is situated is a critical | could be controlled, so
factor in determining the | location consideration is
type of pond selected, algal | not an important issue.
strain and amount of light
for photosynthesis. Due to
the lack of control involved
with open systems, the
pond becomes a function of
the local climate, thus the
location significantly
contributes to the success
of the cultivation [76].

7 Ease of scale-up Good [151] Variable (depends on
PBR type) [151] . One of
the greatest challenges of
closed  photobioreactor
design to increase reactor
size in order to benefit
from economy of scale
and produce meaningful
quantities of biofuel [74].
The scale-up technology
is not sufficiently mature
for commercial
deployment [73].

3 Availability of | Readily available [151] Not demonstrated on

technology large-scale [151].
9 Downstream Very dilute cultures [151], | Low because of higher

processing cost

result in high dewatering
cost [153]

density culture [151]. In
addition, photobioreactors
produce a much more

concentrated algal broth
than do open ponds and

this reduces the
dewatering Cosls
substantially, With

tubular photobioreactors,
it may be possible to
produce dewatered algal
biomass at around €4 per
kilogram  dry
[153].

weight
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S.No. | Metrics/Parameters | ... .Open Pond " o)< Close Pond/ PBR
S e e T "
10 Water use Water demand is very high | Water demar‘d‘ is lov;/ in
[151, 77, 73, 154). Water in | comparison to open pond.
great quantity is lost to the | Photobioreactors require
-| atmosphere by evaporation. | 30% of the water demand
Due to evaporation, the | for the open pond
concentrations  of  all | scenario [151].
species present increase,
and this can be a particular
problem with saltwater
ponds as the salinity could
rise above tolerable values
[74].
11 Risk of Due to high risk of | Closed photobioreactors
contamination contamination by other | maintain pure culture
microbes, such as bacteria, | [75]. PBRs mitigate the
fungi, yeasts or other micro | risk of invasion by
algal  species,  which | microbes as they are
compete with cultivated | largely closed
microalgae and inhibit its | monoculture systems
growth, it is very difficult | (though they cannot be
| to maintain a monoculture | sterilized and are not
of one desired strain of | designed to be operated
algae [69, 149, 76, 153, 74, | axenically for  long
52]. periods) [151] .
12 Flexibility to strain | Low flexibility (open to | High (closed system)
invasive species) [151]. [151].

selection

strains

However, contamination
can be eliminated by strains
from extreme habitats, with
high pH and relatively high
ammonia concentrations in
which other strains cannot
survive and thus inhibit
competition [75, 52]. For
example Dunaliella,
Spirulina [69, 74], chlorella
[74] and cyanobacteria [52]
grow in such
extreme environments. But
this also limits the range of
microalgae species which
can grow well in open pond
[76).
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An important consideration is the need for optimal light
delivery to all of the cells within the culture.

A design principle for photobioreactor is the unique
geometry, to maximize the surface area to volume ratio as
geometry also influences the light distribution.

An optimal reactor enhances light intensity / penetration, as
well as the frequency of cellular exposure to light.
Wavelength of light used to cultivate algae is also a design
factor. However, optimizing this aspect in systems
illuminated by natural light is much more challenging than in

PBR, the reactor orientation (for example a vertical flat panel
PBR orientated to north-south, Panel orientation has a large
effect on productivity and at higher latitudes the difference
between north—south and east-west orientation may go up to
50%.), reflection of light by the reactor walls and ground
surface, the light gradient in the reactor caused by light
absorption by algae.

Biomass production can be further improved by optimizing
for the reactor surface angle.

systems illuminated by artificial light, where the wavelength
of light can be selected.
The other aspects to be considered are the latitude of the

Photo-
bioreactor
design
aspects

e  Temperature controllers must be used in reactors to
optimize growth.

e Maintaining a constant reactor temperature has a
considerate effect on the energy requirement of the
production system.

e  Evaporate, cooling or shading techniques are employed
frequently to inhibit temperatures of high magnitude.

One important consideration is to maintain an optimal
cell density in order for light intensity and light
penetration to remain at optimal levels.

For this an effective mixing system needs to be
designed. To ensure adequate mixing, 2 minimum
liquid circulation velocity should be maintained.

Effective CO; delivery system should be installed.
Since the pH of the medium is linked to the
concentration of CO2 so commercial pH controllers
must also be used in reactors to optimize growth.

As photobioreactors are closed systems, all essential
nutrients must be introduced into the system to allow algae

to grow and be cultivated.

Factors
affecting
Lipid
synthesis °
physiolog
Temperature
Cell
density
|| COZ as _’
carbon
Nutrients
L_ Oxygen N
Removal

Facility for Oxygen removal or capture of the Oxygen
stripped from the reactors.

Figured. 4: Effect of various external factors on the photobioreactor design

considerations
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B. Closed reactor comparison

Productivity is the most important indicator for success of technology
behind a bioreactor [76]. Photosynthetic efficiency (PE) should also be
used in conjunction with volumetric productivity when evaluating systems

operated under similar climatic conditions [74].

Numerous types of closed photobioreactors have been designed in an
attempt to best control the growth factors discussed earlier. The three main
categories generally most suitable for large scale cultivation are,

tubular/horizontal, column/vertical, and flat plate or flat panel (FP)

reactors [74].

Tubular reactors are considered to be more appropriate for outdoor
cultivation [74, 76). They have large illumination surface [76] and over
that the curved surface results in the spatial dilution of light, which
significantly increases the PE [74] . A tubular photobioreactor consists of
an array of straight transparent tubes that are usually made of plastic or
glass. The solar collector tubes are generally 0.1 m or less in diameter.
Tube diameter is limited because light does not penetrate too deeply in the
dense culture broth, that is necessary for ensuring a high biomass
productivity of the photobioreactor [132]. Tubular reactors can be
configured in a vertical, horizontal or inclined plane. The major
differences in the configurations are that the vertical design allows greater
mass transfer [155], under high light intensity vertical reactors experience
less photo-inhibition, and under low light intensity vertical orientation
captures more reflected light. A vertical orientation also requires less land

area [74] , while the horizontal reactor is more scalable, but requires a
large area of land [76].

On the other hand, flat-plate photobioreactor is broadly in use due to
narrow light path, which helps maintaining higher cell densities by more

than an order of magnitude compared to other photobioreactors [76], large
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illumination surface area allows high photosynthetic efficiency [132].
Additionally, these types of reactors are favorable due to low power
energy consumption [74, 76, 82], high mass transfer capacity [74, 76],
reduction in oxygen build up [76, 132] due to shorter oxygen path, which
results in FP reactors having lower accumulation of dissolved oxygen
concentration than horizontal reactors [74, 132]. However, one major
drawback for FP reactors is that cell damage may occur because of high

stress resulting from aeration, a problem that has never been reported in

tubular reactors [74].

C. New technologies for enhanced growth, productivity and cost
reduction for biofuel production from algae

1)  Lipid enhancement technologies

a. Photosynthesis—fermentation model for enhancing lipid production

A photosynthesis—fermentation model was proposed to merge the positive
aspects of autotrophs and heterotrophs. This model involved the
photoautotrophic growth of C. protothecoides to increase biomass and
subsequent heterotrophic’ fermentation to maximize cell density and lipid
accumulation. Compared to typical heterotrophic metabolism, 69% higher
lipid yield on glucose was achieved at the fermentation stage in the
photosynthesis— fermentation model. CO, fixation takes place twice
(double CO, fixation) in both photosynthesis and fermentation stages,
which enhances carbon conversion ratio of sugar to oil, and thus, provides

an efficient approach for the production of algal lipid [156].

b. Genetic engineering

The ASP recognized that the key to unlocking profitable

commercialization of microalgae lies not only in species selection and
optimal cultivation, but -also in genetic and metabolic engineering. In

regard to genetic engineering, these species are amenable to firstly,
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nuclear transformation, necessary for metabolic control, secondly
chloroplastic transformation, for high levels of protein expression, and

thirdly, more straightforward approaches to genetic modification

compared to higher plants [149].

Knowledge of the function of a gene (or a set of genes), is the first step

towards solving the puzzle of metabolic pathway [157]. Manipulation of

metabolic pathways can redirect cellular function toward the synthesis of

preferred products and even expand the processing capabilities of

microalgae [149, 157]. As an alternative to manipulating culture

conditions, metabolic enginee
ry through mutagenesis or the introduction of

ring allows direct control over the

organism’s cellular machine
transgenes [149].

Genetic engineering could enhance fuel production in a variety of ways
t

including improving photosynthetic efficiency, increasing biomass

productivity, increasing cellular lipid content, and improving temperature
e to reduce cooling expenses. In addition, genetic

tolerance of alga
rease algal cell’s tolerance to light saturation, photo-

engineering could inc
inhibition, and photo-oxidation [74].

n algal species engineered to use atmospheric nitrogen,

In the longer ru
instead of nitrogen fertilizers that are now required, will be a great step

as production of nitrogen fertilizers is heavily dependent of

forward,

petroleum [153].

e case of algae, only for a limited number of species, the whole

In th
ed, or is currently being generated in

ome sequence has been generat
rojects.

ater chlorophyte, has probably been best

gen

e of the algal genome P Genomics of Chlamydomonas

on
reinhardtii, a unicellular freshw

studied [157]-
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c¢. Two stage cultivation process

It was found that the lipid content more strongly impacts the economics
than the growth rate does: for the open pond case, when lipid content is

either doubled or divided in half, the net cost impact is twice as large as a

similar adjustment in growth rate. This is because increasing the areal

growth rate merely decreases the size of the growth system (and

associated costs) relative to the amount of algal biomass being grown

while an increase in the oil content actually decreases the amount of algal
biomass that must be produced
(thereby reducing all downstream pro
throughputs). Although the photobioreact
sensitivity to oil content than to the algae growth
ss pronounced; this is due to the photobioreactor growth system

to achieve a set oil production target
cessing costs due to lower equipment
or case also shows greater cost

rate, the cost savings is

le
exhib
opportuni
the key implic
more beneficial to tar

rate. Given that, in reali

iting a much larger fraction of the overall cost, and thus less savings
ty to be seen with lower downstream throughputs. In either case,
ation for research going forward is that it is economically
get improvements in lipid content than algal growth

ty there is typically a tradeoff between the two

parameters [151].
ultivation method i.e. growth and lipid

However, an optimal two stage ¢
[150]. One such two-stage cultivation

accumulation is under investigation
process for a high starch yield from
stage using a N and Fe supplemented med

rate and concentration of biomass, foll
free medium for a few days [145].

C. vulgaris strain : a first cultivation
jum to attain a maximum growth

owed by a second stage, that

involves cell cultivation ina N and Fe-

2) Cost reduction technologies

ocial cost of producing algal biodiesel at 52.3 € GJ'1 is

Currently the s
ed biodiesel (36.0 € GI'l) and fossil fuels (15.8 € GJ'1)

higher than rapese
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[55]. Changes in microalgal production cost will have a large impact on

the competitiveness of microalgal biodiesel [62].

A few cost effective production technologies could be biofuels production
from microalgae, coupled with flue gas CO; mitigation, waste water
treatment and production of high value chemicals [60, 158], recycling
culture medium which will reduce the amount of water needed and lower

the operating costs [73]. A recent study on water footprint of pond culture

with and without water recycling revealed that water recycling approach

can produce almost five times more energy per liter of water used [65].

a. Use of alternative-and cheap nutrient source

Even though the biomass and lipid productivities during mixotrophic
growth are significantly higher compared to autotrophic growth, the cost
of glucose could contribute about 80% of the total cost of growth medium
making mixotrophic algae cultivation economically unfeasible. Cheap

carbon sources, such as, crude glycerol from biodiesel industry, sugars

from industrial and agricultural waste,
great promise for the cultivation of mixotrophic algae [77].

e thus attempted to find less expensive organic carbon

ydrolysate was tested instead of sugars, with

cellulosic materials and cane

molasses offer
A few studies hav
sources; corn powder h
favorable results in terms

lipid content [140].

of productivities of the resulting biomass and

In an experiment on Chiorella protothecoides, 10 further increase lipid

yield and reduce biodiesel cost, sweet sorghum juice was investigated as

an alternative carbon source to glucose. The results indicated that sweet

sorghum juice could effectively enhance algal lipid production, and its

plication may reduce the cost of algae-based biodiesel [159]. Another

ative carbon source could be glycerol but it was seen that the

ic growth with glycerol as the carbon resource showed low

ap
altern
heterotroph

level of cell concentration and lipid production, compared to that of
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glucose [141] . However, in one experiment C. curvatus has been seen to

produce a high biomass density, biomass yield, and cellular lipid content

with glycerol [130].

CO, as a nutrient represents one of the most costly components in the
cultivation of microalgae [74]. Supply and transfer of CO; accounts for
nearly 1/3 the cost of algal cultivation [143]. Therefore, it may be
necessary to supply it discontinuously. Using hollow — fiber membranes
may improve mass transfer and reduce costs [74]. Even a system, that

couples a waste CO; source with the cultivation of CO; fixing organisms

can not only reduce cultivation costs but also reduce or remove CO,, an
+]

environmental pollutant [52]. Flue gas from power plants [52] is desirable

source of CO; [74, 52]. Productivities and photosynthetic efficiencies
were very similar under conditions of pure CO; versus flue gas. Moreover.

the presence of NOx and CO in flue gas did not inhibit the growth of

microalgae [74].
rce could be sodium bicarbonate (NaHCO3) following the
by means of NaOH from combustion flue gasses. In the

CO, can be provided by using biogas from the
which contains 30-45% CO,

The other sou
recovery of CO;

agro-industrial sector,

anaerobic digestion of agro-industrial waste,
g CO, emissions from the aerobic composting of animal manure.

or by usin
there are two aims: on the

In the case of biogas from anaerobic digestion,

one hand to provide the algal culture with carbon
from it [52].

and on the other hand to
purify the biogas by removing CO2

b. Culture in waste water

Microalgae biomass contains considerable amounts of proteins and, on the

n the quantity of nitrogen (N) required as

basis of biomass compositio:
16 tons N/ha, which means that microalgae

fertilizer, is estimated to be 8-
production involves enormous amounts of N fertilizers. The use of such
large quantities of fertilizer for microalgae cultivation raises questions
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about their environmental impact [52]. A variance analysis has shown that
if nutrients are added as fresh chemicals to the pond, the overall energetic
balance may be negative [160]. Furthermore, the use of fertilizer
contributes to 10-20% of the cost of algal biomass production [77]. Algae
also have a large water foot print in terms of energy returned on water
invested (0.5-1.1 for enclosed and 0.05—1.0 MJ per liter for open ponds)

[77]. Water consumption represents a major challenge for future biofuel
production [65].
similate organic carbon (heterotrophic

Algal cells have an ability to as:

growth) as well as inorganic nutrients, such as; nitrogen and phosphorus

from the wastewater [147] (industrial, municipal and agricultural [78,

154]. Therefore, developing algae production approaches, that effectively

use wastewater resources, can minimize both water and nutrient

requirements will help reduce resource constraints [50]. Phyco-

remediation of wastewaters has been suggested for a number of by-

ations for the biomass generated [154]. The coupling of

product applic
tewater treatment and biodiesel production based on

advanced was

promising technology [80] - It provides advantages such

microalgae is a
low energy requirements [79] and algae receives an

as, cost effectiveness,

dium rich in required nutrients and the wastewater is

inexpensive me
further treated in the process [80, 161].

Many experiments have already made use of wastewater from carpet mill

[78] and digested diary manures
ghter house wastes, municipal waste

effluents from a local dairy farm [147],

swine slurry [162], poultry litter, slau

compost plant/lan
ater sources are rich in the organic

and wastewater, dfill leachate and effluents from

anaerobic digesters [77]. Wastew
nutrients, but are opaque creating an issue with light penetration to support

gal growth. Therefore, growt
aters.

al h of most of the photosynthetic algae is

adversely affected in these W There are a number of algae that are
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facultative heterotrophic and prefer, if available, an organic carbon
substrate over fixing carbon dioxide. Some algae are mixotrophic and can

simultaneously drive phototrophy and heterotrophy to utilize both

inorganic (CO-) and organic carbon substrates, thus leading to an additive

or synergistic effect of the two processes that enhances the productivity

and in turn capability of microalgae to grow in wastewaters. The
mixotrophy could overcome problems associated with the growth of

phototrophic algae viz. light limitation at high cell densities and dark

colored (opaque) wastewaters [77].

due to variation in the composition of
ir potential [78]. The

Apart from being opaque,
wastewater, only specific algae may perform to the
most widely studied microalgae species for nitrogen and phosphorus

removal are Scenedesmus, Chlorella, and Spirulina [80]. The level of

ty also influences _the overall productivity as well as individual
rates of lipids and carbohydrates in each strain of algae [80,

saline water culture systems periodic supplementation of

salini
production
161]. Further, in

freshwater is necessary, as the culture water system (pond or bioreactor)

can accumulate excessive amounts of salt due to evaporative loss [65].

ystis and cyanobacterial species such as

Marine algal strains, like Gloeoc
w very well in carpet industrial

Anabaena and Limnothrix, can gro

wastewaters, suggesting the presence of some unique osmotic adjustment

and regulation mechanisms to tolerate hypo-osmotic stress conditions

[78].

indicated that Nannochloropsis sp. cannot tolerate lower

shwater for long. This finding was consistent with other
howed that marine microalgae could tolerate a wide range

uld not survive prolonged exposure to low salinity or

One study
salinity or fre
reports which s
of salinity but cO

freshwater due to osmotic Stress [158].
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According to Razon et al, elimination of the fertilizer reduces the overall
energy deficit, and as result, increases the net energy ratio. However, it
may be difficult to maintain the monoculture in an open pond if primary
treated wastewater is used [82] . Extensive water treatment equipments
need to be installed to prevent the bacterial and other microbial flora in the

waste water to interfere with the algal biomass production [65].

Operations such as passing wastewater through filters and pH adjustment
culation may offset any savings in fertilizer [82] and can

as well energy input of the production facilities. One way

before ino

increase the cost

to tackle this issue is to provide high government incentives to production

_rich waste water (e.g., municipal, carpet mills,

ater) for algal biomass production

units which use nutrient

dairy farms, treated industrial waste w
[65].
it is essential to select strains capable of growing in variety of

Therefore,
improving water quality and simultaneously producing

-methane and bio-ethanol [78].

wastewaters,

feedstock for biofuels viz. biodiesel, bio

Further microalgal production has been suggested as economically

feasible only by combining thi
production of food, high-value add

gas abatement or wastewater treatment [1

s technology with other ones, such as; co-

ed products or fertilizer, green house

62].

perfusion culture process

c. Long term Outdoor cultivation through

y, a novel outdoor cultivation process was developed that

In one stud
plume instead of seawater for both nutrient and heat

utilizes the thermal
sources for the place

thermal plume used in this

s where the temperatures are extremely low. The
study was seawater that had been used as the

coolant water in a nuclear power plant. This novel design takes advantage

of the thermal energy of the disch
d with outdoor large cultivat

arged water, and resolves the problems

associate ion. Using this unique culture

system, Chlore produce lipids for biodiesel

Jla minutissima was grown to
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under long-term outdoor cultivation conditions. Since the thermal plume
was originally obtained as sea water, and was only used to cool down the

nuclear tower, there was only about a 0.5% to 1% difference in MgCl; and

NaCl but there were no significant differences in the composition of other

minerals [144].

4.5.1.2.Microalgal Harvesting

After lipid synthesis, for further processing of microalgal biomass to

biofuels requires water removal from the algal cul
accounts for 20-30% of the total production cost [117]. Therefore, for
t harvesting method is very essential

ture. Harvesting alone

mass biodiesel production, efficien
[140, 163].

Selection of appropriate harvesting method is of great importance to the

economics of biofuels production. The appropriate harvesting method
upon the characteristics of the microalgae chosen [117],

depends strongly
as well as the specifications of the

viz. the density and size, respectively,

uct [140]. An optimal harvesting method should be species

desired prod

nt, should use less chemicals and energy, and if possible, also

independe
release intracellular materials [164].

Dewatering small sized and initial dilute cultures of microalgae is one of

the major challenges obstructing the emergence of algae based fuels [163].

Moreover, the cells normally carry negative C
onsible for their stability in a dispersed state

harge and excess algogenic

organic materials are resp
[140]. All these factors make economi
which requires high costs [117, 140, 164] and energy (163].

cal biomass harvesting difficult,

like, centrifugation, sedimentation,

Many harvesting strategies

flotation and micro-filtration, can be used to harvest

flocculation,

gae [117], clectrophoresis [14
generally be divided into a two-step

microal 0, 164] and any combination of these

[117]. Microalgae harvesting can
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process, including: The first step being bulk harvesting during which
microalgal biomass is separated from the bulk culture. This step
concentrates biomass to 2-7% dry weight. Then the second step, called
thickening, further concentrates the algal slurry. Thickening is more

energy intensive than bulk harvesting [164].

A. Harvesting Technologies

1) Centrifugation
It is a harvesting method which involves centripetal acceleration to

separate algal culture into regions of greater and less densities, thereafter

the algae and water is separated by draining th
gation to separate the

e excess medium.

Centrifugation can also be followed by centrifu

supernatant [76]. Laboratory centrifugation tests, conducted on pond

have shown that about 80 to 90% microalgae {few have also
[76]} can be recovered within 2-5

effluents,

shown it to be 95 to 100% efficient
minutes. Rapid and efficient nature of this method makes it one of the

most preferred methods for harvest
hod makes it economically unfeasible

ing of algal biomass. However, high

energy intensive naturé of this met

[117]. Moreover, processing large quantities of culture consumes a lot of

time, and exposure of microalgal cells to high gravitational and shear

forces can also damage them [164].

2) Gravity sedimentation

fficient method [1 17] and is commonly applied for

It is highly energy €
Microalgae like Spirulina, which

algae from water.

separation of micro
h density and large size, can successfully

settle well by virtue of their hig
sedimentation method. The rat
jon velocity. Microalgal harvesting can

be separated by e of sedimentation also

depends on the induced sedimentat

d by sedimentation through lamella separators and

be enhance
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sedimentation tanks [164]. However, it is a very slow process [163].

Sedimentation rate can be enhanced by addition of flocculants to the

system [164]. But then flocculants additions have their own pros and cons,

which have been discussed later, in Sub-section 4 of the present section.

3) Filtration

In this method algae culture runs through filters, which hold back algae

e water to. pass through them. The process takes place

Iters contain a thick paste of algae. Microfiltration, dead

and allow th
continually until fi

end filtration, vacuum filtration,
al Flow Filtration (TFF) area few different filtration forms [76].

pressure filtration, ultra filtration, and

Tangenti

Larger algae can effectively be recovered by vacuum filtration in

ter aid, while micro-
gae. However, vacuum and micro-

combination with fi filtration or ultra filtrations are

effective in recovering smaller al
filtration are costly, that notwithstanding biomass pumping requirement

e. They also require frequent membrane

17].

makes them energy intensiv
replacements, due to fouling [1

lled tangential flow filtration, is a high rate

Another filtration method, ca
d using this method. Another

method. About 70-89% algae was recovere
advantage of TFF is that it maintains the structure, properties and motility

of the filtered microalgae [164]- Considering the output and initial
according tO recent studies TFF and pressure

feedstock concentration,
ethods [76]. However,

filtration are energy efficient harvesting M
membrane replacement and pumping limit large scale harvesting by TFF
[164] .

Issues like back mixing make simple filtration methods, such as dead end
quate for dewatering microa
better separation. Filtration methods,

filtration, inade Igae culture. However, when
used along with centrifugation, give
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in spite being an attractive dewatering option, have extensive running

costs and hidden pre-concentration requirements [76].

4) Flocculation

Flocculation is a process in which solute particles in a solution join
together to form aggregates called floc [163], which helps in settling [164
165]. Conventional flocculation works by charge dispersion mechanism

[117]. Microalgae carry a negative charge [76, 164], as a result of

adsorption of ions originating from organic matter and dissociation or

jonization of surface functional groups [164], This common negative

charge does not let them self-aggregate within suspension [166].

Microalgae can be successfully harvested only by disrupting this stable

system [164]. Chemicals called flocculants help to counter this negative

charge on the surface of algae [166]. Flocculants displace the negative

charge and allow aggregation microalgae cells. Flocculation when

combined with sedimentation or filtration increases harvesting efficiency

[117].
a. Autoflocculation

Autoflocculation is the spontaneous aggregation of particles, resulting in

sedimentation of the microalgae [117]. At elevated pH, CO2 consumed

during photosynthesis, precipitates in the form of carbonate salts with

algal cells [167]. Carbon limitation or certain abiotic factors can induce

autoflocculation [117]. Hence,

limited CO>, auto-flocculates algal cells, and thus,
d to stimulate autoflocculation, as it can help to obtain

cultivation of algae in sunlight, with

helps in harvesting.

NaOH can be adde
the desired pH level [164].

Enhancing natural aggregation/bio-ﬂocculation of microalgae for simple

gravity settling could prove to be a promising method in terms of effluent

quality (total suspended solids) as well as economics of algal biomass
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recovery for biofuel production [165]. Large colonies (50-200 pm) are
often formed by algal species like Actinastrum, Micractinium,
Scenedesmus, Coelastrum, Pediastrum and Dictyosphaerium, which
dominate high rate algal ponds used for water treatment [168]. However,

more research is needed in this area and the exact mechanisms behind bio-

flocculation have yet to be investigated [165].

b. Chemical flocculants
It can be applied over a wide range of microalgal species [164]. In spite of

less operating cost, the chemicals added in the process can be hazardous to

the environment [76]. According to the nature of the chemicals flocculants

can be divided into inorganic and organic/polyelectrolyte flocculants

[169]. Table 4.4 shows the comparison between inorganic and organic

flocculants.

The negative surface charge on microalgal cells can be neutralized or

reduced by addition of inorganic flocculants of iron or aluminium [164].

These mul
[166]. Flocculants with high charge density are more effective [163].

Alums are
ewater treatment but they may also later on hin

tivalent salts vary in effectiveness due to their ionic charge

very effective in flocculation of algal biomass during

wast der the oil extraction

process of certain algal strains [117].

Organic flocculants or polyelectrolytes are cationic polymers, which

physically link cells together. The aggregation strength of the polymer

depends on certain specific properties. The organic flocculants to be used

will depend on the charge on the algal cells, pH and biomass concentration

of the algal culture [76]. High biomass concentrations help frequent cell-

cell encounter thus help flocculation. Mixing at low level can also perform

the same function as that by high biomass concentration, by bringing cells
together. But at the same time if shear forces are high it can also disrupt

the flocs. In addition to all the factors mentioned before, functional groups
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on microalgal cell walls are important, because they stimulate the

formation of negative charge centers on the cell surfaces [164].

Tabled. 4: Comparison of Inorganic and Organic flocculants

Parameters - | . . rorganic flocculants: .~ -~ Organic flocéulants - .
Nature of Multivalent salts. Poi)iél’;c!trdlyiés/ﬁdly%le;s —
flocculants .

Key Increasing molecular weight and | Flocculants that have a high

characteristics | charge on the polymers has been charge density are therefore

of an effective | shown to increase their binding | more effective.

flocculant capabilities [163, 164, 76].

Sensitivity to Coagulation using inorganic | Coagulation  using organic
pH coagulants is highly sensitive to pH | coagulants is less sensitive to
level [164] .. pH [164, 76] .

Dosage of A large concentration of inorganic Lower dosages of organic
flocculants flocculants is needed in order to | flocculants are required for
required maintain flocculation efficiency [76, | flocculation process [76, 164],

164], thereby producing a large | thus producing less quantity of
quantity of sludge [165] and may sludge and lesser contamination
contaminate the end product (for probabilities.
example addition of aluminium and
iron salts).

Applicability Although some coagulants may Wide range of applications
work for some microalgal species, [164, 76], i.e. they can be used
they do not work for others. for larger number of microalgal

species.

whereas no flocculation

lectrolyte gave better flocculation,
onic polyelectrolyte. Chitosan, commonly used for

be used as flocculent [76] . They are
ate the microalgal biomass [164].

Cationic polye
was found with the ani
water purification, can also
biodegradable and do not contamin

s too expensive to be used fo
er requires an additional chemical flocculant to

However, it i r economic algae. Further,

brackish or saline wat
induce flocculation [76]. Polym

marine microalgae (with sal
he flocculation for all cationic polymers [163].

eric flocculants are generally ineffective in

flocculating inity up to 36 g/L), but reducing

the salinity improves t
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c. Combined flocculation
It is a multistep process, which involves more than one kind of flocculants

During a study on marine microalgae, it was found that combination of

polyelectrolytes with inorganic flocculants or ozone oxidation followed by

addition of flocculants are effective methods of flocculation [164]

Similarly, flocculation,
method of harvesting, as it consumes less power [117].

when followed by sedimentation or filtration is a

cost effective

5) Electrolytic process

-coagulation takes place in three steps [164]:

Electrolytic process or electro
ytic oxidation to

sacrificial electrode undergoes electrol

Firstly, the
generate coagulants. Then particulate suspension is destabilized and

of emulsion takes place, after which the
gae move towards anode,

breaking destabilized phase again

aggregates 10 form flocs. In this process microal
where their surface charge gets neutralized and then the microalgal cells
cient and removes about 80-

form aggregates. This process is highly effi

95% of algal cells [164].

6) Flotation

als have shown that flotation is suitable for harvesting small,

Laboratory tri
ity separation process in which

unicellular algae [117]- Flotation is a grav
ubbles attach to solid particles and then carry them to the liquid

airor gas b
be more effective and beneficial

loatation has been found to

in harvesting micro
dimentation. This favors floatation, as

surface. F

than sedimentation,
downward in case of se

algae. In flotation the algae move

upward than

mass cultivation of algae requires
even less than 500 pm can be captured by flotation.
sis of bubble size, flotation can
n and electrolytic flotation [164].

high overflow rate. Particles with a

diameter
On the ba
flotation (D

be divided into dissolved air

AF), dispersed flotatio
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a. Dissolved air flotation

In this process pressure of a water stream, pre-saturated with air at excess

pressures, is reduced to bubbles of 10-100 um in size. It uses chemical

flocculants like alums and autoflocculation is achieved by

photosynthetically producéd oxygen, with bubbles to separate microalgae

biomass. DAF removes microalgae more effectively than settling and

moreover, settling requires flocculation pre-treatment [164].

b. Dispersed air flotation

on bubbles, an air injection system and a high speed

In dispersed air flotati
rm bubbles of 700-1500 pm size. The bubbles act

mechanical agitator, fo

by interacting with the negatively charged surfaces of algal cells [164].
The process can be made more effective by reducing the charge of the air

bubbles, by addition of cationic surfactant or any other chemical which

can give a net positive charge [117].
-dispersed flotation is another me
ed to harvest C. vulgaris, its cells showed an increase in

to 55%) in the flotation stage. Ozone also

Ozonation thod of creating charged

bubbles. When us

the lipid content (from 31%

causes lysis of the cells and releases biopolymers. Theses biopolymers act

as coagulating agents and enhance the separation method as well as the

rocess. Contamination in 0
nation-dispersed flotation. Moreover, it is an expensive

lipid extraction P pen ponds may prove

challenging for 0zo

process [1 17].

7) Electrophoresis techniques

which does not require any chemical addition.

It is a harvesting process;
eld makes charged algae to g0 out of the solution. Hydrogen,

An electric fi
er, sticks to the microalgal flocs and

y electrolysis of wat

e to the surface.
energy efficiency, and cost effectiveness are a few

generated b
carries thes Environmental compatibility, safety,

versatility, selectivity,
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benefits of using this method. Fouling of the cathodes and systems getting
damaged by high temperatures, as a result of high power requirements, are

the main disadvantage of this method [164].

B. Integration of different harvesting techniques

Harvesting of microalgal biomass is one of the bottlenecks for biofuel

production from microalgae [73]. It can be inferred from the above

different harvesting methods that each of these have their own advantages

and disadvantages, and it also shows that efficiency of one method can be

integrated with another method, i.e., inte
method which integrated

increased if grating sedimentation

ulation [164]. Another such efficient

with flocc
_air flotation was used for harvesting

electro-flocculation with dispersed
Botryococcus praunii [73]. Thus, integrati

efficient technology for harvesting microalgae.
rvesting, oil extraction, and refining

on of different methods is an

While undertaking research on ha
processes for biofuel production from microalgae, nature and type of

nsidered. Shape of algal cells, cell wall

microalgal strain should be co
vary
me strain are not similar in nature [73].

structure and oil composition from one algal strain to another, even

two different cultures of the sa

4.5.2. Oil extraction

oil extraction. The extracted oil is then

Harvesting is followed by
ation of dried biomass

[117]. Direct transesterific
Igal and fungal species [53].
nd chemical methods in the

converted into biodiesel

has also been reported in some microa

ne by physical methods 2

Oil extraction is do
on of the two. Method used for

extractions,
d be fast, easily scalabl

ora combinati

form of solvent
e, effective and should not damage

extraction shoul

the extracted lipids [117].

Not every oil fraction is suitable

n-lipid contents also

for biodiesel production, and moreover.
get extracted along with lipid contents.

sometimes NO
hosen should not only be lipid specific

Therefore, the extraction process ¢
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but should also be selective towards desirable lipid fractions (neutral lipids
containing mono, di, and trienoic fatty acid chains) [140]. Removing
water, beyond 10-30 wt% dry biomasses, is energy intensive [140]

Therefore, if a lipid exiraction methodology can be applied to a wet

feedstock, it can save a lot of energy [170] .
A. Pre-treatment: Cell disruption methods

Depending on the type of biomass, sometimes before oil extraction, pre-

treatment of biomass may be required. This is generally not required for

extraction from wet biomass, as solvents normally rupture the cells. Cell

disruption is oné such pre-treatments method. Cell disruption method will

depend on the type of biomass, state of biomass and scale at which it

needs to be applied at [117].

Various cell disruption methods are; microwave application, sonication
£

bead beating, autoclaving [117, 140], grinding, osmotic shock

homogenization, freeze drying [117] and 10% (w/v) NaCl addition [140] .

Microwaves generate high frequency waves, which shatter cells via shock

induction. It was recently suggested to be an efficient method for

disruption of oil containing plant cells. Sonication, widely used for

microbial cells, disrupts both cell wall and membrane by cavitation effect.

While in bead-beating, high-speed spinning W
f the cell. Bead-beating has gained success, on

ith fine beads causes

mechanical disruption 0
both bench and industrial scales [140].

including bead-beating, sonication, autoclaving
?

Various methods,
and 10% (W/v) NaCl addition, were experimented

microwave application,

for disruption of Botryococcus sp- C. vulgaris and Scenedesmus sp.

ating and microwave were found to be most efficient specifically

Bead-be
nication had the lowest efficiency.

of Botryococcus Sp-» whereas soO

in case
unii, not only sonication but bead-

On further experimentation on B. bra
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beating was also found to be better than other methods like french pressing

or lyophilization, and homogenization. Despite its high efficiency, the

only drawback of bead-beating is that, it is not easily scalable.
microwave oven and autoclaving were

When experimented on C. vulgaris,

found to be most efficient methods, while bead-beating turned out to be

the worst method. Microwave can also easily be scaled-up. For

Scenedesmus sp., the microwave oven method gave the best result

whereas the efficiencies of sonication,
ere almost similar. In case of C. vulgaris and Scenedesmus sp,

ing results similar to

bead-beating, and osmotic shock

methods w
ock in spite of being simple and show

osmotic sh
8 hours). Therefore, cell

bead-beating,
fficiency for lipid extraction in microal
action method [140].

requires longer treatment time (4

disruption € gae differs from species

to species and also depends on the employed extr.

B. Oil extraction methods

1) Solvent extraction method

thod, extraction of algal oil is done with the use of solvents. The

choice of solvent will depend on th

Further, the solvent should be inexpens
xtractor of other non-lipid com

In this me
e species of microalgae chosen.

ive, non-toxic, volatile, non-polar

and poor € ponents of the cell.

Lipids have different kinds of interactions which also need to be broken

-polar organic solvents disrupt hydrophobic

for effective extraction. Non

ons between non-polar/neu polar organic solvents like

tral lipids;

interacti
s disrupt hydrogen bonding between polar lipids. Strong ionic
ed by shifting pH towards more alkaline

present, can be. disrupt

alcohol
forces, if
[117].
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Solvents like chloroform [170], benzene and ether have already been tried

but hexane has gained more popularity as a chemical for solvent extraction

and it is also relatively inexpensive.

Hexane solvent extraction can either be used alone, or it can also be used

in combination with the oil press/expeller method. After extracting oil

with expeller, the oil from the remaining pulp can be extracted by mixing

it with cyclo-hexane. Cyclo-hexane dissolves oil into it and the pulp is
filtered out. Then, with the

separated. The two methods (

help of distillation oil and cyclo-hexane are
cold press & hexane solvent), when used in

combination, can extract more than 95% of the total oil contained in the

algae. The disadvantage of using s
in use of the chemicals. Benze

n also lead to explosion hazard

olvent extraction is related to dangers

ne is a carcinogen, while chemical

involved
[171]. Hexane though has been

solvents ca

found to be 1
n-lipid contaminants, and has high

ess efficient than chloroform, is less toxic, has low affinity

towards no er selectivity for neutral lipid

fractions [170].

2) Supereritical carbon dioxide (SCCO») extraction
It is one of the promising green technology methods, which has the
raditional organic solven

potential to displace the t
jon unit consists of a feed pump for

methods. A typical extract
to the extraction vessel,

compression and transportation of liquid CO2
s installed inside an ove and a heated micro-metering

t lipid extraction

which i n module,
SCCO;. Once the oven is heated, the

pressurize incoming

valve to de
in a supercritical state and

compressed CO, enters the heated oven,

extracts lipid from the microalgae-

y decompressed, CO, evaporates as gas to the ambient,

Once completel
and forces the extracted lipid to precipit

glass vial [170]. Su

and low toxicity. Inte

ate out and collect in the adjoining

percritical carbon dioxide has high solvating power

rmediate difﬁlsion/viscosity properties of the fluid
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lead to favorable mass transfer equilibrium and this process produces

solvent-free extract. High infrastructure and operational cost associated

with this process are its main disadvantages [170].

C. Algae oil properties and composition

On average oil content of algal cells varies between 1% and 70%, but can

reach 90% of dry weight under certain conditions [135]. The accumulated

oil in almost all microalgae is mainly triglyceride (>80%) [135].

Algal oil contains saturated and monounsaturated fatty acids [133]. The

average fatty acid contents of the algal oils are 36% oleic (18:1), 15%

palmitic (16:0), 11% stearic (18:0), 8.4% iso-17:0, and 7.4% linoleic

(18:2) [172, 133], whe
number of carbons; the number a
bonds [139]. But most microalgal oils differ from p
are rich in polyunsaturated fatty acids [173, 135, 134, 133]. This feature
gal species that can be used [173], as it makes algal oil
e and reduce their acceptability for

re the number before the colon represents the total
fier the colon is the number of double

lant oils because they

limits the al

to oxidation during storag

susceptible
performs poorly compared to its

use in biodiesel production and

mainstream alternative [135, 133].

ve an excellent cetane number and oxidative

Highly saturated fatty acids gi
] Therefore, not all algal oil

Is commonly oceur [154]). Chlorella
acids and thus are suitable

stability to biodiesel [152 s are adequate for
suitable oi
ly saturated fatty
s also suitable for biodiesel

making biodiesel, but
ontain on

[152]. B. braunii i
f oleic acid, a mono unsaturated

species are found to €
for biodiesel production
production due to its high proportion o

fatty acid [140].
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4.5.3. Oil & Biomass processing

4.5.3.1.0il processing

Presently, the common procedures of biodiesel preparation from

microalgae involve the following steps: the extraction of lipids from

microalgae, the removal of excess solvent, and the production of biodiesel

catalyzed by homogeneous or heterogeneous catalyst [174]. Here in the

case of algae oil again similar kind of engine problems occur with the

direct use of neat algae oil, and thus can be overcome with the three

possible processes as suggested in case of neat Jatropha oil in Chapter 3.

A. Oil processing methods
1) Conventional methods of oil processing
microalgae oil can also be processed

pyrolysis and catalytic cracking,
Details for all the

Similar to Jatropha oil processing,

via methods like micro-emulsion,
genation of algal oil.

transesterification and hydro,
3, while a few points specific to P

methods are given in Chapter rocessing

of algal oil are explained below.
e of Jatropha, in order to deal with high free

As mentioned earlier in cas
n with base catalysts

could be used in conjunctio

fatty acids, acid catalysts
fatty acid content, acid

ce algae oil has high free

(two stage process). Sin
s extracted from microalgal

catalysts should be the method when using oil
biomass [110]. In cas® of algal oil, here again the tWO stage process i.e.

acid catalysts ar¢ used in the primary stage to convert free fatty acid to

methy] esters, followed by a base catalyst process t0 convert the remaining

triglycerides to methyl esters [1 10].
erification method is also used but the
aximum yield. For example, a

g of lipids in

Though the base catalyzed transest
found to give m

two stage process has been
ME was obtained from 250 m

maximum Yield of 10 mg of FA
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the following conditions: 0.6 N hydrochloric acid-methanol catalyst for
0.1 hour at 70 °C, using the lipids extracted from Chaeotoceros mulleri. In

only 3.3 mg of FAME was produced when sodium hydroxide

me conditions that gave maximum

comparison,
was used as the catalyst, at the sa
FAME yield [110]. In case of enzymatic transesterification of algal oil,
here again if the lipase s immobilized, it can be easily separated from the
Iltration, or when the lipase is in a packed

reaction mixture [110, 117]) by fi

bed photobioreactor (PBR) [l 10], no separation is necessary after

transesterification [110, 117].

t on a yellow green algae, Nannochloropsis oculata

its high fatty acid content), effect of CaO and MgO has
fits offered by heterogeneous catalyst as

e basic catalyst, they were

In an experimen

(preferred due to

been studied to avail the bene
Jatropha. Since CaO and MgO ar

discussed for
n of microalgal lipid which

o be active for transesterificatio

not found t
e the most active catalysts for transesterification of oils with a

otherwise ar
when they are mixed with AlL O3

low amount of free fatty acids. However,

(also not active

transesterification activity increases

Among the mixe
d could be reused at least twice [64].

for microalgal lipid transesterification), the

as a function of the amount of CaO

and MgO on ALOs. d oxide catalysts, 80 wt. %

CaO/Al,O3 was the most active an
2) Insituor direct Transesterification

ich both extraction and transesterification of the

It is one step method in wh
algae oil take place simultaneously in the reactor [53]. It not only reduces
also lowers the final biodi

mes lesser time than the

esel cost by reducing the

the procedure units but
[174]. It also consu

process [175]. After the microalgae are dried, to
ation during transesterification, it is crushed
| acts as the extractant as well as

overall process cost
conventional twWo step
ap form

prevent unwanted SO
les [53)- Methano

into small solid partic
two

simultaneous processes extraction and

reactant.  1he
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transesterification, demand solvents with different polarities. Therefore

methanol is mixed with a non-polar solvent in a suitable ratio

Experiments have shown that methanol an
ciency of the extraction. Here methylene dichloride

d methylene dichloride in ratio

of 3:1 enhance the effi

acts as a co-extractor [1 74].

e-step process gave higher methyl ester yield than

Results showed that on
e biodiesel also had higher HHV.

the conventional two step method. Th
Iso shift the extraction equilibrium and promote

elped to reduce the overall heat
]. Table 4.5 shows

One step process could a

the extraction efficiency. It also h

of biodiesel production [174

requirement and cost
n of two step and direct transesterification.

compariso

ison of Two steps/ Conventional and One step/Direct

Tabled. 5: Compar
Transesterification 1174]

i

two-step | Both extraction and reaction of the

| The conventlonal
oil are performed

Conversion

process method involves the extraction algae
of lipid and the removal of simultaneously in the reactor, thus,
excess solvent followed by simplifying the conversion process by
transesteriﬂcation of extracted reducing the procedure units.
lipid.
Overall The overall process cost is high. Reduces the overall process cost.

process cost

_-—_—_________,._——-——-'/.-———-—-.—‘""
hed only 22.2% | The highest methyl ester yield of

The yield reac :
28.0% was obtained through one-step

Biodiesel
yield through two-step method.
method operated at 65 °C for 4 hours
with 45 mL mixed  solvent
(methanol/methylene dichloride = 3:1,
v/V) and 10% catalyst .
——-—-—-"'L,/”

conversion route exhibited many inherent

tional complexities,

s, like: operad
high cost, which limited its application on commercial

While conventional
high energy consumption

disadvantage
and comparatively
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scale for biodiesel production from microalgae. Moreover, a lot of waste

s formed during purification of the pr
mental problem [174]. However, the reported in situ

n usually used homogeneous acid or alkali as

liquid i oduct, disposal of which is
another environ
transesterification reactio
catalyst, which resulted in complexity of products purification and

environmental problem unavoidably. T
one-step transesterificatio

ochloropsis sp-) microalgae on
ase catalyst), which reduced the process of the

sion of waste liquid. The catalyst was

[174).

o overcome the above problems of

transesterification, n was performed to produce

biodiesel from (Nann
base catalyst (Mg—Zr solid b

product purification and the emis
y from microalgac residue

heterogeneous solid

separated easil

B. Microalgae biodiesel
perties of biodiesel from microalgae oil, in

The physical and fuel pro
e of diesel fuel. Microalgal oil is not as

general, were comparable to thos

stable as fossil fuels.
Tabled. 6: Comparison of properties of biodiesel, diesel fuel and ASTM standard

[124]

Viscosity (cSt at 40 °C) / : =

Flash point (°C)
]
Solidifying point (°0) . -12 -50to 10
3.0( max - Sum
Cold filter plugging -11 -3. é 1;1) mer max 0
point °C) Ma;( = s
Acid value(mg KOH g") 0.374 . X 0.
__-—-—-—-*"“"""/""46-75-—
Heating value(MJ kg") 41
1.81 N
H/C ratio 1.81 .
. —

that algal piodiesel properties, like: density, viscosity,

Table 4.6 shows
e with the ASTM biodiesel standards.
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While microalgal biodiesel showed a much lesser value of cold filter

plugging point of -11 °C in comparison with that of diesel fuel [124].

4.5.3.2.Biomass Processing

Both, algal biomass (with intact lipid) as well as lipid extracted algal
biomass residues can be processed to produce energy via different
conversion technologies. Lipid extracted algal biomass residue are rich in

carbohydrates (polysaccharides), proteins [176] , and pigments [73] . They

can further be processed to produce a wide range of biofuels like bio-

methane, bio-ethanol, bio-hydrogen and bio-butanol etc [117]. They can
unt of biogas, which can improve the overall energetic

produce a great amo
production system [177]. Lipid extracted algal

and economic of the energy

biomass can also be utilized to produce hydrogen gas, which is a clean and

efficient energy carrier and forms only water as a byproduct [177].

Conversion technologies of algal
biomass for energy production

|

y
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Thermo-chemical conversion
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o  Gasification +  Anaerobic
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«  Pyrolysis

Bio-chemical conversion

Figured. 5: Different conversion technologies of algal biomass for energy production

Figure 4.5 shows different energy production processes from algae. There

are basically two types of conversi
biomass into biofuels, thermo-chemical and biochemical

on technologies for converting

microalgae
Thermo-chemical conversion techniques include direct

conversion.
sis, thermo-chemical liquefaction and gasification

combustion, pyroly

[178]. The biochemical conversion techniques include alcoholic
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fermentation, anaerobic digestion, and photo-biological hydrogen

production [179].

A. Thermo-chemical conversion

In addition of the production of biodiesel, using oils extracted from

microalgal cells, various thermo-chemical conversions have been applied

for production of algae [117]. Main thermo-chemical processes include

liquefaction, pyrolysis and gasification [36].

1) Gasification

It is also known as hydrothermal process [180], during which partial

oxidation of biomass at high temperature of around 800 to 1000 °C

produces mixture of combustible gases. Biomass reacts with oxygen and

steam water to produce mixture of gases known as syngas. Syngas consists
hydrogen, carbon dioxide and nitrogen. Syngas can

of gases like methane,
produce energy, or can be used as a fuel to run

be either directly burned to
diesel or gas turbine engines [117].

Gasification is an environmental friendly process of biomass conversion

into biofuels. Water is heated above its critical temperature and pressure
during which physical properties of water like,
viscosity, density and thermal conductivity of water decrease drastically.
The ionic product is almost three times higher than th
High temperature water behaves as a very good solvent and completely
dissolves and breaks the organic compounds.

s is that it does not require drying of the high water containing algal
which otherwise would have been used

dielectric constant,
at of normal water.

The advantage of this

proces
biomass and saves 2 lot of energy,

for drying purpose [180].
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2) Thermo-chemical liquefaction

In liquefaction process, biomass is converted to liquid fuel [181]
Liquefaction takes place at temperatures between 200-350 °C in the
presence of a catalyst [182]. At sub-critical condition of water, biomass

breaks into small, reactive and unstable molecules [117] and then re-

polymerizes t0 form wide range of molecular products. Alkali salts, like

potassium and sodium carbonate can act to hydrolyze cellulose and

hemicelluloses into smaller fragments [183]. In a liquefaction experiment

on Botryococcus braunii at 575 K catalyzed by sodium carbonate, a

maximum yield 64% dry wt. basis of oil was produced [36]. Depending on

the species, liquefaction of microalgae produces between 30%-65% dry

weight of oil [1 17].
jon of wet biomass into bio-crude oil is the major advantage of

which saves the energy required in drying the
132]. Moreover, from energy

Convers
liquefaction process [117],

high water containing algae culture [36,

balance point of view, liquefaction process was found to be net energy

producer. When compared to supercritical carbon dioxide method of oil

extraction from microalgae, hydrothermal liquefaction was found to be

more effective in producing oil
akes them very expensive [117].

from microalgae [36]. However, the

complex nature of the reactors m

From the above it is clear that hydrothermal liquefaction is an effective

method of biofuel production from microalgae,
rmation about this process, more research in this area is

but in spite this, due to

lack of much info
required [36]-

3) Pyrolysis

sis is conversion of biomass into bio-oil in the absence of oxygen,

Pyroly
in the absence or presence of a catalyst. It is a waste free and pollution free

process during which biomass decomposes into charcoal, condensable

116



organic liquids, acetic acid, acetone, methanol and non-condensable

gaseous products [117].

With increase in the temperature the amount of liquid product increases
and that of charcoal decreases [132, 36]. Slow pyrolysis produces more
charcoal, while fast pyrolysis produces 75%wt. of liquid bio-oil, 15-25 %
wt. solid charcoal and 1020 % wt. non-condensable gases. Flash
pyrolysis, which takes place at around 500 °C with short vapor residence

time, produces 95.5% of liquid biofuel. Pyrolysis of microalgae has been

found to produce higher quality bio-oil than that obtained from pyrolysis

of lignocelluloses [117].

The pyrolysis oil or bio-oil produced by fast pyrolysis is two to three times

cheaper than gasiﬁcation and fermentation processcs. However, due to

low quality, their use in conventional gas
not possible. They have high oxygen content, are highly acidic, and also

have high water content of about 25 to 50 % wt. To make them

oline and diesel fuel engines is

compatible with current fuels they should be deoxygenated. Several

upgradation methods include hydro-treating, aqueous-phase processing

and zeolite conversion [184].

It has been found that lipid containing biomass produce more bio-oil, and

thus, have higher heat balances [I 17). And moreover, the extra oil

produced from pyrolysis of oil extracted biomass can also reduce the

overall production cost.

4) Direct combustion

The biomass can also be directly combusted in the presence of air, to

liberate energy for heating furnace, boilers and steam turbines. The

conversion efficiency of biomass to energy is more favorable than that of

direct combustion of coal. The major disadvantage of this process is the

huge amount of energy required for drying of microalgae culture, which
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may affect the energy balance. Therefore, in spite of more efficient than
coal, the pre-treatment cOSst makes it less viable than coal. The overall
efficiency of the process may be improved, if combusted along with coal

Limited data on viability study of combustion of biomass requires further

research and development into it[117].

B. Biochemical conversion

1) Anaerobic digestion of microalgae

Anaerobic digestion of biomass takes place in the absence of air. It

produces biogas which is a mixture of methane and carbon dioxide [36]

The anaerobic digestion not only converts the residual biomass left after

lipid extraction but also recycles the nitrogen and phosphorous, which are

added as a source of fertilizer during the algae culture. It has been found

that the methane produced from lipid extracted algal biomass via

anaerobic digestion, produces more energy than that obtained from the

lipid [185].

Biodegradability of microalgae, due to its biochemical composition and
nature of cell wall, formation of toxic ammonia [185, 36] due to high
ntent [36]) and presence of sodium in the

protein content (nitrogen €O
ter performance [185, 83, 36] are

marine species which affects the diges

the three main bottlenecks which have been identified for this process.

However, the biodegradability can be improved by pretreatment of the

y acting on its physicochemical properties [185]. The

biomass b
concentration [83, 185],

nt processes may include substrate

pretreatme
bases, ozonation), thermal treatment and

chemical treatments (acids,
which improve the disi
processes increase methane yield

ultrasonic lysis, ntegration of the most refractory

organic fractions. These. pretreatment

[186].
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Among the various pretreatment options, thermal treatment i.e

temperature was found to be most effective. When heated at 100 °C for

about 8 hours, it was observed that methane production increased by 33%
Further, when cultured in nitrogen limited conditions, it not only increased
the lipid content but also reduced the protein content, and thus, reducing

ammonia release during anaerobic digestion process [185] .

Inhibiting effect of sodium inhibiting could be avoided by the use of

adapted marine inoculums. Additionally, a study underlines the fact that

the sodium is less inhibitory in mesophilic conditions than in thermophilic

conditions, which limit the energetic consumptions of this step [83].
Theoretical methane yield depends on the composition of the microalgae.
Lipid has higher methane production potential in comparison to
carbohydrate and protein. M

lipid content of the microalgal bi

ethane yield increases with the increase in the
omass. However, lipid hydrolyses slowly

in comparison to protein and carbohydrates [1 85]

The lipid extracted from biomass can be processed to produce biodiesel,

mass residue can further be proce

ce methane, thus, increasing the
s. However, the potential methane yield is less from

ssed via anaerobic digestion

while the bio
overall energy yield and

process to produ
production economic:

the lipid extracted algal biomass,
d jeopardize the process stability [185].

while ammonia production increases,

which may strongly limit an

It has been seen that C/N between 20 and 35 enhances the methane yield.
Thus, co-digestion of high nitrogen containing substrate with poor
nitrogen containing substrate,  Of in other words, substrate, with high

jons can signiﬁcantly enhance the methane yield. Moreover

carbon fract

co-digestion also helps to dilute certain toxic compounds and maintain

their concentration under their toxic threshold [185].
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Production of methane via anaerobic digestion of the raw algae does not
require drying of the biomass, and thus can greatly reduce the overall
production cost by removing the harvesting and drying cost, which alone
is about 20% to 30% of the production cost. Further when harvesting and

drying cost combine with the extraction cost, this alone is about 50% of

the total production cost. And thus, use of anaerobic digestion process

could avoid a significant cost and reduce the total energy debt [83].

For algal lipid content jower than 40%, the energetic added value when

recovering lipids is lower than 21% of the recovered energy [78] . Thus

when lipid content of the cell is less than 40%, anaerobic digestion is a

better option with respect to energetic recovery and energy balance of the

biomass [185].

2) Fermentation

Fermentation is the process which produces ethanol from sugar and starch

containing crops. It has been used commercially on a large scale in many

countries. As of now, corfl, which contains about 60-70% starch, is the

dominant feedstock of the bio-ethanol industry worldwide [132] . Algae

can also be used as a feedstock
starch is converted to sugar with the help of enzymes and then by yeast,

r be converted tO bio-ethanol. Initially, starch is
yme and then the cell

for bio-ethanol production. The algal

this sugar can furthe
released by using mechanical equipments or an enz
degrade, after which Saccharomycess cerevisiae yeast is

are allowed to
ess. This produces ethanol,

added to it to
which is taken

begin the fermentation proc

out of the tank and fed to distillation units [36].

3) Biophotolysis
gae and cyanobacteria can be used to produce biological hydrogen

Green al
[187). Three different ways to produce

by bio-photolysis of water
hydrogen include, direct photolysis, indirect photolysis and ATP-driven
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hydrogen-production. During direct photolysis the resulting hydrogen and
oxygen are continuously flushed out. Both photosynthesis and water
splitting take place simultaneously and produce hydrogen and oxygen

This can be a major safety risk, and also result in extra cost in separating

hydrogen and oxygen. Apart from the separation cost, the other major

costs include the cost of photobioreactor and hydrogen storage facility
[36].

4.6.Concluding Remarks

Increasing demand for clean energy, diminishing petroleum fuel supply

and their increasing cost, will further increase tremendously the need for

production of more biofuels. Though there are many alternate sources for

biofuel production, but among them algae has come up as one of the most

potential source.

Algae are the most efficient biological producers of oil and fats, and oil

synthesized by microalgal cells is similar to those present in conventional

sources. For an adequate algae species

terrestrial oil crops and waste oil
have both, high biomass productivity

for producing biodiesel, it needs to

and high lipid content.

Techniques rooted in biology, can have a dramatic impact on the
nomics of algac production. A better understanding of physiology of

eco
hesis can increase the ability of algae

fatty acids and triacylglycerols synt

ies to enhance lipid and oil pro
ffects of various environmental/external

spec duction during cultivation. It is also

clear from the above review that e

factors (light, temperature, cell

oxygen, nutrients) play a very vital

density and mixing, contamination
£

role in deciding an appropriate way of

f algae. Thus, the knowledge of

bioreactors design and culture 0

gy of fatty acids and triacyl
s can further be used for system

physiolo glycerols synthesis and effects of

various environmenta]/extemal factor
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optimization, which is required to achieve high lipid yields for large scale

cultivation.

Various studies have shown that on applying stress conditions (limited
nitrogen & phosphorous), the lipid content increased but at the same time
it also reduced the microalgae growth, thereby affecting the overall lipid

productivity. Therefore, the optimal culture conditions for lipid

accumulation should be the balance between high biomass and high lipid

content.

Algae can be cultured in both open and closed pond systems. Open ponds

are more economical and easy to operate, but they are limited by

biological factors such as organism survival due to contamination and

offer very little control over factors such a

temperature etc. which affect the productivity and growth of microalgae
o very low. Therefore, in

s carbon dioxide uptake, light,

Further, the flexibility to strain selection is als
order to be able to utilize more number of algae s

ation and biofuel production we need to focus

pecies for successful

cultiv on closed system

cultivation especially on photobioreactors.

But even photobioreactors face many challenges and need to be designed

for system optimization. Photobioreactor design and configuration should
be such that it best controls all the environmental and external factors.
of biodiesel is another major obstacle for

stainable and cost-effective systems must be put

le cultivation. A few cost effective production

The high cost
commercialization. Su

into place for large sca
ofuel production from microalgae coupled with

technologies could be bi
ste water treatment and production of high

flue gas CO2 mitigation, wa
value chemicals.
knowledge of physiology can also be

Apart from system optimization,
the application of biotechnology and

used to improve yield through
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genetics. Genetically modifying the oil-storing capabilities of algal cells
make them more efficient than they are in nature. Since the whole genome
sequence has been generated only for a limited number of species, there
still exists an enormous potential in this field. Moreover, they can be used
to generate energy in several ways. By using thermo-chemical processes,
oil and gas can be produced, and by using biochemical processes, ethanol,

biodiesel and bio-hydrogen can be produced.

Microalgae cultures have high water content, which must be separated in

order to produce biofuels. It can be inferred from the above review that

there is no exclusively best method of harvesting microalgae. The choice
of preferable harvesting
and desired end product.

biomass highly increases the

technology depends on algae species, size, density

Moreover, harvesting and drying of microalgal
overall operational cost of biofuel production
n order to produce biofuels from microalgae

from microalgae. Therefore, i

economically, more research and development is required to find out an

efficient and commercially viable harvesting technology.

There are many processes of getting energy from algae, but each of them

th advantages also carries a few disadvantages. Research for few

along wi
and moreover currently, biofuel

of them is still in very early stages,

production from algae is still very expensive to be commercially viable.

e early stage of research and high cost, it can be said that

Considering th
there is still a long way to go to perfect the process

biofuel manufacturing process.

of optimizing the algae

n the current research inputs, it appears that apart from

Therefore, based O
ptimal methods to cultivate algae, one also needs to

identifying the most O
identify the most optim
them. A lot of work is al

and it is hoped that there wi

al method for efficient biofuel manufacturing from
ready being done in each of these two aspects,

Il be many more to come soon.

123



