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Microalgae Cultivation Fundamentals

Yuan Kun Lee

Abstract Microalgal cultivation has attracted much attention in recent years, due to
their applications in CO, sequestration, biofuels, food, feed and bio-molecules
production. The general requirements for successful microalgal cultivation include
light, carbon, macronutrients such as nitrogen, phosphorus, magnesium and silicates
and several micronutrients. This chapter discusses the principles of microalgae
cultivation with regards to essential requirements and growth kinetics.

Keywords Microalgae - Light - Nutrient supply - Culturing - Growth kinetics

1 Introduction

Microalgal cultivation has attracted much attention in recent years, due to their
applications in CO, sequestration, biofuels, food, feed and bio-molecules produc-
tion. Estimates of the number of algal range from 350,000 to 1,000,000 species,
however only a limited number of approximately 30,000 have been studied and
analysed (Richmond 2004). Microalgae are a diverse group of organisms that occur
in various natural habitats. Many of the microalgae studied are photosynthetic,
whilst only few of them are known to grow mixotrophically or heterotrophically
(Lee 2004). The general requirements for successful microalgal cultivation include
light (photosynthetic and mixotrophic), carbon, macronutrients such as nitrogen,
phosphorus, magnesium and silicates and several micronutrients (species depen-
dant) for their successful cultivation. This chapter will provide an overview of the
fundamentals of microalgal cultivation.
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2 Ilumination

Microalgal cultures receive light at their illuminated surface. The ratio between the
illuminated surface area and volume of cultures (s/v) determine the light energy
available to the cultures and the distribution of light to cells in the cultures.
Generally, higher the s/v the higher the cell density and volumetric productivity
could be achieved (Pirt et al. 1980). High cell density reduces the cost of harvesting,
as well as cost of media. Thus high s/v photobioreactors (PBRs) are generally
preferred. However it must be cautioned that high cell density may lead to shallow
light-path. Thus turbulence in the systems must be sufficient to facilitate light
supply to each of the cell in the culture system to sustain maximum photosynthetic
activity and growth. This would lead to reduced volumetric productivity.

2.1 Light Absorption

The quantity of light energy absorbed by a photosynthetic culture is mostly deter-
mined by cell concentration and not the photon flux density. That is, most photons of
low flux density could pass through a culture of low cell concentration, but all
photons of high flux density could be captured by a culture of high cell concen-
tration. Thus, cell concentration of a photosynthetic culture will continue to increase
exponentially until all photosynthetically available radiance (PAR) impinging on the
culture surface are absorbed. For example, a Chlorella culture with an optical
absorption cross-section of 60 cm® mg ™' chlorophyll a, and chlorophyll a content of
30 mg Chl a/g-cell, will require 5.6 g-cell m™2 or 0.56 g-cells L™" to absorb all
available photons impinging on a culture of 1 m (wide) X 1 m (long) < 0.01 m (deep),
irrespective of the photon flux density. Once this cell concentration is reached,
biomass accumulates at a constant rate (linear growth phase, Pirt et al. 1980) until a
substrate in the culture medium or inhibitors become the limiting factor.

2.2 Light Attenuation Through Mutual Shading

Once all the photons are absorbed by cells nearer to the illuminated surface, the
cells located below this “photic zone” do not receive enough light energy for
photosynthesis. This leads to the phenomenon of mutual shading. Thus, cell growth
is limited to the photic zone.

Let us consider a monochromatic light impinges on a microalgal culture,
where I, = incident photon flux density, I, = transmitted photon flux density,
a = absorbance coefficient or extinction coefficient of the culture at the wavelength,
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L = light path, and x = cell density. The relationship of absorbance and cell density
can be described by the Beer-Lambert Law:

log(1,/1;) = axL (1)

For a Chlorella pyrenoidosa culture with absorbance coefficient of 0.11 m? g~!
cell at the wavelength of 680 nm, 99 % of the light could only penetrate 3.6 cm into
a culture of 0.5 g L™, and 1.2 mm into a culture of 15 g L™" cell density. The final
cell density in outdoor shallow algal pond cultures was about 0.5 g L' (Richmond
2004), whereas the highest cell density achievable in a simple batch culture in a
narrow light path PBR could be >10 g L™' (Cuaresma et al. 2009; Doucha and
Livansky 1995; Pulz et al. 2013; Lee and Low 1991, 1992; Quinn et al. 2012;
Ugwu et al. 2005). Hence in most algal cultures indoors and outdoors, a significant
proportion of the algal cultures is kept in dark at any given time. As a consequence,
cells circulating in the culture receive energy intermittently.

Turbulence facilitates cycling of cells between the photic and dark zones. It was
indeed observed that the photosynthetic efficiency and biomass productivity of
microalgal cultures (Hu and Richmond 1996; Vejrazka et al. 2012) of different cell
densities were functions of the stirring speed or aeration rate. The mixing effect on
the areal productivity of outdoor Spirulina cultures was also demonstrated
(Richmond and Vonshak 1978). These studies suggest that long intermittent illu-
mination (and/or dark phase) leads to lower photosynthetic efficiency and pro-
ductivity. Improvement of both gas and nutrient mass transfer may also contribute
to the enhanced biomass productivity.

3 Carbon Supply

In high s/v PBR where most of the algal cells receive sufficient light energy to
sustain growth, CO, absorption, volumetric O, evolution, nutrient depletion and
metabolite excretion proceed at high rates, which may determine the overall pro-
ductivity of the culture (Pirt et al. 1980).

Inorganic carbon is usually supplied as CO, gas in a 1-5 % mixture with air.
High CO, partial pressure is inhibitory to most algae (Lee and Tay 1991). Another
mode of carbon supply is as bicarbonate. The balance between dissolved free
carbon dioxide (COy,g)), carbonic acid (H>COs3), bicarbonate (HCO3 ) and car-
bonate (CO5>") is pH and temperature dependent. Higher pH (alkaline) favours
forward direction of the balance equation:

COy(aq) + H20 =+ HyCO3 <5 HCO3™ + HT 5 CO3* +2H ™" (2)

The CO, absorption rate, i.e. the rate of CO, transfer from the gas to the liquid
phase (R) is expected to accord with the mass transfer equation (Lee and Tay 1991),
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R=Kpa(cs —¢) (3)

where K; is a constant, ¢ = interfacial area, ¢, = saturation concentration of CO,,
and ¢ = concentration of CO, in bulk liquid. The term K;a is known as the
“volumetric gas transfer constant”. In solution, the CO, hydrates to some extent to
form H,COs;. The equilibrium constant of the reaction CO, +H,0 «+ H,CO; is
given as K = [H,CO3]/[CO,]. The amount of carbonic acid or dissolved CO,
present at equilibrium will be directly proportional to the partial pressure of CO,.
The equilibrium between the CO,, bicarbonate and carbonate ions will depend on
the pH according to the Henderson-Hasselbach equations,

log[HCO3_]/[C02] = pH — PKI (4)
and
log[CO5*" ] /[HCO;™] = pH — pK, (5)

where pK, and pK, are the negative logarithms of the first and second dissociation
constants of carbonic acid respectively and the square brackets denote concentra-
tions. The values of pK; and pK, are respectively 6.35 and 10.3 at 25 °C, hence,
at equilibrium when the pH = 6.35, [HCO5; ] = [CO,], and when the pH = 10.3,
[CO;*"] = [HCO;]. Thus at the neutral pH of 7.5 at which the level of the [CO5*]
can be discounted and only the [HCO5 ] and [CO,] need be considered.

It should be noted that only the free CO, concentration (c) enters into Eq. (2) and
apparently the bicarbonate concentration should not affect the CO, absorption rate.

In a homogeneous culture which derives its CO, from the gas phase, at a
constant pH the net rate of CO, accumulation is given by

de/dt = Kpa(es — ¢) — pux/Y (6)

where u = specific growth rate, x = biomass concentration and Y = growth yield
from CO,. The interconversion rates of free CO, and bicarbonate ions are assumed
to be equal because they are in equilibrium.

The maximum CO, absorption rate is given by

Rmax = Kracy = uxY (7)
And the volumetric CO, absorption coefficient is given by
Kia = ux/cY (8)

The terms used in Eqgs. (7) and (8) are similar to those used in Egs. (3)—(6).

In a CO; limited culture with a Pco, of 0.05 atm (5 % CO, in air), it is assumed
that Eq. (8) would apply since ¢, would be about 10> M and generally for carbon
substrate-limited growth c is of the order 107> M.
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Fig. 1 The effect of water 4
temperature on the solubility

of carbon dioxide (www. 3.5
engineeringtoolbox.com)
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According to the theory outlined, although change in pH will affect the degree of
conversion of CO, to HCOj;", this should have no effect on the CO, absorption rate.
It is not to be excluded, however, that a pH change could affect the diffusivity of
CO, and the reaction kinetics of CO, at the interface, both of which could affect K .
Also the interfacial area (a) could be affected by the pH.

The effect of temperature on the overall solubility of CO, is depicted in Fig. 1: The
higher the temperature the lower the CO, in the culture (www.engineeringtoolbox.
com).

4 Oxygen Accumulation

Accumulation of photosynthetically generated O, is one of the main factors that
limit the scale-up of enclosed PBR. Oxygen production is directly correlated with
volumetric productivity, and dissolved O, concentrations equivalent to 4-5 times
that of air-saturations are toxic to many algae (Richmond 1986). These dissolved O,
concentrations could be easily reached in outdoor cultures, especially in tubes of
small diameter (high s/v). At maximal rates of photosynthesis, a 1 cm diameter
reactor accumulates about 8-10 mg O,/L/min. In order to keep the O, level below
the toxic concentration requires frequent degassing and thus one may have to resort
to short loops or high flow rates (Pirt et al. 1983). Manifold systems and vertical
reactors offer a significant advantage in this respect.


http://www.engineeringtoolbox.com
http://www.engineeringtoolbox.com
http://www.engineeringtoolbox.com
http://www.engineeringtoolbox.com
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S Nutrient Supply

Main considerations in developing nutrient recipes for algal cultivation and main-
tenance are as follows.

Nitrogen source: Nitrate, ammonia and urea are widely used as the nitrogen
source, depending on the ability of the alga to use the nitrogen substrate and
culture pH. pH of a culture medium containing nitrate tends to increase due to
the removal of proton (H"), whereas medium containing ammonium tends to
decrease due to the accumulation of H*. The pH of a urea-containing culture
maintains constant, in this case the algae must be able to produce urease to
utilize urea. Algae contain 7-9 % nitrogen per dry weight. Thus to produce 1 g
of cells in 1 L of culture, a minimum of 500-600 mg/L. of KNOj is required.
Minerals: These include potassium, magnesium, sodium, calcium, sulfate and
phosphate. Sea water is often phosphate deficient.

Trace elements: These include aluminum, boron, manganese, zinc, copper, iron,
cobalt and molybdenum. For solubility of the mixture of trace elements,
chelating agents such as citrate and EDTA are included.

Vitamins: Some algae (e.g. Euglena and Ochromonas) require vitamins such as
thiamin and cobalamin.

Total salt concentration: Depending on the ecological origin of the alga, for
example the green alga Dunaliella can only survive in a medium containing
0.5 M NaCl and the optimal salinity for growth is 2 M NaClL

pH: Most media are neutral or slightly acidic to prevent precipitation of calcium,
magnesium and trace elements.

5.1 Common Culture Media

The following are common culture media used for the maintenance and cultivation
of algae in laboratories (www.utex.org/prodmedia).

5.1.1 Bold Basal Medium

A medium commonly used for fresh water algae. It may be supplemented with soil
extract for growing algae isolated from soil.


http://www.utex.org/prodmedia
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Base media (i) NaNO3 10 g/400 mL
(i1)) MgS0O, - 7H,0O 3 g/400 mL
(iii) K,HPO, 3 g/400 mL
(iv) KH,PO4 7 g/400 mL
(v) CaCl, - 2H,0 1 g/400 mL
(vi) NaCl 1 g/400 mL

Trace element solutions (i) EDTA 50 g/L
KOH 31 g/L
(ii) FeSO,4 - 7TH,O 4.98 g/
Water acidified with 1 mL H,SO,
(iii) H3BO3 11.42 g/
(iv) ZnSO4 - TH,0 8.82 g/
MnCl, - 4H,0 1.44 g/l
MoO; 0.71 g/L
CuSO, * 5H,0 1.57 g/
Co(NO3), 0.49 g/L

10 mL of each of the base medium (i)—(vi) and I mL of each of the trace element
solution (i)—(iv) are made up to a final volume of 1 L. The medium may be

solidified in 15 g/L agar.

5.1.2 N8 Medium for Chlorella and Other Green Algae

mg/L
Na,HPO, - 2H,0O 260
KH,PO, 740
CaCl, 10
Fe EDTA 10
MgSO, - TH,0 50
Trace elements 1 mL
Trace element stock

g/L
Al(SOy,); - 18H,0 3.58
MnCl, - 4H,0 12.98
CuSO, - 5H,0 1.83
ZnSO4 - TH20 32
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5.1.3 Bristol Medium
For 1 L medium, to approximately 900 mL of dH,O add each of the components in

the order specified while stirring continuously. Bring total volume to 1 L with
dH,0.

mL Stock solution (mL) Final concentration (mM)
NaNO; 10 10 g/400 mL dH,O 2.94
CaCl, - 2H,0 10 1 g/400 mL dH,O 0.17
MgSO, - 7TH,0 10 3 g/400 mL dH,O 0.3
K,HPO, 10 3 /400 mL dH,O 0.43
KH,PO, 10 7 g/400 mL dH,O 1.29
NaCl 10 1 g/400 mL dH,O 0.43

5.2 Sterilization

Sterilization of culture media is mandatory, even if the algal cultures are not
bacteria-free, to avoid additional contamination. All glassware, pipettes and media
should be sterilized before use by autoclaving for 15 min at 15 pounds pressure.
Seawater could not be autoclaved, for this would cause precipitation of salt from the
medium, sterilization could be achieved through pasteurization and filtration ster-
ilization (Little et al. 1987).

6 Culture Methods

6.1 Cultivation on Solid Media

Streaking method is commonly applied. This could be done on agar plate in petri
dish (Fig. 2), or on agar slant in test tube (Fig. 3). The slant in test tube has a smaller
surface area compared to the petri dish, thus allowing less growth. However it has
the advantage of preventing drying thus the culture could be stored for relatively
long term (6 months to a year).

To prepare an agar slant, the molten agar medium, after autoclaving, is intro-
duced into a test tube. The test tube is tilted, the agar medium is allowed to cool and
harden in a slant fashion.
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Fig. 2 Streak microalgal culture on agar plate

Fig. 3 Streak microalgal culture on agar slant

6.2 Cultivation in Liquid Culture Media

6.2.1 Batch Culture

This is the most common method for cultivation of microalgal cells. In a simple
batch culture system, a limited amount of complete culture medium and algal
inoculum are placed in a culture vessel and incubated in a favourable or otherwise
defined environment for growth. Some form of agitation, such as shaking or
impeller mixing, is necessary to ensure nutrient and gaseous exchange at the cell-
water interface. The culture vessel can be a simple conical flask (Fig. 4) or an
environment controlled fermentor.



10 Y.K. Lee

- -

Fig. 4 Batch cultivation of liquid microalgal culture in conical flask

In a photosynthetic or mixotrophic culture, CO; is supplied by either purging the
conical flask with CO, enriched air (e.g. 5 % v/v CO, in air) and capped, or by
gassing the culture continuously with CO, enriched air. The culture can be illu-
minated externally by either natural or artificial light sources, or through optical
fiber, placed in the culture vessels.

Batch culture is widely used for commercial cultivation of algae for its ease of
operation and simple culture system. Since the process is batch wise, there is low
requirement for complete sterilization. When light is the rate-limiting energy source
which impinges on the culture surface continuously, strictly speaking this is not a
batch culture, but a constant volume fed batch system.

Mixing and Turbulence

One obvious reason for mixing is to prevent the microalgal cells from settling to the
bottom of the culture system. Settling occurs when the flow is too slow and will be
particularly severe in the culture region where turbulence is smallest (dead space).
Clearly accumulation of cells at dead corner of the culture system will result in cell
death and decomposition. This decreases the output, and adversely affects the
quality of the product. In extreme cases, toxic materials might form with ramifi-
cations far greater than mere effect on decreased productivity.

Another reason to maintain high turbulence relates to the nutritional and gaseous
gradients which are formed around the algal cells in the course of their metabolic
activity. For example, active photosynthesis at midday creates extremely high
concentration of dissolved O, which may reach over 400 % saturation, and is
inhibitory to cell growth. Vigorous mixing decreases the O, tension in the culture
(Richmond 1986).

A large raceway pond cannot be operated at a water level lower than 15 cm,
otherwise a severe reduction of flow and turbulence would occur. The main
objective for creating a turbulent flow in the culture relates to the phenomenon of
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mutual shading (Cuaresma et al. 2009; Doucha and Livansky 1995; Pulz et al.
2013; Lee and Low 1991, 1992; Quinn et al. 2012; Ugwu et al. 2005).

A turbulent flow causes a continuous shift in the relative position of the cells
with respect to the light zone. Thus, turbulence, in effect, causes the solar radiation
impinging on the surface of the culture system to be distributed more evenly to all
the algal cells. It is well documented that the photosynthetic system of the algal
cells is saturated by high light within seconds, and the cells is able to use the light
energy to perform photosynthesis in the dark for a brief period of time, such is the
flashing light effect (Lee and Pirt 1981; Vejrazka et al. 2012).

The Paddlewheel has almost become the standard method of mixing in pond
culture system, with one large paddlewheel per pond. It is a relatively expensive
device, with a power demand of about 600 W for a pond of 100 m* (Richmond
2004).

Growth Phases

The different growth phases, which may occur in a batch culture, reflect changes in
the biomass and in its culture environment.

Lag Phase

An initial lag phase where the specific growth rate is at the sub-maximum level may
often be observed. The growth lag could be due to the presence of non-viable cells
in the inoculum. The growth lag could also be the period of physiological adjust-
ment due to changes in nutrient or culture conditions. For example, growth lag may
be observed when shade-adapted cells are exposed to a higher irradiance. Lag phase
may be prevented or reduced when cells at a late exponential growth phase cultured
in a same culture medium and growth conditions are used as inoculum.

Exponential Phase

At the late lag phase, the cells have adjusted to the new environment and begin to
grow and multiply (accelerating growth phase), and eventually enter the expo-
nential (or logarithmic) growth phase. At the latter phase, cells grow and divide as
an exponential function of time, as long as mineral substrates and light energy are
saturated (Fig. 5), IA > u,,X. V/Y, where,

Photon flux density in the photosynthetically available range (J m > h™"),
Mluminated surface area (m?),

Maximum specific growth rate (h™"),

Biomass concentration (g m73),

Culture volume (m?),

Growth yield (g J71)

~ < ™E RS

Doubling Time, Specific Growth Rate and Output Rate
When the culture environment is favourable and all nutrients required for cell
growth are present in a non-growth limiting quantity, i.e. at sufficiently high
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Fig. 5 The growth phases in A
a photosynthetic microalgal
culture

Exponential phase

Linear phase Stationary phase

v

concentrations so that minor changes do not significantly affect the reaction rate,
most unicellular algae reproduce asexually. The size and biomass of individual cells
increase with time, resulting in biomass growth. Eventually, the DNA content is
doubled in quantity and cell division ensues upon complete division of the cell into
two progenies of equal genome and of more or less identical size. Population
number is thereby increased, and population growth is therefore referred to as
increase in population of the number of cells in a culture.

The time required to achieve a doubling of the number of viable cells is termed
doubling time (#y). It is also termed generation time, as it is the time taken to grow
and produce a generation of cells. The number of cells in an exponentially growing
microbial culture could be mathematically described as follows:

2Ny — 2'Np — 22Ny — 2°Ny — 2"Ny (9)

Ny Initial number of cells
N Number of doublings (generations)

Number of doublings (n) at a time interval ¢, is determined by the relation #/z,.
Thus, the number of cells (V,) in an exponentially growing culture after being
incubated for some time, #, can be estimated as follow:

_ nt/d
Ny =2""Ny (10)
Nt/NQ =In2- l/ld
During the exponential growth phase, the growth rate of the cells is proportional
to the biomass of cells. Since biomass generally can be measured more accurately
than the number of cells, the basic microbial growth equations are often expressed in
terms of mass. A biomass component such as protein may be used as an alternative to
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direct weighing of biomass. Hence, Eq. (10) can be modified, by assuming the
biomass concentration at time O (initial) and time 7 as X, and X, respectively:

ln(X, — X())/l = 1n2/td
d(InX)/dr = 0.693 /14

d(InX)/dX - dX/dt = 0.693 /1 (11)
1/X - dX/dt = 0.693 /14
1= 0.693/tq

where u represents the specific growth rate (h™') of the culture. It defines the
fraction of increase in biomass over a unit time, i.e. an increase of certain g-biomass
from every g of existing biomass per hour. One should take note that the specific
growth rate of a photosynthetic culture is the average growth rate of all cells present
in a culture, but not necessarily the maximum specific growth rate of the individual
cells, as each cell receives different photon flux density across the light gradient
away from the illuminated surface (Pirt et al. 1980).

The expression of the rate of microalgal growth as a specific growth rate avoids the
effect of cell concentration, i.e. the output rate of a culture at a concentration of 1 g/LL
is 1 g-biomass/L/h with a doubling time of 1 h, whereas the same culture with the
same doubling time produces 10 g-biomass/L/h at a biomass concentration of 10 g/L.

Linear Growth Phase
In the light limited linear growth phase, the relationship between the biomass output
rate and the light energy absorbed by the culture can be expressed as follows.

IA=uX V)Y (12)

The above equation suggests that, if the value of growth yields (Y) for a par-
ticular microalga is a constant, the specific growth rate (1) changes with changing
cell concentration (X). The only specific growth rate that could be maintained at a
constant value over a period of time is the maximum specific growth rate at light
saturation. Thus, it is only meaningful to compare the biomass output rates
(X, g L' h™") of light-limited photosynthetic cultures.

At the cell level, the growth rate (x) of a light-limited photosynthetic cell is
determined by the photon flux density. The relationship between the photon flux
density (/) and the specific growth rate has the form of the Monod relation.

where,

4m  Maximum specific growth rate,
K7 Light saturation constant, numerically equals the photon flux density required
to achieve half of the maximum specific growth rate
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In a study on the photosynthetic bacterium Rhodopseudomonas capsulata, the K;
for monochromatic light at 860 nm, in which photons are mainly absorbed by
bacteriochlorophyll, was 25 pmol m™2 s~ ' (Gobel 1978). The K; value of carotenoid
pigment (absorbing light at 522 nm) was 103 pmol m 2 s~'. Apparently, bacteri-
ochlorophyll has a higher affinity for light than carotenoids. The maximum specific
growth rate of Rhodopseudomonas culture was, however, independent of the
wavelength used. In addition, the light harvesting pigment content of the photo-
synthetic culture did not affect the affinity (Kj) or the uptake rate of light energy.
The alteration in pigment content observed at different specific growth rates was
interpreted as a physiological adaptation of the culture aimed at maximizing photon
absorption.

Stationary Growth Phase

Eventually a soluble substrate in the culture medium is exhausted; the culture enters
into stationary phase (Pirt et al. 1980). In this phase, photosynthesis is still being
performed and storage carbon products, such as starch, neutral lipid, are
accumulated.

6.2.2 Continuous Culture

In continuous flow cultures, fresh culture medium is supplied to the homogeneously
mixed culture and culture is removed continuously or intermittently. The approach
is based on the observations that substrates are depleted and products accumulate
during growth, eventually, culture growth ceases due to depletion of the growth
limiting substrate or accumulation of a growth-inhibiting product. To sustain cell
growth, the growth-limiting substrate needs to be replenished and the growth
inhibitory product needs to be removed or diluted by adding fresh culture medium
(Pirt et al. 1980).

Principles of Continuous Flow Culture

For simplicity, let us assume that the medium feed rate and the rate of removal of
culture (F) is the same, and the culture volume is a constant, V (Fig. 6). A peristaltic
pump is most suitable for delivery of medium into the culture, for the mechanical
parts are not in direct contact with the medium.

The culture could be removed by another peristaltic pump, or through an
overflow located at the side of the culture vessel.

The increase in biomass in the culture can be expressed as follows:

Net increase in biomass = Growth — Biomass removal



Microalgae Cultivation Fundamentals 15

Exit Gas

—— > Sampling Port

Air Filter Air Filter
— }—<—air+co,
Feed Pump Harvest Pump

Air Filter _@7 —@—)— Alr Filter
N
|

| N ST |
Light Light
- . Impeller
Medium Reservoir —— Harvesting Reservoir

Stirred Bioreactor

Fig. 6 Schematic illustration of a continuous flow culture setup

For an infinitely small time interval dt, this balance for the culture could be
written as,

Vdx =V - Xdr — FXdt (14)
where,

V' Culture volume (m3),

dx Increase in biomass concentration (g m_3),
u  Specific Growth rate (h™"),

X Biomass concentration (g m ),

dr Infinitely small time interval (h),

F  Culture flow rate (m> h™})

Thus,
dx/dt=(u—F/V)-X (15)
The term F/V represents the rate of dilution of the culture. For example, medium

is added into and culture removed from a 5 L algal culture, at a flow rate of
10 L h™". The rate of dilution of the culture is 10/5 = 2 h™". That is, the culture is
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diluted two times every hour. The F/V is termed dilution rate (D) with the unit of
h™'. Thus, the above equation could be written as,

dx/dr = (u— D)X (16)

This equation suggests that at steady state, the specific growth rate equals the
dilution rate (u — D = 0), dx/dr = 0. That is, no net increase in the biomass
concentration takes place. This steady state condition is readily demonstrated
experimentally.

The steady state is self-regulatory and history independent. That is, irrespective
of the initial cell concentration and physiological state, the steady state is identical
for a given set of conditions. In general, steady state of a chemostat (constant
volume continuous flow culture) could be reached after four-volume changes of the
culture, i.e. for a culture of 1 L volume; steady state could be reached after 4 L of
fresh culture medium has been pumped through. Theory indicates that it is possible
to fix the specific growth rate of an algal culture at any value from zero to the
maximum, by adjusting the dilution rate of the culture.

In a light limited continuous flow culture, where all incident PAR is absorbed,
the energy balance in the culture could be expressed as follows,

Net increase in energy content = Energy absorbed by biomass
— Energy in outflow biomass

For an infinitely small time interval, dz,
VAE = IAdt — FX - dt/Y
where, dE = Increase in energy content of the culture (J m ™)
dE/dt =1A/V — FX/YV
At steady state, dE/dt = 0 and D = F/V hence,
DX=IA-Y/V (17)

This relationship implies that for any incident irradiance, the output rate of a light
limited algal culture in steady state (uX = DX) should be a constant, if growth yield is
a constant value (Fig. 7). It should be mentioned that at the extreme low dilution rates
when the biomass concentration is high, the degree of cell shading of light could be
significant, leading to increased maintenance energy in intermittent illumination
(Lee and Pirt 1981) and lower biomass output rate as indicated in Fig. 7.

Any deviation from the constant value would suggest a change in the conversion
efficiency of light energy to biomass. For example, in a light-limited photosynthetic
culture where maintenance energy requirement (e.g. for motility, osmotic balance)
is a significant fraction of the total energy uptake, the steady state biomass con-
centration and biomass output rate may dip towards the lower dilution rates (Fig. 8).
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Fig. 7 Steady state biomass concentration (X) and biomass output rate (XD) as functions of
dilution rate (D) in a continuous flow culture system at constant light intensity. The intercept on
the X-axis denotes the Critical Dilution Rate (numerically equal the maximum specific growth rate)

XD or X

Fig. 8 Steady state biomass concentration (X) and biomass output rate (XD) as functions of
dilution rate (D) in a continuous flow culture system at constant light intensity. —m denotes
negligible maintenance energy requirement and +m denotes a significant maintenance energy
requirement
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6.3 Chemostat

The special type of continuous culture where the rate of addition of medium and the
rate of removal of culture is the same, and culture volume is thus maintained at a
constant level, is called chemostat (constant chemical environment). Chemostat is
widely used in research, for it allows full adjustment of the cells’ physiology to the
prevailing culture conditions and maintaining the specific growth rates at
pre-determined values. Culture parameters such as temperature, pH and substrate
concentration could be readily adjusted and studied at fixed specific growth rates. In
a simple batch culture, a change in a culture parameter leads inevitably to altered
specific growth rate. Such a batch culture could not differentiate between the effects
of culture parameters and the specific growth rate.

6.4 Fedbatch Culture

Unlike the conventional batch cultivation method where all the substrates are added
at the beginning of the process, fed batch process is a batch culture with feeding of
nutrients while the effluent is removed periodically. The volume of the culture could
be variable, by feeding the complete medium (Variable Volume FBC) or constant
(Constant Volume FBC), by feeding the growth-limiting substrate in the form of
solid, concentrated solution, gas or light. In the case where at the end of a culti-
vation cycle, the culture is partially withdrawn and replaced with fresh complete
medium, thereby initiating a new cycle. This is termed the cyclic FBC (Fig. 9).

DN

Ist cycle 2nd cycle 3rd cycle 4th cycle 5th cycle 6th cycle
Time

Fig. 9 Changes in the rate-limiting substrate concentration (S), biomass concentration (X),
specific growth rate (¢) and culture volume (V) in a Cyclic Fed Batch Culture system
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Large-Scale Production of Algal Biomass:
Raceway Ponds

Yusuf Chisti

Abstract Raceway ponds are widely used in commercial production of algal
biomass. They are effective and inexpensive, but suffer from a relatively low
productivity and vagaries of weather. This chapter discusses design and operation
of raceways for large-scale production of algal biomass.

Keywords Microalgae - Raceway ponds - High-rate algal ponds - Biomass pro-
duction

Nomenclature

A Surface area of raceway (m?)

C, Biomass concentration (kg m> )

D Dilution rate (h™ ")

d, Hydraulic diameter of flow channel (m)

e Efficiency of the motor, drive, and the paddlewheel
fu Manning channel roughness factor (s m~ /)
g Gravitational acceleration (9.81 m s_z)

h Culture depth in pond (m)

I Local irradiance at depth L (LE m2sh

1, Incident irradiance on the surface of the pond (LE m
K,  Light absorption coefficient of the biomass (WE m 2 s
K; Photoinhibition constant (LE mZsh

K;  Light saturation constant (LE mZsh

L Depth (m)

L, Total length of the flow loop (m)

h
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I Depth at which the local irradiance level is at the light compensation
point (m)

P Power requirement for paddlewheel (W)

PAR Photosynthetically active radiation

P, Areal productivity of biomass (kg m > d™")

PVC Polyvinyl chloride

P, Volumetric biomass productivity (kg m > d ')

P Length as shown in Fig. 1 (length of pond) (m)

Oy Feed flow rate (m> h™")

q Length as shown in Fig. 1 (width of pond) (m)

Re  Reynolds number defined by Eq. (3)

At Time interval (d)

u Flow velocity in channel (m sfl)

43 Working volume of the raceway (m3)

w Channel width (m)

X;  Peak concentration of biomass (kg m ™)

X; Initial concentration of the biomass (kg m73)

Xp Pseudo steady state biomass concentration in the pond (kg m ™)

Greek symbols

u Viscosity of the algal broth (Pa s)

Uay  Depth-averaged specific growth rate in the illuminated volume (d™")
ur  Local specific growth rate at depth L (d™")

Umax Maximum specific growth rate (d_l)

p Density of algal broth (kg m™)

1 Introduction

Raceway ponds, raceways, or “high-rate algal ponds”, were first developed in the
1950s for treating wastewater. Since the 1960s, outdoor open raceways have been
used in commercial production of microalgae and cyanobacteria (Terry and
Raymond 1985; Oswald 1988; Borowitzka and Borowitzka 1989; Becker 1994;
Lee 1997; Pulz 2001; Grima 1999; Borowitzka 2005; Spolaore et al. 2006; Chisti
2012). Such production does not use wastewater. This chapter discusses the bio-
mass production in raceways as typically used in commercial processes and not in
treating wastewater. The design and performance of raceways are discussed. The
factors influencing the biomass productivity in raceways are analyzed. A raceway is
an oblong and shallow recirculating pond with semicircular ends as shown in Fig. 1
(Chisti 2012). The flow and mixing are typically generated by a single slowly
rotating paddlewheel (Chisti 2012).
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2 Raceways

2.1 Typical Configuration

A raceway pond is a closed-loop flow channel with a typical culture depth of about
0.25-0.30 m (Fig. 1) (Becker 1994; Chisti 2007). A paddlewheel continuously
mixes and circulates the algal broth in the channel (Fig. 1). An algal biomass
production facility will typically have many ponds. The surface area of a single
pond does not usually exceed 0.5 ha, but can be larger.

Raceways generally have a flat bottom and vertical walls. If the thickness of the
central dividing wall (Fig. 1) is neglected, the surface area A of a raceway such as
shown in Fig. 1, can be estimated using the following equation:

2
A= % +pq (1)
The p/q ratio can be 10 or larger (Chisti 2012). If this ratio is too small, the flow
in the straight parts of the raceway channel begins to be affected by the disturbances
caused by the bends at the ends of the channel. The working volume V; is related to
the surface area and the depth & of the culture broth, as follows:
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V., = Ah (2)

The surface-to-volume ratio is always 1/h. A lower depth increases the
surface-to-volume ratio and this improves light penetration, but in a large pond the
depth cannot be much less than 0.25 m for reasons discussed later in this chapter.

A compacted earth construction lined with a 1-2 mm thick plastic membrane
may be used for the pond, but this relatively cheap setup is uncommon for biomass
production. Ponds used to produce high-value biomass are often made of concrete
block walls and dividers lined with a plastic membrane to prevent seepage.
Membranes made of ultraviolet resistant polyvinyl chloride (PVC), polyethylene,
and polypropylene are generally used and can last for up to 20 years (Chisti 2012).
Depending on the end use of the biomass, special care may be required to use liners
that do not leach contaminating and inhibitory chemicals into the algal broth
(Borowitzka 2005). The pond design must consider the mixing needs; the feeding
and harvesting of the algal culture; the carbon dioxide input; the drainage and
overflow; and the cleaning aspects. The key aspects of design and operation are
discussed here.

2.2  Culture Flow in the Raceway Conduit

The flow in a raceway conduit needs to be turbulent to keep the cells in suspension,
enhance vertical mixing, prevent thermal stratification, and facilitate removal of the
oxygen generated by photosynthesis. Whether the flow is turbulent depends on its
Reynolds number, Re, defined as follows:

_ pudy
1

Re

3)

In Eq. (3), p is the density of the culture broth, u is its average flow velocity, d, is
the hydraulic diameter of the flow conduit, and y is the viscosity of the algal broth.
Typically, the density and viscosity of water at the operating temperature are taken
to closely resemble the properties of a dilute algal broth (Chisti 2012). The
hydraulic diameter d, for use in Eq. (3) is defined as follows:

_ 4wh
 w+2h

h (4)

In Eq. (4), w is the width of the channel (Fig. 1) and # is the average depth of the
broth in it.

The flow in the channel is generally taken to be turbulent if the Re value exceeds
4000; however, the threshold of turbulence in channels is poorly defined and,
therefore, a higher Reynolds number of about 8000 is used as safer criterion of
turbulence (Chisti 2012). The flow in a rough channel becomes turbulent at a lower
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Fig. 2 A raceway pond with
deflector baffles

Deflector baffle

value of Reynolds number compared to the case of a smooth channel. In practice,
the average flow velocity in the channel is kept much higher than the minimum
required to attain a Reynolds number value of 8000.

In ponds with semicircular ends (Fig. 1), curved baffles or flow deflectors are
commonly installed at both ends (Fig. 2). The baffles ensure a uniformity of flow
throughout the curved bend and minimizes the formation of dead zones (Chisti
2012). Dead zones adversely affect mixing, allow solids to settle, and cause
unwanted energy losses (Chisti 2012). Other methods of preventing the develop-
ment of the dead zones have been discussed in the literature (Chisti 2012; Sompech
et al. 2012).

2.3 Power Consumption for Flow and Mixing

The power requirement P (W) for a paddlewheel to generate a flow of velocity u in
the straight channel of a typical raceway is estimated using the following equation
(Chisti 2012):

_ 1.59Apgu3f1\2,1

P €dl(1)'33

(5)

where A (mz) is the surface area of the pond, p (kg m3 ) is the density of the culture
broth, g (9.81 m s™%) is the gravitational acceleration, dj, is the hydraulic diameter of
the flow channel, f), is the Manning channel roughness factor, and e is the efficiency
of the motor, drive and the paddlewheel. Typical values of fy, are 0.012 s m~ " for
compacted gravel lined with a polymer membrane and 0.015 s m™ " for an
unfinished concrete surface (Chisti 2012). The e value is about 0.17 (Borowitzka
2005) for a paddlewheel (Fig. 3) located in a channel with a flat bottom. The
hydraulic diameter d), is calculated using Eq. (4). Equation (5) does not account for
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Fig. 3 A typical paddlewheel 8 Flat blades
for mixing and recirculation
of the broth in a raceway pond \ [
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head losses around bends, but can be used for estimating an approximate head loss
in a raceway of the total channel loop length L, (Chisti 2012).

As reflected in Eq. (5), the power required depends strongly on the flow velocity
and, therefore, the flow velocity must remain at a low value that is consistent with a

satisfactory operation (Chisti 2012). Although a flow velocity of 0.05 m s™' is

sufficient to prevent thermal stratification, a higher velocity of around 0.1 m s™" is
needed to prevent sedimentation of algal biomass (Becker 1994). In practice, a
straight channel velocity of at least 0.2 m s™" is required to ensure that the velocity
everywhere in a raceway is above the necessary minimum value of 0.1 m s~
(Becker 1994). Raceways for biomass production are frequently operated at a flow
velocity of 0.3 m s~' (Becker 1994). At this velocity, the Reynolds number in a
1.5 m wide channel with a broth depth of 0.3 m would be around 257,000.

The turnaround of the flow at the ends of the raceway contributes substantially to
the total power consumption. Installation of suitably designed semicircular flow
deflector baffles (Fig. 2) at the ends of the raceway is known to reduce the specific
power consumption (Sompech et al. 2012; Liffman et al. 2013) relative to baffle-free
operation, but contrary data have also been reported (Mendoza et al. 2013a). Design
of raceway ends to minimize the power required for a given flow velocity is further
discussed in the literature (Sompech et al. 2012; Liffman et al. 2013).

Under typically used conditions, the mixing of fluid between the surface and the
deeper layers is poor (Chisti 2012; Mendoza et al. 2013b; Sutherland et al. 2014b;
Prussi et al. 2014). This adversely affects productivity. In particular, poor mixing
results in inadequate oxygen removal during period of rapid photosynthesis and an
accumulation of dissolved oxygen to far above the air saturation concentration.
Improving mixing substantially would require prohibitively high input of energy.
Mixing requires energy and installation of devices to reduce the energy dissipation
associated with the turnaround of flow at the ends of a raceway actually reduces
mixing (Mendoza et al. 2013a; Prussi et al. 2014). Other measures have been
suggested for improving the energy efficiency of raceway ponds (Chiaramonti et al.
2013).
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Typically, the flow in raceways is characterized as being plug flow with little
mixing occurring in the direction of flow. Most of the mixing occurs in the region of
the paddlewheel and at the semicircular ends where the flow turns around. In a
20 m® raceway with a loop length of 100 m and total width of 2 m, operated at a
water depth of 0.2 m, the power consumption of the paddlewheel ranged from 1.5
to 8.4 W m >, depending on the velocity of flow (Mendoza et al. 2013a). This was
much greater than the range of 0.5-1.5 W m >, typical of larger commercial
raceways. The 100 m raceway required between 15 and 20 flow circuits for 5 %
deviation from the state of complete mixing in the configuration without the
semicircular deflector baffles installed at the ends (Mendoza et al. 2013a). The
mixing time ranged from 1.4 to 6 h (Mendoza et al. 2013a). With the deflector baffle
installed, the mixing time was longer, with 30—40 flow circuits being required for
5 % deviation from complete mixing (Mendoza et al. 2013a). This was likely
because the deflector baffles reduced the mixing potential of the semicircular ends.
The specific power consumption increased if the depth of the fluid increased or
decreased from 0.2 m (Mendoza et al. 2013a).

Computer simulations of pond fluid dynamics have resulted in design recom-
mendations for minimizing energy consumption while achieving sufficient mixing
to prevent sedimentation and dead zones (Sompech et al. 2012; Hadiyanto et al.
2013; Liffman et al. 2013; Prussi et al. 2014; Huang et al. 2015). The power
consumption can be greatly reduced by lowering the channel flow velocity at night
(Chisti 2012). The paddlewheel motor should always be sized for a flow velocity of
at least 0.3 m s~! and a further safety factor on power demand should be added
(Chisti 2012). The motor and drive should allow a variable speed operation, unless
the operational performance of a comparable raceway has been previously con-
firmed over an extended period (Chisti 2012). The drive mechanism should have a
turndown ratio of at least 3:1 (Dodd 1986).

2.4 The Paddle Wheel

Paddlewheels (Dodd 1986) are generally believed to be the most effective and
inexpensive means of producing flow in raceways. A raceway is typically mixed by
a single paddlewheel to avoid interference between multiple paddlewheels (Dodd
1986). An eight-bladed paddlewheel (Fig. 3) with flat blades is generally used
(Dodd 1986), but paddlewheels with curved blades are also in use. Other newer
configurations of paddlewheels (Li et al. 2014) are being developed and may well
be more efficient than the traditional paddlewheel of Fig. 3.

The raceway channel directly below the paddlewheel is generally flat, but a more
efficient configuration with a curved pond bottom has been described (Dodd 1986;
Borowitzka 2005; Chisti 2012). The load on the drive mechanism oscillates as the
paddles of a conventional paddlewheel (Fig. 3) move in and out of the algal broth.
The power demand and load oscillations may be reduced by displacing the paddles
at mid channel by 22.5° (Dodd 1986). This also lowers the maintenance demands
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(Dodd 1986). Paddlewheels are generally considered superior to pumps and pro-
pellers for driving the flow in a raceway pond.

2.5 Climatic and Topological Considerations

The geographic location (Dodd 1986; Oswald 1988) of a raceway-based production
facility has the greatest impact on biomass productivity. The climatic conditions of
the chosen location should be such that a consistently high biomass productivity is
achieved throughout the year. The main factors influencing productivity are the
average annual irradiance level and the prevailing temperature. Ideally, the tem-
perature should be around 25 °C with a minimum of diurnal and seasonal variations
(Chisti 2012). Other considerations are: the humidity and rainfall; the wind
velocity; the possibility of storms and flood events; and the presence of dust and
other pollutants in the atmosphere (Chisti 2012). Access to carbon dioxide and
water of a suitable quality are important.

Freshwater is always needed to make up for evaporative loss and prevent an
excessive rise in salinity (Chisti 2012). Evaporation rate depends on the local
environment, especially on the level of irradiance, the wind velocity, the air tem-
perature and the absolute humidity. An average freshwater evaporation rate of
10 L m™> d! has been noted for some tropical regions (Becker 1994). This
amounts to 0.01 m®> m2d"%, or 10 mm per day (Chisti 2012). The evaporation rate
of seawater from a pond is generally a little less than the evaporation rate of
freshwater under the same environmental conditions (Chisti 2012).

The price of land is a further factor to consider. Local topography and geology
must be suitable for construction of raceway ponds (Dodd 1986).

2.6 Temperature and Productivity

The culture temperature strongly affects the algal biomass productivity and in some
cases the biochemical composition of the biomass (Goldman and Carpenter 1974;
Geider 1987; Raven and Geider 1988; James et al. 1989; Davison 1991).
Furthermore, the daytime temperature history may affect the biomass loss by res-
piration during the subsequent night (Grobbelaar and Soeder 1985; Richmond
1990). Most algae grown in warm climates in raceways generally have an optimal
growth temperature in the range of 24-40 °C (Chisti 2012). Optimal growth tem-
perature typically spans several degrees, rather than being a sharply defined value.

The temperature in a raceway is governed by the sunlight regimen, evaporation,
and the local air temperature. Temperature is typically not controlled, as doing so is
impractical (Chisti 2012). Therefore, the temperature varies cyclically (Moheimani
and Borowitzka 2007; Tran et al. 2014) with the day—night cycle and the amplitude
of this cycle is affected by the season (Tran et al. 2014). In a tropical location with a
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uniformly warm temperature during the year and a moderate diurnal variation, a
high biomass productivity can be sustained year-round in a raceway without tem-
perature control so long as the alga being grown has been adapted for the local
conditions (Chisti 2012).

In temperate regions, the length of the growing season strongly influences the
average annual algal productivity (Chisti 2012). In production of high-value
products, implementing some level of temperature control may be feasible by
recirculating the algal broth from the raceway through external heat exchangers
(Chisti 2012), but this is rarely done.

Diurnal and seasonal variations in temperature in a raceway can be modeled
reasonably well (James and Boriah 2010). In a tropical climate, because of evap-
oration and other heat losses, the diurnal variation in temperature is generally less
than 10 °C (Chisti 2012). Growth may cease at the diurnal extremes of temperature,
but algae generally survive short periods at up to 40 °C (Chisti 2012). Increasing
temperature typically reduces the efficiency of photosynthesis as the rate of respi-
ration increases faster with temperature compared to the rate of photosynthesis
(Davison 1991; Pulz 2001).

2.7 The pH and Carbon Supply

Algal biomass typically contains 50 % carbon by weight. All carbon in photoau-
totrophically grown biomass comes from carbon dioxide or dissolved carbonate.
Stoichiometrically, therefore, about 1.83 tons of carbon dioxide is needed to pro-
duce a ton of algal biomass (Chisti 2007). If carbon dioxide is consumed rapidly
and not replenished, the pH becomes alkaline. A pH rise during periods of peak
photosynthesis is commonly seen in raceways (Becker 1994; Garcia et al. 2006;
Moheimani and Borowitzka 2007; Craggs et al. 2014; Sutherland et al. 2014a) and
is an evidence of carbon limitation. Carbon dioxide absorption from the atmosphere
through the surface of a raceway is entirely insufficient to support photosynthesis
during sunlight. This carbon deficit is accentuated during peak sunlight periods.
A supply of carbon dioxide is necessary to avert carbon limitation and attain high
biomass productivity. Carbon dioxide can be effectively supplied in response to a
pH signal. The pH should be controlled well below eight by injecting carbon
dioxide. An alkaline pH is not wanted as it results in generation of toxic ammonia
from dissolved ammonium salts and this inhibits algal productivity. The generation
of ammonia as a consequence of inadvertent rise in pH is best prevented by using
nitrate as the source of nitrogen, although algae use ammonium more readily than
nitrate. The carbon dioxide supply system should be designed to effectively control
the pH during peak demand periods of high irradiance (Chisti 2012).
Microporous gas diffusers (Fig. 4) are used in raceways to provide carbon
dioxide in the form of fine bubbles (Chisti 2012). Carbon dioxide diffusers are
placed at intervals along the flow path at the bottom of the raceway channel (Chisti
2012). The diffusers should be easily removable from the gas distribution tubing for
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Fig. 4 A microporous gas
diffuser for dispersing carbon
dioxide in a raceway culture.
Courtesy of Mott
Corporation, Farmington, CT,
USA

cleaning and replacement (Chisti 2012). Between 35 and 70 % of the pure carbon
dioxide sparged into a pond is lost to the atmosphere (Weissman et al. 1989). This
translates to a significant monetary loss (Chisti 2012). For algae that grow at
alkaline pH, inorganic carbon may be supplied as bicarbonate (Chi et al. 2011).
Doing so may potentially reduce the cost of providing carbon (Chi et al. 2011).
Growth under alkaline pH may not be possible for oceanic algae as marine salts
precipitate at pH values of >8 (Chisti 2012). In most cases, the carbon dioxide
supplied is actually taken up by the alga as bicarbonate.

Carbon dioxide requirements can be estimated from the expected biomass pro-
ductivity of the raceway, accounting for the inevitable losses to the atmosphere as
previously discussed (Chisti 2012). The demand for carbon dioxide varies with the
rate of photosynthesis which is controlled by the irradiance. Therefore, the best
strategy to ensure a sufficiency of carbon and minimize loss is to inject carbon
dioxide in response to a signal from a pH controller (Chisti 2012). Periodic
injection without automatic pH control may be feasible, depending on historical
experience with a given alga and location (Becker 1994).

In principle, a suitably pretreated flue gas resulting from burning of fossil fuels
can be used to provide relatively cheap carbon dioxide for growing microalgae, but
most commercial algae production operations do not use it. Desulfurized flue gas
from a coal fueled electric power plant typically contains 12—14 % carbon dioxide
by volume, the rest being mostly water vapor and nitrogen (Chisti 2012). The flue
gas must be free of heavy metals (Chisti 2012). Cooled desulfurized flue gas is a
satisfactory source of inorganic carbon, but the flow rates required are substantially
greater than if pure carbon dioxide is used (Chisti 2012). This is because absorption
of carbon dioxide from flue gas into water is slower than absorption from pure
carbon dioxide. Successful use of flue gas from diesel powered boilers has been
reported for growing algae (de Godos et al. 2014; Tran et al. 2014). If carbon
dioxide is fed in the form of flue gas, the loss to atmosphere is expected to be well
above 80 % (Chisti 2012) although this may be reduced substantially by controlled
feeding using a well-designed supply system (de Godos et al. 2014). Carbon
dioxide absorption rate is pH dependent and is reduced at pH values less than 8. At
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25 °C, the solubility of carbon dioxide in seawater is nearly half of its solubility in
freshwater and this need to be considered in photoautotrophic production of marine
algae (Chisti 2012).

2.8 Oxygen Inhibition of Production

Photosynthesis generates oxygen and is inhibited by an accumulation of dissolved
oxygen in the culture broth (Shelp and Canvin 1980; Suzuki and Ikawa 1984;
Molina et al. 2001). Other than agitation by the paddlewheel, no oxygen removal
mechanism is used in a typical raceway. In some cases, the culture may be sparged
with air to control buildup of oxygen. Despite a high surface area relative to the
culture depth, the oxygen removal from raceway ponds is poor (Chisti 2012;
Mendoza et al. 2013b) and the dissolved oxygen concentration increases dramati-
cally during periods of peak photosynthesis. The paddlewheel assists with oxygen
removal, but is mostly ineffective. As a result, the broth undergoes a diurnal change
in concentration of dissolved oxygen (Garcia et al. 2006; Moheimani and
Borowitzka 2007). During peak sunlight, the level of dissolved oxygen may exceed
300 % of the level in air saturated water (Richmond 1990; Moheimani and
Borowitzka 2007). Such high levels of dissolved oxygen can reduce the rate of
photosynthesis (Becker 1994; Molina et al. 2001) and adversely affect the biomass
productivity (Mendoza et al. 2013b). The composition of the algal biomass may
also be affected by the concentration of dissolved oxygen (Richmond 1990).

Sparging of the pond with air may reduce the oxygen inhibition of photosyn-
thesis, but requires energy. The energy associated with this sparging has been
claimed to be compensated by improved biomass productivity made possible by a
reduced inhibition by oxygen (Mendoza et al. 2013b). For a given fluid depth, a
relatively small pond achieves better oxygen removal than a larger pond. This is
because the proportion of the zone of good mixing and mass transfer in the vicinity
of the paddlewheel is larger in a small pond compared to a larger one. This explains
the sometimes reported better productivity of small ponds relative to the equally
deep larger ponds placed under the same climatic conditions.

2.9 Culture Contamination

Open ponds are exposed to rain, dust, and other debris. Ponds may be placed within
greenhouses, but this is not feasible for facilities occupying large areas. Other
contamination issues include infestations of predators feeding on algae (Turner and
Tester 1997; Richmond 1990); viral infections (Van Etten et al. 1991; Van Etten
and Meints 1999; Wommack and Colwell 2000); and contamination by unwanted
microalgae (Richmond 1990), fungi, and bacteria. The low peak alga concentration
in a raceway accentuates the effects of predators and other unwanted
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microorganisms (Chisti 2012). Filtration of water may help reduce the frequency of
certain types of infestations, but filtration is expensive. The typically used micro-
filtration does not prevent contamination with viruses (Chisti 2012). Management
practices can be used to reduce the frequency of culture contamination and failure
(Chisti 2012). Predator control in raceways is potentially possible (Lass and Spaak
2003; Borowitzka 2005; Van Donk et al. 2011), but has not received much attention
(Chisti 2012). Contamination with heterotrophic bacteria is inevitable (Erkelens
et al. 2014) and not necessarily harmful, but may necessitate implementation of
specific controls depending on the final application of the alga being grown.

2.10 Dependence of Photosynthesis on Culture Depth

Growth is driven by photosynthetically active radiation, or PAR, the component of
the sunlight that is within the wavelength range of 400-750 nm. Although the peak
sunlight level at solar noon at the surface of a raceway in a tropical location may be
as high as 2000 uE m™2 s™', photosynthesis saturates at roughly 10-20 % of the
peak PAR value. Therefore, the rate of photosynthesis does not increase beyond a
PAR value of about 100-200 pE m™2 s~ (Chisti 2012) and all the excess light is
wasted. Nevertheless, an increasing incident irradiance level generally increases
raceway productivity, as the local irradiance level in the broth declines rapidly with
culture depth and a high surface irradiance generally means a larger illuminated
culture volume.

Algal cultures become photoinhibited once the PAR value exceeds the saturation
threshold. In a photoinhibited culture, the rate of photosynthesis actually decreases
with a further increase in irradiance. During peak light, the culture near the surface
of a pond is photoinhibited, but deeper layers of a dense culture are light limited. If
the pond is sufficiently deep, or the culture sufficiently dense, the light will not
penetrate the entire depth. In fact, most of the depth of a dense raceway culture is
optically dark and contributes nothing to photosynthesis. Photosynthesis stops once
the irradiance level declines to the light compensation point. The biomass at and
below the light compensation point, consumes itself by respiration.

For a fixed incident light level I, on the surface of the raceway, the irradiance
declines rapidly with depth as the light is absorbed by the cells. The local irradiance
I;, at any depth L from the surface, is estimated by the following equation (Chisti
2012):

I = I,e KCL (6)

In the above equation, K|, is the alga-dependent light absorption coefficient of the
biomass and C, is the concentration of the biomass. The strong decline in local
irradiance with depth is shown in Fig. 5 for various values of the biomass con-
centration in the culture.
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Fig. 5 Irradiance variation with depth in a 0.3 m deep raceway at various concentrations of the

algal biomass in the broth. The local irradiance profiles were calculated for an alga with a K, value

of 2.632 pE m 2 s~! and an incident irradiance of 2000 pE m > s~ ! at the surface of the raceway

In a typical culture at a peak biomass concentration of about 0.5 kg m >, more
than 80 % of the culture volume in a raceway is in the dark at solar noon. That is,
the biomass in all this volume is actually consuming itself rather than photosyn-
thesizing. In the same raceway, less than 4 % of the culture volume is photoin-
hibited; less than 3 % of the volume is light-saturated; and about 9 % of the culture
volume is light limited (Chisti 2012).

2.11 Specific Growth Rate

The specific growth rate of a microalga in a pond varies with depth because the
light intensity declines with depth (Fig. 5). If light is the only growth limiting
factor, the specific growth rate y; at any depth L can be estimated from the local
value of irradiance I; (Eq. 6) at that depth (Chisti 2012). For example, the local
growth rate may depend on local irradiance in accordance with the Haldane
light-inhibited growth model, as follows:

o :u'maxIL (7)
L= K. +nL + /K
where (.« 1S the maximum specific growth rate, K; is the light saturation constant,
and K; is the photoinhibition constant. The values of the constants y.«, K7, and K;
depend on the alga and the culture temperature (Richmond 1990).

The depth-averaged specific growth rate z,, in the illuminated volume of the
pond may now be estimated (Chisti 2012), as follows:
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1
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where L is the distance from the surface. Equation (8) is applicable so long as L < ..
where [, is the depth at which the local irradiance level is at the light compensation
point (Chisti 2012). If the pond has a dark zone, the self-consumption of the
biomass will occur in this zone and the actual average specific growth rate will be
lower than the value calculated using Eq. (9).

So long as all the nutrients are provided in excess and the temperature and pH
are satisfactory, the productivity of biomass depends only on the availability of
sunlight. Light enters the pond only through its exposed surface. The light available
per unit volume of culture declines if the depth of the culture is increased.
Therefore, shallower ponds are more productive than deeper ponds so long as the
growth is exclusively photoautotrophic.

Unfortunately, in a raceway spanning a large area, achieving a culture depth of
less than about 0.25 m is impractical as a small tilt of the bottom relative to the
horizontal causes a large difference in depth in different parts of a large pond.
A perfectly flat bottom is difficult to construct. In addition, to drive the circulation,
the paddlewheel must create a hydraulic pressure gradient, so that the depth of fluid
in front of the paddlewheel is higher than the depth behind the paddlewheel (Chisti
2012). If the static depth of the culture is too small, the region behind the pad-
dlewheel could become too shallow for stable recirculation to occur.

2.12  Cost of Construction and Operation

Plastic lined earthen raceways are apparently the least expensive to build. Unlined
earthen ponds are used in wastewater treatment operations, but not generally con-
sidered satisfactory for producing algal biomass (Chisti 2012). For a 100 ha plastic
lined pond of compacted earth, a construction cost of $69,500 per ha has been
estimated (Benemann et al. 1987). This historical cost data corrected for inflation
(Chisti 2012) provides a reasonable estimate of the current cost. A cost of $144,830
per ha was estimated for 2014. This estimate included the earth works, the plastic
lining, the carbon dioxide supply tubing, inlets and outlets, the baffles, the paddle-
wheel and motor (Benemann et al. 1987). The cost would be higher if, for example,
the ends of the raceway and the dividing baffle are designed to eliminate dead zones
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(Chisti 2012; Sompech et al. 2012). Plastic lined concrete ponds are significantly
more expensive than the plastic lined compacted earth ponds (Chisti 2012). For a
5 ha, 0.35 m deep, unlined pond of compacted earth, intended for use in wastewater
treatment, an installed cost of NZ$89,600 (June, 2009) per ha has been reported
(Craggs et al. 2012). In 2014, such a pond would cost US$74,260 per ha. This
includes the earth works, the carbon dioxide distribution piping, the flow deflector
end baffles, the pH controller and valves, the paddlewheel, and the motor.

Ponds enclosed in glass houses or plastic-covered greenhouses are relatively
protected from contamination compared to open ponds and allow a better control of
the growth environment (Chisti 2012). Such ponds may be suitable for high-value
low-volume products such as nutraceuticals and have been commercially used
(Becker 1994; Lee 1997).

The cost of producing dry Dunaliella biomass in outdoor commercial raceway
ponds in Israel has been estimated to be about $18/kg (Ben-Amotz 2012). This
included the cost of purchasing the carbon dioxide, recovering the algal biomass
from the broth by continuous flow centrifugation in disc-stack centrifuges and
subsequent drying of the biomass paste. Both drying and biomass recovery by
centrifugation tend to be expensive (Chisti 2012). This notwithstanding, when
applicable, the raceway-based production of biomass is generally claimed to be the
least expensive production option.

3 Biomass Production in Raceways

A raceway may be operated as a batch culture, or a pseudo steady state continuous
culture. In a batch process, the nutrient medium is placed in the raceway and
inoculated with a culture of the chosen alga. The inoculum generally constitutes
about 10 % of the operating volume of the raceway. The inoculum is generally
grown (Fig. 6) in the same medium as used in the raceway and is in exponential

Fig. 6 An early monoseptic
stage of production of an algal
inoculum for a small raceway
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phase of growth just prior to inoculation. The biomass concentration in the
inoculum is generally at least 0.5 kg m ™ if the inoculum has been produced in a
raceway. Often, the concentration is much higher if a photobioreactor is used to
produce the inoculum. Multiple inoculum generation stages may be necessary for
inoculating a large raceway. Other than carbon dioxide, air for possible oxygen
removal, and the makeup water, nothing is added to the raceway during a batch
operation. The biomass grows to peak concentration of about 0.5, or 1 kg m™> in the
best of circumstances (Borowitzka 2005). Productivity is enhanced by periodic
dilution of the raceway culture to maintain the biomass concentration at less than
the typical maximum value. Dilution improves light availability in the raceway.

In a sunny locale with a stable diurnal temperature of ~25 °C, an alga capable
of rapid growth can attain an average annual dry biomass productivity of around
0.025 kg m 2 d"" in a well-operated raceway (Chisti 2012; Mendoza et al. 2013a),
but higher daily productivities have been recorded (Terry and Raymond 1985;
Grobbelaar 2000; Moheimani and Borowitzka 2007) during suitable weather con-
ditions. Biomass productivities in excess of 0.05 kg m~2 d~" have been documented
(Weissman et al. 1989). Of course, not all algae are equally productive (Chisti
2012). In mixotrophic growth as is commonly encountered in high-rate algal ponds
treating wastewater (Craggs et al. 2012, 2014), dissolved organic compounds
contribute to growth leading to a generally higher productivity than is possible with
purely photoautotrophic growth. For example, in a 0.2 m raceway pond operated
mixotrophically, Sing et al. (2014) observed a peak dry biomass productivity of
37.5 kg m 2 d”! over an extended period.

A photoautotrophic culture requires supplementation with carbon dioxide to
attain high biomass productivity. The carbon dioxide in the ambient atmosphere is
insufficient to support productivities that are biologically feasible under otherwise
nonlimiting conditions. In the ambient atmosphere without supplemental inorganic
carbon, the productivity in a raceway may be <13 % of the productivity likely to be
possible with an unlimited supply of inorganic carbon (Raes et al. 2014). The peak
biomass productivity attainable in a typical non-limiting raceway is far lower than
the limit imposed by the algal biology (Chisti 2012).

Although high biomass productivities are biologically attainable, vagaries of
weather influence an exposed raceway so much so that the maximum annual
average productivity may be reduced to only 0.01 kg m 2 d™", or less (Chisti 2012).
As a result, a raceway can take 4-6 weeks from inoculation to attain the peak
biomass concentration of around 0.5 kg m > (Pulz 2001). Once the peak biomass
concentration is attained, all or most of the broth may be harvested in a batch
process to recover the biomass (Chisti 2012). The residual broth may become the
inoculum for the next batch, or an entirely fresh batch may be initiated after the
raceway has been cleaned (Chisti 2012).

A continuous culture generally begins as a batch operation. Once the algal
biomass has grown to a sufficient concentration, the operation is switched to a
continuous flow mode. In continuous culture, the raceway is fed with the fresh
medium at some specified flow rate. The feed point is typically located just forward
of the paddlewheel. During feeding, the algal broth is withdrawn, or harvested,
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from the raceway at a rate equal to the feed flow rate. Feeding and harvesting occur
only during daylight and must stop at night, or the biomass may washout out of the
raceway overnight. Prolonged continuous culture operation under stable weather
and day-night cycle allows a pseudo steady state biomass concentration to be
maintained in the raceway (Chisti 2012). The daytime feed flow rate Oy must be
such that the dilution rate D remains below the maximum specific growth rate
(Umax) Of the alga under the specific conditions of operation of the raceway (Chisti
2012). The culture will washout if the dilution rate exceeds the maximum specific
growth rate. The dilution rate D is calculated as follows:

_&

D=
Vi

(10)

where V is the working volume of the raceway.

Irrespective of whether batch or continuous operation is used, up to 25 % of the
biomass produced by the end of a daylight period may be consumed during the
following night through respiration (Chisti 2012). The magnitude of this respiratory
loss depends on the irradiance level during growth, the daytime temperature of
growth, and the temperature during the night (Grobbelaar and Soeder 1985;
Richmond 1990).

3.1 Biomass Productivity

The biomass productivity of a culture system is a measure of its ability to produce
biomass. Productivity may be expressed either in volume terms, or in terms of the
surface area of the culture pond. In a batch culture, the volumetric productivity (P,,
kg m > d™") of the biomass is determined as follows:

X — X;
p="24 11
A (11)

where X; (kg m_3) is the initial concentration of the biomass, Xy (kg m> ) is the peak
concentration of the biomass, and At (d) is the time interval between inoculation
and the attainment of the peak biomass concentration (Chisti 2012).

In a continuous flow operation, the volumetric productivity of the biomass is
calculated using the following equation (Chisti 2012):

Orxp
P, =—— 12
=2 (12)

where Oy is the flow rate of the feed to the pond, x; is the pseudo steady state
biomass concentration in the broth leaving the raceway and V; is the volume of the
broth in the raceway.
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The areal biomass productivity (P,, kg m > d ') and the volumetric productivity
(P,, kg m>d!ofa raceway are related as follows (Chisti 2012):

where £ is the depth in m. Productivity is high in a dilute culture, but declines

rapidly as the biomass concentration increases. The maximum attainable biomass

concentration in a raceway is of the order of 0.5-1.0 kg m ™.

4 Concluding Remarks

Large-scale commercial production of algal biomass generally relies on open
raceway ponds. This chapter outlined the raceway pond design, operation, and
limitations. Raceway ponds require a relatively low investment in capital and,
therefore, remain the production system of choice despite their low productivity.
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Large-Scale Production of Algal Biomass:
Photobioreactors

Jeremy Pruvost, Jean-Francois Cornet and Laurent Pilon

Abstract Photobioreactors have been used extensively for the cultivation of

microalgae for a variety of applications from biofuels to high value products. The
ability to cultivate monocultures of algae with high biomass yields and significantly
smaller footprints has made photobioreactors a very attractive technology for
specific applications. This chapter deals with photobioreactor design, application,

efficiencies, and factors affecting their performance.
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L Depth of the rectangular photobioreactor (m)
My  C-molar mass for the biomass (kgx mol)}l)
q Photon flux density on a given surface (PFD) (umol s™' m™?)
(0] Volume liquid flow rate (m’>d™h
rx ~ Biomass volumetric growth rate (productivity)
(kgm > s orkgm>hh
Siight 1lluminated surface of the photobioreactor (m?)
Ps  Areal biomass productivity (kg m > d ')
Py Volumetric biomass productivity (kg m—> d™")
t Time (days or s)
V. Photobioreactor volume (m?)
Xq Diffuse fraction for incident PFD at any location (—)
z Depth of culture (m)

Greek Letters
a  Linear scattering modulus (dimensionless)
£ Inclination of the photobioreactor surface (rad)
y  Fraction for working illuminated volume in the
photobioreactor (dimensionless)
6  Extinction coefficient for the two-flux method (m™")
6  Incident angle (defined from the outward normal of the PBR) (rad)
A Wavelength (m)
pMm  Maximum energy yield for photon conversion (dimensionless)
Residence time (h)
T, Absorption optical thickness, 1) = Ea; Cx/aj;gn (dimensionless)
¢ Biomass mole quantum yield for the Z-scheme
of photosynthesis (molx pmolﬁ\})

Subscripts
max Related to maximum available value
opt Related to the optimal value for residence time

Other
(X) = 1 /// xdv Spatially-averaged property
Vv
14

_ 1 .
X = At / Xdt Time-averaged property

At

Abbreviations

PAR Photosynthetically active radiation
PBR Photobioreactor

PFD Photon flux density
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1 Cultivation Systems

1.1 Requirements for Photosynthetic Growth and Possible
Limitations

Photosynthetic growth in standard autotrophic conditions is based on the assimi-
lation, under illumination, of inorganic carbon and mineral nutrients dissolved in
the medium. Cultivation of photosynthetic microorganisms requires the following:
(1) sunlight or an artificial light source, with an appropriate emission spectrum in
the photosynthetically active radiation (PAR) region, ranging between 400 and
700 nm, (2) an inorganic carbon source, such as dissolved CO,, (3) mineral
nutrients including major nutrients such as N, S, P and micronutrients such as Mg,
Ca, Mn, Cu, Fe, etc., and (4) a favorable set of culture conditions including pH,
temperature, and dissolved oxygen.

Quantitatively, the main variables affecting photosynthetic growth and produc-
tivity of microalgae cultivation systems are (1) the incident light characterized by its
photons flux density (PFD) with given angular distribution and spectrum, (2) the
concentrations of various compounds in the liquid phase affecting growth such as
dissolved inorganic carbon, dissolved oxygen, and growth mineral nutrients, and
(3) culture conditions such as pH, temperature, and possible biological contami-
nation. Designing and operating a microalgal cultivation system aims to optimize
these conditions with the objective of maximizing growth. Control of these growth
conditions is significantly more complex in industrial scale systems under outdoor
conditions than in indoor benchtop systems. In fact, maintaining optimal growth
conditions is very difficult to achieve for microalgae cultivation systems under
highly variable outdoor conditions and scaling up the bioprocess features’ major
technical challenges discussed in this chapter.

1.2 Open Systems and Closed Photobioreactors

Open systems, such as natural ponds and raceways, are currently the most employed
technology for outdoor solar cultivation. In fact, they have been used for several
decades at industrial scale (Borowitzka 1999; Carvalho et al. 2006; Molina Grima
et al. 1999; Morweiser et al. 2010; Pruvost 2011; Pulz 2001; Richmond 2004a;
Ugwu et al. 2008). The main limitations of open systems are inherent to their
operating principles. First, they are exposed to high risks of biological contamination
by other microalgae species, bacteria, and/or predators owing to the direct contact of
the culture with the atmosphere. Therefore, only resistant species can be cultivated
for long periods of time. The large interface between the culture and the atmosphere
also renders the control of culture conditions difficult. For example, it is difficult to
maintain an optimal temperature although open systems are less subject to
overheating than closed systems. In addition, the relatively low atmospheric CO,
concentration generally results in small concentrations of dissolved carbon in the
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culture medium, often insufficient to meet the needs of photosynthetic microor-
ganisms in intensive biomass production. Thus, a carbon source can be added by
injecting CO, gas (or chemical carbonate). However, a significant part of dissolved
inorganic carbon is inevitably degassed into the atmosphere. In practice, this makes
carbon limitation difficult to prevent entirely in open systems.

Closed systems, often called “photobioreactors” (PBRs), reduce risks of external
contamination and provide better control of growth conditions. For example, CO,
can be sparged into the PBRs. Then, the larger gas partial pressure in the bubbles
and PBR headspace prevent carbon limitation. However, PBRs also suffer from
several limitations inherent to their operating principles. First, culture confinement
increases the risk of biofilm formation on the PBR walls. It leads to oxygen
accumulation in the culture which can have possible toxic effects on photosynthetic
growth. It may also cause overheating of the culture especially under solar radiation
due to the large amount of infrared radiation absorbed by the culture medium
(Borowitzka 1999; Carvalho et al. 2011; Grobbelaar 2008; Torzillo et al. 1996).
Unlike challenges faced by open systems, those affecting closed PBRs can be
overcome in part by appropriate engineering solutions such as optimizing mixing
conditions to increase heat transfer and gas—liquid mass transfer or to prevent
biofilm formation. Once all these challenges have been addressed, light remains the
only limiting factor. In other words, the amount of light received and its use by the
culture will determine the productivity of the system.

Finally, solutions designed to overcome the different technical challenges pre-
viously mentioned result, most often, in increased cost and complexity. Current
industrial scale biomass production is mainly performed in large open systems
because they are easier to build and operate than PBRs. However, PBR technology
offers higher potential for improvement in terms of productivity and efficiency.
Great efforts are currently underway to develop new technologies devoted to
industrial-scale production in PBRs.

1.3 Photobioreactors Principles

There exists a wide variety of PBRs technologies such as tubular, cylindrical, or flat
panel systems, as illustrated in Fig. 1. This diversity of PBR designs results from
various attempts to optimize light capture while satisfying other practical con-
straints related to (i) engineering design including system integration, scale of
production, materials selection, and cost and to (ii) system operation concerned
with CO, bubbling, oxygen removals, temperature and pH regulation, nutrient
delivery, etc. Numerous reports and publications can be found in the literature on
the various PBR technologies available. All of them have advantages and limita-
tions in terms of control of culture conditions, culture confinement, hydrodynamics
conditions, easiness to scale up, construction cost, biomass productivity, and energy
efficiency (Borowitzka 1999; Carvalho et al. 2006; Grima et al. 1999; Morweiser
et al. 2010; Pruvost 2011; Pulz 2001; Ugwu et al. 2008). Regardless of the PBR
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Fig. 1 Examples of solar photobioreactor technologies. a Flat panel solar PBR (GEPEA,
University of Nantes, France). b AlgoFilm© solar PBR (ultrathin PBR) (GEPEA, University of
Nantes, France). ¢ DiCoFluV© solar photobioreactor with Fresnel lenses for sun capture and
lateral diffusing optical fibers inside the reactor (Institut Pascal, Clermont-Fd, France)

concept, the goal is to provide sufficient control of the culture conditions to make
the process only limited by the amount of light supplied and the photosynthetic
process in the culture. The photon flux densities (PFDs) incident onto the PBR
surface and locally available inside the culture are major parameters. Although
maximizing light intercepted must be an obvious consideration of any microalgal
cultivation system (as it is for any solar process), other constraints also have to be
considered. For example, using the airlift method for mixing will preclude hori-
zontal geometries. In addition, shading must be accounted for when arranging
vertical or tilted systems on a given land area. Therefore, optimizing photobio-
logical cultivation systems proves more complex than other traditional solar-driven
processes, such as photovoltaic panels, where the amount of intercepted light is the
only operating parameter of any given panel technology.
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1.4 Surface and Volumetric Illuminations

Light can be supplied in two general ways, either by direct illumination of the
cultivation system or by distributing light sources inside the culture volume. Then,
one distinguishes between surface-illuminated and volumetrically illuminated sys-
tems, respectively. Most cultivation systems fall in the simpler surface-illuminated
category (Carvalho et al. 2006; Morweiser et al. 2010; Richmond 2004a; Ugwu
et al. 2008). As for any solar processes, various positioning options have been
considered including systems positioned horizontally (Acién Fernandez et al. 2001;
Oswald 1988; Molina et al. 2001), vertically (Chini Zitelli et al. 2000, 2006; Pulz
2001), and in few cases, tilted (Doucha and Livansky 2006; Lee and Low 1991;
Richmond and Cheng-Wu 2001). However, maximizing the incident solar radiation
flux is not trivial. It obviously depends on the longitude and latitude of the system’s
location and on the day of the year. For example, horizontal systems are best suited
for locations close to the Equator (latitude 0°). For higher latitudes, it is necessary to
tilt the system exposed surface to maximize the amount of light collected. Roughly
speaking, the optimum inclination angle with respect to Earth surface which
maximizes light capture over the year on a fixed PBR corresponds to the latitude of
the PBR location (Duffie and Beckman 2006; Hu et al. 1996; Pruvost et al. 2012;
Richmond and Cheng-Wu 2001). Inclination angle can also be adjusted as a
function of time to optimize light capture. For example, flat panel equipped with
sun-tracking systems were tested by Hindersin et al. (2013). This method not only
maximized light capture during the day but also prevented excessive incident
irradiation on the systems around noon, by temporarily setting the illuminated
surface of the PBR perpendicular to the sun collimated irradiation.
Volumetrically illuminated systems require more complex technologies than
surface-illuminated systems. However, they enable the optimization of the light
delivery and use in the culture. First, inserting light sources in the volume of the
culture guarantees maximal use of the collected or emitted photons. Second, and
more interestingly, internal lighting allows light to be “diluted.” Increasing PFD
leads to higher volumetric productivity but associated with a progressive decrease
in the conversion yield, due to photosynthesis saturation. By diluting the light
incident on the system’s surface into the volume of the culture, a larger yield can be
maintained. This is of particular interest in outdoor PBRs exposed to sunlight. In
this case, solar radiation incident on a given surface is collected using, for example,
a parabolic solar collector. It is then delivered to the culture in a controlled manner,
using optical fibers (Cornet 2010; Csogdr et al. 2001) or light guides (Pilon et al.
2011), for example. Because of the large PFD characteristic of solar conditions, an
increase in surface productivity can be achieved. Note that the optical connection
between the light collection device and the light delivery system needs to be
carefully designed as it can be the source of major optical losses. Furthermore, light
dilution can be combined with a solar tracking system, giving an additional pos-
sibility of optimization by maximizing light intercepted as the sun travels in the sky
(Hindersin et al. 2013). A full description of such a principle has been described by
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Cornet (2010) with a volumetrically lightened photobioreactor based on the
“DiCoFluV” concept. Despite their promise, only a few examples of volumetrically
illuminated PBRs can be found in the literature (Cornet 2010; Csogor et al. 2001;
Hsieh and Wu 2009; Ogbonna et al. 1996; Zijffers et al. 2008). This is mainly
explained by the increase in technological complexity and by the difficulty in
scaling up PBR systems to large surface areas.

2 Photobioreactor Engineering and Scaling Rules

2.1 Maximizing Biomass Production

Most growth limitations previously mentioned can be avoided, or at least greatly
reduced, thanks to proper engineering design of the cultivation system. This is
especially true for nutrient and CO, limitations in closed PBRs. Note, however, that
light limitation cannot be avoided due to the rapid light attenuation in the culture
and to the large energy requirement of photosynthesis. This simple yet important
observation is central to the optimization of microalgae cultivation systems. One
major practical consequence involves the need to develop PBR with geometries
able to optimize light supply to the culture. But, as detailed hereafter, working
under light limitation will also facilitate the design and control of efficient pro-
cesses. Light will be indeed the only parameter to control. This implies however
that the effects of light on the process should be accurately taken into account.

2.2 Growth Limitations by Nutrient and Inorganic Carbon
Sources

In order to prevent mineral limitation, the growth medium must contain all the
necessary macro- and micronutrients in sufficient quantities based on the expected
biomass concentration. Stoichiometric equations can be used for this purpose, or
nutrient concentrations can be monitored and adjusted during cultivation. The
interested reader is referred to studies in which this method has been applied to
various species (Pruvost et al. 2009; Pruvost 2011).

Inorganic carbon source comes from CO, gas dissolved in the culture medium or
from directly adding chemical carbonate compounds in the medium. In both cases,
a minimum amount of total dissolved carbon (TDC) of about 5-10 mM is necessary
to avoid carbon limitation on the microorganisms’ growth. When using gaseous
CO,, the minimum TDC depends on the pH, the biological consumption rate, and
the gas—liquid mass transfer rate. The latter is affected not only by the magnitude of
the mass transfer coefficient k;a but also by the driving force of the carbon dis-
solution in water determined by thermodynamics equilibria of the chemical reac-
tions involved.
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TDC can be determined by performing a mass balance analysis on the culti-
vation process or by directly monitoring TDC using a total inorganic carbon
measurement, for example (Degrenne et al. 2010). This is analogous to oxygen
dissolution in aerobic cultivation of yeasts or bacteria. The main significant dif-
ference lies in the fact that CO, dissolution also affects the pH of the growth
medium, i.e., excess supply of CO, leads to acidification of the medium. In turn,
this influences the amount and type of dissolved carbon (CO,, HCOj5 , and CO327)
in the culture. Overall, the carbon feeding strategy requires maintaining the pH
optimal for growth while averting carbon limitation. This may not be trivial con-
sidering that mineral nutrient consumption during growth can also participate in the
water chemistry of carbon. However, in most cases, simple CO, bubbling is usually
sufficient for regulating both pH and TDC. This could be more difficult when
ammonium is used as a nitrogen source since its consumption during photosyn-
thetic growth also leads to acidification (Ifrim et al. 2014).

2.3 The Light-Limited Regime

The control of cultivation conditions such as pH and temperature can be chal-
lenging in practice, especially in outdoor conditions (Borowitzka 1999; Grobbelaar
2008; Richmond 2004a; Torzillo et al. 1996). These challenges, however, can be
overcome with an adequate engineering and control of the cultivation system. If all
cultivation conditions are kept at their optimal value, and nutrients are provided in
adequate amounts, light-limited conditions should eventually occur. The
light-limited regime has several major features. The first consequence is that, by
definition, the culture is not subject to any other limitation. Thus, maximum bio-
mass productivity can be achieved and is determined by the amount of light pro-
vided and its use by the culture (Takache et al. 2010; Pruvost 2011; Pruvost et al.
2011b, 2012; Pruvost and Cornet 2012). Any limitation other than light limitation
would result in further decrease of biomass productivity while maximizing the PFD
received onto the cultivation system increases the productivity. Note that this
remains valid in the case of high PFD leading to photoinhibition of photosynthetic
apparatus (PFD roughly superior to 400 pmoley,, m 2 s~ '). Special attention should
be paid to light attenuation conditions to avoid or at least greatly reduce photoin-
hibition phenomena by operating the PBR to achieve complete light extinction in
the culture, as described in detail in the next section. A second important conse-
quence is that, in the light-limited regime, controlling the incident light and its effect
on the process leads to the control of the entire cultivation system performance.
This corresponds to the so-called «physical limitation» in chemical engineering,
when the process is limited by one parameter whose control enables the control of
the entire process. This last feature is essential to the efficient design and operation
of photobiological cultivation systems.
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2.4 Role of Light Attenuation Conditions and Absorption
Rate

The light-limited regime is a necessary but not sufficient condition to obtain maximal
biomass productivity in any given PBR. Appropriate light transfer (or light attenua-
tion) conditions have to be established inside the culture volume (Cornet and Dussap
2009; Pruvost 2011; Takache et al. 2010). On the one hand, if the biomass concen-
tration is too low, part of the incoming photons is not absorbed and instead is trans-
mitted through the culture (Fig. 2b, case A). This results in a loss of biomass
productivity. In addition, the light received per cell is large and may lead to further
decrease in productivity due to the increased photosynthetic dissipation. It may also
induce a decrease in algal pigment content and thus lead to further increase in light
transmission. As a consequence, the system becomes highly unstable resulting usually
in culture washout. Thus, such conditions should be avoided in microalgae cultivation,
especially for large incident PFD, typically larger than 200 pmoley,, m > s '. On
the other hand, if the biomass concentration is too large, a dark zone appears inside the
culture (Fig. 2b, case B). This dark zone is the direct consequence of light extinction by
cells suspension, whose effect can be positive in the case of high illumination condi-
tions by reducing photoinhibition effect and then increasing process stability (Carvalho
etal. 2011; Grima et al. 1999; Richmond 2004b). Note that for microorganisms with
respiration activity under illumination such as eukaryotic microalgae, adark zone in the
culture volume promotes respiration resulting in a loss of biomass productivity.
Therefore, achieving the maximum biomass productivity requires in this case the exact
condition of complete absorption of the incident light (Takache etal. 2010), but without
adark zone in the culture volume, as illustrated in Fig. 2b, case C. This condition is often
referred to as luminostat mode. Note that it should not be confused with turbidostat
mode referring to a turbidity-based regulation of a continuous culture. This condition
has also been introduced as the “y = 1"’ condition where y denotes the ratio of the volume
of the PBR illuminated to the total volume of the culture (Cornet et al. 1994; Takache
et al. 2010). For microorganisms with negligible respiration activity under illumina-
tion, such as prokaryotic cyanobacteria cells, fulfilling the condition of complete light
absorption (y < 1) will be sufficient to reach the maximum biomass productivity.

Another way to represent the strong correlation between light attenuation con-
ditions and the associated biomass productivity is to calculate the rate of photons
absorption per unit volume of culture denoted by (A). The latter can be obtained by
considering the spectral specific absorption coefficient Eay(in m?/kg) of the culti-
vated species and the local spectral irradiance G inside the culture of total volume
Vg (Aiba 1982; Cassano et al. 1995; Kandilian et al. 2013):

(A) :VLR A/ /// VREa;,GidVd/l (1)

where AMA denotes the PAR range (400-700 nm).
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Fig. 2 Role of light attenuation conditions on biomass productivity in PBR. The illustration is
here given for a PBR operated in continuous mode (a). The residence time (or dilution rate)
applied allows controlling biomass concentration in the culture volume and then light absorption
conditions, thus affecting the resulting biomass productivity. The relation with illuminated and
dark zone repartition in the culture volume is given in (b), and the relation to the rate of photons
absorption is given in (c). Both can be used independently to maximize biomass productivity of
any cultivation system. Values are here given for Chlorella vulgaris (PFD = 200 pmole m” s, PBR
depth = 0.04 m)

Increasing the biomass concentration in the cultivation system will result in a
decrease of the rate of photons absorption by the cultivation system (Fig. 2¢) due to
stronger light attenuation and the resulting smaller irradiance G,. As a result, the
maximum biomass productivity will be obtained for an optimal value of the rate of
photons absorption, typically around 10-12 pmoley,, g > s ' (Fig. 2¢). Note that this
representation is consistent with the condition of luminostat regime (y = 1), and
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Fig. 2 (continued)

both approaches can be used to maximize the biomass productivity of any culti-
vation system.

One major consequence of the previous considerations is that, for any PBR and
photosynthetic microorganism, light transfer from the collection site to the delivery
inside the volume of the culture has to be taken into account. This analysis depends
on the angular distribution of PFD, the PBR design, the biomass concentration, and
the microorganisms’ radiation characteristics. In practice, light attenuation condi-
tions can be controlled by adjusting the biomass concentration. This can be
achieved in continuous or semicontinuous cultivation mode, by modifying the
residence time value 1, of the microorganisms in the cultivation system represented
by the dilution rate D such that t, = 1/D = V,/Q where Q represents the medium
flow rate through the PBR. The reader is referred to Takache et al. (2010) for a
detailed example of such optimization in continuous mode. In batch mode, (A) de-
pends on time due to the continuous increase in biomass concentration making
difficult the control and optimization of light absorption. To that effect, a simple and
robust control strategy of the incident light has been recently proposed and
demonstrated with benchtop PBRs (Kandilian et al. 2014).

In the specific case of solar production, maintaining optimal light attenuation
conditions, even in continuous or semicontinuous operations, is far from a trivial
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task (Grognard et al. 2014; Hindersin et al. 2013; Pruvost et al. 2011a). The process
is indeed strongly time dependent and driven by an uncontrolled and highly vari-
able input, namely the solar incident flux. The growth kinetics of biomass is slow
compared with the rapid variations in incident sunlight intensity and prevents the
operator from establishing a luminostat regime. At best, a compromise needs to be
found to determine the conditions approaching this ideal set point for most of the
day. Whatever the case, light attenuation within the culture is not easy to determine.
To do so, light transfer modeling is essential (Cornet et al. 1992a, b, 1995; Lee et al.
2014; Pilon et al. 2011; Pruvost and Cornet 2012; Pruvost et al. 2012). Furthermore,
it can be associated with kinetics models of photosynthetic growth for a complete
representation of the cultivation system characterized by its biomass concentration
and biomass productivity. The reader is referred to the following studies for further
information (Cornet 2010; Cornet and Dussap 2009; Lee et al. 2014; Takache et al.
2010).

2.5 PBR Efficiencies and Intensification Principles

Among the various criteria characterizing the performance of microalgal cultivation
systems, biomass productivities per illuminated surface area and per unit volume of
culture as well as light to biomass energy conversion efficiency are of primary
relevance.

Surface biomass productivity P, (in g m > d ') gives the area required to achieve
a given amount of biomass produced per day. In light-limited regime, P, depends
only on the PFD received by the culture and on the photosynthetic conversion yield.
Productivity is then a function of location, meteorological conditions, and of the
system’s ability to capture sunlight depending on its design, inclination, and ori-
entation. A useful and simple engineering equation taking into account those
parameters was proposed to estimate the maximum surface productivity Pgmax of
any PBR (ponds, flat plate, tubular, ...) knowing only mean yearly solar infor-
mation (Pruvost and Cornet 2012):

-, 20 (XK 2q
Psmax = (1 — Mxdhy —— | In|1+ ==

(2)

N — q
+(1— cosK In|1+
(1=x) [ Kcos@”

where the parameters specific to a given microorganism species are (i) the linear
scattering modulus a (default value 0.9), (ii) the molar mass My, typically around
0.024 kgy/moly, (iii) the half saturation constant for photosynthesis K, usually about
100 pmoly, m 2 s}, and (iv) pm the maximum energetic yield for photon con-
version (~ 0.8). The location, time of the year, and the ability of the cultivation
system to collect light are accounted for by (a) x, the fraction of diffuse radiation in
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the total incident solar flux density (PAR), typically around 0.1-0.5 (b) the cosines
of the incident angle 6 onto PBR surface cos 0 usually ranged between 0.4 and 0.7
and (c) the incident PFD ¢ (all values here averaged on a given operating period).
Here, f; is the volume fraction of the PBR in the dark which cannot be lit by the
incident or scattered PFD because of the system design, as for example when using
a recirculating tank.

Equation (2) was originally developed and validated for cyanobacteria (Cornet
2010). It has also been validated for microalgae (Takache et al. 2010). It should be
treated as a reliable and convenient tool for calculating the productivities of cul-
tivation systems during design and operation of PBRs. Please note that the loga-
rithmic relation in Eq. (2) accounts for the decrease in photosynthetic conversion
efficiency with increasing PFD. Increasing PFD increases the surface productivity
of the system but reduced its energy efficiency.

Volumetric biomass productivity P, (i.e., g m > d ') gives the volume requested
for a given production rate. Its maximum value Py, can be estimated from
Eq. (2) according to

Ps maxSIi

_ s ght _

PV,max - V— - Ps,maxalighl (3)
R

This expression introduces an important parameter, @jigh = Siigh/Vr, cOITE-
sponding to the specific illuminated surface to PBR volume ratio. In contrast to
surface productivity which depends only on the ability of the system to collect light,
volumetric productivity depends on the engineering design of the cultivation system
represented by aj;gn. This parameter can cover two orders of magnitude in practice,
ranging from 1 to 10 m™~" for systems presenting culture depths larger than 10 cm to
values of 100 m™" or larger for systems with thin culture less than 10 mm.

Equations (2) and (3) reveal that the volumetric productivity P, increases with
increasing aj;gn, for constant surface productivity Pg which is independent of ajgp,.
Increasing the incident PFD results in an increase in both surface and volumetric
productivities providing that adequate light attenuation conditions prevail, as
explained in Sect. 2.4. A typical example is given in Fig. 3 for realistic values of
Qighe corresponding to depths of culture commonly encountered in actual systems
and in intensified technologies presenting ultrathin culture (see further description
of AlgoFilm© technology).

Both surface and volumetric productivities represent the kinetics efficiencies of a
cultivation system. Energy efficiency is also a relevant performance indicator for
energy applications of PBRs. The rigorous thermodynamic efficiency (the exergetic
yield of the PBR) is defined (Cornet et al. 1994) as the ratio of the volumetric
chemical power produced over the volumetric light absorption rate (A) [Eq. (1)] and
can be roughly assimilated to the photosynthetic conversion efficiency of the PBR
(PCE). Whereas the kinetics performances increase with increasing PFD, the PCE
decreases with PFD because photosynthesis rapidly saturates with light (Cornet
2010; Wilhelm and Selmar 2011). This consideration is the basis of the light
dilution principle applied to the design of solar cultivation technologies aiming to
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Fig. 3 Overview of the general modeling approach used to simulate solar PBR (for details, see
Pruvost and Cornet 2012; Pruvost et al. 2011a, b, 2012)

optimize the rate of biomass produced per unit footprint of PBR. In this case, the
surface area used for collecting the sunlight is smaller than the surface area illu-
minating volumetrically the culture inside the PBR. Their ratio is the so-called
geometric dilution ratio which is less than unity. In other words, the PFD inside the
culture is lower than the PFD of the captured sunlight. This concept leads then to
larger PCE and larger biomass production rates per unit surface area used for
collecting light.

3 The Specific Case of Solar Photobioreactor Engineering

3.1 The Use of Sunlight

Outdoor conditions and the use of sunlight as the primary energy source result in
several challenges in the engineering design and control of outdoor cultivation
systems. The amount of direct and diffuse solar incident irradiances as well as the
strongly time-dependent incident PFD and the associated incident angle have been
found to significantly affect the process efficiencies (Pruvost et al. 2011a, 2012).
Consequently, although the luminostat regime is the ideal case leading to maximum
biomass productivity, it cannot be maintained under solar conditions because of the
rapid variations in light with time compared with the biomass concentration
(Hindersin et al. 2013; Pruvost et al. 2011a, 2012). Thus, a compromise in design
and operation has to be found. This can be achieved, in continuous PBRs, by
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defining for example, a residence time that maximizes the yearly biomass pro-
ductivity by controlling the temporal evolution of the biomass concentration and the
light attenuation in the PBR. Moreover, oversaturating light can be received by
cells, especially for high PFD typically larger than 400 pmole m > s~ '. Such PFD
are commonly encountered in most Earth’s location in the summer. It is known to
impair culture health and possibly induce biological drift (i.e., photoinhibition)
which can lead to process instability. Strong light attenuation in the PBR is known
to have a positive effect as it decreases the amount of light energy received per cell
along the depth of the PBR (Carvalho et al. 2011; Hindersin et al. 2013; Torzillo
et al. 1996). Overall, these examples reveal that controlling the biomass concen-
tration is a key aspect of optimizing the operation of solar PBR as it directly affects
the PBR productivity and its stability.

3.2 Thermal Regulation Issues

Like in any biological process, temperature directly influences photosynthesis and
microorganism growth. Particularly under solar illumination, closed PBRs tend to
overheat and open systems may suffer from evaporation of water under strong
incident irradiance. This can be attributed to culture confinement and to the strongly
exoenergetic photosynthetic growth (Carvalho et al. 2011; Hindersin et al. 2013;
Torzillo et al. 1996; Wilhelm and Selmar 2011). In fact, the thermodynamic effi-
ciency over the PAR region of systems working with low light typical of artificial
illumination (100-300 pmoley,, m s isin general below 5 % (Cornet 2010) and
decreases to 2 % under large solar irradiance (>500 pmoley,, g_2 s 1. As a result,
around 95 % of the captured light is converted into heat. In fact, under outdoor
conditions, around 50 % of the energy in the solar radiation is contained in the near-
and mid-infrared above 750 nm and directly participates in heating up the culture
(Goetz et al. 2011; Hindersin 2013; Hindersin et al. 2013, 2014).

Thermal regulation of PBRs has been widely investigated as a major issue of
solar microalgal cultivation (Borowitzka 1999; Grobbelaar 2008; Hindersin et al.
2013, 2014). Unfortunately, without proper thermoregulation, temperatures lethal to
living microorganisms can easily be reached inside the PBR. For temperate climates
during winter, excessively low temperatures can result in loss of biomass growth
and productivity. Then, heating the culture can be beneficial (Hindersin 2013). The
appropriate temperature window depends strongly on the species cultivated.
However, it typically ranges between 10 and 30 °C.

Various solutions for heating or cooling PBRs are available, depending of the
PBR technology, size, and location. Water cooling and/or heating by spraying on
the PBR outside surfaces or by direct PBR immersion in a pool are often used
(Borowitzka 1999). In temperate regions, cultivation systems can also be placed in
greenhouses. Although efficient, those methods can increase the construction and
operating costs and negatively impact the environmental footprint through exces-
sive energy and water consumptions.
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Although technical solutions currently exist, PBR temperature control remains a
challenge under solar conditions, especially if cost-effective solutions with low
energy consumption and year-round operation are sought. This can lead to the need
for both cooling and heating. The engineering of the cultivation system is also
relevant. For example, Goetz et al. (2011) experimentally and theoretically inves-
tigated the effect of various designs of a flat panel PBR. Depending on the con-
figuration, the authors observed a decrease of up to one order of magnitude in the
PBR energy consumption. IR filtering, for example, was found to be especially
effective at reducing culture overheating. More recently, research efforts have
investigated the integration of PBR technology into building fagades. This inte-
gration offers various benefits regarding thermal management of both PBRs and
buildings. Energy exchanges between the building and the PBRs can indeed be
designed so as to cool or warm each one of the subsystems. For example, PBRs can
filter sunlight in summer to reduce the thermal load on the building. In winter,
excess thermal energy in the cultivation system can be used to warm the building.
Finally, the added thermal mass of the building can be used to facilitate PBR
thermal regulation regardless of the season.

Overall, thermal regulation of PBR depends on the location, the time of year,
and on the strain cultivated. Cooling and/or heating requirements have to be esti-
mated (usually in the range 50-200 W m™2) and the associated thermal solutions
should be defined and integrated at the early stage of the system’s design. For
climate with large variations in outdoor temperature and solar irradiation during the
course of a year, it could be beneficial to cultivate different species with optimal
growth at different temperatures (Hindersin 2013). This could lead to a significant
decrease in energy needs.

3.3 Modeling for Solar PBR Optimization

Biophysical modeling of photobiological processes in solar PBRs aims to relate the
various design and operating parameters to the productivity and efficiency of
microalgal cultivation systems. Such modeling should account for the complex
phenomena involved in the process and particularly the coupling between light
transfer in the culture and photosynthetic growth. Several recent studies have
modeled solar PBR operation with the aim to optimize productivities as a function
of PBR design, location, and/or cultivated species (Pruvost et al. 2011a, 2012;
Quinn et al. 2011; Slegers et al. 2011, 2013a, b).

Based on in-depth modeling efforts, engineering rules and formulae have been
derived to design, optimize, and control PBRs in a predictive and rational way.
Those tools are today available for both artificial light sources and sunlight and for
systems based on either surface or volumetrically illuminated PBRs. The interested
reader is referred to the manuscript by Pruvost et al. (2011a) for a complete
description of solar PBR model and to those by Pruvost and coworkers (Pruvost
et al. 2011b, 2012; Pruvost and Cornet 2012) for more detailed investigations.
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Fig. 4 Maximal volumetric and surface biomass productivities of the microalga Chlamydomonas
reinhardtii as a function of incident PFD. Results are given for various typical values of
illuminated surface-to-volume ratio (ajgn,). Corresponding depths of culture for flat panels are also
given for information (ajigh = 1/L,)

In general, current models mainly aim at relating sunlight conditions obtained
from meteorological database to growth kinetics so as to predict PBR performances,
as illustrated in Fig. 4 (Pruvost et al. 2011a; Quinn et al. 2011; Slegers et al. 2011).
These models can provide valuable predictions of productivity for PBR operated
during an entire year. They can also assess the influence of various parameters such
as PBR location, harvesting strategy, strains cultivated, and the effects of night and
day cycles. However, they may be regarded as oversimplified considering the
complexity and numerous parameters affecting PBR operation and productivity in
outdoor conditions. There is clearly a need to pursue the efforts of developing a set
of robust tools for solar cultivation optimization to achieve better accuracy and to
extend their applicability to other challenges related to solar PBRs. For example,
Slegers et al. (2013a) integrated, in its model of the process, a thermal model able to
predict the temporal evolution of the culture temperature under solar conditions and
assess its influence on growth. Temperature was found to strongly influence the
growth rate. Simulations predicted the range of temperature for a given location as a
function of culture volume and thermal inertia of the system. The effect of
nonoptimal thermal regulation on the productivity was simulated.

3.3.1 Model-Based Design of Intensified PBR Technologies

Modeling can be used to simulate various configurations of PBR for the opti-
mization of their design. This section presents two examples of solar technologies
whose development was based on the general methodology described in the pre-
vious section. Those technologies, namely AlgoFilm© and DiCoFluV©, are also
illustrated in Fig. 1.
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First, the AlgoFilm© PBR is based on surface illumination principle. It aims to
achieve a very high volumetric productivity and the maximum surface productivity
achievable under direct illumination. According to Eq. (3) and Fig. 3, large volu-
metric productivity can be achieved if the system presents a very large illuminated
surface to volume ratio djgn.. Thus, AlgoFilm© PBR is based on a falling film
concept with value of ajjgne of 470 m? m >, corresponding to 2.1 L per m? of
illuminated surface area. To fulfill the light limitation condition and to guarantee
maximum biomass productivities of the system, various optimization strategies
have been explored including (i) PBR hydrodynamics, (ii) gas—liquid mass transfer
optimization (CO, dissolution, oxygen removal), (iii) development of thermal
regulation devices, and (iv) material selection to prevent biofilm formation.
A volumetric productivity of 5.7 kg m > day~ ! was experimentally achieved under
solar illumination condition with a daily averaged PFD g = 270 pmole,, m > s '
typical of the average irradiation conditions in France. Note that the maximum
productivity predicted by the model was 5.5 kg m > day ™' (Le Borgne 2011). This
confirmed the relevance of the modeling used during the design phase of the
cultivation system.

Moreover, the DiCoFluV©O concept (Cornet 2010) is based on volumetric illu-
mination with optimized light dilution principle. First, the conception of the optimal
layout for the optical fibers with lateral diffusion of light used inside the culture
volume was obtained using the constructal approach (Bejan 2000; Bejan and
Lorente 2012) and imposing a low PFD to achieve high thermodynamic efficiency
(namely 15-18 % in the PAR). This required models of light transfer for simple
one-dimensional (Cornet 2010) or complex three-dimensional PBR geometries
(Dauchet et al. 2013; Lee et al. 2014). Second, the optimum solar capture area was
determined using kinetic model coupling the local light absorption rate A with
biomass growth rates based on yearly solar databases. The modeling effort led to a
design with 25 Fresnel lenses for a total volume of 30 L (Fig. 1). The optimal light
dilution factor of the incident PFD was found to be relatively constant for any
location on earth. But clearly, this concept is more interesting for locations with
strong direct illumination. Relatively large volumetric biomass productivities are
possible because of the large illuminated surface ajjone of roughly 350 m? m~?
compensating for the low incident diluted PFD. Nevertheless, this PBR is mainly
conceived as an optimal surface biomass productivity concept capable of increasing
the surface productivity by an order of magnitude (by unit footprint) in solar
conditions compared to conventional direct illumination systems. This corresponds
to the maximum thermodynamic efficiency of photosynthesis. Actual performance
of the system depends on the optical efficiency of the capture/concentration/
filtration/distribution of light inside the culture vessel. Nowadays, efficiencies
between 5 and up to 30 % for the DiCoFluVO PBR have been reported, reducing
the theoretical maximal surface productivities down to around 100 £, ha > year ' at
the Earth’s equator (Cornet 2010).
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3.3.2 Prediction of PBR Operating Conditions and Optimization
of Biomass Productivity

Modeling can be used to simulate PBR operation under outdoor solar irradiation.
Because of variations in the incident illumination, the PBR never reaches a steady
state and biomass concentration continuously evolves with time. Figure 4 shows an
overview of the general modeling approach used to simulate solar PBRs. By pre-
dicting the temporal evolution of the biomass concentration in response to irradi-
ation conditions, modeling of solar PBR operation is especially useful as biomass
concentration directly affects light attenuation conditions and the resulting biomass
productivity (Hindersin 2013; Hindersin et al. 2014; Slegers et al. 2011; Pruvost
et al. 2011a). The effects of the season and of day—night cycles on the process
dynamics and biomass productivity can be accounted for. Various engineering
parameters can also be easily simulated to identify their optimum values. This
includes parameters related to PBR design such as PBR geometry, orientation and
inclination, and operating parameters like the residence time applied onto the
cultivation system for continuous or semicontinuous cultures (Grognard et al. 2014;
Hindersin et al. 2014; Pruvost et al. 2011a, 2012).

Figure 5 shows typical model predictions of the daily surface biomass produc-
tivity Pg as a function of the residence time for a continuous flat panel PBR located
in Nantes, France for two commonly used microorganisms, namely Chlamydomonas
reinhardtii (microalgae, eukaryotic microorganism) and Arthrospira platensis
(cyanobacteria, prokaryotic microorganism). Those simulations were conducted for
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Fig. 5 Yearly average areal productivity of an inclined flat panel PBR (45°) as a function of the
residence time applied on the cultivation system operated in continuous mode (Nantes locations,
France). Values are given for the microalga C. reinhardtii and for the cyanobacteria A. platensis,
illustrating the narrower range of residence time to maximize productivity for eukaryotic cells as
explained by their sensitivity to dark volumes induced by too high values of residence time values
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light-limited conditions with otherwise optimal growth conditions. An entire year of
operation was simulated. Results for C. reinhardtii indicate that the maximum daily
surface productivity could be achieved over a very narrow range of residence times.
By contrast, the daily surface productivity for A. platensis reached a maximum for a
large range of residence times. This was due to the fact that A. platensis is less
sensitive to the presence of dark regions of the PBR which promote respiration
activity (Gonzalez de la Vara and Gomez-Lojero 1986). On the other hand, dark
volumes have a strong and negative influence on C. reinhardtii growth. Figure 5 also
indicates that for either microorganisms, the productivity decreased sharply as the
residence time decreased leading to culture washout.

Maximum biomass productivity can be easily achieved in continuous PBR
exposed to artificial constant illumination by setting the biomass concentration
corresponding to optimal light attenuation conditions (Takache et al. 2010). Under
sunlight, the biomass growth rate is not sufficient to compensate for the rapid
changes in sunlight intensity. Consequently, light attenuation conditions are never
optimal. The optimal value of the residence time illustrated in Fig. 5 represents the
best compromise to achieve maximum biomass productivity over the year of
operation.

Because of variations in the incident irradiation, a wide range of light attenuation
conditions can be encountered inside the culture volume during the course of a day.
This can affect the process stability. For example, promoting small residence time to
reduce the extent of dark zone favors low biomass concentration. This also reduces
light attenuation and possibly impairs the process stability for periods where
oversaturating light is encountered, such as at noon in the summer. A practical
advice consists of promoting light attenuation by relying on large biomass con-
centration. For example, Hindersin et al. (2013) recommended a minimum value of
biomass concentration for a given PFD incident on a solar PBR with sun-tracking
capabilities, to maintain sufficient light attenuation. However, this approach results
in a decrease in biomass productivity particularly for species with large respiration
activity under illumination, as previously discussed. Again, a compromise has to be
found, between the process productivity and its stability and robustness.

A first attempt to set rational strategies to achieve this compromise can be
proposed. Light transmission through the PBR can be considered as an indicator of
insufficient PFD attenuation, as light is not fully absorbed by the culture. Based on
simulations of the process operation, the number of hours when light transmission
through a continuous PBR occurs during a year of operation is calculated. Figure 6
shows the fraction of the time when light transmission is nonzero as a function of
the residence time imposed to the cultivation system simulated in Fig. 5. It indicates
that the number of hours when light transmission occurs is strongly influenced by
the residence time because of its direct dependence on biomass concentration. For
example, long residence time results in high biomass concentration and strong PFD
attenuation. However, the evolutions of biomass productivity and light transmission
with the residence time are different. For example, at optimal residence time for
maximal biomass productivity of C. reinhardtii, the light transmission regime
prevails 50 % of the time when the cultivation system is illuminated. This relatively
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large fraction would certainly lead to a significant risk of photoinhibition and
culture drift, and potentially process instability and loss of efficiency. This risk can
be reduced by increasing the residence time to obtain larger biomass concentration.
For example, if the residence time is doubled, the PBR presents non-zero light
transmission during only 15 % of illuminated hours, which can be considered
acceptable as a first-order approximation. This corresponds to a limited loss of
productivity of about 10-15 %. These results illustrate the need to find a com-
promise between maximizing biomass productivity and maintaining stable pro-
duction conditions by setting the appropriate residence time and the associate
biomass concentration in the cultivation system. Then, modeling seems especially
useful since it can predict the evolution of the parameters defining the state of the
culture so as to determine the optimum operating conditions leading to both a
robust and efficient production.

3.3.3 Definition of Optimal Concentration to Maximize PBR
Productivity

Biophysical models previously mentioned can be used to derive simple and prac-
tical analytical expressions and rules of thumb to determine the maximum surface
and volumetric biomass productivities achievable by the PBR, thanks to Eqs. (2)
and (3), respectively. Other models have also been developed to find the optimum
PBR dimensions and/or microorganism concentration for a given species. The last
two parameters have typically been treated and optimized separately (Pruvost et al.
2011a; Quinn et al. 2011; Slegers et al. 2011). However, based on the observation
that PBR productivities were strongly influenced by light attenuation conditions,
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Lee et al. (2014) used the concept of absorption optical thickness z; defined as the
product t; = EayCx/ajign, (dimensionless). Here, Ea; is the specific absorption

coefficient for a given

species under the growth conditions considered,

Cx = Cx(t = 0) is the initial biomass concentration, and @jign; = Siigne/Vr i8S the
illuminated surface area per unit volume of PBR, also used in Eq. (3). Figure 7a
shows the surface productivity P, of horizontal PBR, growing C. reinhardtii and
operated in batch mode during a summer day in Los Angeles, CA as a function of
initial biomass concentration for different values of ajign = 1/L where L is the depth
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of the pond. It indicates that for a given depth, there exists an optimal initial
concentration for which Pg is maximal. Figure 7b shows the same data but plotted
as a function of Cx/ajign as well as those for flat plate and tubular PBRs. It is
evident that the daily surface productivity P; was a unique function of the ratio Cx/
ign- What is more, the function P(Cx/ayign,) for C. reinhardtii was the same for
outdoor horizontal PBR (open ponds), vertical flat plate, and tubular PBRs operated
in batch mode. In addition, the validity of this approach was also established for
experimental data (Pruvost et al. 2011b) and other simulation results based on
different models (Pruvost et al. 2011a; Quinn et al. 2011; Slegers et al. 2011) for
different microorganisms and PBRs operated in continuous mode. The PBR
absorption optical thickness, represented by Cx/ayign for a given species, constitutes
a convenient parameter for designing (via ajigh = Siigh/ V) and operating (via Cy)
these PBRs to achieve their maximum productivity P; .« predicted by Eq. (2).

4 Conclusions

This chapter has reviewed the various parameters which one should consider in
designing and operating large microorganism cultivation systems. Open systems
constitute a simple and mature technology already deployed at industrial scale. By
contrast, closed PBRs can be regarded as more complex systems, mainly due to the
influence of light on the process. However, the main challenges have been iden-
tified and some robust engineering solutions have been recently proposed. Their use
in the design and control of solar PBRs was illustrated in this chapter. Research
efforts have to be pursued to develop solar PBR technologies in order to achieve
their maximum theoretical performance. This is a prerequisite to compensate for the
higher cost associated with the confinement of the culture to prevent contamination.
These efforts should focus on the closely connected areas of biophysical modeling,
engineering design, and operation and control.
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Commercial Production of Macroalgae

Delin Duan

Abstract Macroalgae, or seaweeds, are commercially important foods and sources
of other products. The main seaweed producers are mostly in Asia, but significant
production exists in central and south America. Biotechnology is expected to play
an increasingly significant role in commercial production of macroalgae. This
chapter provides an overview of biotechnology-based production of seaweeds.

Keywords Macroalgae - Seaweeds - Macroalgae biotechnology - Strain
improvement

1 Introduction

Seaweed is favored seafood in some regions and is also used as feedstock for
extracting fine chemicals. Among all the maricultured species, seaweeds now
account for nearly 50 % of the total production (Table 1). The total global seaweed
production continues to grow (Fig. 1). The main aquacultured seaweed genera are
Saccharina (Laminaria), Undaria, Pyropia (Porphyra), Eucheuma/Kappaphycus,
and Gracilaria, representing about 98 % of global seaweed production (Pereira and
Yarish 2008). Commercial production of macroalgae is carried out mainly in Asia
(Table 2) and Latin America (Table 3), where production is a relatively
low-technology business with high labor demand. The main producing areas in
Latin American are shown in Fig. 2. Attempts have been made to implement higher
technology and less labor intensive production in tanks on land, but such attempts
have had little commercial success.

Current seaweed production is valued up to US$12 billion, with food accounting
for about 75 % of production, followed by hydrocolloids (alginate, agar, and car-
rageenan) with about 20 %. The remaining 5 % of production is used for various
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Table 1 World mariculture production of major species groups from 1996 to 2010 (from Chopin
and Neish 2014)

Major mariculture species groups Production (%)

1996 2000 2004 2008 2010
Molluscus 48.2 46.2 43.0 42.7 37.2
Seaweeds 44.0 44.0 459 46.2 50.9
Finfish 7.0 8.7 8.9 8.9 9.1
Crustaceans 1.0 1.0 1.8 1.8 1.8
Other aquatic animals (sea urchins, - 0.1 0.4 0.4 1.0
sea cucumbers)

10 [~
= Al
BT = Nori
Gracilaria
6 = Kappaphycus and Eucheuma

Million tonnes

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Year

Fig. 1 Global production (fresh weight) of red seaweeds by genus. Reproduced from Hurtado
et al. (2014)

Table 2 Aquaculture production of the five most important seaweed genera

Genus Production Value Main producers
(metric tons) (10° US$)

Saccharina 4,075,415 2,505,474.9 | China (98.3 %), Japan (1.2 %), South
Korea (0.5 %)

Undaria 2,519,905 1,015,040.5 | China (87.1 %), South Korea (10.4 %),
Japan (2.5 %)

Pyropia 1,397,660 1,338,994.7 | China (58 %), Japan (25.6 %), South
Korea (16.4 %)

Eucheumal 1,309,344 133,325.2 Philippines (71.9 %), Indonesia

Kappaphycus (20.9 %), Tanzania (5.4 %)

Gracilaria 948,282 385,793.7 | China (93.7 %), Vietnam (3.2 %),
Chile (2.1 %)

Modified from Aquaculture Production 2004 (2006), FAO Yearbook, Fishery Statistics, vol. 98/2,
Rome: FAO
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Table 3 Harvested and cultivated seaweeds production (metric tons) in Latin America

Production method/country 2009 12010 12011
Seaweed harvested”

Chile 456,184 380,742 417,965
Mexico 5814 6009 5721
Peru 3874 3836 5801
Seaweed cultivated®

Brazil 520° 730° 730°
Chile 88,193 12,179 14,469

Reproduced from Rebours et al. (2014)

Sources IFOP Instituto de Fomento Pesquero (www.ifop.cl), SAGARPA Secretaria de
Agricultura, Ganaderia, Desarrollo Rural, Pescay Alimentacion

“Harvest data from Chile (IFOP), Mexico (SAGARPA), Peru (DIREPRO)

bAqualculture data from FAO (18/12/2013)

‘FAO estimates

products, such as fertilizers and animal feed additives. About 20 million tons of wet
seaweed is used annually, mostly from cultivated plants but some from wild plants
(FAO 2012).

In Southeast Asian countries with sub-tropical and tropical regions, the main
seaweed production is carrageenophytes and agarophyte and much effort and cul-
tivation refinement have occurred since 2000. Kappaphycus-Eucheuma has domi-
nated the production (Fig. 3) of cultivated and harvested red seaweed biomass since
2004 (Hurtado et al. 2014). In 2010, according to the farming producers’ shares,
Indonesia was the top carrageenan seaweed produces in the region (60.5 %), fol-
lowed by Philippines (31.9 %) and Malaysia (3.7 %) (FAO 2012). Latin American
countries account for about 17 % of the global seaweed production, with Argentina,
Brazil, Chile, Mexico, and Peru producing about 37 % of red seaweeds for phy-
cocolloid extractions (Hayashi et al. 2014). In Latin America, Europe and Canada,
seaweed industries rely on harvesting wild populations and production is limited by
the ability of wild populations to recover.

Currently, the region with the largest production for seaweed is China (Tseng
2004), with total cultivated area of approximately 121,990 ha and annual cultivated
output of over 1,856,800 tons. According to 2014 statistics, about 950,000 tons of
the large brown magroalga kelp Saccharian japonica is produced annually, mainly
in Shandong and Fujian provinces (Wu 1998) and there is significant production of
Sargassum fusiformis (15,150 tons), Pyropia (Porphyra) (113,900 tons) and
Gracilaria (Gracilariopsis) lemaneiformis (246,110 tons) (CFSY 2014). However,
despite being the top seaweed producer, China still needs to import huge quantities
from other countries to meet a huge and growing demand.


http://www.ifop.cl

70 D. Duan

A Gracilaria
& Gracilariopsis

@ Eucheuma
O Kappaphycus
@ Hypnea

Chondrus
/\ Chondracanthus

) Gigartina
Sarcothalia
Callophyllis

Fig. 2 Main economically important seaweeds cultured in Latin America in various biogeo-
graphical zones: a Temperate Northern Pacific; b Tropical Eastern Pacific; ¢ Temperate South
America; d Tropical Atlantic. Reproduced from Hayashi et al. (2014)

2 Advances in the Commercial Production of Macroalgae

Over the years, the use of products derived from seaweeds has increased and there
have been major improvements in production, particularly in China. Such progress
includes
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Fig. 3 Production of Kappaphycus-Eucheuma (fresh weight) by country. Reproduced from
Hurtado et al. (2014)

2.1 Enhanced Availability of Seaweed Seedstock
and Improvement via Strain Selection and Hybridization

A seaweed seedstock preservation system has been established to protect com-
mercially valuable brown and red seaweeds cell lines such as Saccharina
(Laminaria) (Fig. 4), Undaria, and Pyropia (Porphyra) (Fig. 5). This seedstock
preservation system is undoubtedly important for seedling nurseries and seaweed
reproduction (Tseng 1981). However, the application of good cultivars accounts for
less than 5 % of commercial production, so there needs to be intensive work to
develop commercial seaweed variety selection, hybridization and production.
Successive selection and use of seaweed germplasm in production will cause
regression and degradation of germplasm. Consequently, renewing and enlarging
seedstocks will be necessary to refresh seaweed varieties and benefit seaweed
production in terms of quantity and quality (Wu et al. 2004).

Fig. 4 Greenhouse nursery
of Saccharina seedlings

\‘_ D -

SN
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Fig. 5 Propagation of
Pyropia (Porphyra) cultivars

2.2 Increased Number of Commercially Cultivated Species

In view of the need for diversity, new types of seaweeds that have not yet been
commercialized are being cultivated for trial and demonstration purposes, including
Sargassum thunbergii, S. naozhouense and S. fulvellum (Hwang et al. 2006; Wang
et al. 2006; Chu et al. 2011; Xie et al. 2013). Large-scale production of
Eucheuma/Kappaphycus has begun relatively recently in Southeast Asia and there
is low-level production of other species, including Entermorpha, Monostroma,
Ecolonia, Bangia sp., Costaria (Fig. 6), Caulerpa and Scytosiphon (Ohno 1995;
Kim et al. 1996; Choi et al. 2002; Fu et al. 2010; Guo et al. 2015; Zhuang et al.
2014).

Fig. 6 Gametophyte clones
nursery in Costaria sporeling
culture
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2.3 Application of DNA-Marked Systems in Genetic Study
and Application

As a prerequisite for using biotechnology in seaweed breeding and cultivation,
effective molecular markers need to be developed. Detecting more genetic loci in a
segregated population of seaweed should allow construction of a high density
linkage map based on SSR (simple sequence repeats) and SNP (single nucleotide
polymorphism) markers. Because of lower macroalgal evolutional position and
marine environment influences, strain verification based on genotype is more
convincing than the use of morphologic characteristics. However, despite difficul-
ties, DNA markers can be effectively applied in seaweed germplasm identification,
genetic variation and quantitative trait locus (QTL) analysis (Sun et al. 2006; Liu
et al. 2010).

2.4 Improvements in Seedling Nursery Systems
and Development of New Technologies for Intensive
High-Efficiency Seedling Production

Until recently, nursery production of Saccharina (Fig. 4) and Pyropia seedlings has
been time-consuming and laborious. Improvements in temperature and illumination
control have shortened the duration of Saccharina nursery seedling production to
60 days. Similar integrated temperature-light control systems (Fig. 5) have allowed
Pyropia (Porphyra) filaments to grow rapidly and consistently release a huge
number of conchospores.

2.5 Expansion of Cultivation Areas from Shallow Seas
to Deep Seas

The area devoted to seaweed aquaculture is continually expanding and commercial
production is increasing steadily (FAO 2010, 2012). In China, production today is
four times larger than ten years ago. Increased production is linked significantly to
increased movement from the shallow sea to the deep sea areas (Fig. 7). New
seaweed cultivation systems and shipping facilities have reduced the possibility of
contaminating shallow seawater used for cultivation and have greatly improved
seaweed food safety.
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Fig. 7 Deep sea Pyropia
cultivation in Jiangsu, China

2.6 Polyculture of Commercial Seaweeds and Aquatic
Animals

Polyculture of species offers other exciting possibilities. Ployculture of Saccharina
with Undaria and aquatic animals such as scallop and abalones has been shown to
be possible and can be advantageous. Alternate cultivation of Saccharina and
Gracilaria on the same cultivation raft has been demonstrated and shown to
enhance biomass production. Moreover, polyculture of aquatic animals and sea-
weed has the potential to alleviate eutrophication in shallow sea areas (Chirapart
and Lewmanomont 2004; Zhang et al. 2005; Holdt and Edwards 2014).

2.7 Improvements of Seaweeds Process Technologies
and Development of Novel Foods and Drugs

Substantially enhancing grower income and financial viability and innovative
processing technologies increase the quality and diversity of products derived from
various species, including seaweeds (Sasaki et al. 2004). The marine drugs,
polysaccharide sulfate sodium (PSS), and fucose-containing polysaccharide sulfate
(FPS or fucodian) are already made from the extract of Saccharina japonica and
more drugs may be developed from other seaweed.

3 Concluding Remarks

Aquaculture of macroalgae has ecological benefits and may lower atmospheric
carbon dioxide (Yue et al. 2014) in some situations. Future growth in production
will occur through expansion of growth areas and through the use of cultivars
enhanced via biotechnology. The diversity of the products derived from macroalgae
will likely increase.
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Harvesting of Microalgal Biomass
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Abstract Dewatering of microalgal broth is a key unit operation for producing
algal fuels and other products. Dewatering is expensive and a factor hindering the
commercialization of low-value algal products such as fuel oils. The extremely
dilute nature of microalgae cultures coupled with the small size of the algal cells
makes dewatering energy intensive. This chapter provides an overview of some of
the key dewatering methods applicable to microalgal broths.
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1 Introduction

Microalgae are receiving increasing attention for various applications (Brennan and
Owende 2010; Zeng et al. 2011). Harvesting, dewatering, or recovery of microalgal
biomass from the culture broth, are essential steps in processes for producing
products from microalgae. Dewatering can be energy intensive and typically
requires removal of water so that a dilute suspension of algal cells with about
0.02-0.06 wt/vol.% biomass by dry weight is concentrated to 5-25 % suspended
solids by weight (Uduman et al. 2010a). In some cases, multistep dewatering
schemes are used. For example, biomass may be concentrated to 2—7 % suspended
solids in an initial step followed by a second dewatering step which concentrates the
slurry to 15-25 % solids by dry weight (Uduman et al. 2010a). Occasionally, a
biomass drying step may be required subsequent to dewatering.

Many processes are available for dewatering a microalgae broth. These include
centrifugation, flocculation, flotation, filtration, sedimentation, and electrophoretic
separations. This chapter is focused on efficient and low-cost microalgae dewatering
technologies with commercial prospects.

Dewatering is a major contributor to cost for producing algal biomass. This is
because the initial broth is quite dilute, the size of microalgal cells is small, and the
density of the cells is close to that of water, the suspending fluid (Danquah et al.
2009a, b; Uduman et al. 2010b; Zeng et al. 2012). Dewatering techniques such as
centrifugation are highly effective and commercially used, but prohibitively
expensive and energy intensive for use in production of low-value algal products.
Efficacy of other methods such as flocculation and gravity sedimentation depends
on the specifics of the algal species and the culture method used. Techno-economic
analyses of dewatering methods indicate that no universal technology of choice
exists for all applications. Issues such as energy consumption, capital cost, main-
tenance requirements, dewatering efficiency, the specifics of the microalga being
dewatered and the end use of the biomass need to be considered in selection of
appropriate dewatering method for a given scenario (de la Noue and de Pauw 1988;
Uduman et al. 2010a; Zeng et al. 2011; Ahmad et al. 2011; Chen et al. 2011; Cerff
et al. 2012; Lam and Lee 2012; Sharma et al. 2013).

2 Microalgae Dewatering Technologies

2.1 Flocculation

Flocculation is a process in which cells in suspension are made to agglomerate into
larger particles (Veldkamp et al. 1997; Uduman et al. 2010a), or flocs that sediment
easily compared to the microscopic cells. Flocculation is induced by adding a
flocculating agent, or it may occur spontaneously as a consequence of a flocculating
agent being produced by algal cells, or other contaminating microorganisms.
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Fig. 1 Flocculation of microalgal broth: a dispersed and suspended cells; b agglomeration and
floc growth; ¢ sedimentation of flocs

Flocculants are generally added in the form of a solution. Flocculation is widely
used specially in treatment of water and wastewater (Loh and Hubbard 2002).
Microalgae cells have a typical size range of 5-50 pm. Cells generally form a
relatively stable suspension. Cells carry a net negative surface charge as a result of
ionization of the functional groups on their cell wall (Tenney et al. 1969). Mutual
repulsion between the negatively charged cells prevents them from agglomerating and
settling out of suspension (Tenney et al. 1969; Uduman et al. 2010a). Addition of a
flocculant to a suspension destabilizes it so that the particles agglomerate to generate
flocs (Fig. 1). Some algal suspensions will autoflocculate at some stage of cultivation
as a result of the flocculating activity of the metabolites being produced by the cells.
Flocculants are mainly of three types: inorganic flocculants, organic polymers or
polyelectrolytes, and microbial flocculants (Uduman et al. 2010a). Salts of multi-
valent metals such as aluminum and iron are effective flocculants. Cationic poly-
mers carrying multiple positive charges on the molecule are also quite effective in
flocculating microalgae suspensions (Pushparaj et al. 1993). Microbial flocculants
are produced by microorganisms. Microbial flocculants are mainly biopolymers.
Efficacy of flocculation of a microalgal broth depends on a number of factors
including the type of flocculant, the concentration used, the morphology and surface
charge properties of the algal cell, the pH of the broth and the ionic strength of the
suspending medium (Oh et al. 2001). Compared to centrifugation and filtration,
flocculation followed by gravity sedimentation is cheap, can treat large volumes and
demands less energy (Pushparaj et al. 1993; Lee et al. 1998). Most algae can be
harvested by flocculation. Although flocculation is effective, the biomass sludge
recovered by sedimentation still contains a lot of water and further dewatering by other
methods may have to be used. Some microalgal flocs can be difficult to sediment
because their density is close to that of water and in sunlight the cells in the floc
generate oxygen bubbles (Moraine et al. 1979), which tend to keep the flocs afloat.

2.2 Electrolysis

Electrolytic technologies are increasingly being used in microalgae harvesting
(Mollah et al. 2004). Three common variants of electrolytic processes are
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Table 1 Comparison of the three typical electrophoretic technologies

Dewatering | Final Energy Reliability | Limitations References
process solids usage
content (kWh/m3)
(% TSS)*
Electrolytic | >95 0.8-1.5 Good High energy Bektas et al. (2004),
coagulation cost; electrode | Danquah et al. (2009a)
depletion
Electrolytic | 3-5 High Poor High energy Rubio et al. (2002),
flotation cost; low Shelef et al. (1984)
efficiency
Electrolytic | >90 ~0.3 Very Cathode Danquah et al. (2009a),
flocculation good fouling Edzwald (1995),
Poelman et al. (1997)

4TSS Total suspended solids (wt/vol.%)

electrolytic coagulation, electrolytic flotation, and electrolytic flocculation (Mollah
et al. 2004). The performance parameters of these processes are summarized in
Table 1.

2.2.1 Electrolytic Coagulation

Electrolytic coagulation, or electrocoagulation, is an attractive alternative to tradi-
tional methods of flocculation. It has a relatively low energy demand and a high
efficiency (Poelman et al. 1997; Alfafara et al. 2002; Gao et al. 2010a, b).

Electrocoagulation involves three stages: (1) generation of metal cationic
coagulants (e.g., AP by dissolution of a reactive sacrificial anode; (2) destabi-
lization of the cell suspension by the coagulant; and (3) aggregation of the desta-
bilized particles to form flocs (Mollah et al. 2004; Bukhari 2008; Chen et al. 2011).
Compared with conventional flocculation with inorganic salts, electrocoagulation
has several advantages: (1) no anions such as sulfate and chloride are introduced in
the system as would occur if an inorganic salt was used as flocculant; (2) the
cationic coagulants produced by electrolytic oxidation of the anode are highly
effective so that the dosage of the metal ion required may be less than if a salt was
used; (3) a prior pH adjustment is not necessary and alkalinity is not consumed
during the process as the OH ions are generated at the cathode; (4) the
microbubbles of gases produced at the electrodes may function as flotation aids to
enhance floc removal by flotation (Hosny 1996; Gao et al. 2010b).

2.2.2 Electrolytic Flotation

Electrolytic flotation is similar to electrocoagulation. However, in electrolytic
flotation, the cathode is made of an electrochemically inert metal. As shown in
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Fig. 2, the negatively charged algal cells tend to migrate toward the anode in an
electric field and aggregate (Aragén et al. 1992). The electrolysis of water generates
microbubbles of gases at the electrodes. These bubbles entrapped in the microalgal
floc carry them to the surface, where the biomass is skimmed off (Mollah et al.
2004).

The generation of bubbles at the electrodes drives flotation. As the rate of bubble
generation is proportional to electric current, the power demand of an elec-
troflotation process may be high. Electrolytic flotation might not be suitable in
every application, but it is commonly used for dewatering broths of marine
microalgae (Alfafara et al. 2002; Uduman et al. 2010a).

2.2.3 Electrolytic Flocculation

Electrolytic flocculation occurs without the addition of flocculants. The negatively
charged algal cells migrate toward the inert anode. At the anode, the surface charge
of the cells is neutralized to cause the cells to aggregate. Unlike in electrocoagu-
lation, a sacrificial anode is not used. The gases produced at the electrodes through
electrolysis of water facilitate the flotation of the flocs (Poelman et al. 1997).
Biomass removal efficiency of 95 % or more may be achieved for diverse groups of
microalgae (Poelman et al. 1997). The power consumption is of the order of
0.3 kWh/m>. In view of high efficiency, low cost, and independence of sacrificial
electrodes, electrolytic flocculation is commercially used especially if the biomass
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is required to be free of added flocculants (de la Noue and de Pauw 1988). This may
be the case if the biomass is for use as feed, food, or feedstock for extraction of
products for food and pharmaceutical use. Unlike electrolytic flotation, electrolytic
flocculation focuses on producing flocs and not on generating gases at the elec-
trodes to cause flotation. Consequently, electrolytic flocculation requires much less
energy than electrolytic flotation.

2.3 Gravity Sedimentation

Gravity sedimentation subsequent to flocculation is one of the cheapest techniques
for solid—liquid separation and is widely used in water treatment processes.
Sedimentation is generally not effective for microalgae unless the particle size has
been increased by flocculation. A flocculated suspension may be readily concen-
trated by sedimentation in lamella separators or other sedimentation tanks. Lamella
separators offer an increased settling area compared to conventional thickening
tanks (Metting 1982; Uduman et al. 2010a). After sedimentation, the supernatant is
decanted off to obtain a concentrated suspension of microalgal cells. Further
dewatering may be required using methods such as centrifugation, filtration, or
evaporation under sunlight. Gravity sedimentation can be slow, but it can be used
with most algae after a flocculation treatment.

2.4 Magnetic Separation

Magnetic separation was originally developed for use in mining and metal pro-
cessing industries. It is a rapid and simple method for efficiently removing magnetic
or magnetized particles from a suspension by applying an external magnetic field
(Li et al. 2009; Xu et al. 2011). Magnetic separation is potentially useful for
recovering microorganisms from water so long as the cells can be made responsive
to an external magnetic field (Chalmers et al. 1998; Lim et al. 2012). This may be
possible by adding magnetic particles such as iron oxide to the cell slurry such that
the cells adhere to the particles. Electromagnets may then be used to collect the
particles with the adhering biomass (Fig. 3).

The adsorption of cells to magnetic particles is mainly a result of electrostatic
attraction (Xu et al. 2011). In principle, magnetic separation can be low cost and
highly efficient with a low energy demand. Magnetic separation for use with
microalgae is being developed (Gao et al. 2009; Liu et al. 2009; Lim et al. 2012;
Toh et al. 2012; Prochazkova et al. 2013). Impact of parameters such as the con-
centration of the magnetic particles and the broth pH, on the efficiency of magnetic
separation has been discussed both for marine and freshwater microalgae (Cerff
et al. 2012). Methods of separating the biomass from the magnetic particles need to
be further developed. Under suitable conditions, a 5-10 min treatment resulted in
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Fig. 3 Magnetic recovery of microalgae: a dispersed suspended cells; b sedimentation of cells by
attraction to a magnet

biomass recovery efficiencies of >95 % (Xu et al. 2011; Prochazkova et al. 2013).
After separation, the biomass could be recovered from the surface of the particles
by treatment with sulfuric acid at 40 °C under the influence of ultrasound (Xu et al.
2011).

2.5 Filtration

In a filtration process, the solids are retained by a physical barrier that allows the
suspending fluid to pass through (Uduman et al. 2010a). Various types of filtration
processes can be used for dewatering a microalgal broth. These include magnetic
filtration, vacuum filtration, pressure filtration, and cross-flow (or tangential flow)
filtration (Show et al. 2013). At a fundamental level, all filtration processes remove
solids by interception on a semipermeable barrier through which the fluid is driven
by a pressure differential (Rios et al. 2012). Biological solids such as cells often
produce compressible cakes that offer increasing resistance to fluid flow as the
differential pressure across the cake is increased. Also, suspensions of microor-
ganisms have a tendency to foul the filtration medium and slow the filtration
process (Rios et al. 2012). Microalgae cause significant fouling of filtration mem-
branes because of the extracellular polymers secreted by the cells. This also
adversely affects the rate of filtration (Babel and Takizawa 2010).

2.6 Evaporation and Drying

Microalgal cells and many algal products are damaged by heat. Although heat sen-
sitive materials are concentrated by evaporation of water in food and pharmaceutical



84 X. Zeng et al.

processing (Palen et al. 1994; Ribatski and Jacobi 2005b; Ribatski and Thome 2007),
this technology is unproven for concentrating live cells. Furthermore, despite the
improved energy efficiency of the modern evaporation technologies, they still require
far more energy than many of the other dewatering processes.

Falling film evaporation is one technology that may be useful in some cases.
Falling film evaporation is commercially well-established for concentrating milk,
fruit juices, and other products (Ribatski and Jacobi 2005a; Quek 2011). Its use for
concentrating microalgae broths has been discussed in the literature (Quek 2011;
Zeng 2012; Zeng et al. 2014). In a falling film evaporator, the fluid being con-
centrated flows down the inner wall of a tall vertical tube as an annular film. The
tube is surrounded by steam. Heat transfers from the steam condensing outside the
tube through the wall to the algal broth. Water is removed from the broth by
evaporation. Based on well-known energy balances, at least 1 kg of steam is
required to evaporate a kg of water from the algal broth. In practice, because of heat
losses, at least 1.1 kg of steam is needed to evaporate a kg of water. As a conse-
quence, thin film evaporation is highly energy intensive and entirely unsuitable for
dewatering algal biomass for production of fuels. In a fuel production process, the
total energy recovered in the fuel must necessarily exceed the total fossil energy
input to the process, or production will not be worthwhile.

When denaturation is not a concern, the microalgal biomass may be dewatered
by thermal drying. For this, the dilute slurry is first concentrated by other means
such as centrifugation and microfiltration and subsequently dried by thermal
methods. Thermal drying methods include tray drying, drum drying, and spray
drying. Drying typically reduces the moisture content of the biomass to 12—15 % by
dry weight (Shelef et al. 1984).

In some applications, the preconcentrated or thickened biomass is freeze-dried.
Freeze-drying does not denature the product, but is extremely expensive (Molina
Grima et al. 2003) and therefore suitable only for really high-value products. Spray
drying, freeze-drying, and drum drying of microalgae produce satisfactory results in
terms of the uniformity of the biomass powder and the storage stability of the dried
product (Ben-Amotz and Avron 1987).

3 Comparison of Dewatering Techniques

The performance of some of the algal dewatering methods is summarized in Table 2.
Centrifugation is a generally robust technology that is commercially used, but is
suitable only for high-value applications as it requires a substantial capital invest-
ment and the operating cost is high. Energy consumption of centrifugation is high.

Filtration is another efficient dewatering method that is commercially used in
some algal processes, although it may not be universally applicable. Energy
requirement of filtration are associated with the need to generate flow and pressure
drop across the filter medium. The filter medium needs to be replaced periodically.
Filters such as belt filters can be operated continuously.
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Flocculation and its variants (e.g., bioflocculation, electrofloccualtion) are gen-
erally well established. Conventional flocculation methods are efficient, have a low
energy demand (Uduman et al. 2010a; Wijffels and Barbosa 2010) and require a
low initial capital investment. Flocculation is commonly used as a
pre-concentration step, especially when the residual flocculant in the biomass is
acceptable. Flocculated biomass is often recovered as thickened slurry by gravity
sedimentation in various kinds of sedimentation tanks. Gravity sedimentation is
cheap. The initial investment in lamella separators and sedimentation tanks is small.
The maintenance requirements are low. Gravity sedimentation of algae without the
aid of flocculants is not generally feasible (Edzwald 1993).

Flotation is a potentially useful biomass recovery method, but appears to be less
used in commercial processes. Flotation has a high energy demand as it requires
creation of fine and stable gas bubbles. The energy and maintenance requirements
of this system can be high. Electrophoretic dewatering methods are relatively new,
but are gaining interest.

Methods such as falling film evaporation are energy intensive and not suitable
for highly thermally labile products. Falling film evaporation is not commercially
used in microalgae processing, but is commonly used to concentrate food products
such as milk and fruit juice.

4 Conclusion

Dewatering is essential for producing all kinds of algal products. Many of the
effective dewatering methods are well-established, but newer methods such as
magnetic-based separation are emerging. Genetic engineering of algae can poten-
tially provide highly specific and inexpensive methods of dewatering, but not much
appears to have been done in this area.
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Abstract Efficient downstream processing is crucial for successful microalgal
biodiesel production. Extraction of lipids and conversion of lipids are the main
downstream steps in microalgal biodiesel production process. This chapter provides
the overview of the conventional as well as novel extraction and conversion
technologies for microalgal lipids. The extraction and conversion technologies have
to be environmentally friendly and energy efficient for sustainable and economi-
cally viable microalgal biodiesel production.
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1 Introduction

Microalgal lipids can be converted to a renewable alternative biofuel, i.e., biodiesel.
Fast growth rates, substantial lipid accumulation, suitable lipid profiles, minimal
arable land requirement, utilization of wastewater as growth medium, CO,
sequestration, and use of residual biomass make microalgae an excellent biodiesel
feedstock. Various strategies can be applied such as nutrient stress and alteration of
cultivation conditions to enhance the lipid accumulation capability of microalgae
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Fig. 1 Microalgal biodiesel synthesis process flow: different extraction and conversion techniques

(Rawat et al. 2013; Singh et al. 2015). Biodiesel synthesis from microalgae is a
multistep process. The process involves cultivation of microalgae for biomass
generation, harvesting of biomass, extraction of lipids, and conversion of lipids to
biodiesel as major steps (Fig. 1). Much focus has been given to the upstream
development such as cultivation of microalgae and enhancing the lipid yields.
Downstream processes such as harvesting, extraction, and conversion are still,
however, considered major bottlenecks for commercial-scale biodiesel production
process.

Extraction of microalgal lipids and its conversion to biodiesel have proven to be
challenging and are associated with environmental and economic concerns. There
are no available technologies which are mature enough to be applied at commercial
scale. Extraction of cellular lipids from microalgae faces challenges of cell wall
disruption, high cost, and environmental concerns due to use of toxic solvents
amongst others. Solvent extraction is widely used for lipid recovery from
microalgae (Mubarak et al. 2015). Cell disruption techniques such as microwave,
sonication, bead beating, autoclaving, etc. are generally coupled with solvent
extraction to promote the process efficiency. Conversion of microalgal lipids to
biodiesel can be achieved by transesterification. In transesterification, lipids are
converted to fatty acid alkyl esters in the presence of a suitable acyl acceptor and
catalyst. Glycerol is formed as a byproduct in this process. Transesterification can
be accomplished using various homogeneous or heterogeneous chemical catalysts
or lipase as a biocatalyst (Sharma et al. 2011). Efficient, environmentally friendly,
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and economical lipid extraction and conversion techniques are the foremost req-
uisites for the sustainable biodiesel production from the microalgae.

2 Microalgal Lipids for Biodiesel Production

A steady supply of lipid feedstock is pertinent for the commercial-scale biodiesel
production. The quantity and quality of the lipid feedstock is of vital importance for
the ease of production and final quality of biodiesel. Microalgal lipids have shown
both the substantial quantitative yields as well as suitable composition, to make it
an excellent feedstock for biodiesel production. Various microalgal strains have
been studied to assess their potential as a biodiesel feedstock and have yielded
varying lipid content and profiles. The reported lipid contents of microalgae vary
greatly and are strongly dependent on the strain and cultivation conditions. Widely
studied microalgal genera such as Chlorella, Dunaliella, Nannochloropsis,
Scenedesmus, Neochloris, Nitzschia, Porphyridium, Phaeodactylum, and Isochrysis
yield lipid content in the range of 20-50 % (Amaro et al. 2011). High lipid pro-
ductivity is important to ensure the economic viability of microalgal biodiesel
production. Various stress conditions like nitrogen limitation, light, CO,, etc. are
known to enhance the lipid accumulation in microalgae, and however may nega-
tively affect biomass production and thus lipid productivity (Singh et al. 2015).

The major constituents of microalgal oils are neutral lipids, polar lipids, and
some amount of hydrocarbons, sterols, waxes, and pigments (Sharma et al. 2012).
The neutral lipids are the best suited for the biodiesel synthesis due to their ease of
conversion to fatty acid alkyl esters (FAAE). Neutral lipids function as the energy
storage components of microalgal cells and composed mainly of triglycerides
(TAG) and some amount of free fatty acids (FFA). The polar lipids are responsible
for structural functions (phospholipids in cell membrane) and physiological roles
such as cell signaling (sphingolipids) (Sharma et al. 2012). Triglycerides are the
suitable for conversion to biodiesel via base catalyzed transesterification, whilst free
fatty acids can be converted to biodiesel via esterification prior to transesterification
or acid/lipase catalysis. Microalgal lipid accumulation can be enhanced by altering
the nutrient composition in the media or cultivation conditions.

Fatty acid composition of lipids is an important criterion for selection of suitable
microalgal strains for biodiesel synthesis. Fuel properties of the biodiesel are pri-
marily influenced by the carbon chain length, degree of unsaturation, and per-
centage composition of saturated and unsaturated fatty acid in microalgal lipids.
Microalgal lipids are composed of saturated, monounsaturated, and polyunsaturated
fatty acids. Many of the lipid-accumulating microalgae have been shown to com-
prise C14:0, C16:0, C18:1, C18:2, and C18:3 as major contributing fatty acids of
their lipids, which are considered to be suitable for good quality biodiesel (Song
et al. 2013). Table 1 shows fatty acid profile and lipid content of various microalgal
strains studied for biodiesel production.
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3 Lipid Extraction Techniques

Lipid extraction from microalgae is a crucial step in biodiesel synthesis. The
techniques of lipid extraction from microalgae studied by researchers include
various physical and chemical methods. Solvent extraction is a most widely used
method and can be coupled with cell disruption techniques to intensify the process
for improved yields. Various cell disruption methods investigated include auto-
claving, osmotic shock, microwave-assisted extraction, and sonication-assisted
extraction (Halim et al. 2012; Mubarak et al. 2015). Novel methods of lipid
extraction such as supercritical fluid (SCF) extraction, electrochemical extraction,
high pressure extraction, etc. are more recent developments. Ideally, lipid extraction
should be high yielding, energy efficient, time saving, and environmentally friendly
with usage of nontoxic chemicals and easy handling. The other important aspect of
the extraction technique is that it should not have deteriorating effects on the quality
of lipids. The efficiency of lipid extraction techniques depends on the number of
factors such as microalgal strain, cell wall structure, their lipid content, quality of
lipids, etc. Table 2 depicts the various techniques and solvents used for extraction
of lipids from the microalgae.

3.1 Conventional Lipid Extraction Techniques

Conventional lipid extraction methods such as solvent extraction, soxhlet, and
mechanical press extraction are in practice, since the biodiesel started gaining the
interest of researchers and industries. These methods are widely used at industrial
scale for the extraction of oil from edible and nonedible plant seeds. Due to the
smaller cell size and cell wall composition of microalgae, physical methods have been
found to be inefficient. The conventional methods are low yielding and time con-
suming. These drawbacks negatively affect the economics of microalgal biodiesel.

3.1.1 Soxhlet Extraction

The soxhlet technique is the most widely employed organic solvent extraction
strategy for the extraction of oil from different plants and microalgal strains. In the
soxhlet technique, oil and fat from the biomass matrix are concentrated by repeated
washings with an organic solvent, typically n-hexane or petroleum ether, under
reflux in a specialized apparatus called soxhlet extractor. This method is used
extensively by oil industry (Kirrolia et al. 2013). This method is temperature
dependent as variations in extraction temperature affect the lipid yield.
Temperatures ranging from 30 to 60 °C enhance the yield of lipids (Fajardo et al.
2007). However, temperatures above 70 °C decrease lipid yield due to loss of
thermolabile ingredients by oxidative degradation. Soxhlet extraction is simple and
nonlabor-intensive process which is economical and scalable. Soxhlet extraction is,
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Table 2 Extraction of lipids from microalgae using different cell disruption techniques and

solvents
Microalgae Cell Solvents (ratio) Lipid Reference
disruption yields (%)
Scenedesmus sp. Microwave Chloroform: 29.65 Guldhe et al. (2014)
ethanol (1:1)
Botryococcus sp. Microwave Chloroform: 28.6 Lee et al. (2010)
methanol (1:1)
Chlorella sp. Microwave | Chloroform: 38 Prabakaran and
methanol (2:1) Ravindran (2011)
Nannochloropsis Microwave Chloroform: 32.8 Koberg et al. (2011)
methanol (2:1)
Chlorella sp. Sonication Chloroform: 40 Prabakaran and
methanol (2:1) Ravindran (2011)
Scenedesmus sp. Sonication Chloroform: 19.85 Guldhe et al. (2014)
ethanol (1:1)
Botryococcus sp. Sonication Chloroform: 8.8 Lee et al. (2010)
methanol (1:1)
Chlorella sp. Autoclave Chloroform: 24 Prabakaran and
methanol (2:1) Ravindran (2011)
C. vulgaris Autoclave Chloroform: 10 Lee et al. (2010)
methanol (1:1)
Botryococcus sp. Bead Chloroform: 28.1 Lee et al. (2010)
beating methanol (1:1)
Scenedesmus sp. Osmotic Chloroform: 7.9 Lee et al. (2010)
shock methanol (1:1)
Schizochytrium Soxhlet n-Hexane 45 Tang et al. (2011)
limacinum
Scenedesmus - n-Hexane 4 Shin et al. (2014)
caucus
Nannochloropsis - Dichloromethane 9 Liau et al. (2010)
oculata
Nannochloropsis - n-Hexane 5.79 Liau et al. (2010)
oculata
Nannochloropsis - Petroleum ether 8.2 Converti et al.

oculata

(2009)

however, a time-consuming method and generally needs large amounts of solvents.
The lipid yields from soxhlet extraction are low, which could be because of poor
extraction of polar lipids.

3.1.2 Mechanical Press

Mechanical press is a physical extraction technique which utilizes mechanical
pressure to break and compress out oil from the dry biomass. This method is
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common for extraction of oils from the plant seeds. For its efficient performance
this technique needs large amount of biomass (Harun et al. 2010). The small cell
size of some algae renders the process ineffective for microalgal lipid extraction.
This technique is slow and tedious compared to other methods of oil extraction and
does not recovery the total lipid content as in organic solvent extraction. The benefit
of mechanical pressing is that the technique maintains the chemical composition of
lipids as no chemicals and/or extra heat is applied.

3.1.3 Solvents for Lipid Extraction

Use of the organic solvents to extract lipids from microalgae is the most employed
technique. Lipids are soluble in organic solvents, and thus they are employed for
lipid extraction process. Organic solvents such as n-hexane, methanol, ethanol, and
mixed polar/nonpolar chemical solvents (e.g., methanol/chloroform and hexane/
isopropanol) are effective for extraction of the microalgal lipids, but yield factor
depends on microalgal strain and its lipid content (Halim et al. 2012). Microalgal
lipids are of two types viz., neutral lipids where the carboxylic group end of the fatty
acid molecule bonded to an uncharged head group (e.g., Glycerol) and polar lipids
where fatty acid carboxylic group head is attached to a charged head group (e.g.,
Phosphate complex). Polar lipids are divided into two parts that are phospholipids and
glycolipids. Neutral lipids (storage lipids) take the function of energy storage, while
the polar lipids (membrane lipids) are involved in structural components of cell such
as cell membrane. The basic concept of lipid extraction by solvent is like dissolving
like. The solvents used for lipid extraction are polar and nonpolar or mixture of both
in particular ratios. The polar solvents extract the polar lipids, while the nonpolar
solvents extract the neutral lipids. The mixture of polar and nonpolar solvents can
extract both neutral lipids and polar lipids (Halim et al. 2012).

Nonpolar organic solvents (viz., hexane, chloroform) penetrate the cell mem-
brane and interact with neutral lipid present in the cytoplasm (Halim et al. 2012).
The solvent-lipid interaction is reported to be due to the van der Waal’s forces that
lead to the formation of organic solvent and neutral lipid complex. The concen-
tration gradient drives this complex to diffuse across the cell membrane. The neutral
lipids get extracted from the cell to dissolve in the organic solvent that is of
nonpolar nature. However, some amounts of neutral lipids found in cytoplasm are
present as complex with polar lipids (i.e., phospholipids, glycolipids, sterols, car-
otenoids). The complex is said to be strongly linked by hydrogen bonds with
proteins in the cell membrane which can be broken using polar organic solvents
(e.g., methanol, ethanol). Hence, to break the membrane-based lipid—protein
association, it is necessary to use both the nonpolar and polar organic solvents.
Thus, the use of mixture of polar and nonpolar solvents like chloroform and
methanol is advocated by many researchers for efficient lipid extraction (Guldhe
et al. 2014; Lee et al. 2010). When n-hexane was used by Keris-Sen et al. (2014) for
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lipid extraction from a mixed culture (i.e., Scenedesmus sp., Chlorococcum sp.) the
yield was 24 %. While Guldhe et al. (2014) applied mixture of chloroform and
ethanol (1:1 v/v) for lipid extraction from Scenedesmus obliquus and Lee et al.
(2010) applied mixture of chloroform and methanol (1:1 v/v) for lipid extraction
from Botryococcus sp., the yields were 29.65 and 28.1 %, respectively.

The major drawback of using solvents is their hazardous nature and adverse
effects on the environment. Some of the organic solvents like chloroform and
methanol are highly toxic in nature, and could pose a serious threat while handling.
Researchers are focusing on the use of greener solvents and minimizing the amount
of solvents needed for extraction. The solvent extraction method can be linked with
efficient cell disruption technique to improve the lipid extraction yields.

3.2 Process Intensification by Cell Disruption

To alleviate the drawbacks of conventional lipid extraction techniques, various cell
disruption methods are coupled with solvent extraction to intensify the extraction
process. These techniques facilitate the easy contact of the solvents and lipids in the
microalgal cells. These techniques are associated with the advantages of high lipid
yields, minimum solvent requirement, and reduced time of extraction. Microwave,
sonication, autoclaving, bead beating, etc. are the cell disruption techniques com-
monly used for microalgal lipid extraction.

3.2.1 Microwave

Microwave is highly efficient cell disruption technique with reported high lipid
yields from the microalgae (Koberg et al. 2011). Microwave energy generated in
this technique causes rotation of the molecular dipole and results in disrupting the
weak hydrogen bonds. This phenomenon increases the movement of dissolved ions
that facilitate the diffusion of solvent resulting in effective lipid extraction. In the
microwave technique the heating is efficient as the electromagnetic waves interact
with cell matrix at the molecular level. Also in this technique both the mass and
heat transfer take place from inside the cell toward the outside solvent. These
reasons make the microwave-assisted lipid extraction from microalgae a highly
efficient process. Prabakaran and Ravindran (2011) used microwave technique for
extraction of lipids from Chlorella sp. with a lipid yield of 38 %. Koberg et al.
(2011) obtained 32.8 % lipid yield when microwave technique is applied for
extraction of Nannochloropsis sp. The advantages of microwave-assisted cell dis-
ruption techniques are rapid, minimal solvent consumption, high lipid yield, and
easily scalable. However, this technique is energy intensive as the electromagnetic
waves are generated for cell disruption.
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3.2.2 Sonication

In sonication, the cavitation impact generated due to sound waves causes the cell
disruption of microalgae. At the point when ultrasound is transmitted to the media
cavitation bubbles are formed. These microbubbles moving in the media collapse
with each other and implode generating chemical and mechanical energies in the
form of heat, free radicals, stun waves, etc. This energy generated from cavitation
bubbles disrupts the cell envelope, facilitating the solvent and cellular lipid inter-
action and easy mass transfer (Guldhe et al. 2014). Sonication technique provides
the high lipid yield and greater penetration of solvents into the microalgal cells.
When lipids from Chlorella sp. were extracted using sonication-assisted solvent
extraction the lipid yield obtained was approximately 40 % (Prabakaran and
Ravindran 2011). This technique does not involve the input of external heating
source and thus operates at moderate temperatures. Generating the ultrasound
waves is energy intensive and this technique requires sophisticated instrumentation
which could be cost intensive.

3.2.3 Autoclaving

Autoclaving has also been investigated for the extraction of lipids from microalgae
(Mendes-Pinto et al. 2001). The lipid yields from extraction by autoclave technique
are lower than the microwave or sonication techniques. In microwave technique the
cell disruption is caused by the heating at molecular level inside the cell, while in
autoclaving the heat is diffused from the surroundings into the cell, which makes
the cell disruption inefficient. Lee et al. (2010) in their comparative study of dif-
ferent cell disruption techniques found 10 % lipid yield while using autoclave as a
cell disruption technique for extraction from Chlorella vulgaris. Autoclaving is also
an energy-intensive process.

3.2.4 Bead Beating

Bead beating or milling causes cell disruption by the grinding of beads against the
microalgal cells inside the vessel. The bead mills are of two types, viz., shaking
vessels and agitating beads. In the first type cell disruption is caused by shaking the
whole vessel filled with microalgal cells and beads. In the second type the vessel is
fixed but provided with the rotary agitator, which facilitates the grinding by beads.
The efficiency of bead beating depends upon number of factors such as size and
structure of the beads, the velocity and configuration of the agitator, and time
(Halim et al. 2012). The bead mills can be designed in horizontal or vertical
orientation and can be easily scaled up from laboratory scale to industrial scale. The
only constraint with this method is that it is economically viable with the high
concentrations of microalgal biomass (100-200 g 1! (Show et al. 2014).
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Table 3 Extraction of lipids from microalgae by supercritical fluid extraction method

Microalgae Solvent Conditions Lipid yields | Reference
(Temp, pressure, time) | (%)
Schizochytrium CO, and 40 °C, 35 MPa, 30 min |33.9 Tang et al.
limacinum ethanol (2011)
Pavlova sp. CO, 60 °C, 306 bar, 6 h 34 Cheng et al.
(2011)
Nannochloropsis sp. | SC-CO, 55 °C, 70 MPa, 6 h 25 Andrich et al.
(2005)
Chlorococcum sp. SC-CO, 60 and 80 °C, 30 MPa, |81.7 Halim et al.
80 min (2011)

3.3 Supercritical Lipid Extraction

Supercritical liquid extraction is the recent technology that can possibly replace the
conventional organic solvent extraction. In this technique, specific pressure and
temperature are maintained above the critical temperature and pressure of the liquid
to attain the supercritical solvent properties. The microalgal biomass is exposed to
SCF under specific temperature and pressure conditions, which causes dissolution
of lipids from sample into the SCF. SCFs can be tuned by adjusting the temperature
and pressure conditions, to preferentially extract the neutral lipids from microalgal
biomass (Halim et al. 2012). Supercritical properties of liquid facilitate its rapid
penetration in the cell matrix and efficient extraction of lipids. Thus, this lipid
extraction technique is rapid and highly efficient. Supercritical properties of solvent
are the function of density, which can also be adjusted by controlling the temper-
ature and pressure. The lipid obtained from the supercritical extraction does not
need to undergo solvent recovery step as they are free from solvents. Supercritical
CO, (SCCO,) is the commonly used solvent for extraction of microalgal lipids.
SCCO; has critical pressure (72.9 atm) and moderate temperature (31.1 °C), which
makes it a suitable solvent for lipid extraction without thermally degrading the lipid
components (Mubarak et al. 2015). Advanced instrumentation is required for
controlling the temperature and pressure at critical levels which could be energy and
cost intensive. Table 3 depicts the extraction of lipids from microalgae using SCF.

3.4 Effect of Preceding Processing Steps on the Lipid
Extraction

The steps in the biodiesel production process preceding lipid extraction such as
harvesting also have an impact on the lipid extraction of microalgae. Some of the
recent approaches to the harvesting of microalgae have been shown the influence on
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the lipid yields during the extraction. Harvesting processes like ozoflotation,
electrolyte-assisted electrochemical harvesting, etc. aid in weakening of the cell
wall, and thus facilitate the easy cell disruption and higher lipid yields. Komolafe
et al. (2014) have reported that the treatment of microalgae, Desmodesmus sp. with
ozone during harvesting (ozone flotation), led to the formation of higher content of
saturated fatty acids in the oil. The ozoflotation of microalgae has been reported to
aid in disruption of the microalgal cells and improves the lipid extraction process.
Misra et al. (2014) investigated the electrochemical harvesting process for the
Chlorella sorokiniana. In their study they found that when electrolyte (NaCl) is
applied to intensify the electrochemical harvesting process, the lipid yields were
also increased. The electrolyte aided in the weakening of the cell wall by osmotic
shock and thus resulted in the higher lipid recovery yields. The right combination of
preceding step with efficient extraction technique or merging this technique could
make the biodiesel production process sustainable and economical.

4 Novel Lipid Extraction Techniques and Recent
Advances

The quest for efficient, scalable, energy, and cost-effective lipid extraction tech-
nology is still ongoing. Researchers are investigating several novel aspects of
production such as novel extraction techniques, cell disruption methods, wet bio-
mass extraction, and use of green solvents. Steriti et al. (2014) applied hydrogen
peroxide (H,O,) and ferrous sulfate (FeSO,) to disrupt the cell wall of Chlorella
vulgaris and found increased lipid yield of 17.4 % compared to 6.9 % without any
cell disruption. In the electrochemical lipid extraction process, the electrical field
develops a potential difference across the membrane. This potential difference
causes the breakdown of membrane and makes the cell wall permeable for lipid
extraction (Daghrir et al. 2014). Pulse electric field is an attractive lipid extraction
technique where microalgal cell disruption is caused by the electroporation method.
The main advantage of this process is that it can be applied directly to the
microalgal culture, and as a result the harvesting and drying of biomass can be
skipped (Flisar et al. 2014). Taher et al. (2014) investigated the extraction of lipids
from wet biomass of microalgae Scenedesmus sp. using enzymes lysozyme and
cellulose. Ionic liquids are considered as the green solvents because of their non-
volatile characteristic, synthetic flexibility, and thermal stability. Kim et al. (2012)
extract lipid from Chlorella vulgaris using mixture of ionic liquids and methanol,
which enhance the overall yield of lipid from 11.1 to 19 % compared to original
lipid extraction techniques of Bligh and Dyer method. These novel techniques have
shown promising potential in the quest for sustainable, economical, and efficient
lipid extraction method.
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5 Microalgal Lipids Conversion to Biodiesel

Conversion of microalgal lipids to biodiesel is commonly accomplished by trans-
esterification or alcoholysis of triglycerides with acyl acceptor employing a suitable
catalyst that yields fatty acid alkyl esters (FAAE) and glycerol. Commonly
employed acyl acceptors are short-chain alcohols like methanol and ethanol, while
the catalysts used are either homogeneous and heterogeneous chemical catalysts or
enzyme biocatalysts (lipase) (Table 4). This three-step process first converts
triglycerides to diglycerides, then diglycerides to monoglycerides, and finally
monoglycerides to glycerol with yield of a monoalkyl ester of fatty acid in each of
the three steps. Stoichiometrically, three moles of alcohol are required for con-
verting one mole of triglyceride into biodiesel. Normally, more than three moles of
alcohol are added to shift the equilibrium reaction in the forward direction.

5.1 Chemical Catalysis

Catalysts play an important role in the synthesis of biodiesel. For the completion of
the transesterification in acceptable timeframes, either homogeneous or heteroge-
neous catalyst is employed. The types of catalyst used are acidic, alkaline, or
enzyme. Commonly employed acid homogeneous catalysts include sulfuric acid.
The commonly employed alkaline homogeneous catalysts are potassium hydroxide,
sodium hydroxide, and sodium methoxide. The heterogeneous catalyst includes a
wide range of compounds. These include Bronsted or Lewis catalysts. The catalyst
used in transesterification more often depends on the free fatty acid (FFA) content
of the feedstock. For alkaline transesterification, the oil must contain low amounts
of FFA. It is reported that the FFA should be lower than 4 mg KOHg ' for efficient
alkaline transesterification (Sharma et al. 2008). Microalgal lipids have been found
to generally contain higher amounts of free fatty acids. Thus, either acid catalyst or
two-step method of acid esterification followed by transesterification by alkaline
catalyst are the suitable strategies for microalgal lipid conversion (Singh et al.
2014). Heterogeneous catalysts have the advantage of fast reaction rates and reuse
over the homogeneous catalysts. Miao and Wu (2006) studied conversion of
Chlorella protothecoides lipids using sulfuric acid catalyst and the biodiesel yield
obtained was 60 %. When heterogeneous Al,Os-supported CaO catalyst was
employed for the conversion of lipids extracted from Nannochloropsis oculata
biodiesel, yield of 97.5 % was observed (Umdu et al. 2009).

5.2 Biocatalysis

Biocatalytic conversion is greener approach as it is associated with the advantages
of less wastewater generation and low energy input. Lipases are the enzymes which
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can be employed as the catalyst for transesterification of microalgal lipids. The
enzyme-catalyzed reactions are less energy intensive than the chemical-catalyzed
reactions as they can be carried out at moderate temperatures. The lipase-catalyzed
conversion yields high-quality products, i.e., biodiesel and glycerol. Lipases are
capable of catalyzing both the transesterification and esterification reactions which
make them advantageous over most of the chemical catalysts as they can be used
for feedstocks with high free fatty acid content (Guldhe et al. 2015a). Lipases can
be used in two ways, i.e., extracellular and intracellular (whole cell catalyst)
(Guldhe et al. 2015b). The main drawback associated with the enzyme catalysts is
their high cost. However, immobilization of enzyme makes its reuse possible and
thus improves the overall economics. Separation and purification of product is
easier in the enzyme catalysis compared to chemical catalysis. The short-chain
alcohols used in reaction and glycerol produced have a negative impact on the
activity of lipase used for transesterification. Greener enzyme catalysis and sus-
tainable microalgal feedstocks hold promising potential for environmentally
friendly biodiesel production. This area is scarcely studied and needs further
investigation to alleviate the constraints of lipase-catalyzed biodiesel conversion.
Xiong et al. (2008) applied the Candida sp. 99-125 sp. lipase for the conversion of
lipids extracted from Chlorella protothecoides, and observed 98.15 % biodiesel
conversion.

5.3 Solvents Used in Conversion

The widely used acyl acceptors in transesterification reactions are short-chain
alcohols like methanol and ethanol. The alcohol and oil in the reaction mixture form
a two-phase system. Low dissolution rate of oil in the alcohol causes slower
reaction rates. To increase the reaction rate solvents are added to the transesterifi-
cation reaction mixture. A solvent in the reaction mixture increases the solubility of
the reactants and also aids in the proper mass transfer and thus increases the
reaction rate. Tetrahydrofuran (THF), diethyl ether, hexane, and tert-butanol are the
solvents commonly employed in the transesterification reaction (Lam et al. 2010).
The ideal solvent should be inert and nontoxic, and should be easily recovered after
the completion of reaction. For high quality of the biodiesel, the solvent should be
completely removed from it. The solvents can be used for transesterification cat-
alyzed by either chemical catalyst or biocatalyst.

SCFs can also be applied as a solvent for transesterification reaction. SCFs form
a single-phase system which drives the reaction at faster rates. With supercritical
methanol a noncatalytic method of biodiesel production can be developed. In this
method supercritical methanol and oil form a single phase and reaction is completed
in short duration of time. In other mode SCFs can be used as solvents for trans-
esterification reaction in the presence of catalyst. Taher et al. (2011) have advocated
the enzymatic production of biodiesel from microalgal in supercritical CO,. The
supercritical condition leads to faster completion of reaction. Another advantage
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with this method is the ease in separation of products. However, the high tem-
perature and pressure requirements to maintain the supercritical conditions make
this process an energy-intensive route. The supercritical method also leads to
simultaneous extraction of lipid from algal biomass and transesterification of the
lipids to biodiesel. The optimum yield of FAAE was reported to have obtained at
265 °C, and at pressure of ca. 80 bar using microwave reactor. Supercritical method
has been reported to be suitable for noncatalytic transesterification of wet
microalgae by Kim et al. (2013). At a high temperature when supercritical methanol
is used, the water—-methanol mixture in wet microalgae exhibits both hydrophobic
and hydrophilic characteristics which will reduce the reaction time as well as
product separation. It has, however, been reported that in situ transesterification will
not be feasible when the water content is in excess of 31.7 % (Kim et al. 2013). The
reason attributed for this is hydrolysis during transesterification.

6 Influence of Microalgal Lipids on Biodiesel Properties

The lipid profile has an important role to play in the characteristics of biodiesel.
Fatty acid composition of lipids in microalgae has an influence over fuel properties
such oxidative stability, cetane number, viscosity, iodine value, cold flow proper-
ties, etc. Long chain length and low degree of unsaturation are considered good for
oxidative stability and high cetane number (Shekh et al. 2013). The feedstock
which is rich in monounsaturated fatty acids is considered suitable for synthesis of
biodiesel as it improves the cold flow property of the fuel. A substantial amount of
saturated fatty acid content in the feedstock is equally important to impart oxidation
stability in the fuel. As there is an inverse relationship between the cold flow
property and the oxidation stability of the fuel, it has been reported that a high
content of oleic acid (a monounsaturated fatty acid) could lead to strike a balance
between these two properties (Tale et al. 2014). Tale et al. (2014) reported a high
content of oleic acid for the five microalgae studied. The unsaturated fatty acid
(comprising monounsaturated and polyunsaturated fatty acid) content in three
strains of Chlorella species (isolate: KMN 1, KMN 2, KMN 3) ranged from 31.62,
31.26, and 35.01 %, respectively. The saturated fatty acids in the species were 40,
4392, and 47.48 %, respectively. The species Scenedesmus sp. and
Monoraphidium sp. possessed comparatively lesser content of unsaturated fatty
acids of 12.77 and 16.26 %, respectively, and a much higher content of saturated
fatty acids (61.82 and 58.7 %, respectively). It has been reported that the appro-
priate balance of UFA and SFA will be suitable for the production of biodiesel.
Cheng et al. (2014) reported that polyunsaturated fatty acids in microalgal lipids
are prone to degradation and autoxidation when subjected to high temperature
during either extraction of lipid or transesterification. This could further lead to loss
of FAAE yield. Cheng et al. (2014) have thus suggested comparatively lower
temperature (at 90 °C) of transesterification of lipids in wet microalgae by micro-
wave instead of high temperature operation (at 250 °C) using supercritical alcohol.
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Cheng et al. (2014) have also suggested that a high concentration of sulfuric acid as
catalyst could promote polymerization of double bonds in the unsaturated fatty
acids. Patil et al. (2013) have reported microwave-assisted transesterification of
dried biomass of microalgal using supercritical ethanol. Table 5 depicts the fuel
properties of biodiesel produced from different microalgal strains.

7 Challenges in Lipid Extraction and Conversion

The major challenge for lipid extraction and biodiesel conversion techniques is their
economical viability. Biodiesel is a bulk commodity which is considered as a
low-cost product compared to pigments and other therapeutic proteins from the
microalgae. Thus for its successful industrialization, the crucial steps like extraction
of lipids and conversion to microalgal biodiesel have to be economical. The other
bottlenecks are the environmental implications and the scalability of the techniques.
The commonly used solvents applied for the lipid extraction and conversion process
are toxic and volatile in nature, which could be hazardous as well as threat to the
environment. The wastewater generated during the conversion process contains
acidic or basic catalyst, solvent, glycerol, etc. The techniques like microwave and
sonication for extraction have shown excellent results in terms of yields. But yet
these techniques have not been investigated at the industrial-scale microalgal bio-
diesel production plant. Applications of the heterogeneous chemical and biocatal-
ysis are considered as the environmental friendly and efficient conversion methods.
The fuel properties of microalgal biodiesel are still a concern. These fuel properties
have to comply with the specification set by the international standards. However,
the recent investigations and technical advances in the microalgal lipid extraction
and biodiesel conversion processes have shown potential to alleviate these chal-
lenges toward the sustainable microalgal biodiesel production.
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Abstract Algal biodiesel production presents a possible carbon-neutral source of
transportation fuel. Whilst algal biodiesel circumvents some of the issues arising
from the use of crop- and waste—biomass-based fuels, the lack of commercial
success raises questions regarding the feasibility of the process. Numerous eco-
nomic and environmental impact assessments have produced highly variable
results, predicting costs from as little as 0.42-72 USD L™". A meta-analysis of these
assessments reveals that areal productivity and provision of nutrients, as well as
energy and water usage, are the key challenges to algal biodiesel production.
A consideration of maximum achievable photosynthetic activity indicates that some
scope exists for increasing areal productivity; hence, the factors influencing pro-
ductivity are discussed in detail. Carbon dioxide supply may represent the single
most important challenge to algal biodiesel, while recycling of other nutrients
(specifically nitrogen and phosphate) is essential. Finally, a careful balance must be
struck between energy and water consumption; this balance is primarily influenced
by bioreactor design. It is unlikely that algal biodiesel will supply a substantial
portion of the world’s transportation energy demand, but it may fill niche markets
such as aviation fuel. Process economics are enhanced by integrating biodiesel
production into a biorefinery, producing a suite of products.
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1 Introduction

The need for renewable energy has prompted the investigation of biologically
derived renewable fuels. First-generation biofuels rely on food crops and are in
direct competition with food production for arable land. The use of corn ethanol has
already impacted food prices (Zilberman et al. 2012) and the first-generation bio-
fuels pose a serious threat to food security (Escobar et al. 2009). Second-generation
biofuels avoid these issues by utilizing nonedible (primarily lignocellulosic) bio-
mass as feedstocks. Second-generation biofuels are limited by unreliable biomass
supply rates and low conversion efficiency (Sims et al. 2010). Algal-based “third
generation” biofuels seem to overcome these challenges and potentially fulfill all
sustainability requirements (Brownbridge et al. 2014). Algae are extremely versa-
tile, with the ability to adapt to a range of environments and to produce different
forms of biofuels, including bioethanol, biohydrogen, and biodiesel (Jones and
Mayfield 2012). Rapid growth rates and high lipid yields make algal biomass
ideally suited to biodiesel production (Chisti 2007).

The apparent promise of algal biodiesel is in stark contrast to the lack of
commercial success. To date, no facility is producing biodiesel derived from algae
on an industrial scale. The scientific community is divided as to whether any further
resources should be spent on the concept (see, for instance, the articles “The
nonsense...” and “The rationality...” [of biofuels] (Michel 2012; Horta Nogueira
et al. 2013). Large-scale algal biofuel production faces a number of technical and
economic challenges (Brownbridge et al. 2014), including high energy demands,
operating expenses, and capital investment (Richardson et al. 2012; Rawat et al.
2013).

Economic assessments of algal biodiesel vary across a large range of estimates,
hindering commercial interest (Liu et al. 2012). Projected costs for algal biodiesel
range from 0.42 (Nagarajan et al. 2013) to 72 USD L™ (Harun et al. 2011). Costs
could be decreased by producing biodiesel as one of the commodities in a suite of
different bioproducts in a biorefinery approach (Wijffels and Barbosa 2010),
including (i) high-value coproducts such as pigments (Ferreira et al. 2013);
(i1) bioremediated wastewater (Park et al. 2011; Pittman et al. 2011); (iii) ethanol or
methane produced by the fermentation or digestion of spent biomass, respectively
(Jones and Mayfield 2012); and (iv) carbon credits. Algal biodiesel has the potential
to be a carbon-neutral fuel, but current analyses indicate greenhouse gas
(GHG) emissions comparable to crop-based biofuels (Liu et al. 2012). A recent
innovative study speculated on the future role of algal biodiesel with respect to
carbon policies (Takeshita 2011). Strict regulations would decrease the use of fossil
fuels and, subsequently, decrease the availability of anthropogenic carbon dioxide
point sources for enhanced algal cultivation, potentially rendering algal biodiesel
unfeasible. On the other hand, if carbon restrictions are held at moderate levels,
algal biodiesel is predicted to be essential to the future energy mix.
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One of the major technical arguments against algal biodiesel is the low efficiency
of photosynthesis. The maximum theoretical efficiency for the photosynthetic
conversion of water and carbon dioxide to glucose and oxygen, using the sun’s light
spectrum, is approximately 11 % (Walker 2009). The Shockley—Queisser limit for
single-junction photovoltaic (PV) cells on the other hand is close to 30 % (Shockley
and Queisser 1961); this limit can be raised using multi-junction cells. The key
difference between PV cells (and other major sources of renewable energy such as
wind- and hydropower) and microalgae is energy storage: whereas PV cells gen-
erate electricity that must be connected to a grid or secondary storage device,
photoautotrophs store energy in chemical bonds. Energy storage is especially
important when considering transportation energy, which currently accounts for
approximately 20 % of global energy consumption (U.S. Energy Information
Administration 2014). The gravimetric energy density of liquid fuels
(~46 MJ kg~ ! for biodiesel) is an order of magnitude greater than hydrogen
(~6MIJ kg™ at 70 MPa, including the required container) and more than a hundred
times greater than lithium ion batteries (~0.6 MJ kg™') (Zhang 2011). Current
electrical vehicles would need a 670 L battery to have a range similar to that of a
diesel car with a 46 L tank (Eberle and von Helmolt 2010). Liquid biofuels are
essential to applications which require high energy densities; aviation fuels in
particular present a potential niche market for algal biofuels (Chisti 2013a).

Hydrogen represents the current energy storage alternative. A recent study
compared the annual production of hydrogen by the electrolysis of water, driven
by PV cells, to the annual biomass production by photosynthesis. It was found that
the PV-electrolysis system had an energy efficiency of 11 %, whereas the
annual biomass energy efficiency was 3 % (excluding downstream processing)
(Blankenship et al. 2011). Current PV systems exceed the theoretical upper limit of
algal biodiesel production efficiency and the PV-photosynthesis efficiency gap is
set to grow in the future. While many see this as convincing evidence against
the feasibility of algal biofuels, others argue for the use of genetic modifications,
synthetic biology, and cell-free technologies (Blankenship et al. 2011; Zhang
2011). These approaches require significant further research.

In spite of the apparent inefficiencies, biofuels have an important role in the
future energy economy, in part due to their immediate application in internal
combustion engines. Unlike hydrogen, the global biodiesel market and infrastruc-
ture is well established (Sims et al. 2010). The International Energy Agency
Technology Roadmap (International Energy Agency 2011) predicts that biofuels
will constitute approximately 27 % of transportation fuels by 2050 and specifically
emphasizes the need for the commercial deployment of advanced biofuel produc-
tion facilities, including algal biodiesel. The success of algal biofuel depends on a
holistic methodology, illustrated in Fig. 1. Biodiesel is a single product in an
integrated biorefinery, and it will fill a niche, medium-term role in the future energy
mix. This chapter investigates the major challenges and opportunities in the
techno-economics of algal biodiesel.
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Fig. 1 Qualitative pie chart illustrating the integrated approach to biodiesel. Algal biodiesel is a
single product from an integrated biorefinery. Both biodiesel and spent biomass represent future
renewable energy sources, but biodiesel is one of the only future energy sources appropriate for
transportation

2 Economic Assessment

Numerous studies have attempted to develop an economic model for algal biofuel
production [recent reviews include Brownbridge et al. (2014), Nagarajan et al.
(2013) and Williams and Laurens (2010)]. A list of recent economic analyses, with
key assumptions, is presented in Table 1. Estimated costs of algal biodiesel pro-
duction range from 0.42 to 7.50 USD L' in open ponds and 1.25to 72USD L' in
closed PBRs. Low-cost estimates follow from optimistic assumptions, e.g.,
Nagarajan et al. (2013) estimated a final cost of algal biodiesel in the range of 0.42—
0.97 USD L™, assuming growth rates between 30 and 60 g m > day” ' and a lipid
content of 50 %, neither of which have been achieved independently or in com-
bination in long-term outdoor cultivation. The wide range of cost estimates is due to
the limited availability of industrial information regarding this immature technology
(Brownbridge et al. 2014), and presents a major challenge to economic analyses.

Brownbridge et al. (2014) conducted an in-depth sensitivity analysis and found
that the majority of the process cost is in the production of algal biomass, har-
vesting, and the price of inputs (e.g., fertilizer), while the total cost was most
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sensitive to variations in algal lipid content, annual areal productivity, plant pro-
duction capacity, and the price of carbon. Davis et al. (2012) attempted to combine
data from the resource assessment, techno-economic, and life-cycle analysis models
of major US national laboratories into a harmonized baseline model representing
near-term production of algal biodiesel. They found that models are most sensitive
to estimates of algal productivity, lipid content and composition, and downstream
processing.

The cost of CO, supply is a major challenge to economic feasibility (Williams
and Laurens 2010). It is often assumed that the algal plant will be situated close to a
point source of waste CO, and therefore carbon supply will be free. In reality, there
are significant costs associated with transport and distribution of gas, technical
problems related to the effect of flue gas contaminants on algal productivity, and
sustainability concerns regarding the availability of CO, point sources in the future
(Chisti 2013a).

Water, energy, and nutrient usage and recycle affect cost and environmental
impact. Brownbridge et al. (2014) based their economic analysis on the assumption
that the oil-extracted algal biomass would be gasified to produce further crude oil
and electricity, while many others have included anaerobic digestion (AD) as a
method to recycle nutrients (Harun et al. 2011; Sun et al. 2011; Davis et al. 2012;
Nagarajan et al. 2013), and some consider both options (Delrue et al. 2012).
Although there is extensive published knowledge and experience on the application
of AD to human and animal waste, there is relatively little information on its
application to algal biomass (Sialve et al. 2009; Ward et al. 2014).

Until recently, reports consistently pointed to harvesting as a major area of
uncertainty that has large economic implications (Williams and Laurens 2010), but
recent studies indicate progress in this area. Davis et al. (2012) assumed a 95 %
harvesting, 85 % extraction, and 78-85 % conversion efficiencies, resulting in an
overall efficiency of ~65 % conversion of algal lipids to fuel. There is potential for
substantial improvements in economics if the conversion efficiency can be
improved. Harvesting methods such as flocculation followed by centrifugation
(Nagarajan et al. 2013), settling followed by dissolved air flotation and centrifu-
gation (Davis et al. 2012), belt filter press (Delrue et al. 2012), and OriginOil’s
‘Electro Water Separation’ technology (Brownbridge et al. 2014) have been pro-
posed as viable options.

New technologies with the potential to revolutionize biomass production have
been explored, but are yet to be demonstrated at scale. For example, Norsker et al.
(2011) estimate the production cost to be between 5.5 and 7.9 USD kg~ ' biomass
dry weight, but with improvements in solar radiation through site selection, a
reduction in the flow velocity of mixing, free sources of nutrients, and CO,, and an
increase in photosynthetic efficiency of 60 %, the price of biomass production could
be reduced to around 1.7 USD kg ™' dry weight for open ponds and 0.9 USD kg™’
dry weight in closed reactors—a price at which production of bulk commodity
products (e.g., chemicals, fuels, materials, feed) becomes feasible. The likelihood of
these improvements all occurring on a sufficiently large scale is uncertain.
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Brownbridge et al. (2014) summarized the overall sentiment of the literature
with the conclusion that “with current technologies, prices, and forecasts it is
unlikely that a plant that has algal biodiesel as its primary product can be com-
mercially feasible.” Accurately assessing the economic feasibility of algal biodiesel
in a biorefinery setting requires a fundamental understanding of the limiting factors,
which literature indicates to be areal productivity, carbon dioxide and nutrient
supplies, and energy requirements in cultivation as well as downstream processing.

3 Environmental Impact Assessment

One of the main driving forces behind research and development of algal biodiesel
is its potential as an environmentally sustainable transport fuel (Slade and Bauen
2013). Rigorous analysis of the production process is required to determine the
environmental impacts of algal biodiesel before it can be deemed sustainable.
A popular method for assessing the environmental impact is life-cycle analysis
(LCA). Many LCAs have been performed for algal biodiesel production under a
variety of conditions and assumptions. These studies show that global warming
potential, carbon footprint, greenhouse gas emissions, nutrient use, water con-
sumption, and fossil energy requirements are the primary environmental concerns.
Table 2 summarizes LCA results from a selection of reports on algal biodiesel.
Algae capture CO, during photosynthesis, which is released back into the
atmosphere on combustion of algal biodiesel. Thus, the production of algal bio-
diesel can result in a carbon-neutral CO, cycling system at best, having no net effect
on atmospheric CO,. Biomass cultivation (mixing, pumping, and aeration), har-
vesting, and drying constitute the major fossil energy requirements for algal bio-
diesel production (Slade and Bauen 2013) and contribute to GHG emissions.
Energy requirements may be offset by anaerobic digestion and combustion of spent
algal biomass after lipid extraction. If fossil fuels are utilized in the production of
algal biodiesel, more CO, will be emitted than consumed during algal cultivation.
Similarly, if CO, from industrial flue gas is fed to algal cultures, this CO, will be
released on combustion of the biodiesel and so will not result in a net reduction of
fossil carbon and GHG emissions (Stephenson et al. 2010; Chisti 2013a; Azadi
et al. 2014), although the associated carbon cycling may facilitate enhanced energy
provision per unit CO, emissions formed. Understanding the relationship between
CO, generation, supply, and consumption in the algal biofuel process is critical.
In addition to methane from anaerobic digestion, other coproducts include
syngas, ethanol, glycerol, and nutrient-rich feed. The reduction in GHG emissions
and other environmental burdens associated with producing these coproducts from
algae as opposed to fossil sources has a significantly positive outcome on the
overall LCA (Batan and Quinn 2010; Sander and Murthy 2010; Stephenson et al.
2010). AD, with associated recycle of nitrogen and phosphorus in the digestate,
could aid in the reduction of eutrophication which occurs when nitrogen or phos-
phate is released into the environment, changing the natural concentration of
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nutrients, and particularly dissolved oxygen, in surrounding rivers and lakes and
threatening ecosystems. Fresh water is a very scarce commodity, and overuse has
serious environmental and social sustainability issues.

4 Key Challenges to Feasibility of Algal Biodiesel

The economic and environmental impact of algal biodiesel is influenced by the use
of technology, biology, and process design to address a set of key technical chal-
lenges. These challenges include (i) areal productivity, limited by light utilization;
(ii) nutrient supply, including carbon, nitrogen, and phosphate; and (iii) water and
energy consumption.

4.1 Areal Productivity

Algal productivity is influenced by the characteristics of the strain as well as
environmental parameters such as nutrient availability, temperature, pH, and
salinity, but is fundamentally limited by light availability. Available sunlight pro-
vides the ultimate constraint to biofuel production and, as such, arguments against
the feasibility of biofuels usually refer to “maximum theoretical productivity” based
on light utilization. This maximum productivity is dependent on the insolation,
photosynthetic efficiency, and bioreactor design; an understanding of these factors
will illuminate the discussion.

4.1.1 Insolation

The amount of solar energy (SSE) reaching the earth’s surface is the total insolation
(measured in W m2). SSE is abundant (120 x 10> TW) but diffuse, with annual
average intensities of 200280 W m™? in regions of interest. Insolation is signifi-
cantly less than the extraterrestrial irradiance due to atmospheric light scattering and
absorption. Insolation data are used to evaluate the potential productivity of a site.
Satellite-derived data for insolation calculations are freely available from the NASA
Langley Research Center Atmospheric Science Data Center Surface Meteorological
and SSE web portal supported by the NASA LaRC POWER Project (https:/
eosweb.larc.nasa.gov/sse/) (NASA 2013). Once a site has been selected, the only
method of enhancing solar insolation is by adjusting the tilt of the insolated plane.
This is impossible for open raceway ponds, but is an important consideration for
closed (specifically flat panel) PBRs. See RETScreen International (2005) and
Duffie and Beckman (2013) for an introduction to interpreting and applying inso-
lation data in the assessment of SSE sources.


https://eosweb.larc.nasa.gov/sse/
https://eosweb.larc.nasa.gov/sse/
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4.1.2 Photosynthesis

Only a portion of the solar irradiance spectrum is utilized during photosynthesis.
A large amount of energy is absorbed by atmospheric gases, most importantly,
oxygen and ozone, resulting in distinct absorption bands in the terrestrial insolation
spectrum. Insolation spectrum data are freely available from ASTM (2003).

Green algae host two separate photoreaction centers activated by 680 and
700 nm wavelength photons, respectively (Zhu et al. 2008). Light-harvesting
complexes allow photosystems to utilize energy from photons with shorter wave-
lengths by resonance energy transfer (RET), but photons with longer wavelengths
have insufficient energy to cause excitation in the photoreaction center. Due to this
limitation, photosynthetically active radiation (PAR) is most often defined as the
insolation in the 400-700 nm bandwidth, with some sources adjusting the limits to
380-740 nm. The energy contained in the 400-700 nm range is approximately
42 % of the total insolation energy (using data provided by ASTM (2003)). Bacteria
often contain photosystems with the ability to absorb near-infrared light with
wavelengths up to 1000 nm, thereby increasing the useable light spectrum
(Blankenship et al. 2011).

Light-harvesting complexes can absorb photons with shorter wavelengths and
higher energy content than the 680/700 nm photons required by the reaction cen-
ters, but the excess energy is dissipated as heat during RET. This process represents
a significant energy loss: given the terrestrial insolation spectrum (ASTM 2003),
RET amounts to a decrease in energy of approximately 20 %.

The photosynthetic machinery of green algae and higher plants requires at least
eight photons to fix a single carbon dioxide molecule (Zhu et al. 2008), or 48
photons to form glucose (that is, 24 at 680 nm and 24 at 700 nm), in a process
commonly known as the Z-scheme. The 48 mole of photons contain 8323.40 kJ of
energy, while the heat of combustion of glucose is 2805 kJ mole™", resulting in a
66 % energy reduction when operating in optimal light utilization conditions. This
energy reduction is intrinsic to the photosynthesis Z-scheme.

4.1.3 Absorption and Photoinhibition

Not all of the incident lights over a given area of algal culture reach the photo-
synthetic machinery of an algal cell. A proportion is lost due to light scattering and
reflection on the reactor surface, as well as absorption by non-photosynthetic
material. The absorption coefficient is dependent on the wavelength (Hoepffner and
Sathyendranath 1993). The total PAR is often weighted by a(Z) to yield the pho-
tosynthetically useable radiation (PUR) (Morel 1978) or the yield photon flux
(YPF) (Barnes et al. 1993), which provides a more realistic approximation to the
photosynthetic action spectrum. The relationship between PUR and PAR is
dependent on many factors including the water column depth, biomass concen-
tration, and the state of photoacclimation. Spectrally resolved models have been
developed to account for these effects (Behrenfeld and Falkowski 1997;
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Kyewalyanga et al. 1997). All these aspects can (and should) be controlled by PBR
design, but it is impossible to assign a fixed value to the ratio PUR:PAR. Zhu et al.
(2008) used a value (without explanation) of 10 % for “inefficient absorption,” the
same value is adopted here, but significant variation is likely.

It is well known that the rate of photosynthesis is linearly proportional to the
absorbed photon flux in the light-limited regime, but a maximum fixation rate is
achieved once the irradiation crosses a certain threshold (light saturated regime).
A further increase in light intensity can cause photoinhibition. The relationship
between photon flux density and photosynthetic rate is commonly referred to as the
photosynthesis-irradiance (PE) response curve. The PE curves have been studied
intensively by MacIntyre and Kana (2002).

Algae can modify their PE characteristics to avoid photoinhibition in a process
known as photoacclimation, primarily by modifying pigment content.
Photosynthesis utilizes light most efficiently in the light-limited regime, and thus it
is this region that is of interest to PBR design. In the light-limited region, the
photosynthetic rate is approximately linearly proportional to the photon flux, with
proportionality constant o = a¢,,, where a is the specific absorption coefficient and
¢,, is the quantum yield (MacIntyre and Kana 2002). Both the quantum yield and
the absorption coefficient are nearly constant in the light-limited region, although
the quantum yield can decrease at higher levels of photon flux due to
non-photosynthetic absorption. The quantum yield is limited to a maximum of
0.125 mol of oxygen produced per mole of photons absorbed due to the photo-
synthesis Z-scheme, as discussed above.

4.1.4 Photorespiration and Respiration

Algae consume energy and produce carbon dioxide by photorespiration as well as
mitochondrial respiration. Photorespiration occurs when oxygenation instead of
carboxylation is catalyzed by the Rubisco enzyme. At atmospheric conditions
(380 ppm CO, and 21 % O,), photorespiration can result in an approximately 49 %
decrease in energy efficiency (Zhu et al. 2008). However, Rubisco is highly
selective toward carbon dioxide and photorespiration can effectively be eliminated
by maintaining a high CO, concentration around the enzyme (Sousa 2013).

Respiration is necessary to perform a host of biological activities. Some 10 % of
the oxygen generated by photosynthesis is used in respiration; higher reported
values can often be attributed to the presence of respiring bacteria (Talling 1957; Li
et al. 2003). As with photorespiration, respiration can be minimized by decreasing
oxygen concentration.

4.1.5 Theoretical Areal Productivity

The primary factors influencing the efficiency of light utilization are illustrated in
Fig. 2. Approximately, 89 % of the energy lost can be attributed to the inherent
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Fig. 2 Factors influencing energy loss in photosynthesis. Left The total percentage of energy lost
due to individual processes. Energy losses due to the photosynthetic machinery are fixed and can
only be addressed through substantial genetic modification (GM). The energy losses due to
photorespiration, respiration, and inefficient/non-photosynthetic absorption are dependent on
environmental factors; estimates of minimum and maximum losses are shown. These effects can be
addressed through PBR design. Right Cumulative effect of energy losses on total energy efficiency,
showing an estimated final efficiency between 3 and 11 %

photosynthetic machinery. Genetic modification is required to address these issues,
and a number of suggestions are made in the literature. Notably, Chen and
Blankenship (2011) suggest expanding the PAR range through the incorporation of
red-shifted chlorophylls, which will result in the capture of a major portion of the
solar irradiance spectrum. However, absorbed photons with wavelengths longer
than 700 nm cannot be utilized by algal reaction centers. To overcome this problem,
some authors suggest coculture with bacterial species able to utilize photons with
wavelengths up to 900 nm (Pilon et al. 2011). Blankenship et al. (2011) suggested a
complete re-engineering of photosystem I to absorb photons close to 1100 nm.

Other factors can be minimized through PBR design. Eliminating photorespi-
ration could double photosynthetic efficiency: PBR oxygen concentrations typically
exceed saturation levels (Molina et al. 2001), and strategies for degassing have been
explored (Sousa 2013). Respiration is an essential cellular process and cannot be
removed completely, but ratios of respiration to photosynthesis of as low as 5 %
have been observed in nature (Talling 1957). Similarly, inefficient- and
non-photosynthetic absorption could potentially be minimized if PBRs can be
designed to operate purely in the light-limited regime. Proper PBR design can
increase the efficiency of light utilization from 3 to 11 %, but this is still signifi-
cantly lower than current PV cell efficiencies.

4.1.6 Biomass and Lipid Productivity
The photosynthetic efficiencies discussed above pertain to the conversion of SSE

into chemical energy contained in glucose, which does not translate directly into
areal biomass productivity. The biomass productivity (g m > day ') can be
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calculated through an elemental carbon balance: Carbonaceous Biomass
Accumulation = Carbon Fixation — Respiration = 0.4 x Net Glucose Production
(the mass fraction of carbon in glucose is 0.4). The net glucose production is
determined using the photosynthetic efficiencies above, and the areal biomass
productivity is calculated using the following equation:

dx’ (0.4 npl

o~ () ()
where dX’/dt is the rate of biomass accumulation per unit area (g m s Y, fe~05
is the mass fraction of carbon in the biomass (Miro6n et al. 2003), AH,. is the heat of
combustion of glucose (15.57 kJ g7'), #, is the photosynthetic efficiency, and I is
the insolation (W m™2). The 0.4 /f¢ term varies between 65 and 90 %, depending on
the biomass composition. An annual average insolation of 250 W m ™2 and pho-
tosynthetic efficiency of 3 or 11 % will result in a biomass productivity of 16 or
61 g m > day” ', respectively.

Comparison in Table 1 shows that estimates of actual productivities are in
general much lower than the theoretical limit. This indicates that there is substantial
room for improvement in PBR design to minimize the productivity gap. The
decreased productivity can be attributed partly to seasonal variation. Algal pro-
ductivities were estimated to range from 6.2 (winter) to 16.5 g m > day ™' (spring) in
the region of the US most suitable for algal production (Davis et al. 2012). Seasonal
variations are often neglected in economic models, but affect process cost greatly.
Facilities large enough to accommodate peak season productivities are oversized for
the rest of the year. It is essential that data on algal productivities in large-scale
outdoor facilities over seasonal variations be generated, both from experimental
observations and using the techniques described above, and made available to allow
R&D to consider seasonal costs, energy consumption, and productivities rather than
annual averaged values (Davis et al. 2012). Site and strain selection is critical in
minimizing seasonal fluctuations.

The feasibility of algal biodiesel is heavily dependent on biomass productivity as
well as lipid content and composition. In the Davis et al. (2012) economic model, an
estimated algal productivity of 25 g m > day ' and a lipid content of 25 % was used.
However, these assumptions resulted in higher estimates of lipid productivity than
many developers felt justified at the time. Reducing productivity to a more realis-
tically achievable season-dependent annual average of 13.2 g m > day ' resulted in a
selling price of 19.6 USD gal_l (5.2 USD L_l). Williams and Laurens (2010)
suggest that 35 % lipid appears to be a maximum realistic target. They also point out
that an increase in lipid content results in a decreased fraction of other cell com-
ponents (e.g., protein, nucleic acid, and carbohydrate), which in turn leads to reduced
growth rates. Correlating growth and lipid content data from a variety of studies
(e.g., see the analysis of Griffiths and Harrison 2009), it was estimated that an
increase in lipid content from 15 to 30 % would lead to a reduction in growth rate of
50 % or more. In addition, non-triacylglycerides unsuited to biodiesel production
can account for a sizeable portion of the lipid fraction (Davis et al. 2012).
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These factors are often unaccounted for in models that predict a concurrently high
lipid content and growth rate. Genetic modification of strains to improve produc-
tivity, particularly with concomitant high triacylglycerol content, and aid recovery of
lipids, could have major impacts on algal biodiesel feasibility (Chisti 2013a).
Robustness of such modifications, particularly for systems not operated as
monoseptic, also needs consideration.

Seasonal variations and lipid conversion rates notwithstanding the theoretical
limit to productivity are nearly 200 % greater than that which is currently achieved.
Insolation and the fundamental limits to photosynthetic efficiency do not render
algal biodiesel infeasible, as is commonly believed, and there is great scope for
improvement in areal productivity.

4.2 Nutrient Supply: Carbon, Nitrogen, and Phosphate

Generating algal biomass requires, at minimum, the stoichiometric equivalent of its
average elemental composition: CH; 709 4No.15P0.0094 (Oswald 1988). CO, is often
the major or only source of carbon in algal cultivation (Chisti 2007). Algae utilize
CO, from the air, but supplementary CO, in cultivation systems is essential for
commercially viable growth and lipid productivities (Brennan and Owende 2010;
Pate et al. 2011). Purchasing supplementary CO, can increase operating costs by
3-10 % (Takeshita 2011; Chisti 2013a; Nagarajan et al. 2013; Richardson et al.
2014). The cost and availability of CO, is affected by policies aiming to stabilize
atmospheric CO, and the environmental impacts of CO, release. Sequestration of
captured CO, will be an essential means of meeting climate stabilization constraints
in the next 50-100 years. Production of biodiesel, which is eventually be com-
busted, at best results in carbon-neutral cycling.

Generating 1 t of algal biomass requires approximately 1830 kg of CO,,
50-80 kg of nitrogen, and 5 kg of phosphate (Chisti 2007; Pate et al. 2011;
Borowitzka and Moheimani 2013). Therefore, nitrogen and phosphate are two
additional nutrients of particular concern due to the volumes required, cost, and
long-term sustainability (Chisti 2013a). Species selection can affect nutrient
requirements (Harrison et al. 2013). Selection of algal species with a low nitrogen
content, or species that can maintain biomass productivity with an enhanced lipid
content under nitrogen limiting conditions, could assist in minimizing the nitrogen
input required. The application of nitrogen limiting conditions, known to enhance
lipid content of many algal species (Griffiths and Harrison 2009; Griffiths et al.
2012), can reduce the nitrogen use of the overall process. Lardon et al. (2009)
estimated that the energy required for provision of fertilizer can be reduced,
under nitrogen-limited conditions, to 6-9 % of total process energy (compared to
15-25 % under nitrogen sufficient conditions). Despite potential reductions in
nutrient requirements, feed and fertilizer requirements are central to assessing algal
biodiesel feasibility.
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4.2.1 Availability

Atmospheric CO, exists in abundance. Algae are more efficient at fixing CO, than
terrestrial plants, which results in higher lipid yields (Chisti2013a; Borowitzka and
Moheimani 2013). However, atmospheric CO, levels remain insufficient for
growing large concentrations of algae. Genetic engineering could be used to
improve algal carbon concentrating mechanisms (Savile and Lalonde 2011), but
gas-liquid CO, mass transfer remains limiting. Reports indicate that heterotrophic
cultivation can result in very high biomass and lipid production (Rosenberg et al.
2008; Chisti 2013a); however, the organic carbon is ultimately derived from plants
and so reintroduces many of the limitations to terrestrial plant-derived biodiesel
(including land use, water, and productivity), unless it can be sourced from waste
resources.

Industrial waste, such as flue gas, represents an inexpensive source of concen-
trated CO,. Flue gas contains up to 20 % CO, from conventional sources, far
exceeding atmospheric concentrations of 0.036 % (Brennan and Owende 2010).
This decreases cost but restricts the location of the algae facility to the vicinity of
CO, point sources. Reports indicate that the amount of CO, required to produce
meaningful amounts of algal biodiesel far outweighs the CO, availability at point
sources (Pate et al. 2011; Chisti 2013a). According to an analysis by Pate et al.
(2011), 140 million tons of CO, are required to produce 40 billion L year ' of algal
biodiesel (only 2-3 % of liquid fuel consumption in the USA), but only 193 million
tons of CO, emissions are available at stationary sources in the region best suited to
algal cultivation in the USA. As production of energy from renewable sources is set
to increase, CO, point sources such as coal burning power stations will decrease,
further limiting CO, availability (Chisti 2013a). On the other hand, CO, will
become available from new sources such as anaerobic digesters and bioethanol
production plants (Takeshita 2011). These may also represent cleaner and more
concentrated CO, sources.

Atmospheric nitrogen is almost unlimited, but current production methods of
fixed nitrogen are energy intensive (Chisti 2013a). The provision of nutrients,
particularly nitrogen, to bioprocesses not only represents a major cost of the pro-
cess, but also greatly increases the carbon footprint and fossil fuel requirement due
to the manufacture of ammonia, urea, or nitrate fertilizers (Harding 2009). The
provision of fertilizer has been estimated to account for 15-25 % of the total energy
requirement per unit algal biodiesel (Lardon et al. 2009). Clarens and Resurreccion
(2010) attribute up to 50 % of the energy requirement for biomass production in
open ponds to nutrient provision. In addition, at current production levels, any
significant use of fertilizer for production of fuel would reduce the availability of
fertilizer for food agriculture.

In contrast to CO, and nitrogen, the global supply of phosphate is scarce and
finite. Due to its nongaseous environmental cycle, there is no means of production
other than mining of phosphate rock, a nonrenewable resource. It is estimated that
terrestrial global reserves may be depleted in 50-100 years (Cordell et al. 2009).
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Due to its finite supply, there is an absolute necessity to reclaim phosphate from
waste sources and recycle phosphate within all agricultural processes.

4.2.2 Carbon Dioxide Mass Transfer

In addition to the limitations of CO, supply to the cultivation plant, another key
consideration is the rate of CO, transfer from the gas phase into the liquid culture.
In raceway ponds, a paddlewheel creates turbulence that enhances CO, absorption
from the surrounding air. However, the mass transfer in raceways is low in com-
parison to other PBRs, and is one of the limiting factors of these systems (Mata
et al. 2010; Brennan and Owende 2010; Christenson and Sims 2011). Bubbling
CO;, into the ponds increases mass transfer and improves productivity (Brennan and
Owende 2010), but much of the CO, is lost to the atmosphere due to short bubble
residence times (Mata et al. 2010; Christenson and Sims 2011). Christenson and
Sims (2011) suggest using rotating gas—liquid contactors to increase mass transfer.

Closed PBRs commonly use gas sparging to provide CO,. CO, losses from
aeration are lower in closed PBRs compared to open systems, and mixing and mass
transfer tend to be superior (Mata et al. 2010; Singh et al. 2011). In this analysis, the
combined consideration of gas—liquid mass transfer and CO, uptake rates by the
algae is essential to maximize the efficiency of CO, utilization (Langley et al.
2012). The compression of gas for sparging is energy intensive and thus limits the
feasibility for large-scale algal biodiesel production. Carvalho et al. (2006) report
the use of an open gas exchange unit at the bottom of a flat-panel reactor for gas—
liquid mass transfer. However, this system is open to contamination, which is
usually one of the advantages of closed PBRs. Carvalho et al. (2006) describe
membrane aeration in which CO, diffuses through a silicone or hollow-fiber
membrane tubing. This prevents CO, losses that occur with bubbling, and also
allows for accurate control of transfer rates and the use of pure CO,. However, large
membrane surface areas are required which contributes to the cost of cultivation.
High salt media, as used with marine algae, limits membrane diffusion, and bac-
terial cells can cause fouling (Carvalho et al. 2006). Further development of low
energy PBRs with high mass transfer will greatly enhance the feasibility of algal
biodiesel.

4.2.3 Alternative Fertilizer Sources

There are three approaches to reducing the need for fertilizers in algal biodiesel
production: (1) using a source of waste nutrients, e.g., domestic wastewater,
(2) using nitrogen-fixing algae or bacteria, and (3) recycling the nutrients in the
non-lipid portion of the biomass. Wastewater sources are commonly suggested as a
means of supplying cheap nutrients to algal culture, but wastewater streams vary in
composition over time, making reliable production challenging, and the nutrient
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concentrations are often far below that required for optimal algal growth
(Peccia et al. 2013). Wastewaters frequently contain toxic levels of ammonia
(Borowitzka and Moheimani 2013) and pose a high risk of contamination with
unwanted algae and other eukaryotes, bacteria, and viruses that may compete with
or reduce the productivity of oleaginous algae (Peccia et al. 2013). Most prob-
lematically, the volumes of waste nutrient sources available globally will constrain
the amount of biofuel produced (Chisti 2013a; Borowitzka and Moheimani 2013).
It is likely that waste sources of nutrients (including sewage, urine, manure, waste
biomass, ash, and bone meal) will be in high demand for other bioprocesses, as well
as conventional agriculture, in the future.

Eukaryotic microalgae cannot utilize N, directly (Peccia et al. 2013). The ability
to fix nitrogen could potentially be engineered into a lipid producing algae, or a
naturally nitrogen-fixing strain of cyanobacteria could be used as the fuel producer.
Alternatively, a coculture or series of cultures could be developed utilizing
cyanobacteria (e.g., Anabaena or Synechococcus) or other nitrogen-fixing bacteria
(e.g., Rhizobium) (Dawson and Hilton 2011; Borowitzka and Moheimani 2013).
This kind of artificial symbiosis between oleaginous strains of microalgae and
ammonium-producing bacteria has been demonstrated (Lipman and Peakle 1925;
Ortiz-Marquez et al. 2012), and genetic modification to enhance nitrogen fixation
has been successful in Anabaena (Chaurasia and Apte 2011). Nitrogen fixation as
well as O, removal is energetically costly operation for the organism, indicating
that an engineered strain would require an increased photosynthetic capacity in
order to maintain both nitrogen fixation and lipid production (Peccia et al. 2013;
Chisti 2013a).

4.3 Nutrient Recycling

Efficient recycling of CO,, nitrogen, and phosphates within the process is likely to
be an absolute requirement for sustainable production of algal biofuels (Chisti
2013a). This precludes the production of coproducts such as food, feed, or fertilizer
that would result in net export of large amounts of nutrients from the process, unless
the income or reduction in alternative production of those products offsets the
energy and fertilizer use in the algal process.

After extraction of lipids (largely carbon and hydrogen), the residual
nutrient-rich biomass can be fed to an AD, which produces methane for the gen-
eration of heat and power, as well as CO, and a liquid effluent rich in ammonia and
phosphates (Sialve et al. 2009; Cai et al. 2013; Sheets et al. 2014; Ward et al. 2014).
The liquid AD effluent currently appears to be the most feasible option for nutrient
recycling (Chisti 2013a). The CO, produced by the AD and methane combustion
could be fed to the algal culture, effectively recycling the majority of carbon not
exported in the lipid fraction (Fig. 3).

Thermo-catalytic conversions (e.g., hydrothermal liquefaction or gasification)
are alternatives to AD in recycling nutrients, but these thermal technologies are
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Fig. 3 Integration of anaerobic digestion with algal biodiesel production, indicating potential
recycle of nutrients and CO,

more often performed on whole biomass, rather than biomass residue from lipid
extraction, because the benefits lie in reducing the capital and life-cycle costs
associated with lipid extraction and conversion (Peccia et al. 2013). Hydrothermal
liquefaction has been shown to convert 80 % of the energy in algal biomass to
biocrude and generate a waste stream containing the majority of nitrogen and
phosphate that has potential to be recycled (Valdez et al. 2012).

Nutrient recycling is critical to successful algal biodiesel production. However,
product export and system inefficiencies will require constant input of carbon,
nitrogen, and phosphate. CO, supplies are the limiting factor, particularly at the
scales required to ensure algal biodiesel contributes to the future energy mix.

4.4 Water and Energy Consumption

The production of algal biofuels, whether in closed reactors or open ponds, requires
large amounts of water and energy. Water is used in algal cultivation for replacing
evaporative and process losses, with smaller amounts used in biodiesel production
(Harto et al. 2010). At scales large enough to make a significant contribution to the
future world energy mix, the supply of freshwater quickly becomes limiting, par-
ticularly in warm areas with high insolation (Borowitzka and Moheimani 2013). It
is very unlikely that freshwater species will be used to produce algal biofuels in
significant quantities, unless grown in wastewater, where production will be limited
by wastewater availability. Even if marine algal species are used, the freshwater
required to replace that lost to evaporation and therefore to prevent an increase in
the salinity of the medium will become a limiting factor (Chisti 2013a).

The energy used to cultivate algae and produce biodiesel must be signifi-
cantly lower than the energy that can be harnessed from the resulting biodiesel,
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i.e., a favorable net energy recovery. If fossil fuel energy is used in the process, the
environmental impacts of this must be weighed against the benefits of the resulting
algal biodiesel. According to a review of studies on algal biodiesel sustainability,
major contributing factors to energy intensity include PBR design, nutrient source,
dewatering and biomass drying, and lipid extraction (Lam and Lee 2012; Harrison
et al. 2013).

4.4.1 Algal Cultivation

In regions of high insolation, evaporation rates are generally greater than
1.5 m year ' or approximately 4 mm day ' (Borowitzka and Moheimani 2013). It
will be advantageous to minimize evaporative water loss by careful selection of
location. The major factors determining evaporation rate are solar irradiance,
temperature, wind speed, and humidity (Chisti 2013b). Temperature and irradiance
are likely to be chosen for optimal algal productivity rather than minimizing water
loss (higher algal productivity per unit volume also assists in decreasing the water
requirement per unit product); the key criteria for site selection in terms of evap-
oration are therefore low wind speeds and high humidity. Evaporation could
potentially be controlled or contained to an extent using closed reactors or covered
ponds, with a concomitant increase in capital costs. There is also a difficult balance
between minimizing evaporation and maximizing mass transfer of CO, into and O,
out of the culture medium.

It is likely that replacement of evaporative water will need to be with saline
water, leading to a gradual increase in the salinity of the culture medium. Algal cells
will incur a metabolic cost at high salt concentrations due to energy required to
export excess salt or produce compounds that maintain the osmotic balance (Chisti
2013a). If the increase in salinity affects microalgal performance, a portion of the
pond water must either be purged regularly, or the entire pond contents replaced,
leading to loss of nutrients and increased costs. Some success has been achieved in
finding algal species that are tolerant of a wide range of salinities so that produc-
tivity can remain high while the pond salinity increases (Sing et al. 2014).

Currently, algal cultivation requires the majority of share of the energy input in
biodiesel production (Stephenson et al. 2010; Harun et al. 2010; Slade and Bauen
2013). Several studies indicate that raceway ponds have substantially lower energy
requirements than tubular PBRs, the latter frequently demonstrating unfavorable net
energy ratios (NER) (more energy being used to produce the algae than can be
harvested from the biodiesel) (Stephenson et al. 2010; Lam and Lee 2012; Rawat
et al. 2013; Slade and Bauen 2013). Jones and Harrison (2014) discuss key factors
affecting NER in vertical tubular reactors which may allow improved NER with
improved reactor design and operation. Specifically, the NER is sensitive to the CO,
partial pressure and can be lowered substantially by sparging with enriched CO,.
Power requirements for circulating the algal culture (paddle wheels, pumps, aera-
tion) usually account for the majority of the energy demand. Stephenson et al. (2010)
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suggest alternative PBR designs, such as flat panels or oscillating reactors to improve
the NER of algal biodiesel production from closed systems. However, as long as
extensive sparging is required for mixing and/or gas transfer, energy requirements
will remain a critical consideration. Jorquera et al. (2010) demonstrated a
much-improved NER for a flat-panel reactor in comparison to a tubular PBR, due to
the substantially lower power requirements for pumping air (2500 W m " for tubular
PBR; and 53 W m > for flat-panel PBR).

4.4.2 Downstream Processing

Downstream processing usually makes a smaller contribution to the NER of algal
biodiesel production in comparison to cultivation, with the exception of drying
(Harun et al. 2010; Slade and Bauen 2013). Centrifugation and filtration are
energy-intensive harvesting methods (Lam and Lee 2012), but gravity sedimenta-
tion, flocculation, and flotation have minor energy requirements, usually attributed
to pumping (Sander and Murthy 2010; Stephenson et al. 2010; Brennan and
Owende 2010; Campbell et al. 2011; Rawat et al. 2013). Lam and Lee (2012) report
energy consumption for bioflocculation to be 9.8 kJ kg™ ' biodiesel.

A major cause of water loss is associated with harvesting. Minimizing the loss of
water in the harvested algal biomass is limited by the economic and energetic
feasibility of achieving efficient solid—liquid separation of small algal cells from the
medium. Based on an algae plant producing 100,000 bbl of lipids year ',
Borowitzka and Moheimani (2013) calculated evaporative water loss to be between
490 and 1307 ML and harvest loss between 13,415 and 35,772 ML. In contrast,
Harto et al. (2010) calculate the evaporative water loss (average 165 L L™! fuel) to
be much greater than the process water consumption (average 50 L L™' fuel) in
open ponds.

Water inhibits lipid extraction and transesterification (Griffiths et al. 2010), thus
necessitating drying. Many energy analyses assume the use of solar drying, and so
do not discuss the large energy demand associated with other drying methods. Solar
drying is only a realistic option under ideal conditions in sunny climates (Brennan
and Owende 2010; Lam and Lee 2012), and prohibits water recycling. Sander and
Murthy (2010) report in their case study that drying in a natural gas-fired dryer
accounted for 69 % of the total energy consumption in the biodiesel production
process. Using biodiesel conversion methods that are not inhibited by wet biomass
is important for improving sustainability in terms of both water and energy usage
(Azadi et al. 2014). Alternative methods of lipid extraction and biodiesel production
that require only partial or no drying, such as supercritical fluid extraction, in situ
transesterification, and hydrothermal liquefaction (Lam and Lee 2012), are espe-
cially attractive.

Lipid extraction accounts for 5-10 % of the energy requirement for biodiesel
production (Sander and Murthy 2010; Stephenson et al. 2010). Solvent extraction is
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the most commonly used method, but requires dry biomass (Lam and Lee 2012).
Supercritical fluid extraction can be achieved using wet biomass, and thus elimi-
nates the large energy burden associated with drying. This method requires heat and
compression energy (Rawat et al. 2013). A commonly used fluid is supercritical
CO, due to its low critical temperature. However, the energy requirement for
capturing CO, from the atmosphere and recompressing it after each extraction
needs to be assessed (Lam and Lee 2012).

Transesterification of the algal oil into biodiesel accounts for a small portion of
energy requirements (0.036 J J~' fuel) (Lardon et al. 2009; Sander and Murthy
2010). Acid-base and heterogeneously catalyzed transesterification are the con-
ventional methods, but in situ transesterification is an emerging technology that has
several advantages. In situ transesterification allows extraction and conversion to
occur in one step in which biomass is used directly for conversion to diesel,
removing the energy demands associated with lipid extraction as well as biomass
drying (Griffiths et al. 2010; Lam and Lee 2012; Rawat et al. 2013). This may
impact the application of the residual biomass.

Water may be recycled after the biomass has been harvested and processed, but
recycling introduces additional challenges. Any soluble organic waste products,
pond debris, or additives (e.g., chemical flocculants used in harvesting) will
accumulate, potentially leading to reduced productivity. Contaminants such as
competitors, predators, and pathogens (e.g., viruses) will be recycled if not
removed. This may call for additional treatment or sterilization of the recycled
medium, which inevitably increases energy requirements and cost (Williams and
Laurens 2010).

The total water footprint of algal biodiesel has been estimated by Harto et al.
(2010) to be between 216 and 656 L L™" fuel in open ponds, based on conditions in
the southwest US, with reduction to between 30 and 63 L L' fuel in closed
systems. Yang et al. (2011) calculated a water requirement of 591 L L™ fuel,
assuming that all the water from harvesting was recycled. This is lower than esti-
mates for ethanol from sugar beet or sugar cane (1388 and 2516 L L™, respectively,
Gerbens-Leenes et al. 2009) but higher than that for cellulosic ethanol (between 356
and 423 L L™, Harto et al. 2010) and significantly higher than that for fossil fuels
(2-6 L L™, Harto et al. 2010). Improvements in algal productivity per unit volume
or an increase in cell density would reduce the water footprint per liter of fuel (Yang
et al. 2011); however, algal cell density and culture surface area to volume ratio are
constrained by the necessity to provide adequate sunlight to all cells.

Many studies have assessed the NER of algal production processes. The results
are best illustrated in Fig. 4, which shows a NER ranging between 0.12 and 5.92.
As discussed above, the choice of bioreactor (open ponds, flat or tubular PBRs)
seems to be the most important factor influencing the NER. Water and energy
requirements clearly illustrate the difficulty in choosing between open ponds and
closed PBRs. Energy gains from the use of open ponds must be carefully balanced
against water and CO, losses, as well as decreased productivity.
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5 Conclusions

The composition of 1 L of algal biodiesel in terms of nutrients, solar and fossil
energy, and water, as described in the previous sections, is illustrated in Fig. 5.
A clear trade-off exists between open and closed systems in terms of NER and
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Fig. 5 Biofuel composition inputs, assuming 3 % photosynthetic efficiency, 0.5 g carbon per g
biomass, 30 % lipid content, 65 % lipid to fuel conversion, 250 W m™2 insolation. Fossil energy
inputs based on NER as discussed above, water usage as discussed above
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water usage, although flat panel closed PBRs show great potential. The required
SSE input is extremely large, with nearly 140 m? required to produce 1 L bio-
diesel day™', given an average daily insolation of 250 W m™2. Approximately,
8.45 kg of CO, is required to produce 1 L of biodiesel; considering that the US
requires approximately 2 trillion L of transportation fuel per year, this number
quickly becomes staggering.

If algal biodiesel were to fill a niche in the liquid fuels market, such as aviation
fuel, these limitations do not eliminate its potential as a feasible renewable liquid
fuel source (Lundquist et al. 2010; Norsker et al. 2011; Chisti 2013a). Algal bio-
diesel is superior to first-generation biofuels for aviation fuel due to the high energy
density and low freezing point (Brennan and Owende 2010). The 2008 demand for
aviation fuel was 89 billion L year '. Using conservative estimates of CO, avail-
ability at point sources from Pate et al. (2011), 40 billion L of biodiesel can be
produced from algae, supplying 45 % of aviation fuel demand. The production
would require 1.5 Mha of land and, if open raceway ponds are used, close to
80,000 ML of water day™".

Aside from limitations of scale, the immediate determinant of the economic
feasibility is a direct comparison between the cost of algal biodiesel and the price of
competing fuels. The price of crude oil has varied between 70 USD bbl™"
(0.44 USD L") and 114 USD bbl™" (0.71 USD L") over 2014, while the retail
price of fossil-derived diesel in the US has averaged 1.02 USD L™' over 2014
(Ameritrade et al. 2014; InfoMine 2014). Comparing predicted costs (Table 1) in
light of the limitations discussed (max 30 % lipid content, <60 g m™> day™ "' bio-
mass), and removing outliers, it seems feasible that biodiesel can be produced at
between 2 and 3 USD L.

Although the cost of producing biofuels may currently be higher than the cost of
petroleum-based fuel, the cost of fossil fuels is artificially low as the environmental
and social costs of burning fossil fuels are unaccounted for, particularly the impact
of rising CO, levels in the atmosphere. The price of fossil fuels must include the
cost of carbon mitigation; this will contribute substantially toward the competi-
tiveness of sustainable liquid fuels. As liquid biofuels seem to be an essential part of
the future energy mix, at least in the short term, the key question becomes twofold:
how does the cost of producing algal biodiesel compared to the cost of producing
liquid fuels from other sources? which feedstock(s) are most sustainable and cost
effective for the production of biofuels? Although the cost of production of algal
biodiesel may be higher, and the production process less well developed than that of
terrestrial crop plants, crop plants suffer from issues regarding food security and
sustainability. Major advantages of algal biodiesel include potentially higher pro-
ductivity per unit area, production of only oil-containing biomass (i.e., no roots,
leaves, and stems when only seeds are required), minimal loss of fertilizer due to
runoff, potential to enhance carbon mass transfer through dissolution in liquid
medium, and reduced competition with food crops for arable land, although com-
petition at scale for fresh water and nutrients remains.

The economic and energetic feasibility of algal biodiesel will be greatly
improved by applying the biorefinery concept in terms of utilizing all component
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parts of the biomass generated (Wijffels et al. 2010; Williams and Laurens 2010;
Harrison et al. 2013). Potential coproducts along with algal oil for biodiesel pro-
duction include proteins for animal feed, carbohydrates for bioethanol, and
high-value pigments. Coproducts resulting in a net export of nutrients, e.g., food,
feed, or fertilizer, will only be feasible if it offsets the use of alternative sources,
e.g., traditional feed or fertilizer, sufficiently to account for the inputs required to the
algal process.

A great deal of uncertainty remains regarding the techno-economic feasibility of
algal biodiesel. There are several key factors, highlighted by a review of the lit-
erature, to bear in mind when developing processes and models for algal biodiesel
production. Progress in downstream processing has the potential to reduce energy
consumption, but the algal cultivation NER remains a critical factor, especially in
closed systems, and particularly in terms of the energy required to mix and sparge
reactors. Complete drying of algal biomass is unlikely to be financially or ener-
getically viable, and therefore conversion to biodiesel and extraction or production
of any coproducts must be done using wet biomass. It is unlikely that it will be
feasible to use freshwater for algal cultivation or replacing evaporative and process
losses, and therefore there should be a focus on halotolerant production strains and
minimizing water loss. Recycling of nitrogen and phosphate within the process will
be critical and requires development and demonstration of cost- and energy-efficient
mechanisms to achieve this. Additionally, coproducts leading to net export of
nutrients from the process need to be carefully evaluated in terms of feasibility.
Finally, major challenges appear to be in securing sufficient, inexpensive CO,
supply at geographically suitable locations, balancing energy and water usage, and
decreasing the gap between current and theoretical photosynthetic efficiencies.
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Fuel Alcohols from Microalgae

Joshua T. Ellis and Charles D. Miller

Abstract Biosolvents such as acetone, butanol and ethanol are attractive biofuels
which can reduce our dependence on fossil energy. Butanol is of particular interest
as it can directly replace gasoline and be distributed using the current fuel infras-
tructure. Fuel alcohols are produced by fermentation of sugars obtained from starch.
Starch and sugar feedstock for producing alcohols are currently obtained from crop
plants. Microalgae are primitive plants that can accumulate large quantities of starch
under suitable conditions. Use of algae as a source of starch for producing fuels
overcomes many of the limitations associated with the conventional sources of
starch. This chapter is focused on production of fuel alcohols from microalgae via the
starch route.

Keywords Microalgae - Acetone - Fuel alcohols - Bioethanol - Biobutanol

1 Introduction

Biofuels are currently sourced from crops such as corn, soybean, and sugarcane.
These crop-derived fuels have been linked to deforestation, water shortages and
resource competition with food supply (Gouveia and Oliveira 2009; Costa and De
Morais 2011). Microalgae offer an alternative to biofuels derived from higher
plants. Under suitable conditions, microalgae can be grown rapidly without
requiring arable land and potable water (Li et al. 2008; Gouveia and Oliveira 2009;
Singh et al. 2011; Nguyen 2012). Suitably grown microalgae biomass can contain
50-60 % carbohydrates by dry weight. This can be converted to sugars and
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fermented by a diverse range of microorganisms to biofuels. Biofuels obtained from
microalgae have the potential to stimulate domestic energy economy and reduce the
need for non-renewable fossil-based fuels (Ellis et al. 2012). This chapter is an
overview of the current production strategies for biofuels from microalgae.
Implications and future applications of algal fuels are discussed.

The demand for clean, renewable, and sustainable biofuels continues to increase
as petroleum prices remain volatile and global greenhouse gas (GHG) emissions
continue to increase (Greenwell et al. 2009). Annual GHG emissions grew by 80 %
between 1970 and 2004 (Greenwell et al. 2009) in pace with a rising worldwide
demand for fossil energy (Singh and Gu 2010). The US currently consumes
approximately 20 % of the crude oil used globally (EIA 2011b). Of this, 72 % is
used for transportation purposes (EIA 2011a). Crude oil reserves are being depleted
at a rate of approximately 85-90 million barrels of oil per day. With the worldwide
proven oil reserves estimated at 1.3 trillion barrels, crude oil will likely be depleted
within the next 50 years (Abdullah et al. 2007; EIA 2011b). The current heavy
dependence on petroleum-based fuels is not sustainable due to diminishing crude
oil reserves, fluctuating fuel costs and the adverse environmental impact of fossil
fuel use (Chisti 2007; Pienkos and Darzins 2009; Demirbas and Fatih Demirbas
2011). Alternative fuels that can be produced renewably and sustainably are needed
in preparation for a future without the fossil fuels.

During 1978-1996, the US Department of Energy (DOE) supported the Aquatic
Species Program to specifically research the use of microalgae as a source of oil for
making biodiesel. The high cost of biodiesel production from algal biomass and
DOE budgetary constraints resulted in termination of this program (Sheehan et al.
1998). Recent increases in the price of crude oil, environmental concerns, and the
need to reduce the US’s dependence on imported oil have revived interest in
microalgae as a source of renewable liquid fuels and other bioproducts (DOE
2010). Interest increased further after the enactment of the Energy Independence
and Security Act (EISA) which mandated production of 36 billion gallons of
renewable fuels in the US by the year 2022 (DOE 2010).

The algae industry is currently estimated to be worth $1.4 billion (http:/www.
nationalalgaeassociation.com/). Microalgae are viewed as an important feedstock
for future production of renewable fuels. Algae capture sunlight and store it as
chemical energy in the form of starch, oil and other chemicals (Li et al. 2008;
Demirbas 2010; Ellis et al. 2012). Microalgae play a vital role in recycling carbon
in the biosphere by converting carbon dioxide into organic compounds through
photosynthesis (Christenson and Sims 2012) while producing oxygen.

Microalgae have potential advantages over other energy crops for production of
renewable fuels: (1) microalgae have higher growth rates than terrestrial crops;
(2) microalgae can be grown on non-arable or marginal lands with various qualities
of water; (3) microalgae require little maintenance; (4) depending on growth con-
ditions, microalgae generate high concentrations of energy rich compounds such as
starch and lipids; and (5) microalgae do not require diverting food resources to
energy production (Chisti 2007; Amin 2009; Gouveia and Oliveira 2009; Azdcar
et al. 2010; DOE 2010; Huang et al. 2010; Mata et al. 2010; Wijffels et al. 2010). In
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addition, displacement of fossil fuels with microalgae derived fuels may contribute
to reduced emissions of carbon dioxide (Singh et al. 2011).

In addition to fuels, algal biomass can be a source of other high-value
byproducts and animal feed. Such byproducts can contribute to global food/feed
supply and positively impact the economics of algal biomass production (Olivares
and Sayre 2012). Furthermore, algae can be used to capture and recycle nutrients
contained in municipal and farm wastewaters to produce value-added outcomes
(Olivares and Sayre 2012).

2 Utility of Microalgae

Microalgae have been estimated to produce 30—100 times more energy per hectare
compared to terrestrial crops (Greenwell et al. 2009; Demirbas 2010). Other
attractive features of microalgae were mentioned earlier in this chapter.

Microalgae can be grown in such a way that the biomass produced is rich in
carbohydrates. Carbohydrates can be hydrolyzed to their monomeric sugars for use
in fermentations to produce fuel alcohols. Pentose and hexose sugars of microalgal
carbohydrates (Table 1) can be consumed by other microorganisms to produce fuels
via the pentose phosphate pathway and the Embden-Meyerhof-Parnas pathway,
respectively (White 2006; Ezeji et al. 2007). In many cases, starch is the main
carbohydrate in microalgae (Table 2) (Siaut et al. 2011; John et al. 2011). Once the
intracellular starch is recovered from the cell, it can be readily broken down by
amylase enzymes to glucose. Depending on the culture conditions, the carbohydrate
content of the biomass may exceed 60 % of dry weight. The stored starch content in
the biomass can be enhanced by controlling the supply of nitrogen and iron during
cultivation (Liu et al. 2008; Dragone et al. 2011; Suali and Sarbatly 2012), for
example. Other factors may also influence the starch content.

2.1 Extraction of Microalgal Carbohydrates

Starch and other carbohydrates stored within the algal cells and are not readily
accessible to hydrolytic enzymes. Usually, the intracellular carbohydrates must first

Tiflble 1 Sugar relfltase from Sugar Dry weight (DW) %

microalgae after acid Total 4 1794

hydrolysis otal measured sugar .
Glucose 11.49 £ 0.10
Xylose 0.79 £ 0.05
Galactose 4.42 + 0.08
Mannose 1.24 £0.11

Modified from Laurens et al. (2012)
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Table 2 Starch content of various microalgae species
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Algal strain Starch (% of dry weight) | Reference

Anabaena cylindrical 30.0 Zhu (2014)
Aphanizomenon flosaquae 23.0 Zhu (2014)
Chlamydomonas reinhardtii 53.0 Kim et al. (2006)
Chlorella pyrenoidosa 26.0 Zhu (2014)

Chlorella sp. TISTR 8262 21.5 Rodjaroen et al. (2007)
Chlorella sp. TISTR 8485 27.0 Rodjaroen et al. (2007)
Chlorella sp. TISTR 8593 22.0 Rodjaroen et al. (2007)
Chlorella vulgaris IAM C-534 37.0 Hirano et al. (1997)
Chlorella zofingiensis 28.0 Zhu (2014)
Chlorococcum sp. TISTR 8583 26.0 Rodjaroen et al. (2007)
Chlorococcum sp. TISTR 8973 16.8 Rodjaroen et al. (2007)
Euglena gracilis 18.0 Zhu (2014)

Nostoc maculiforme TISTR 8406 30.1 Rodjaroen et al. (2007)
Nostoc muscorum TISTR 8871 33.5 Rodjaroen et al. (2007)
Nostoc paludosum TISTR 8978 32.1 Rodjaroen et al. (2007)
Nostoc piscinale TISTR 8874 17.4 Rodjaroen et al. (2007)
Nostoc sp. TISTR 8872 30.7 Rodjaroen et al. (2007)
Nostoc sp. TISTR 8873 329 Rodjaroen et al. (2007)
Oscillatoria jasorvensis TISTR 8980 9.7 Rodjaroen et al. (2007)
Oscillatoria obscura TISTR 8245 12.6 Rodjaroen et al. (2007)
Oscillatoria okeni TISTR 8549 8.1 Rodjaroen et al. (2007)
Oedigonium sp. 33.6 (total sugar) Hossain et al. (2008)
Oscillatoria sp. TISTR 8869 19.3 Rodjaroen et al. (2007)
Phormidium angustissimum 28.5 Rodjaroen et al. (2007)
Porphyridium cruentum 57.0 Zhu (2014)
Scenedesmus acuminatus TISTR 8457 7.3 Rodjaroen et al. (2007)
Scenedesmus acutiformis TISTR 8495 16.4 Rodjaroen et al. (2007)
Scenedesmus acutus TISTR 8447 18.6 Rodjaroen et al. (2007)
Scenedesmus arcuatus TISTR 8587 12.9 Rodjaroen et al. (2007)
Scenedesmus armatus TISTR 8591 154 Rodjaroen et al. (2007)
Scenedesmus dimorphus 52.0 Zhu (2014)
Scenedesmus obliquus TISTR 8522 23.74 Rodjaroen et al. (2007)
Scenedesmus obliquus TISTR 8546 234 Rodjaroen et al. (2007)
Scenedesmus sp. TISTR 8579 20.4 Rodjaroen et al. (2007)
Scenedesmus sp. TISTR 8982 133 Rodjaroen et al. (2007)

Scenedesmus, Chlorella, Ankistrodesmus,
Micromonas, and Chlamydomonas

35.0 (total sugar)

Ellis et al. (2012)

Spirogyra sp.

43.3 (total sugar)

Hossain et al. (2008)

Spirulina fusiformis 37.3 Rafiqul et al. (2003)
Spirulina platensis 14 Zhu (2014)
Synechococcus sp. 15 Zhu (2014)

Modified from John et al. (2011)
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be extracted from the cells by mechanical, chemical, or enzymatic pretreatment
(John et al. 2011; Ellis et al. 2012; Potts et al. 2012). Once the starch is released and
hydrolyzed, fermentable sugars are produced (John et al. 2011). Release and
hydrolysis may be combined in a single treatment step. Some microorganisms
possess the necessary enzymes to both hydrolyze, or saccharify, the released starch
to sugars and ferment these to alcohols and other solvents.

3 Alcoholic Fermentation

Fermentation is an anaerobic microbial process that converts sugars to alcohols, or
other products such as acetone. Diverse microorganisms including bacteria (Ellis
et al. 2012), yeasts, and filamentous fungi can ferment sugars (Harun et al. 2010;
Harun and Danquah 2011; John et al. 2011; Zhu 2014). The reaction scheme for
ethanol production from glucose is as follows (White 2006):

C¢H206 + 2ADP + 2P, — 2 CyHgO +2CO, + 2ATP
—— ~—

Glucose Ethanol

where ADP is adenosine diphosphate, P; is phosphate and ATP is adenosine
triphosphate. Based on the theoretical yield, 1 kg of glucose can provide 0.51 kg of
ethanol and 0.49 kg of CO, (Zhu 2014).

A variety of sugars can be fermented depending on the microorganism used.
Fermenting microbes include Saccharomyces cerevisiae, Zymomonas mobilis,
various Clostrdium spp. and various Thermoanaerobium species (Kim and Gadd
2008). Depending on the microorganism, a fermentation may proceed via a bran-
ched pathway that produces multiple products such as acetate, lactate, and hydrogen
(White 2006; Kim and Gadd 2008). Alternatively, a fermentation may proceed via a
linear pathway as in Saccharomyces and Zymomonas, to ultimately lead to ethanol,
carbon dioxide and water (Kim and Gadd 2008).

3.1 Microalgae to Ethanol

Of the various potential routes for producing fuel alcohols from microalgae, pro-
duction of bioethanol from starch appears to be of greatest interest simply because
ethanol production from glucose via yeast fermentation is well understood (Harun
et al. 2010; Harun and Danquah 2011). Bioethanol derived from corn starch and
sugarcane molasses is a well-established biofuel as it mixes well with gasoline and
requires no engine modification for use. Ethanol has an energy content of
26.4 MJ/kg and an octane rating of 129 (Amin 2009). Compared with this, gasoline
has an energy content of about 44.4 MJ/kg and a typical octane rating of 91,



148 J.T. Ellis and C.D. Miller

although this varies. Ethanol is typically blended with gasoline at a level of 10 %.
This E-10 blend, or gasohol, has an energy content of about 42 MJ/kg and an octane
rating around 93-94 (Amin 2009).

Many microalgae are capable of producing ethanol from intracellular stored
starch under anaerobic conditions in the dark (Hirano et al. 1997). Hirano et al.
(1997) discussed ethanol production from 250 strains of microalgae, with
Chlamydomonas reinhardtii converting starch to ethanol with a yield of 0.3-0.4 g
ethanol/g starch. This approaches the theoretical yield of ethanol on starch of
0.56 g/g (Hirano et al. 1997). Ueno et al. (1998) reported on ethanol production
under dark anaerobic conditions in the marine alga Chlorococcum littorale. About
27 % of the starch was consumed within 24 h, generating 450 pmol ethanol/g alga
by dry weight at 30 °C. Acetate, hydrogen, and carbon dioxide were produced in
addition to ethanol (Ueno et al. 1998).

Estimates suggest that 5000-15,000 gallons of ethanol per acre can be produced
annually from microalgae feedstocks. This productivity is orders of magnitude
greater than for the other common feedstocks. For example, the annual ethanol
yield (gallons/acre) from other feedstocks is: 430 for corn, 277 for wheat, 714 for
sugar beet, 354 for cassava and 1150 for switch grass (Nguyen 2012).

3.2 Microalgae to Acetone, Butanol, and Ethanol

Acetone-butanol-ethanol (ABE) fermentation is carried out by anaerobic Clostridia
such as C. beijerinckii, C. acetobutylicum, C. saccharoperbutylacetonicum, and
C. saccharobutylicum (Lee et al. 2008). The product contains acetone, butanol and
ethanol in the mass ratio of 3:6:1 (Potts et al. 2012). The ABE fermentation was first
used during World War I to produce acetone for manufacturing explosives. The
history of this process has been reviewed in the literature (Jones and Woods 1986;
Lee et al. 2008; Ni and Sun 2009). The need for renewable fuels and solvents has
reawakened interest the ABE fermentation.

Biobutanol is an attractive liquid transportation fuel that can directly replace
gasoline. Unlike ethanol, butanol is readily separated from the fermentation broth
by distillation. The energy density of butanol is 29.2 MJ/L, or comparable to
gasoline (32.3 MJ/L), but greater than that of anhydrous ethanol (19.6 MJ/L) (Lee
et al. 2008; Steen et al. 2008; Wu et al. 2008; Green 2011). Butanol is said to be a
superior fuel alternative to ethanol as ethanol absorbs water and cannot be used in
the existing fuel infrastructure due to its corrosive nature (Steen et al. 2008).
Ethanol has a lower energy density relative to butanol and is more expensive to
recover than butanol, from the fermentation broth by distillation.

Acetone is an industrial solvent and it is used make various other chemicals
(Jones and Woods 1986; Wu et al. 2008). Acetone has an energy density of
23.2 MJ/L, making it more energy dense than ethanol but less so than butanol and
gasoline (Wu et al. 2008). Acetone can be used as a fuel additive (Wu et al. 2008).
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ABE fermenting microorganisms initially ferment sugars to produce acids such
as acetic acid and butyric acid. The pentose and hexose sugars are metabolized via
the pentose phosphate pathway and the Embden-Meyerhof-Parnas pathway,
respectively (White 2006; Ezeji et al. 2007; Tashiro and Sonomoto 2010). Solvents
are produced once the concentration of the undissociated acids reaches a critical
point of 57-60 mmol/L (Maddox et al. 2000; Tashiro and Sonomoto 2010; Potts
et al. 2012). Concentration of the undissociated butyric acid is the primary trigger
for solvent formation. A butyric acid concentration of 6 mM is said to be the
minimal concentration needed to trigger this metabolic switch (Hiisemann and
Papoutsakis 1988). Solvent production, or solventogenesis, continues until inhibi-
tory concentrations of acids or ABE accumulate in the medium during a batch
fermentation. This inhibitory effect can be minimized by removing the ABE as it is
formed during a fermentation. This can be done for example by using pervaporation
or gas stripping of ABE (Liu et al. 2005; Ellis 2013).

ABE can be produced from a variety of feedstocks. These feedstocks include
microalgae biomass (Ellis et al. 2012) and biomass of macroalgae, or seaweeds
(Potts et al. 2012). Among other feedstocks, ABE production has been demon-
strated from cellulose, glycerol, glucose, sucrose, lactose, xylose, xylan, starch
(Andrade and Vasconcelos 2003; Tashiro and Sonomoto 2010), hardwood,
domestic organic waste, agricultural waste, corn fiber, whey, and sago starch
(Tashiro and Sonomoto 2010). Clostridia are able to produce a variety of carbo-
hydrate hydrolyzing enzymes including a-amylase, o-glucosidase, B-amylase,
B-glucosidase, glucoamylase, pullulanase, and amylopullulanase. This hydrolytic
capability facilitates the degradation of complex polymers to their respective
monomers, which are then transported into the cell and metabolized. The ability to
hydrolyze and metabolize a variety of substrates makes ABE fermenting clostridia
attractive for biofuel production from microalgae (Qureshi et al. 2006; Ezeji et al.
2007; Ellis 2013).

The fermentation of carbohydrates contained in algal biomass to prospective
fuels such as acetone, butanol, and ethanol has been achieved using saccharolytic
Clostridium spp. (Efremenko et al. 2012; Ellis et al. 2012; Potts et al. 2012). Using
cyanobacterial biomass pretreated with dilute acid and heat, Efremenko et al. (2012)
demonstrated the production of butanol and ethanol. The final concentrations were
0.43 g/L for butanol and 0.29 g/L for ethanol. The fermenting microorganisms was
C. acetobutylicum (Efremenko et al. 2012). Using Clostridium saccharoperbuty-
lacetonicum, the acid pretreated biomass could provide a final total ABE concen-
tration of 2.74 g/L (Ellis et al. 2012). The total ABE concentration could be raised
to 7.27 g/L. by supplementing the biomass hydrolysate medium with 1 % glucose.
Supplementation of the medium with hemicellulases and cellulases increased the
final total ABE concentration to 9.74 g/L (Ellis et al. 2012). With enzyme sup-
plementation, the total ABE yield was 0.311 g/g biomass substrate and the volu-
metric productivity was 0.102 g/L h (Ellis et al. 2012). Without pretreatment and
any supplementation, the cyanobacterial biomass afforded at total final ABE con-
centration of 0.73 g/L (Ellis et al. 2012; Ellis 2013).
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4 Other Applications/Products of Microalgae

Commercial biofuels are not currently made from microalgae, as production is
expensvie. Nevertheless, microalgae are used to commercially produce many rel-
atively high value products. Carotenoids such as B-carotene and astaxanthin are
produced using microalgae and so are certain long-chain polyunsaturated fatty acids
for use as human nutritional supplements (Borowitzka 1995, 2013). Numerous
other bioactives have the potential to be produced using microalgae (Borowitzka
2013). Microalgae are used in treatment of wastewater, especially for absorbing
nitrates and phosphates from water. In view of their great biodiversity and
increasing prospects of being genetically engineered, microalgae have the potential
to provide other novel products (Pulz and Gross 2004).

Future biorefineries may be developed around microalgal biomass (Ellis et al.
2012; Anthony et al. 2013) to provide a great diversity of products (Fig. 1).
Microalgae have the potential to provide biohydrogen, biosyngas, and oil to replace
fossil fuel (Demirbas 2010).

Biodiesel Punf!ca_tlop of Bioacetone | | Biobutanct | et ol
from algae crude biodiesel oeth
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Fig. 1 A microalgae-based biorefinery concept for producing multiple products from a single
feedstock. Modified from Anthony et al. (2013)
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5 Concluding Remarks

Microalgae are potentially a good source of renewable carbohydrates that can form
the basis of an algal fuel alcohol industry. The technology for converting starch and
other carbohydrates to fermentable sugars and subsequent fermentation to ethanol
and butanol, is largely established. If algal biomass with a high starch content can
be generated inexpensively and sustainably, and the accessibility of the starch to
hydrolytic enzymes is improved, algal fuel alcohols have a real potential. Compared
to higher plants, algae offer many advantages as feedstocks for producing renew-
able fuels.
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Microalgae for Aviation Fuels

Dato’ Paduka Syed Isa Syed Alwi

Abstract Aviation industry consumes over 5 million barrels of oil per day. The
adverse effects of refining and burning oils can be potentially curbed by replacing it
with renewable biofuels from microalgae. Microalgae are primitive plants with the
ability to convert carbon dioxide, water, and sunlight to oils that can be made into
aviation fuels.

Keywords Microalgae - Aviation fuels - Bioremediation - Jet fuels

1 History of the Aviation Industry

Although the first powered flight by Wright brothers occurred in 1903, the com-
mercial airline industry based on fixed wing aircraft started nearly a decade later,
around 1916. Improved aircraft and management practices have resulted in
tremendous growth in air traffic (Ferreira 2001). The early aircraft had internal
combustion piston engines similar to those used in automobiles today. The need for
increased power led to the development of specialized engines. In the 1940s, the
turbine engine was introduced and kerosene was the fuel in the first turbine engines.
Later, kerosene was replaced by more specialized jet fuels (Hemighaus et al. 2006).
Aviation industry is now an essential element of modern society. There is no
alternative to aviation for rapid transportation of passengers and cargo on a global
scale.
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2 Flying in the Twenty-First Century

Today the global aviation has established transport networks carrying about 2.3
billion passengers yearly (ICAO 2010) and is essential to modern quality of life and
economic development. Aviation has seen the fastest growth rates of all the various
transport modes. According to International Civil Aviation Organization, passenger
air traffic is expected to keep increasing at a rate of 4.7-5.2 % annually over the
coming 10-15 years (ICAO 2010). The global economic impact of aviation is
estimated at US$3560 billion, or 7.5 % of the world’s gross domestic product.
Aviation supports nearly 32 million jobs globally. According to the
Intergovernmental Panel on Climate Change (IPCC), air transport’s contribution to
climate change amounts to 2 % of the man-made carbon dioxide emissions and this
may rise to 3 % by 2050 (ATAG 2009).

3 Fuels That Mostly Fly the Sky

Aviation is powered by petroleum fuels. Liquid hydrocarbons offer the best com-
bination of energy content, availability, price, ease of handling, and distribution.
Aviation can be divided into two categories, commercial and military aviation
(Penner et al. 2000). The different types of commercial and military jet fuels in use
are shown in Table 1. All jet fuels (mostly grades of kerosene) are derived from
petroleum. Kerosene is obtained by catalytic refining of petroleum. The commercial
aviation fuels Jet A-1 and Jet A are kerosene-type fuels. Jet B is a blend of gasoline

Table 1 Types of commercial and military jet fuels (Elmoraghy et al. 2012)

Civil/commercial jet fuels

Jet A—A kerosene-type fuel with a flash point of above 38 °C (100 °F) and a maximum freezing
point of —40 °C. Available mostly in the United States

Jet A-1—A kerosene grade suitable for most turbine engine aircraft. A flash point of above
38 °C (100 °F) and a maximum freezing point of —47 °C. A net heat of combustion of at least
42.8 MJ/kg. Standard specification jet fuel used worldwide

Jet B—A distillate spanning the naphtha and kerosene fractions of petroleum and having a
superior cold weather performance. A freezing point maximum of —50 °C. A net heat of
combustion of at least 42.8 MJ/kg. Has a higher flammability than Jet A and Jet A-1. Significant
demand only in very cold climates

Military jet fuels

JP-4—The military equivalent of Jet B with added corrosion inhibitors and anti-icing
compounds

JP-5—High flash point kerosene

JP-8—The military equivalent of Jet A-1 with added corrosion inhibitors and anti-icing
chemicals
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and kerosene, but is rarely used in view of its lower flash point. JP-5 and JP-8 are
chemically enhanced fuels with antioxidants, dispersants, and/or corrosion inhibi-
tors to meet the requirements of specific applications.

The kerosene-type fuel Jet A is used mostly in the United States while the rest of
the world uses the Jet A-1, also a kerosene-type fuel. The choice of Jet A in the
USA is driven by price and availability. Jet A-1 has a lower maximum freezing
point of —47 °C compared to Jet A (=40 °C). The lower freezing point makes Jet
A-1 more suitable for long international flights over polar routes and during winter,
but Jet A-1 is more expensive than Jet A. The Jet B is used in some parts of Canada
and Alaska because it is particularly suited to cold climates.

4 Search for Alternative Jet Fuels

The aviation industry is undergoing rapid growth in air travel demands. The
industry consumes over 5 million barrels of oil per day (OECD 2012). This is
creating challenges to security of fuel supplies and minimizing environmental
impact.

Jet fuel is the biggest cost to the aviation industry. Jet fuel accounts for 10 % of
the global transport fuel use and contributes 2 % of the world’s carbon dioxide
emissions. The carbon dioxide emissions from jet fuel use exceed 707 million
tones. In 2010, the airlines spent US$140 billion on fuel, or more than 30 % of their
operating costs (ATAG 2011). Expenditure on fuel is forecast to increase to (IATA
2010). In the USA, the jet fuel consumption rose more than 2.8-fold from 1984 to
2010. The United States is the largest single market for jet fuel and consumes about
37 % of the worldwide totally (Hemighaus et al. 2000).

In view of the high cost of jet fuel, its environmental impact and possible decline
in future stocks, the aviation industry has been supporting the development of
alternative jet fuels (Free Enterprise 2012). The Commercial Aviation Alternative
Fuels Initiative (CAAFI) has brought together many interested parties including the
Aerospace Industries Association and the Airports Council International-North
America (ACI-NA), and the Federal Aviation Administration (FAA).

Any alternative fuel must meet certain essential criteria. Most importantly, it
must be a “drop-in” fuel that can be blended with existing fuels or replaces them
directly without requiring any major change to aircraft design and performance and
the present fuel distribution infrastructure. An alternative fuel must be capable of
being produced in the desired quantity relatively inexpensively and with a lower
life-cycle impact compared to the existing fuels.

Many alternative fuel options have been suggested, including synthetic fuels
(e.g., synthetic paraffinic kerosene), biofuels (bioethanol, biobutanol, biodiesel,
biokerosene, biojet fuel), and cryogenic fuels (liquid hydrogen and liquid methane).
Fuels such as the cryogenic fuels may have a potential in the longer term, but will
require changes to aircraft design and development of suitable new technologies
(Daggett et al. 2008). On the other hand, some of the biofuels may provide a near
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term drop-in solution. Production of synthetic replacements is associated with
increased emissions of carbon dioxide compared to the existing fuels (Sohi 2010).

5 Jet Fuel from Bio-based Sources

Production of jet fuel from various biological resources has received much atten-
tion. Potentially, suitable biofuel blends may be made sustainably from vegetable
oils, animal fats, sugars, and waste biomass. Numerous tests have been conducted
with biojet fuel blends where the biofuel component was sourced from oils of
jatropha, camelina, and waste cooking oil. Such biojet fuels are associated with
reduced emissions compared to the standard jet fuels and they are potentially
drop-in replacements for conventional fuel. They are wholly compatible with the
existing engines and fuel distribution systems and meet the same performance
criteria as the traditional fuels. In addition, because these fuels can be domestically
produced they have the potential to improve the security of fuel supply.

Biodiesel is viewed as a possible alternative to conventional petroleum-derived
diesel for automobiles and is being considered as an aviation fuel as well.
Bioethanol blended with gasoline and biodiesel blended with petroleum diesel are
other fuel options that have been tested. Production of bioethanol depends solely on
the ability to produce sufficient corn and sugarcane. Ethanol contains about 35 %
oxygen by weight (Hemighaus et al. 2006) and therefore has a lower energy content
per unit mass than the conventional jet fuel. Furthermore, ethanol is significantly
more volatile than jet fuel and boils at a specific temperature (78 °C) (Hemighaus
et al. 2006) whereas jet fuel boils over a broad range of approximately 150-300 °C.
Ethanol has a significantly higher heat of vaporization than hydrocarbons of jet fuel
due to its intermolecular hydrogen bonding. These properties impact its atomization
and vaporization behavior in the combustor.

Soybean oil is the major source of biodiesel in the US, although other vegetable
oils are also used. Rapeseed oil is commonly used in Europe to make biodiesel. In
Asia, palm oil and coconut oil are mainly used (Hemighaus et al. 2006). A number
of processes have been developed to convert vegetable oils into jet fuel. The
best-developed technology for this is ‘“hydroprocessing.” This process adds
hydrogen to the parent molecule while removing oxygen from it and breaks the
larger hydrocarbon molecules into smaller molecules characteristic of jet fuels.
According to Honeywell (UOP 2014), variants of this hydroprocessing technology
can convert nonedible natural oils and waste oils to jet fuels meeting all the critical
specifications. The resulting fuel is claimed to have higher energy density than
conventional jet fuel allowing aircraft to fly farther on a given amount than if the
same quantity of jet fuel was used.

Such renewable aviation fuels are molecularly identical to conventional jet fuel,
but are not made from petroleum. Some of them have the potential to reduce carbon
dioxide emissions by up to 80 % compared to conventional fuels, based on a total
life-cycle assessment.
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Extensive research on using oils derived from microalgae as a source of bio-
diesel as well as other fuels (gasoline, jet fuel) is underway. Biodiesel has a slightly
lower energy content per unit mass than conventional jet fuel. Biodiesel is
biodegradable, has good lubricity properties and is essentially free of sulfur and
aromatics. If algae-based biodiesel can be produced in sufficient quantity, suffi-
ciently cheaply and demonstrably sustainably, then it may displace jet fuel.

6 Microalgae as Alternatives to Jet Fuel

Microalgae are miniature primitive plants which are capable of producing lipids and
hydrocarbons rapidly via photosynthesis (Sivakumar et al. 2012). This has gener-
ated a lot of interest in microalgae as a source of biodiesel and other liquid fuels.
Converting algal oils to jet fuels has been shown to be possible. Production of algal
fuels may reduce carbon dioxide emissions relative to production of energetically
equivalent quantity of petroleum fuel. Many other advantages have been claimed
for algal fuels (Aresta et al. 2005; Rakopoulos et al. 2006; Demirbas 2007).
Although production has been shown to be possible, issues of economics, sus-
tainability, environmental impact, and scalability of production continue to dog
algal biofuels.

Algal oil can be converted to jet fuel with the correct physical characteristics by
controlling and modifying processes such as hydrotreatment and refining. The
stumbling block is the ability to produce algal oil cheaply and in large quantity.

Making a biofuel competitive with fossil fuels remains a challenge (Schneider
2006). Often, the biofuels tend to be more expensive than an energetically equiv-
alent amount of a petroleum-derived fuel. A sustainable supply of huge quantities
of the biomass feedstock needed to produce the fuel is difficult to achieve without
impacting the supply of crops for food and animal feed. Algae may have advantages
relative to higher plants as a biomass feedstock for biofuels, but their production
remains expensive.

Numerous research laboratories and companies such as Sapphire Energy, Heliae,
Phycal, Cellana, Solazyme, Algaetech International, and General Atomics, are
attempting to produce renewable aviation fuels, or biojet fuels, from algae.
Production has been shown to be technically possible and test aircraft have flown
on such fuel. Nevertheless, commercialization remains well into the future.

7 Bioremediation and Wastewater to Biojet Fuel
by Algaetech International, Malaysia

A large quantity of municipal and industrial wastewater is generated particularly in
large cities and must be treated prior to reuse, or discharge into the environment. At
the same time, the demand for freshwater free of pollutants is increasing. These
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factors combined are placing increasing emphasis on reuse and recycling of
wastewater after suitable treatment.

Much of the municipal wastewater is amenable to biological treatment, or
bioremediation (Barrington et al. 2009), that removes pollutants or converts them
into harmless products. Microorganisms are already widely used in biotreatment of
wastewater. Microalgae have the potential to further improve some of the existing
treatment processes. Specifically, microalgae can absorb nitrate and phosphate
pollutants from wastewater. Algae are also quite effective in removing heavy metals
from water by adsorption to biomass (Megharag et al. 2003) and provide affordable
treatment options.

Algae for production of biofuels and other products can potentially be grown
using the nutrients in the wastewater. Dissolved organic carbon, phosphates, and
nitrates provide nutrients for algal growth. Depending on the growth scenario, some
or all of the carbon required to make the algal biomass may be derived from the
carbon dioxide absorbed from the atmosphere, or a supplemental supply of carbon
dioxide. Removing the algal biomass from the water often leaves it sufficiently
clean for discharge to the environment. Any heavy metals initially present in the
wastewater are removed with the biomass, but the biomass sludge may be toxic if it
contains a large quantity of certain heavy metals.

Fuels derived from microalgae are potentially carbon neutral and low in sulfur.
Algae grown using wastewater on nonarable land avoid competition with agricul-
ture. Depending on conditions, some algae grow sufficiently rapidly to double their
biomass in under 24 h (Chisti 2007). In addition, algae are capable of producing
energy-rich oils similar to the conventional vegetable oils (Rodolfi et al. 2009).

Algaetech International Sdn Bhd (AISB), Malaysia, is attempting to become the
leading algae company in South Asia using innovative algae production tech-
nologies. AISB is developing “waste-to-fuel” algal technologies in collaboration
with the European Aeronautic Defence and Space Company (EADS), France, and
Aerospace Malaysia Innovation Center (AMIC), Malaysia. AISB is using algae for
bioremediation of wastewater to use the biomass to produce algal lipids for making
jet fuels. Microalgae are being assessed for growth in different wastewaters and
environments, to establish feasibility of such processes. The physiochemical and
biological properties of various municipal and agricultural processing wastewaters
from Malaysia are being assessed in combination with suitable algae. Locally
acclimatized strains of the microalgae Chlorella sp. (COO2), Scenedesmus
sp. (DOOL1) and Selenastrum sp. (TOO1) are being evaluated. In small-scale (15 L)
operations, these algae were shown to produce oils in multiple cycles of growth.

8 Global Biofuel Mandatory Requirement

An aviation fuel must meet the mandated specifications. There are three major
specifications for commercial jet fuels, The UK MOD (Ministry of Defence)
Defense Standard 91-91 Jet A-1 is used in most of the world for Jet A-1 fuel.
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The ASTM D1655 Jet A is used for Jet A fuel in the US. GOST 10227 TS-1 fuel
specification is used in Russia and other countries in the Commonwealth of
Independent States (Hemighaus et al. 2006). Other countries often have their own
specifications, but these generally align with one of the other major specifications.
The specifications of ASTM and MOD are the result of a cooperative process
involving aircraft engine and airframe manufacturers, additives suppliers, national
aviation regulatory agencies, and fuel suppliers. Eventually, the engine and airframe
manufacturers specify the fuel properties required for safe and reliable operation of
their equipment. These requirements are embodied in a fuel specification that is part
of an aircraft’s type certificate issued by the national aviation regulatory authorities.

Jet fuels with a high aromatics content do not burn as cleanly as fuels with a
lower aromatics content. Therefore, the fuel specifications include a maximum
acceptable aromatics concentration. Boiling range is another of the many specifi-
cations that are required to be met (Hemighaus et al. 2006). Biojet fuels require
extensive testing to assure that they meet all the relevant mandated standards.
Meeting the relevant standards has been shown to be possible.

9 How Close Are We to Sustainable Biojet Fuels?

There is a clear need for alternative jet fuels. Such fuels must meet many
demanding criteria: a low-cost high-volume production capacity that does not
compete for water, land, and fertilizers for food production; a lower environmental
impact than that of existing fuels; a manageable ecological impact of production;
and a positive socioeconomic impact of production on local stakeholders. No single
alternative fuel appears to meet all these criteria and therefore the challenge
remains.

Many countries, the supranational bodies such as the European Commission, the
airlines, and the aircraft producers appear to be committed to sustainably produced
alternative aviation fuels (OECD 2012). The challenges are daunting and no clear
alternative fuel appears to be on the horizon in the near term.

According to the International Energy Agency (IEA), an all-time global peak
was reached in conventional production of petroleum at around 70 million barrels
per day in 2006 (OECD 2012). Further increases in petroleum demand may be met
until 2035 through exploitation of unconventional resources such as oil sands and
deep oil (OECD 2012). At some point in the future, the aviation industry will be
facing a major energy crisis unless renewable fuels are developed and brought on
stream. Many predictions have been made about the future contribution of biojet
fuels, but nothing is certain. For example, according to Air Transport Action Group
(ATAG 2009), the use of biojet fuels, including the algae-derived fuels, is expected
to increase from less than 1 % in 2012 to 50 % of the aviation fuel use in the year
2040.
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10 Concluding Remarks

Production of jet fuels from various bio-based sources has received considerable
attention. Among the various sources, oils derived from microalgae are considered
as having important advantages for making jet fuels compared to oils obtained from
crop plants. Some microalgae may contain as much as 60 % oil by dry weight in the
biomass. Potentially, algae can provide as much as 140,000 L of oil per hectare
annually under optimum conditions. In theory, oils derived from microalgae have
the potential to replace much more petroleum fuel than oils from crop plants ever
could. Oil yields from crops are much lower compared to the yields from
microalgae. Furthermore, oil production from microalgae can make use of
wastewater and its nutrients, without encroaching on arable land required for
production of food and feeds. Microalgal oil can be converted to jet fuel using
various chemical technologies. In view of the potential of algal oils, Algaetech
International SDN BHD, Malaysia, is one of the several companies developing
technologies for commercializing jet fuels derived from microalgae.
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Biohydrogen from Microalgae

Alexandra Dubini and David Gonzalez-Ballester

Abstract This chapter provides an overview of the current state of knowledge of
the mechanisms involved in biohydrogen production from microalgae. The known
limitations linked to photohydrogen productivity are addressed. Particular attention
is given to physiological and molecular strategies to sustain and improve hydrogen
production. The impact of different nutrient stresses and the effect of carbon supply
on hydrogen production are discussed. The genetic and metabolic engineering
approaches for increasing hydrogen production are outlined.

Keywords Microalgae - Photohydrogen productivity - Chlamydomonas
Biophotolysis

1 Introduction

Hydrogen gas (H,) is a promising option for satisfying the world’s energy
requirements and replacing the nonrenewable and carbon-based fuels. H; is a clean
fuel that generates only water vapor on combustion. H, has the highest energy
content (122 kJ/g) on a per unit weight basis compared to the other fuels (Das and
Veziroglu 2008). However, H, is difficult to store and distribute as a fuel and its
production is expensive. Currently, nearly all H, used commercially is derived from
fossil fuels through steam methane reforming (SMR) technologies (Lam and Lee
2011). SMR processes are energy intensive and depend on the nonrenewable
carbon-based fuels.
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Biological production of H, has attracted much attention as a potential
large-scale source of a sustainable supply of energy. Some bacteria, cyanobacteria,
and microalgae are able to produce H, from water and organic substrates using
solar energy. Some microorganisms can produce H, via photosynthesis and/or
fermentation; although fermentation provides better rates of H, production it
requires the use of organic wastes. Photobiological production of H, without the
involvement of organic feedstocks may ultimately hold more promise as it is not
restricted by a supply of organic substrates that may have other competing uses.
Although H, yields from biological processes have been improved through
physiological manipulation and metabolic engineering, these processes remain
financially nonviable for commercial use. This is partly due to the low yield of
the process, a consequence of the strong inhibitory effects of oxygen (O,) on the
production of H,.

This chapter discusses the different production pathways used by green algae to
produce Hj. The factors limiting the development of a sustainable production system
and the strategies used in improving the H; production rates are discussed. The focus
is mainly on H, production in Chlamydomonas reinhardtii (Chlamydomonas
throughout). The genome of this alga has been sequenced and a substantial amount
of information is available on its genetics and metabolism (Merchant et al. 2007,
Harris et al. 2008). Multiple “omics” studies have been published about
Chlamydomonas (Miura et al. 2004; Bolling and Fiehn 2005; Mus et al. 2007; Harris
et al. 2008; May et al. 2008; Matthew et al. 2009; Chen et al. 2010; Doebbe et al.
2010; Gonzalez-Ballester et al. 2010; Terashima et al. 2010; Castruita et al. 2011).
All this has established Chlamydomonas as a model organism for study of H,
production. This alga is able to grow heterotrophically using acetate as the sole
carbon source and also possess a versatile fermentative metabolism (Mus et al. 2007;
Dubini et al. 2009; Catalanotti et al. 2012; Magneschi et al. 2012). Consequently,
Chlamydomonas may be used to produce H, under both autotrophic and hetero-
trophic conditions.

2 Hydrogen Production Pathways in Chlamydomonas

Chlamydomonas can produce H, via three metabolic pathways (Fig. 1) that are
activated under different conditions although they all require anaerobiosis to release
H,. Two of these pathways are light dependent, while the third involves fermen-
tation (Florin et al. 2001; Ghirardi et al. 2009a). The two hydrogenases (H, ases,
Fig. 1) in the chloroplast of Chlamydomonas can evolve H, under anoxia through
the above-mentioned three pathways via a common branch point of ferredoxin
(FDX), the sole natural electron (e ) donor to the hydrogenases (Roessler and Lien
1984a; Meuser et al. 2012; Winkler et al. 2010; Peden et al. 2013).
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Fig. 1 Biohydrogen production pathways in Chlamydomonas. The photosynthetic chain is
represented by the so-called Z-scheme. Three H, production pathways exist in the cell. The two
photoproduction pathways use low-potential electrons generated from either (1) water oxidation by
photosystem II (PSII) activity, or (2) by the non-photochemical reduction of plastoquinone by
NDAZ2. Both the PSII-dependent (red) and the PSlI-independent (yellow) pathways require
reduction of the plastoquinone pool and PSI activity (orange). Electrons excited to higher energy
(lower potential) by the PSI are able to reduce FDX, the physiological electron donor to
hydrogenase. In the PSII-independent pathway, the NADH formed by the catabolism of organic
substrates (starch degradation in blue; acetate assimilation in purple) can be used for reduction of
the plastoquinone pool. In addition, dark fermentation of pyruvate and oxaloacetate catalyzed by
PFR (green) is used to reduce FDX and mediates the observed production of H,. Adapted from the
Chlamydomonas Sourcebook (Harris et al. 2008) (Color figure online)

2.1 Photobiological Hydrogen Production Pathways

2.1.1 Direct Biophotolysis (PSII-Dependent Pathway)

The direct biophotolysis pathway is also known as the PSII-dependent pathway. In
this, H, photoproduction is achieved via linear electron transfer (LET) through the
photosynthetic apparatus involving both photosystems (PS), PSI, and PSII. This
pathway converts the light energy into chemical energy to split water and release O,
following the Z-scheme (Fig. 1). This process takes place in the thylakoid mem-
branes and is initiated by light absorption by PSIL. Once PSII is excited, electrons
are transferred through the photosynthetic chain, sequentially reducing the plasto-
quinone (PQ) pool, the cytochrome b6f (cytb6f), the plastocyanin (PC), and the
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light-oxidized PSI. Light absorption by PSI generates excited electrons at P700,
which are subsequently captured by FDX. Electrons are finally donated to the
ferredoxin NADPH oxidoreductase (FNR) to produce NADPH for CO, fixation
under the normal photosynthetic conditions. However, under anaerobic conditions
and in the absence of CO,, the FDX can direct the electrons to the hydrogenases
and cause a release of H, (Roessler and Lien 1984a; Happe and Naber 1993;
Winkler et al. 2010; Peden et al. 2013). This reaction is coupled to water splitting, a
process that involves electron transfer steps and uses four photons to generate one
molecule of O,, four protons (H"), and four electrons from two molecules of water:

2H,0+ 4 photons = 4H " + 4e” +0, (1)
Two of the protons recombine with two electrons to produce H,, as follows:
2H" +2e +2 photons = H, (2)
The overall reaction, the sum of Egs. (1) and (2), is the following:
2 H,0 + 8 photons = O, + 2H, (3)

Eight photons are used because PSI and PSII are involved. Two H, molecules
are produced.

The herbicide DCMU inhibits PSII and is commonly used to estimate the
contribution of the PSII-dependent pathway to the total production of H,. The direct
biophotolysis pathway contributes up to 90 % of the total electron flux used in
photoproduction of algal H,, but this contribution depends on the specific strain
being used, the culturing and test conditions, and the protocol used in inducing H,
production (Laurinavichene et al. 2004). As this pathway requires LET, it is
modulated by the factors affecting photosynthesis, as discussed in Sect. 4. A major
drawback of this pathway is the incompatibility of simultaneous production of H,
and O,, as algal hydrogenases are strongly inhibited by O,.

2.1.2 Indirect Hydrogen Production (PSII-Independent Pathway)

Indirect H, production refers to the PSII-independent pathway that uses electrons
from NAD(P)H that are transferred directly to the PQ pool, bypassing PSII (Mus
et al. 2005; Baltz et al. 2014). This process depends on the non-photochemical
reduction of the PQ pool, mediated by NDA2, NADH dehydrogenase type II in
Chlamydomonas (Jans et al. 2008; Desplats et al. 2009; Mignolet et al. 2012; Baltz
et al. 2014). Subsequently, the electrons are transported through the photosynthetic
chain, reducing PC and the light-oxidized PSI. As described for the PSII-dependent
pathway, the light absorption and charge separation at PSI generate additional
electrons that reduce FDX. FDX can then donate electrons to the hydrogenases.
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The most common source of PQ reductants is the glycolytic degradation of
glucose (or starch) (Fig. 1, yellow pathway). This indirect pathway allows for an
efficient separation of the production of O, and H, as it does not involve PSII
activity. The maximal rates of H, production obtained through the PSII-
independent pathway are around 10 times lower than the rates obtained via the
PSII-dependent pathway (Cournac et al. 2002; Antal et al. 2009; Chochois et al.
2009). Several metabolic factors are believed to limit the PSII-independent path-
way, including the rate of hydrolysis of starch; the rate of subsequent reduction of
the PQ pool; and the molecular processes competing with hydrogenases for elec-
trons (e.g., PTOX, Plastid Terminal Oxidase activity and CEF, Cyclic Electron
Flux) (Cournac et al. 2002).

2.2 Fermentation-Dependent Pathway

The third H, production pathway is linked to fermentation and is activated under
dark anoxia. In the dark, fermentation results in the degradation of starch reserves
(Gfeller and Gibbs 1984). In this case, the electrons needed by the hydrogenases are
derived from the decarboxylation of pyruvate to acetyl-CoA mediated by the
pyruvate ferredoxin oxidoreductase (PFR). This results in the reduction of FDX
(Fig. 1) (Noth et al. 2013; van Lis et al. 2013). Formate, acetate, and ethanol are
produced as major fermentation products, and H, and CO, are emitted as minor
products (Gfeller and Gibbs 1984). Chlamydomonas is a rare example of a eukaryote
that has homologs of all the four predominant enzymes used in the fermentative
metabolism of pyruvate. These include the pyruvate formate lyase (PFL), PFR,
lactate dehydrogenase (LD), and pyruvate decarboxylase (PDC) (Atteia et al. 2006;
Mus et al. 2007).

The Chlamydomonas PFL and PFR enzymes likely act in concert to balance the
conversion of pyruvate into acetyl-CoA with the production of formate and CO,,
respectively. In addition to pyruvate, oxaloacetate may be used as a substrate by PFR,
thus contributing reductant for the production of H, (Noth et al. 2013). As pyruvate
and oxaloacetate are also the end products of lipid and amino acid catabolism, the
PFR-dependent oxaloacetate degradation could in principle support H, production
(Noth et al. 2013). H, production under dark anaerobiosis, although very low
compared to the other production processes, is a part of the cell acclimation process to
enable it to survive and balance its redox status under prolonged anaerobiosis.

3 Physiological Strategies to Sustain Hydrogen Production

The strategies used to obtain and sustain algal H, production share some common
features. Establishment of anaerobic/hypoxic condition in the cultures is a prereq-
uisite to produce H,. Induction of anaerobiosis in photosynthetic microorganisms is
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not a trivial task, especially under light which results in photosynthetic production of
0O,. Typically, to obtain H, production the level of the photosynthetic activity must
be reduced and/or the rate of mitochondrial respiration must be increased. When
mitochondrial respiration activity exceeds photosynthetic activity (and more
specifically the PSII activity), the O, levels in a culture drop to values compatible
with the expression of the hydrogenase gene and the hydrogenase enzyme activity.
Although hypoxia/anaerobiosis is the first requirement to produce H, in algae, it is
not sufficient. Cell metabolism, especially chloroplast metabolism, needs to be such
that electrons and protons accumulate in the stroma, as these are the substrates for the
hydrogenase. Normally, the electrons and protons are provided either directly by the
photosynthetic activity or indirectly by reductants such as NAD(P)H and flavin
adenine dinucleotide (FADH,). These reductants are less in demand by the cell
metabolism under the conditions of H, production and accumulate in the chloroplast.
The catalytic activity of certain enzymatic reactions (e.g., PFR) can also provide
electrons to the hydrogenases.

To sustain H, production, the above-mentioned conditions (i.e., a low O, con-
centration and accumulation of electrons or reducing equivalents) need to be
maintained for prolonged periods of time without affecting the cell viability. The
most common physiological strategies used for producing H, in green algae are
summarized in Sects. 3.1 and 3.2.

3.1 Nutrient Stress (S, N, P)

In general, an insufficiency of a macronutrient (e.g., S, N, P), or nutrient stress,
results in cessation of cell growth as essential molecules cannot be synthesized.
Rates of carbon fixation and anabolic metabolism decline and, as a result, there is a
decreased demand for NAD(P)H. This results in its accumulation in the chloroplast
and prevents the reoxidation of the photosynthetic electron chain. Therefore, more
light-derived electrons potentially become available for hydrogenases.
A short-term, nutrient stress may also cause an increase in the synthesis of certain
metabolites, especially starch and lipids, which are later mobilized as sources of
energy and reduced equivalents during prolonged stress. During the mobilization
phase of internal metabolites (e.g., starch, lipids, and proteins), the chloroplasts are
supplied with an extra pool of reductants and this mobilization phase often matches
the H, production phase.

In the chloroplast, an excess of NADPH can be dissipated by the activity of
NDAZ2 contributing to an over-reduction of the photosynthetic chain and facilitating
PSII-independent H, production (Jans et al. 2008; Desplats et al. 2009).
Furthermore, during most nutrient stresses, the algal photosynthetic machinery
undergoes rearrangement and activates the so-called non-photochemical-quenching
(NPQ) mechanisms to cope with the excess light that the cells can no longer effi-
ciently use. Among other consequences, the PSII activity declines and so does the
photoproduction of O,. The reduced O, levels and the over-reduction of the
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photosynthetic electron chain, can favor hydrogenase activity. Although some of the
responses to a macronutrient stress are general, stress due to each specific
macronutrient has its metabolic particularities, or specific responses, that make them
more or less suitable for H, production.

3.1.1 Sulfur Deprivation

Sulfur (S) deficiency is probably the most commonly used strategy for sustaining
H, production. In 2000, Melis et al. (2000) showed that Chlamydomonas was
capable of producing H, in media devoid of S. S deficiency has a broad impact on
cell metabolism (Bolling and Fiehn 2005; Timmins et al. 2009; Chen et al. 2010;
Gonzalez-Ballester et al. 2010; Toepel et al. 2013) although one factor is considered
crucial to elicit H, production: a partial inactivation of PSII and O, evolution. Also,
an initial phase of starch accumulation is thought to be important for enhancing H,
production by S deprivation. Later on, this starch will be degraded and will provide
the substrates for respiration and contribute additional reductants for the
PSII-independent pathway.

The rate of photosynthetic O, evolution in Chlamydomonas declines by 75 %
after 1 day of S starvation in acetate-containing media and is further reduced after 4
days (Wykoff et al. 1998). Electron flow is inhibited at the PSII level and PSII
centers undergo a rapid degradation (Melis et al. 2000; Zhang et al. 2002), but the
PSI activity is essentially unchanged in S-starved cells. The photosynthetic
machinery then transition to state 2 in which CEF is induced and this further
reduces PSII activity and O, production (Wykoff et al. 1998; Fianzzi et al. 2002).
During this process, the mitochondrial activity is not severely affected and this
favors a rapid depletion of O, from a sealed culture if acetate is present in the
medium (Melis et al. 2000). It generally takes between 1 and 3 days for a
light-saturated S-depleted culture to become anaerobic in the presence of acetate
(Melis et al. 2000; Fouchard et al. 2005).

Chlamydomonas cultures subjected to S deprivation undergo several physio-
logical stages. First, about 30-40 % of PSII is irreversibly inactivated shortly after
the initiation of the S deprivation. This favors a net consumption of O, in the
culture if acetate is present (Wykoff et al. 1998; Antal et al. 2003). Also, in aerobic
Chlamydomonas cultures an initial increase in the cellular starch content occurs
after 24 h of S deprivation. Acetate in the culture medium can facilitate this process
(Melis et al. 2000). Once the O, is completely consumed, there is rapid and almost
complete inactivation of the remaining active PSII centers (Antal et al. 2003). This
inactivation is reversible and the PSII centers can undergo gradual reactivation as
soon as H, production begins. Likely, this is because the hydrogenase activity leads
to reoxidation of the photosynthetic electron transport chain and causes a partial
reactivation of PSII activity. Although, there is a mutual feedback between PSII
reactivation by H, production and the hydrogenase activity itself, since the O,
produced by PSII activity inhibits hydrogenase activity. Thus, about 20 % of the
PSII centers remain active during the anaerobiosis phase (Antal et al. 2011;
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Volgusheva et al. 2013). Once anaerobic conditions are established, the acetate
uptake ceases and starch reserves are consumed by respiration and fermentation
(Melis et al. 2000).

The herbicide DCMU significantly reduces H, photoproduction in S-deprived
cells (Ghirardi et al. 2000; Antal et al. 2003, 2009), suggesting that the predominant
H, production pathway during S deprivation relies on the low residual activity of
PSII. About 70 % of the H, production is estimated to be PSII-dependent. The
remaining H, production (about 30 %) may be via the PSII-independent pathway.
Evidence for PSII-independent H, production during S deprivation was provided by
Mignolet et al. (2012). They reported that an NDA2 mutation resulted in a 30 % loss
in H; production. Also, an increased rate of electron flow from stromal reductants
such as NAD(P)H, to the PQ pool, has been directly observed (Antal et al. 2006).
The degradation of the previously accumulated starch has been proposed as the
main source of ATP and NAD(P)H during the anaerobic phase of S deprivation.
Moreover, the existence of fermentative metabolism in illuminated S-deprived
cultures is revealed by the accumulation of succinate, formate, and ethanol. This
also suggests the possible existence of fermentation-derived H, production coupled
to the oxidation of pyruvate to acetyl-CoA (Kosourov et al. 2003; Timmins et al.
2009).

3.1.2 Nitrogen Deficiency

Nitrogen (N) deficiency is also able to elicit H, photoproduction although this
phenomenon has been much less studied than H, production under S deprivation
(Aparicio et al. 1985; Philipps et al. 2012). Similar to S deficiency, the N deficiency
results in a decline in the photosynthetic activity and an accumulation of starch and
lipids in the presence of acetate (Martin and Goodenough 1975; Peltier and Schmidt
1991; Work et al. 2010). However, N deprivation induces a much slower decline in
PSII activity and this results in a more prolonged aerobic phase and a delayed H,
production relative to the case for S deficiency. The H, production rates are also
lower relative to those obtained under S deficiency, but the reasons for this are not
clearly understood (Philipps et al. 2012).

Notably, the herbicide DCMU does not significantly influence H, yields in
N-depleted cultures. This suggests a minor contribution of the PSII-dependent
pathway to H, production during N deprivation, unlike the case for S-depleted
cultures (Philipps et al. 2012). Transition to state 2 also occurs in N-starved cells
and, therefore, a significant contribution of PSII-independent pathway to H, pro-
duction is expected. Interestingly, N-depleted cells can accumulate starch and lipids
more efficiently than the S-depleted cells, although the starch reserves are not
mobilized during H, production, therefore, starch degradation does not limit H,
production during N starvation (Philipps et al. 2012). Under these conditions,
protein degradation has been suggested as the major source of reductive equivalents
(Aparicio et al. 1985). H, production in N-depleted cells occurs also during the
dark, contrary to the case for the S-depleted cells. In the dark, the N-depleted cells
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produce similar levels of ethanol as the S-depleted cells, but less of formate is
produced. This suggests a higher activity of the PFR enzyme and, consequently, a
higher level of fermentative H, production in N-depleted cells.

3.1.3 Phosphorous Deficiency

Only one report of the effect of phosphorous (P) deprivation on H, production
appears to exist (Batyrova et al. 2012). As do S and N deficiencies, a P deficiency
causes a decline in PSII activity and a switch to state 2, resulting in the estab-
lishment of culture anaerobiosis in the presence of acetate (Wykoff et al. 1998).
However, the inactivation of PSII centers does not occur as rapidly as under S
deficiency and the production of O, declines more slowly relative to the case for
S-starved cells. Chlamydomonas cells are capable of storing P in the form of
polyphosphate (Siderius et al. 1996; Komine et al. 2000) and this may explain the
slow inactivation of PSII during P deprivation: the cells can use the stored P
reserves for days before experiencing any real P deficiency. This is not so in the
cases of S and N deficiencies. The possible effects of stored P have been circum-
vented by suspending very low concentrations of cells in P-deficient media
(Batyrova et al. 2012).

As in S-deprived cultures, the acclimation of algal cells to P-deprived conditions
is accompanied by an accumulation of starch during the aerobic phase and its
degradation during the H, production phase. However, there is no evidence that
reductants derived from starch provide electrons to the hydrogenases via the
PSII-independent pathway. The relative contributions of PSII-dependent and
PSII-independent pathways to H, production in P-depleted Chlamydomonas cul-
tures are not known.

3.1.4 Differences in Hydrogen Production with Different Nutritional
Stresses

Understanding the precise mechanisms that influence H, production under different
nutrient stresses can help in understanding this process. Although algal cultures
depleted of S, N, and P display similar physiological responses (e.g., PSII inacti-
vation, switch to state 2, starch accumulation, O, depletion), the physiology of H,
production under the different stresses is different. For example, PSII inactivation
and O, depletion seem to occur much faster in S-stressed cultures compared to
cultures depleted in P and N. The slow response to P depletion is partly attributed to
the internal reserves of P that delay the onset of a severe P stress. The slow response
to N depletion is not easily understood as N is quantitatively more abundant in a
cell than in S and N depletion results in a rapid loss of culture viability than S
depletion (Cakmak et al. 2012). In theory, therefore, a rapid inhibition of PSII is
expected in N-stressed cultures compared to the S-stressed cultures, but this is
contrary to empirical observations. A possible explanation for this anomaly is that
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under N deficiency, unlike with S deficiency, the mitochondrial phosphorylation is
also severely compromised and this would slow down the O, consumption.

The S-depleted cultures produce H, mainly through the PSII-dependent pathway
because of the residual-PSII activity present under anaerobiosis. This suggests that
the S-depleted cells can reach a steady state with a low LET activity that can last for
several days. On the other hand, N-depleted cultures produce H, mainly through the
PSII-independent pathway, indicating that PSII activity and LET must be severely
compromised during the anaerobic phase. Although a deficiency of all three
nutrients elicits starch accumulation, mobilization of starch does not occur under N
deficiency, unlike in the cases of S and P deficiencies. Hence starch accumulation
does not contribute to, or enhance, H, production in N-depleted cells. In N-depleted
cells, the degradation of other cellular components such as proteins may be
important for providing the chloroplast with reduced equivalents. In the case of
S-depleted cultures and possibly the P-depleted cultures, starch accumulation is
important, but not essential, for enhancing the photoproduction of H,.

In terms of photoproduction of Hj,, the physiological state reached during S
deficiency is more interesting than the one obtained under N deficiency. This is
because S-depleted cells do not depend on mobilization of internal metabolites to
produce H, as much as N-depleted cells do and this is reflected in a more sustained
H, production by the S-depleted cells. Little is known about the light-dependent
pathways governing P-stressed production of H,.

Specific nutrient stress responses may be of interest for understanding the
physiological differences related to H, production. For example, some S deprivation
regulatory mutants show a light-dependent bleaching phenotype and death during S
deprivation (Davies et al. 2006; Gonzalez-Ballester et al. 2008). This has been
linked to a failure of the mutants to downregulate photosynthetic electron flow out
of PSII (Wykoff et al. 1998) and indicates that specific photoadaptive responses are
critical for the survival of S-deficient cells. In the absence of S, the rapid degra-
dation of PSII (Melis et al. 2000; Zhang et al. 2002) has been traditionally linked to
the inability to repair the photodamage to the D1 proteins due to the downregulation
of the de novo protein synthesis. However, this nonspecific phenomenon should be
even more prominent in the case of N depletion because protein turnover is further
compromised in such cells than in the S-depleted cells. As explained by Malnoe
et al. (2014), the D1 degradation during S deprivation is a fine-tuned process,
controlled by the FstH protease, and it occurs also in the dark, contrary to the D1
degradation observed under P deficiency, or under photoinhibitory conditions. This
suggests that D1 degradation in S-depleted cells is not just a consequence of
functional damage but an S-specific acclimation response. It would be of interest to
verify if the activity of the FstH protease is somehow under the control of the
S deprivation regulatory elements and whether H, production is influenced by
S depletion in a FstH-deficient mutant.

The NPQ mechanisms occurring during stress conditions are critical for
downregulation of the photosynthetic activity and prevention of photodamage. The
latter has been shown to impact H, production (Nguyen et al. 2011). Few
photosynthesis-related transcripts are known to increase their abundance during



Biohydrogen from Microalgae 175

S deprivation (Gonzalez-Ballester et al. 2010). Among them is the LHCBM9
transcript. This transcript is barely detectable in Chlamydomonas cells grown in a
nutrient-replete medium, but increase by more than 1000-fold during S deprivation
and is the second most abundant mRNA in S-depleted cells. This increase is
specific to S deprivation and has not been seen in cases of N/P deprivation or in S
deficiency regulatory mutants (Gonzalez-Ballester et al. 2010). It has been shown
that mutants impaired in LHCBM9 expression undergo a more pronounced
oxidative damage due to singlet O, and a diminished capacity to photoproduce H,
during S deprivation (Grewe et al. 2014).

Finally, CEF and other electron dissipating mechanisms can compete with
hydrogenases for the electrons present in the over-reduced photosynthetic electron
chain (Kruse et al. 2005; Antal et al. 2009; Tolleter et al. 2011). A comparative
analysis of the activities that compete with hydrogenases for the electrons (e.g.,
NPQ mechanisms, plastid terminal oxidase (PTOX) activity, and CEF) under given
conditions may help in explaining the peculiarities of the physiological responses to
the different nutritional stresses.

3.2  Supply of Reduced Carbon Source

Photoproduction of H, in some algae adapted to light anaerobiosis has long been
known to be enhanced by the presence of acetate in the media (Jones and Myers
1963; Healey 1970; Klein and Betz 1978; Bamberger et al. 1982; Gibbs et al.
1986). These studies established that under light, algae can consume all of the
available acetate and subsequently produce H, and CO,. In the dark however,
acetate has no effect on H, production and acetate consumption is not detected.
Notwithstanding these observations, little information exists on the effect of acetate
on the production of H, in nutrient-replete media (Wang et al. 2011). The effect of
acetate has been mostly indirectly studied in S-depleted media. A majority of the
studies performed with S-depleted Chlamydomonas cells were in the presence of
acetate. Some reports exist on H, production by S-deprived Chlamydomonas cells
under autotrophic conditions (Fouchard et al. 2005; Tsygankov et al. 2006;
Kosourov et al. 2007; Degrenne et al. 2011). These reports concluded that although
H, production is possible under autotrophic conditions, the production rates are low
relative to heterotrophic conditions.

The addition of acetate to nutrient-replete Chlamydomonas cultures decreases
the efficiency of PSII, the net O, production, the net CO, fixation and promotes
transition to state 2 and mitochondrial respiration (Gans and Rebeille 1990; Endo
and Asada 1996; Asada and Miyake 1999; Heifetz et al. 2000). All these factors
help in the establishment of anoxia in sealed cultures under moderate/low illumi-
nation. Also, at the transcriptional level, acetate is a potent repressor of the syn-
thesis of enzymes involved in CO, fixation and an inducer of the enzymes of the
glyoxylate cycle (Martinezrivas and Vega 1993; Plancke et al. 2014).
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During H, production conditions, carbon from acetate is simultaneously released
as CO, and incorporated into carbohydrates and lipids. Under these conditions, if
monofluoroacetic acid (MFA; an inhibitor of aconitase) is added to the medium, the
production of H; is interrupted (Healey 1970; Gibbs et al. 1986). This suggests that
acetate is assimilated via the TCA and glyoxylate cycles. The latter is coupled to the
conversion of succinate to carbohydrates, and H, production is a metabolic
byproduct linked to the photoassimilation of acetate through these two cycles.

Studies on enzyme localization and proteomics (Willeford and Gibbs 1989;
Willeford et al. 1989; Atteia et al. 2009; Rolland et al. 2009) have helped in
identifying the acetate photoassimilation pathway. The pathway requires the par-
ticipation of the enzymes located in the cytosol, the mitochondria, and the
chloroplast (Fig. 2). Illuminated sealed cultures behave similarly in both S-repleted
and S-depleted conditions: there is an initial aerobic phase in which the cells
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Fig. 2 Proposed pathways for hydrogen production under different conditions. Panel A Sulfur
starvation (anaerobic phase). H, metabolism is characterized by low activity of PSII, a
predominantly PSII-dependent photoproduction of H,, and intense starch degradation. H,
production linked to pyruvate fermentation is also possible. Panel B Nitrogen starvation (anaerobic
phase). H, production is predominantly driven by PSII-independent photoproduction and
fermentative pathways. There is no starch degradation. Protein (or lipids) degradation can provide
the reductants for hydrogenase. Panel C Photoheterotrophic (light, acetate, and anoxia). H,
metabolism is characterized by acetate assimilation via the tricarboxylic acid (TCA) cycle and the
glyoxylate cycle. The resulting succinate and oxalacetate may provide reductants for the
PSII-independent pathway via chloroplast-localized succinate dehydrogenase and malate dehy-
drogenase, respectively. Alternatively, oxaloacetate can act as substrate of PFR and support
fermentative production of H,. Once O, is completely depleted, acetate uptake ceases and starch
degradation starts supplying reductants to the chloroplast. Panel D Dark anoxia. H, metabolism is
characterized by fermentative degradation of starch. The resulting pyruvate can feed H, production
via the PFR
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actively consume acetate from the medium and accumulate starch as O, is gradually
consumed. After the O, has been fully consumed, the acetate uptake ceases, starch
is degraded, and H, is produced (Klein and Betz 1978; Bamberger et al. 1982;
Gibbs et al. 1986; Melis et al. 2000; Antal et al. 2003). In the last stage, acetate
accumulation is observed in the medium as a result of the simultaneous activation
of several fermentative pathways (Klein and Betz 1978; Tsygankov et al. 2002;
Hemschemeier and Happe 2005). Still, the role of acetate in the stimulation of H,
production is not fully understood. It is largely assumed that acetate helps in H,
production by both favoring the accumulation of starch and the establishment of
anoxia in the cultures. Whether acetate has a more direct role in photoproduction of
H, is not known. The PSII-independent pathway has been proposed as being
responsible for the enhancement of H, production by acetate (Klein and Betz 1978;
Bamberger et al. 1982; Gibbs et al. 1986; Melis et al. 2000; Antal et al. 2003). The
chloroplast reductive equivalents required to feed the PQ pool may come from the
degradation of the starch that has been previously accumulated. Alternatively, the
presence of the two enzymes involved in acetate assimilation (i.e., succinic dehy-
drogenase and malate dehydrogenase) in the chloroplast may contribute in pro-
viding this organelle with the reductive equivalents needed to feed the PQ pool
(Willeford and Gibbs 1989; Willeford et al. 1989).

In nutrient-replete media, it is still unresolved whether the presence of acetate
favors the PSII-dependent H, production. Some studies reveal no impact of adding
the herbicide DCMU on H, production (Healey 1970), but others have reported a
substantial inhibition of both H, production and acetate uptake (Bamberger et al.
1982; Gibbs et al. 1986). As DCMU blocks both PSII activity and acetate uptake
(and consequently starch accumulation) it is not easy to discriminate which H,
photoproduction pathway is being affected. Similarly in S-depleted cultures, based
on experiments using DCMU, it has been estimated that around 70 % of the H,
production derives from the PSII-dependent pathway (Ghirardi et al. 2000; Antal
et al. 2003; Fouchard et al. 2005; Antal et al. 2009). DCMU blocks acetate uptake
and starch accumulation in both S-replete and S-deplete cultures (Bamberger et al.
1982; Gibbs et al. 1986; Fouchard et al. 2005) and this may result in an overes-
timation of the role of the PSII-dependent pathway. This may also explain the
substantial reduction (around 70 %) of the net H, production observed using
DCMU in starchless mutants (Posewitz et al. 2004a). Hence, estimating the con-
tribution of the H, photoproduction pathways using DCMU in acetate-containing
cultures requires caution.

Furthermore, a significant contribution of acetate to H, production via the fer-
mentative pathway cannot be ruled out. For example, the PFR enzyme of
Chlamydomonas has been shown to have an affinity for oxaloacetate (Noth et al.
2013) and this opens the possibility that acetate may be linked to fermentative
production of Hj in illuminated cultures via the glyoxylate cycle.
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4 Molecular Strategies to Improve Hydrogen Production

Although the growth conditions can be manipulated to enhance H, production, the
inherent biochemical and molecular limitations to H, production need to be
addressed to greatly increase the production rate and yield. Strain improvement and
selection are necessary to overcome many of the constraints. The barriers to be
circumvented are summarized in Fig. 3. These include: (1) the light saturation of the
PSs at low light levels; (2) the downregulation of photosynthetic electron transport
due to the undissipated proton gradient; (3) establishment of CEF around PSI;
(4) the competition for electrons by hydrogenase at the level of FDX; (5) the O,
sensitivity, enzymatic reversibility, and low expression levels of hydrogenases; and
(6) the nondissipation of the proton gradient (Dubini and Ghirardi 2014). These
barriers and some of the methods for overcoming them are further discussed in this
section.

Generation of suitable mutants and genetically modified algae is key to
improving H, production, but often require the screening of thousands of clones.
Large-scale screening methods for phenotypes that over/under produce H, have
been developed. The earliest such screening methods used a chemochromic com-
pound which turned blue when H, was produced (Seibert et al. 2001; Flynn et al.
2002; Posewitz et al. 2004a). Other water soluble indicators that change color on
contact with H, have been used (Katsuda et al. 2006). A recently developed
technique makes use of the H, sensing system of the photosynthetic bacterium
Rhodobacter capsulatus for use in Chlamydomonas. In this screening method, an

Triose-P

Photosynthetic 0, HO
Carbon Reduction & 0,/co,
Oxidation Cycles Flv 2H" H,

Fig. 3 Biological challenges that remain to be addressed to improve photoproduction of
hydrogen. See text for details. The biological barriers to H, production are labeled 1-6. The
ordering does not reflect the importance of a barrier. Adapted from Dubini and Ghirardi (2014)
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emGFP reporter protein integrated behind the Rhodobacter hydrogenase uptake
promoter fluoresces when the bacterial cells detect H, production from an underlay
of algal cells (Elsen et al. 1993; Vignais et al. 1997; Dischert et al. 1999; Wecker
et al. 2011). A combination of color indicators and robotic automation will likely
provide rapid screening methods in the future.

4.1 Light Saturation

Photosynthetic organisms convert incident solar energy into chemical energy. This
process typically involves two chlorophyll-containing protein complexes, PSI and
PSII (Fig. 3, barrier 1). The total energy required to produce H, is governed by
several parameters (Fig. 4). First, green algae can absorb sunlight only in the
wavelength range from 400 to 700 nm, the photosynthetically active radiation
(PAR). This part of the solar spectrum represents about 45 % of the total energy of
sunlight. An average PAR photon has a bandgap (energy difference between the top
of the valence band and the bottom of the conduction band) of around 2.25 eV, and
is able to drive charge separation at PSII and PSI. Once excited, each PS stores
energy in the charge-separated state. Of the energy of one photon, the PSII is able to
store ~ 1.9 eV whereas the PSI can store ~ 1.6 eV from another photon (Ort and
Yocum 1996). This energy capture represents 78 % of the energy of the two PAR
photons, or 35 % of the incident light. The remaining energy is as lost as heat and
fluorescence. The two redox pairs involved in generation of O, and H, are H,O/1/2
O, and 2H'/H,, respectively. The redox potential of these pairs is 0.82 eV and
—0.42 eV, respectively, or an approximate total of 1.2 eV. This is the energy
required per 2 photons (one for each PS) absorbed to produce O, and H; and it
corresponds to 27 % of the energy of the two absorbed photons, or 12 % of the
energy available from the incident sunlight (Fig. 4). This maximum theoretical
energy is never achieved, as photosynthesis is limited by biochemical factors such
as photoinhibition, low light saturation, a limited electron transport rate between
PSII and PSI, and the intracellular mechanisms that sense and adapt to the ratio of
the reductant generated (redox status) and ATP produced. As a consequence, the
light conversion efficiency of photosynthetic processes declines at light intensities
above the saturation point. This reduces the overall utilization of sunlight to about
2 % or less (Blankenship et al. 2011).

An obvious limitation to the light conversion efficiency of photosynthesis under
high sunlight is the large antenna size of the PSs. Under high light fluxes, the
photons absorbed by the light-harvesting antennae of PSI and PSII are underutilized
and most of their energy is dissipated as fluorescence or heat. Thus, in a
high-density mass culture, cells at the surface over-absorb and waste sunlight,
whereas the cells deeper in the culture are deprived of light due to shading. The
photosynthetic capacity of the cell is therefore not used to its maximum potential
(Polle et al. 2002; Melis 2009).
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Fig. 4 Photosynthetic efficiency of hydrogen production in Chlamydomonas. A simplified
schematic of the light absorption and utilization processes by PSI and PSII. The solar spectrum
corresponds to the incident light that the PSs absorb. This energy is then used to produce O, and
H,. Each step involves energy loss. Adapted from Ghirardi et al. (2009b)

An obvious strategy to improve the efficiency of photosynthesis is to truncate the
light-harvesting antennae of the PSs. Following this approach, Melis’ group (Melis
et al. 2000; Melis and Chen 2005) generated a series of truncated mutants, or tla
(truncated light-harvesting Chl antenna). One particular mutant, tlal, showed
increased H, production when immobilized #lal cells were exposed to high light
under S deprivation conditions (Kosourov et al. 2011). RNAi knockdowns of the
light-harvesting complexes LHCBM1, 2, and 3 have also been generated, as a
means to reduce the antenna size and optimize light capture by Chlamydomonas.
This triple mutant displayed a higher photosynthesis light saturation level and did
not suffer photoinhibition under the saturating intensity. On S deprivation, the
mutant strain showed an immediate onset of H, production, indicating that the
intracellular O, levels were already poised to induce hydrogenase transcription.
Furthermore, the rate of H, production observed in this strain was twice as high as
for the wild-type strain (Oey et al. 2013).
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4.2 Effect of the Undissipated Proton Gradient on Electron
Flow

When algal cells transition to anaerobiosis, the PQ pool becomes over-reduced and
this triggers a transition to state 2. To acclimate to this new condition some of the
light-harvesting complex proteins of the PSII dissociate from it and become
functionally attached to the PSI, increasing its light absorption capacity at the
expenses of that of the PSII. This is accompanied by an increase in CEF over LET
(Finazzi et al. 2002). CEF does not result in NADPH production but supports the
formation of the proton gradient and ATP biosynthesis. H, production is therefore
lower under these conditions because a large portion of the electrons are redirected
toward CEF instead of toward FDX and hydrogenase (Fig. 3, barrier 3) (Tolleter
et al. 2011). Furthermore, as a consequence of induced CEF the ratio of
ATP/NADPH produced by photosynthesis increases (Forti et al. 2003).
Subsequently, this triggers the reversible activity of the ATPase, which then
degrades ATP to ADP and allows the proton (H*) to reenter the lumen (Cruz et al.
2005). As photoproduction of H, does not consume ATP, it cannot help in dissi-
pating the additional proton gradient caused by CEF activity when anaerobically
induced cells are illuminated. Moreover, the nondissipated proton gradient induces
NPQ mechanisms (qE) that lower the efficiency of photosynthetic electron uti-
lization and therefore the efficiency of H, production (Fig. 3, barrier 6). A negative
feedback loop is activated under these conditions and the photosynthetic electron
transport from PSII to PSI is downregulated (Fig. 3, barrier 2) (Antal et al. 2003;
Lee and Greenbaum 2003; de Vitry et al. 2004). This downregulatory process is
mediated by the operation of the violoxanthin/zexanthin cycle. This cycle senses
the acidification of the lumen and generates a quencher of absorbed light energy
(Horton et al. 1991; Niyogi 1999; Muller et al. 2001). The role of the undissipated
proton gradient in H, production has been confirmed by the effect of proton
uncouplers that stimulated the rate of H, photoproduction in S-replete conditions
(Happe et al. 1994).

Strategies are being developed to bypass the effect of electron transfer and the
associated reaction. A mutant deleted in PGRL1 (Proton Gradient Regulation Like 1)
protein that mediates CEF, was isolated and showed increased H, production yields
under S deprivation, confirming the role of the CEF as a limiting factor for electron
supply to hydrogenase (Tolleter et al. 2011). Similarly, a mutant blocked in state 1
and unable to transition to state 2 upon anaerobiosis showed no CEF but an increased
H, production (Volgusheva et al. 2013).

4.3 Competition for Photosynthetic Reductant

FDXs directly donate electrons to hydrogenase. Although FDXs normally act as
electron acceptors of the photosynthetic electron chain and of other reactions, they
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are very promiscuous proteins that can donate electrons to diverse processes. Under
aerobic photosynthetic conditions, FDXs transfer electrons preferably to FNR to
generate the NADPH required for fixation of CO,. Other important acceptors of
electrons from FDXs include thioredoxins, nitrite and sulfite reductases, glutamate
synthase, and o-ketoglutarate synthase. All of these pathways therefore have a
negative impact on H, production as they compete for electrons at the level of FDX
and reduce the electron flux to the HYDA (Fig. 3, barrier 4). In Chlamydomonas,
only two of the six chloroplast-localized FDXs, i.e., FDX1 and FDX2, are func-
tionally linked to the hydrogenase. These two FDXs share similar binding partners,
but FDX1 serves as the primary electron donor to three important biological
pathways: the NADP™ reduction pathway, the photoproduction of H, as well as the
fermentative pathway of H, production. In addition, FDX1 mediates CEF through
the cyt b6/f complex by transferring electron to the PGRL1 protein. The FDX2 is
also able to drive these reactions, at least in vitro, but at less than half the rate
observed with FDX1 (Peden et al. 2013; Noth et al. 2013; van Lis et al. 2013).
Hence, FDX1 and FDX2 are the key proteins that control the electron flow to the
hydrogenase. In addition to the FDXs promiscuity, other processes can also con-
tribute to the competition for electrons at the level of the photosynthetic electron
chain as is the case of chlororespiration (Houille-Vernes et al. 2011).

Strategies for reducing the competition for electrons at the level of FDX are
several. Under oxic conditions, most of the photosynthetic reductant is directed
from FDX1 to FNR. In order to reduce this competition and bypass the dominating
effect of FNR, an FDX-hydrogenase fusion protein was engineered and tested
in vitro (Yacoby et al. 2011). It was shown that the H, photoproduction activity of
the fusion protein was sixfold higher than the non-fused hydrogenase with the FDX
added. The fusion product was able to overcome NADP" competitive inhibition and
diverted more than 60 % of the photosynthetic electrons to H, production, com-
pared to a less than 10 % diversion for the non-fused hydrogenase (Yacoby et al.
2011; Peden et al. 2013).

Another mutant strain (CC-2803), which was impaired in CO, fixation, also
showed higher rates of H, production than its wild-type parent under S deprivation
(Hemschemeier et al. 2008). This strain lacked the large subunit of Rubisco, an
enzyme that has an important role in photorespiratory O, consumption. Similarly, an
engineered Chlamydomonas strain harboring a mutation on tyrosine 67 of the
Rubisco small subunit displayed 10- to 15-fold higher H, production rate than its
wild-type parent under S deprivation (Pinto et al. 2013). This latter mutation was
shown to impair the stability of Rubisco (Esquivel et al. 2006) and resulted in a
decrease in PSII efficiency and the amount of PSII protein complexes in the cell
(Pinto et al. 2013). The phenotype was explained by the feedback inhibitory effect of
eliminating a major electron drain on the generation of reductant/protons by the PSII
(Skillman 2008). Strategies are being developed to promote reductant flux to the
hydrogenase. One of the approaches used was to engineer a hexose uptake protein
from Chlorella kesslerii in Chlamydomonas to allow the host cells to use an external
supply of glucose as an additional feedstock for H, production (Doebbe et al. 2007).
This proved to be successful and H, production under S deprivation was improved.
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4.4 Limitations Linked to the Hydrogenases

4.4.1 Oxygen Sensitivity of the Hydrogenases

Anaerobiosis is an indispensable prerequisite for H, production, as hydrogenases
are highly sensitive to O,. The hydrogenases transcripts, the maturation process of
the protein, and hydrogenase’s catalytic activity are all O, sensitive, preventing
continuous production of H, (Erbes et al. 1979; Roessler and Lien 1984b; Forestier
et al. 2003; Posewitz et al. 2004b; King et al. 2006; Mulder et al. 2010). O,
inhibition is therefore one of the major issues that needs addressing in order to
develop an efficient and stable system of algal H, production (Fig. 3, barrier 5).

Multiple strategies have been identified to generate an O, tolerant hydrogenase.
Either an O,-tolerant algal [FeFe]-hydrogenase may be engineered (Chang et al.
2007), or Oj-tolerant hydrogenases may be heterologously expressed in
Chlamydomonas. Molecular dynamics simulations, solvent accessibility maps, and
potential mean energy estimates have been used to identify gas diffusion pathways
in model enzymes (Chang et al. 2007), followed by enzyme modification by
site-directed mutagenesis (Long et al. 2009). However, these approaches have not
been successful for Chlamydomonas hydrogenase due to the unexpected observa-
tion that the amino acid residues that comprise the area around the catalytic cluster
are also involved in the formation of the gas channels. Thus, mutants affecting these
residues are unable to properly fold the protein and produce a leaky, less O,-tolerant
enzyme. This observation explains the lower activity and higher O,-sensitivity of
mutants that were generated based on the information provided by the computa-
tional models (Liebgott et al. 2010).

Strategies based on removing the O, from the cell may also be helpful in
improving the activity of hydorgenases. A decreased O, level in the cell may trigger
a more rapid anaerobiosis. A PSII mutant strain affected in the D1 protein (mutant
L1591-N230Y) was able to produce 20-fold more H, than the wild-type parent
under S-deprived conditions (Scoma et al. 2012). Similarly, the use of a genetic
switch that controlled the expression of the D2 protein was also successful in
increasing the H, production rate by tenfold when compared to the wild-type
(Surzycki et al. 2007). Finally, a mutant strain (APR1) exhibiting an attenuated
photosynthetic activity/mitochondrial respiration ratio was shown to become
anaerobic in the light and to produce more H, than the wild-type when glyco-
laldehyde was added to the cells (Ruehle et al. 2008).

Other approaches have been tested to scavenge O, from the cells. Introduction of
O, sequesters in the chloroplast is one of these. Leghemoglobins (LbA), for
example, sequester and transport O, in nitrogen-fixing Rhizobia. Chlamydomonas
do not harbor genes encoding LbA proteins, but the relevant genes from Rhizobia
may be transformed in the alga. Wu et al. (2010) demonstrated that the expression
of LbA protein improved H, yield by decreasing the O, content in the medium.
Alternative approaches to remove O, from the culture medium include the intro-
duction of new pathways in Chlamydomonas that utilize O,. The enzyme Pyruvate
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Oxidase (PoX) catalyzes the decarboxylation of pyruvate to acetyl phosphate and
carbon dioxide using O,. The introduction of the Escherichia coli poX gene in
Chlamydomonas reduced O, evolution without affecting the growth rate and
increased H, production to twice the rate of the wild-type (Xu et al. 2011).

In another approach, purging of the culture medium and the bioreactor head-
space with nitrogen or argon is widely used to attain anaerobiosis. In addition,
chemicals such as sodium bisulfite (NaHSOs3) added to illuminated heterotrophic
cultures have reduced O, levels and enhanced H, production. However, the addi-
tion of NaHSO; only supported H, production for a short period (Ma et al. 2011).
Other approaches for decreasing the O, level have used genetic engineering (see
Sect. 4.1).

4.4.2 Hydrogenases Reversibility and H, Partial Pressure

All of the hydrogenases identified so far have a reversible activity and are able to
both produce H, and dissociate it into protons and electrons. The latter activity is
commonly known as H, uptake. As in any chemical reaction, the equilibrium
between the biosynthesis and uptake depends on the concentrations of the sub-
strates and products. H, accumulation within a bioreactor increases the H, partial
pressure to reduce the biosynthesis rate and eventually drive the uptake activity.
This phenomenon has been demonstrated in cultures of Chlamydomonas (Cournac
et al. 2002; Kosourov et al. 2012). Continuous purging of the anaerobic algal
culture with an inert gas (argon or nitrogen) can reduce H, uptake (Greenbaum et al.
2001; Cournac et al. 2002) and sustain its production over long periods.

5 Conclusions

Green algae certainly have a potential for commercial production of biohydrogen.
Multiple studies demonstrate the technical possibilities, but major issues remain to
be addressed for an inexpensive production of biohydrogen to be achieved. Most of
the factors preventing the large-scale production of H, are known and, potentially,
can be addressed by genetic and metabolic engineering. The approaches proposed
for stimulating H, production in S-deprived Chlamydomonas have been extensively
reviewed (Ghirardi et al. 2007; Hankamer et al. 2007; Melis 2007; Melis et al.
2007; Rupprecht 2009). Improved H, production has been achieved through syn-
chronization of cell division, optimization of chlorophyll content of the cell, for-
mulation of the culture medium and protocols (Tsygankov et al. 2002; Kosourov
et al. 2003; Laurinavichene et al. 2004; Kim et al. 2006; Giannelli et al. 2009). An
improved understanding of the nutrient stress factors on H, production is needed.
Some of the harmful effects of nutrient stress can be overcome using continuous
or semi-continuous regimes of cultivation (Fedorov et al. 2005; Oncel and
Vardar-Sukan 2009), or by a resupply of S to the medium (Kosourov et al. 2005).
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This may be facilitated by immobilizing the cells on various matrices to allow easy
cycling between S-repleted and S-depleted media (Laurinavichene et al. 2008;
Kosourov and Seibert 2009).
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Biogas from Algae via Anaerobic Digestion

Enrica Uggetti, Fabiana Passos, Maria Solé, Joan Garcia
and Ivet Ferrer

Abstract Anaerobic digestion is a promising application of algal biomass for
producing bioenergy while allowing recovery of inorganic nutrients (nitrogen and
phosphorus) for reuse. Anaerobic digestion of algae requires pretreatment of the
biomass and/or codigestion with carbon-rich cosubstrates, as discussed in this
chapter. In the absence of pretreatment, the methane yield is reduced apparently
because of the recalcitrance of the algal cell wall. Encouraging pretreatments and
codigestion approaches have been developed but require validation at pilot-scale.
Improved estimates of the energy demands of the various pretreatments are required
to decide if a certain pretreatment is energetically worthwhile undertaking.

Keywords Microalgae - Macroalgae - Anaerobic digestion - Biogas - Biomass
pretreatment - Methane

1 Introduction

Algae are regarded as a potential biomass feedstock for reducing our dependence on
fossil fuels for transportation, electricity, and heat generation. In addition, algae
have been widely investigated as a source of chemicals, cosmetics, healthcare
products, animal feed, and human food. Anaerobic digestion is a promising
application of algal biomass for producing methane. Anaerobic digestion has the
potential for integration within an algae biorefinery to provide bioenergy as well as
allow recovery of nutrients (nitrogen, phosphorus) for reuse in cultivation of
microalgae.
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This chapter discusses the fundamentals of anaerobic digestion and biogas
production from algae. The options to enhance methane yield are discussed. The
environmental and economic aspects of anaerobic digestion of algal biomass are
reviewed.

2 Anaerobic Digestion

2.1 Fundamentals

Anaerobic digestion is a natural process that occurs in a variety of anaerobic
environments such as marine and fresh water sediments, sewage sludge, mud, and
ruminant intestine. This is a biological process in which in the absence of oxygen,
organic carbon is converted by subsequent oxidations and reductions to its most
oxidized state (CO,) and its most reduced state (CH4). The mixture of gaseous
products generated by anaerobic digestion is known as biogas and mainly consists
of carbon dioxide and methane. Minor quantities of nitrogen, hydrogen, ammonia,
and hydrogen sulfide (usually less than 1 % of the total gas volume) may be present.

The anaerobic digestion is performed by microorganisms that decompose the
organic matter in four stages: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis (Fig. 1). In general, degradation of organic material (polymeric
substances such as carbohydrates, protein, and fats) in anaerobic conditions
involves principally four groups of bacteria (Fig. 1) which convert the organic
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Fig. 1 Degradation steps of anaerobic digestion process
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material to methane, carbon dioxide, and water. Hydrolytic and fermentative bac-
teria hydrolyze the organic polymers to soluble oligomers and monomers by the
action of extracellular enzymes. Subsequently, the dissolved products are taken up
by bacteria and fermented, forming acetate and other short-chain fatty acids,
alcohols, hydrogen and carbon dioxide. These are released in the culture environ-
ment. Short-chain fatty acids larger than acetate and alcohols are oxidized by
hydrogen producing acetogenic bacteria, resulting in the formation of hydrogen,
acetate, formate, and carbon dioxide. The end products of the metabolism of fer-
mentative and acetogenic bacteria are acetate, formate, and hydrogen. These are
transformed into methane by the methanogenic bacteria.

The most important substrates in anaerobic digestion are the polymeric com-
pounds such as carbohydrates, proteins and fats. Hydrolysis of these polymers to
smaller units is the first step in anaerobic digestion. Different groups of fermentative
bacteria are capable of degrading complex polymeric compounds in organic waste
to oligomers and monomers through the action of extracellular hydrolytic enzymes.
Proteolytic bacteria produce proteases which catalyze the hydrolysis of proteins into
amino acids. Cellulolytic and xylanolytic bacteria produce cellulases and/or xyla-
nases which degrade cellulose and xylan (carbohydrates) to glucose and xylose,
respectively. The lipolytic bacteria produce lipases which degrade lipids (fat and
oils) to glycerol and long-chain fatty acids.

A large fraction of the organic waste is composed of lignocellulose, a
difficult-to-degrade complex polymer. The lignin associated with the cellulose
hinders its microbial degradation and effective degradation of cellulose often
requires a prior delignification step. The initial hydrolysis proceeds at various
speeds depending on the nature of organic waste and in some cases this may be the
rate limiting step for the entire process. If cellulose is the main component in the
substrate, the hydrolysis step will be rate-limiting. The decomposition of acetate to
methane is rate-limiting when the substrate consists of mainly the easily metabo-
lized materials such as dissolved starch.

Simpler organic molecules produced via hydrolysis are absorbed by fermentative
bacteria to produce compounds such as acetate, other fatty acids, alcohols, and
hydrogen. In a well-functioning anaerobic digestion process, the main part of
organic material is transformed directly by the fermentative bacteria to methano-
genic substrates (hydrogen, carbon dioxide, and acetate). Nevertheless, a significant
portion (approximately 30 %) is transformed into other fatty acids and alcohols.
This portion is larger in an unbalanced process.

The second step of the anaerobic digestion is acidogenesis. Acidogenesis results
in the conversion of hydrolyzed products into simple molecules such as short-chain
fatty acids (or volatile fatty acids, VFA; e.g., acetic acid, propionic acid, and butyric
acid), alcohols, aldehydes and gases such as CO,, H, and NH3. VFA and alcohols
produced during acidogenesis are oxidized to acetate in a process that is coupled to a
reduction of protons to hydrogen. A characteristic feature of the oxidation of VFA
and alcohols is that the energy yield is low at standard conditions. In order to increase
the energy yield of the oxidation of intermediates, the hydrogen partial pressure must
remain low so that the equilibrium is shifted toward hydrogen formation.
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The most important methane precursor is acetate, contributing nearly 70 % of the
methane produced. The remaining 30 % of the methane is derived from H,/CO, or
formate. Methanogenic bacteria are divided into two main groups: aceticlastic
methane bacteria (Methanosarcina sp. and Methanosaeta sp.) which degrade
acetate; and the hydrogen consuming methanogens. A number of Methanosarcina
species can transform hydrogen as well as acetate to methane. Substrates of less
quantitative importance for methanogens are methanol, methylsulfides, methy-
lamines and some higher alcohols. Methanogenesis is regarded as the motive force
of the anaerobic degradation as it is an energy producing process under standard
conditions, as opposed to some of the other processes involved in anaerobic
degradation. Methanogenesis is the terminal step necessary for a complete miner-
alization of the organic matter.

2.2 Factors Influencing Anaerobic Digestion

As a complex biological process, anaerobic digestion is influenced by several
environmental factors. Synergistic interaction among different bacteria is a key
factor influencing the biogas production. Under unstable operation conditions,
intermediates such as volatile fatty acids and alcohols accumulate at different rates
depending on the substrate and the factors contributing to instability (Allison 1978).
Thus, relative changes in the concentrations of intermediates are indicative of
disturbance of the biogas production. The main environmental factors that can
affect stability of production are temperature, pH, substrate composition, and the
presence of toxic substances (Ahring et al. 1995).

2.2.1 Temperature

Temperature is one of the main factors affecting bacterial growth. Bacterial growth
rates typically increase with increasing temperature up to a certain limit and beyond
this limit the growth rate declines precipitously. In addition to growth rate, the
temperature also influences physical properties of the culture broth such as vis-
cosity, surface tension and mass transfer properties. Temperature stability is also
important as even relatively small changes in temperature result in an efficiency
drop until the microorganisms have adapted to the new temperature.

Anaerobic digesters operate either in the mesophilic range of 25-40 °C, or in the
thermophilic range of >50 °C. The thermophilic process has a number of advan-
tages relative to the mesophilic process. For example, the thermophilic process is
faster and, therefore, requires a lower residence time of the waste in the digester. It
is good at destroying pathogens, improves solubility and availability of substrates
and achieves a more complete degradation of long-chain fatty acids. On the other
hand, thermophilic process has a larger degree of instability, demands more energy
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and involves a larger risk of ammonia inhibition. Methanogenesis is also possible
under psychrophilic conditions (below 25 °C), but at lower process rates.

222 pH

The anaerobic digestion process is limited to a relatively narrow pH interval from
6.0 to 8.5. Each of the microbial groups involved in anaerobic degradation has a
specific pH optimum and can grow in a specific pH range. Methanogens and
acetogens have a pH optimum at 7. Acidogens have lower pH optimum of around
6. If the pH is less than 6.6, the growth of methanogens is slowed a lot. In an
anaerobic reactor, instability leads to accumulation of VFA with a consequent drop
in pH, in a process known as acidification. An accumulation of VFA does not
always cause a decline in pH in view of the buffering capacity of some wastes. In
such cases, when a drop in pH is eventually observed, the acid concentration may
be already too high and the process may have been fatally affected. In addition to
influencing microbial growth, the pH can affect other factors of importance in the
anaerobic digestion process. For example, the dissociation of important compounds
(ammonia, sulfide, and organic acids) is affected by pH.

2.2.3 Carbon/Nitrogen Ratio

The carbon/nitrogen (C/N) ratio is important for process stability. A C/N ratio of
25-32 is reported to beneficially affect the methane yield (Kayhanian and
Tchobanoglous 1992). At lower C/N ratios, the excess nitrogen not used in biomass
synthesis may become inhibitory. Too high a C/N ratio results in N-deficiency and
insufficient production of microbial biomass. Wastes with a very high chemical
oxygen demand and a low content of nitrogen may not be digested unless the C/N
ratio is suitably adjusted. Olive mill effluents are examples of such wastes
(Angelidaki and Ahring 1997).

2.2.4 Toxic Compounds

Certain chemicals are toxic to the microorganisms involved in anaerobic digestion.
The nature of the toxic compounds present depends mainly on the composition of
the substrate. Ammonia is a common inhibitor of anaerobic digestion (Rajagopal
et al. 2013). Ammonia originates from soluble ammonium produced as a result of
degradation of proteins and compounds such as urea. Often the substrates
encountered in anaerobic treatment contain ammonia at toxic concentrations. Such
substrates include pig and poultry manure, slaughterhouse waste, highly proteina-
ceous sludge, and wastewater from shale oil and coal liquefaction processes. What
constitutes an inhibitory level of ammonia depends on other factors such as pH,
temperature and the adaptation history of the inoculum. Methanogenic bacteria are
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especially sensitive to inhibition by ammonia. However, the cultures can be
acclimatized to withstand higher concentrations of a toxicant compared to the
nonadapted culture. Inhibition tends to be stronger under thermophilic conditions
than under mesophilic conditions. Increasing pH and temperature increase the level
of free ammonia and therefore may be inhibitory. In an ammonia inhibited process,
an increase in the concentration of VFA causes a decrease in pH and this reduces
the concentration of the free ammonia to partly counteract the inhibitory effect.

Anaerobic treatment of wastewater containing high sulfate concentrations results
in the formation of hydrogen sulfide which is inhibitory. A total hydrogen sulfide
concentration in the range of 100-300 mg/L, or free hydrogen sulfide concentration
in the range of 50-150 mg/L, cause severe inhibition resulting in a complete
cessation of biogas production (Imai et al. 1998).

Long-chain fatty acids such as oleate and stearate, have been found to be toxic in
anaerobic digestion (Palatsi et al. 2010). Other toxic compounds include heavy
metals. These disrupt enzyme function and structure by binding to thiol and other
functional groups on the protein molecules, or by displacing the naturally occurring
metal ion of a metalloprotein (Vallee and Ulner 1972).

In addition to any toxic compounds present in the waste, some readily degraded
substrate components can also inhibit the digestion process. Therefore, the levels of
lipids and proteins in the feed stream entering the biogas plant require careful
control. A sudden spike in the concentration of lipids fed to a biogas plant can
inhibit anaerobic degradation: hydrolytic, acidogenic and methanogenic bacteria are
inhibited by accumulation of long-chain fatty acids resulting from the hydrolysis of
lipids. The toxicity of lipids therefore depends on how fast they are hydrolyzed
compared to the rate of consumption of the resulting fatty acids via the downstream
fermentation processes. Degradation of proteins results in the formation of
ammonia which can be inhibitory. A long recovery period may be required if a
large amount of protein is added to a biogas digester not adapted to a high level of
ammonia.

3 Algae Anaerobic Digestion

3.1 Macroalgae

Macroalgae, or seaweeds, have received attention as a biofuel feedstock as a
consequence of their prolific growth in eutrophic coastal waters fouling beaches and
waterways. Anaerobic digestion has been used to produce biogas from macroalgal
biomass (Habig et al. 1984; Vergara-Fernandez et al. 2008). Unlike biomass of
higher plants, the macroalgal biomass is generally easily hydrolyzed to sugars and
proteins. The biomass has a low level of lignin (Nkemka and Murto 2010) and high
proportion of hemicellulose.
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Methane potential of macroalgal species such as Laminaria sp., Sargassum sp.,
Macrocystis sp., Macrocystis pyrifera and Durvillea antarctica has been reported
(Chynoweth et al. 1993; Bird et al. 1990; Singh and Gu 2010; Vergara-Fernandez
et al. 2008). The reported methane yields from various macroalgae are summarized
in Table 1. The yields depend on the species and the other operational parameters.
Methane yield values of up to 400 L/kg volatile solids (VS) have been reported
(Table 1).

The effect of supplementing the biomass of the macroalgae Gracilaria tikvahiae
and Ulva sp. with nitrogen (NH4Cl) on biogas production has been discussed by
Habig et al. (1984). A decreasing nitrogen concentration increased the biogas yield
from 410 L/kg VS (33.7 % CH,) to 560 L/kg VS (59.5 % CH,). Methane pro-
duction was higher under nitrogen deficient conditions.

The net biogas production has been observed to depend on the operating tem-
perature (25, 35, and 55 °C) and the nature of the inoculum used (Migliore et al.
2012). The best operating temperature was 35 °C. The use of anaerobic sediments
as inoculum significantly improved the biogas yield depending on the temperature:
the yield increased from 53 to 283 L/kg VS at 25 °C, the increase was from 175 to
375 L/kg VS at 35 °C, and from 2 to 104 L/kg VS at 55 °C.

The effect on biogas production, of pretreating the macroalgal biomass has been
reported. For example, Grala et al. (2012) used hydrothermal depolymerization and
enzymatic hydrolysis of a mixture of Pilayella, Ectocarpus and Enteromarpha
biomass. The biogas yield improved from 33 to 54 L/kg VS as a result of the
pretreatment (see Sect. 4 for further discussion of the effects of pretreatments).

The barriers to anaerobic digestion of marine macroalgae include recalcitrance of
materials such as polyphenols, cellulosic fibers and lignin type components found
in some species. Presence of such materials reduces biodegradability of the biomass
hence limiting gas production (Bird et al. 1990; Briand and Morand 1997). Other
limitations include seasonality of availability and variability of the feedstock.

Table 1 Methane yield from different macroalgae species under mesophilic conditions (<40 °C)

Algal species Methane yield References

(L/kg VS)
Gracilaria sp. 280-430 Bird et al. (1990), Habig

et al. (1984)

Laminaria sp. 350 Chynoweth et al. (1993)
Macrocystis 390410 Chynoweth et al. (1993)
Palmaria palmate 320 Jard et al. (2012)
Saccharina latissimi 270 Jard et al. (2012)
Sargassum sp. 120-190 Bird et al. (1990)
Ulva sp. 170-330 Habig et al. (1984)
Mixture of Gracilariopsis longissima and 53-157 Migliore et al. (2012)
Chaetomorpha linum
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3.2 Microalgae

Both freshwater and marine microalgae have drawn attention as substrates for
anaerobic digestion. A wide range of microalgal species, digester configurations
and operational parameters have been evaluated for methane production through
anaerobic digestion (Gonzalez-Fernandez et al. 2012a). The composition (contents
of protein, lipids and carbohydrates) of the feed, the digester design, the hydraulic
retention time and the temperature influence methane production (Sialve et al.
2009). The composition of the biomass is in turn influenced by the conditions used
in growing it.

Anaerobic digestion of a mixed culture of Chlorella sp. and Scenedesmus sp. was
reported nearly a half-century ago (Golueke et al. 1957). The productivity and
quality of biogas were found to be comparable to production from sewage sludge.
Biogas production was 986 L/kg VS at 35 °C and 1020 L/kg VS at 55 °C and the
methane content in the gas ranged from 61 to 63 %. The production of biogas was
observed to depend on the algal species, in particular on the structure and compo-
sition of the cell wall.

Data on biogas production from various microalgae are summarized in Table 2.
Production values of up to 390 L CHykg VS have been reported for
Chlamydomonas reinhardtii. Production was lower (about 100 L CHy/kg VS) from
the biomass residue of Scenedesmus left after the lipids had been extracted. Biogas
production potential of an alga depends on its composition and the cell wall
structure, but has no relationship to the taxonomic group of a species, or its habitat
(marine or freshwater) (Mussgnug et al. 2010; Zamalloa et al. 2012). Susceptibility
to anaerobic digestion of individual species is related to the structure of their cell
walls.

Species such as Chlamydomonas reinhardtii, Arthrospira platensis and
Epicrates gracilis have a protein-based cell wall free of cellulose and hemicellulose

Table 2 Methane yield from different microalgae species under mesophilic conditions (<40 °C)

Microalgae species Methane yield References
(L/kg VS)
Chlamydomonas reinhardtii 390 Rodolfi et al. (2008)
Dunaliella sp. 320-440 Metting (1996), Rodolfi et al.
(2008)
Chlorella sp. 130-150 Dismuken et al. (2008)
Microcystis sp. 196-340 Zeng et al. (2010)
Phaeodactylum tricornutum 400-420 Zamalloa et al. (2012)
Scenedesmus sp. 148-214 Rodolfi et al. (2008), Zamalloa
et al. (2012)
Scenedesmus residue after lipid 10-140 Ghirardi et al. (2000)
extraction
Spirulina sp. 260-320 Metting (1996), Spolaore et al.
(2006)
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(Mussgnug et al. 2010) and are easy to digest. In contrast, species such as Chlorela
kessleri and Scenedesmus obliquus are characterized by carbohydrate-based cell
walls containing hemicellulose and are more difficult to digest. The cell wall of S.
obliquus has been described as being particularly rigid because of the presence of a
sporopollenin-like biopolymer (Burczyk and Dworzanskib 1988). The complex
silica-based cell wall of diatoms has been suggested as the main reason for their low
biogas yield (Hildebrand et al. 2012). An easily degraded cell wall, or the total
absence of a cell wall, does not necessarily imply that an alga is a good substrate for
anaerobic digestion. Other factors, such as the presence of inhibitory substances,
also influence degradability (Hildebrand et al. 2012).

The feasibility of digesting the microalgal biomass remaining after the lipids
have been extracted for biodiesel production has been demonstrated. Anaerobic
digestion of the residual biomass is an important option for its disposal as the
residue may be as much as 65 % of the initial biomass. The carbohydrates and
proteins in the residual biomass can be used to produce biogas. For example, Yang
et al. (2011) obtained a methane yield of 390 L CHy/kg VS by digesting residual
Scenedesmus biomass of oil extraction processes. Ramos-Suarez et al. (2014)
reported a methane yield of 177 L/kg VS (79.1 % CH,) from whole biomass of
Scenedesmus sp. The yield from the residual biomass after amino acids extraction
was 364 L/kg VS (58.3 % CHy) and it was 401 L/kg VS (68.0 % CH,) after lipid
extraction. The significant increase in biogas yield from the biomass residue
remaining after amino acid extraction was attributed to the disruption of the
microalgal cell walls during the extraction process and an increase in the C/N ratio
of the biomass through loss of protein. The slightly lower methane yield after lipid
extraction was attributed to the loss of C in the lipids which otherwise would
contribute the most to methane production.

4 Pretreatment of Algal Biomass

Both macroalgae and microalgae can be resistant to anaerobic digestion and this
may limit biogas production. Pretreatment of the biomass may be required to make
it more digestible and improve methane yield. Several pretreatment techniques have
proven useful in improving digestibility of organic substrates such as sewage sludge
and lignocellulosic biomass (Carrére et al. 2010; Hendriks and Zeeman 2009).
Similar methods can be used with algal biomass. Various pretreatments have
improved methane yield from algal biomass by up to 70 % (220 % in one case)
relative to control (Table 3). The effectiveness of a pretreatment depends mainly on
the characteristics of the alga, i.e., on recalcitrance of the cell wall and the
macromolecular composition of cells.

Pretreatment methods can be divided into three types: physical, chemical and
biological. Physical treatment may be exclusively mechanical or it may involve a
thermal process. For macroalgae, physical pretreatments often consist of washing,
drying and maceration, or chopping. Physical pretreatments alone or in combination



204

E. Uggetti et al.

Table 3 Impact of various thermal pretreatments of algae on biogas production

Algae species

Pretreatment
conditions

Methane yield
increment

References

Thermal pretreatment

Scenedesmus sp.

70and 90 °C,3 h

12 and 220 %
(from 76 to 85—
243 L CHy/kg VS)

Gonzélez-Fernandez
et al. (2012a)

Scenedesmus sp. 70 and 80 °C, 9 and 57 % (from | Gonzélez-Fernandez

25 min 82 to 89-129 L et al. (2012b)
CHy/kg VS)

Chlorella sp., 80 °C, 30 min 14 % (from 340 to | Cho et al. (2013)

Scenedesmus sp. 380 L CHy/kg VS)

Mixed culture® of 75 and 95 °C, 67 and 72 % (from | Passos and Ferrer

Stigeoclonium sp., 10 h 180 to 300 and (2014)

Monoraphidium 310 L CHy/kg VS)

sp. and Nitzschia sp.

Mixed culture® of 100 °C, 8 h 33 % (from 270 to | Chen and Oswald

Scenedesmus
sp. and Chlorella sp.

360 L biogas/kg
VS)

(1998)

Hydrothermal pretreatment

Chlorella sp. and
Scenedesmus sp.

120 °C, 30 min

20 % (from 340 to
400 L CHy/kg VS)

Cho et al. (2013)

Nannocloropsis salina®

100-120 °C, 2 h

108 % (from 130 to
270 L CHy/kg VS)

Schwede et al.
(2013)

Mixed culture of
Chlamydomonas sp.,
Scenedesmus sp. and
Nannocloropsis sp.

110 and 140 °C,
15 min

19 and 33 % (from
272 to 323 and
362 L CHy/kg VS)

Alzate et al. (2012)

Mixed culture
of Acutodesmus
sp. and Qocystis sp.

110 and 140 °C,
15 min

11 and 31 % (from
198 to 219 and
260 L CHy/kg VS)

Alzate et al. (2012)

Mixed culture
of Microspora sp.

110 and 140 °C,
15 min

62 and 50 % (from
255 to 413 and
382 L CHy/kg VS)

Alzate et al. (2012)

Thermal pretreatment with steam explosion

Scenedesmus sp. 170 °C, 8 bar, 81 % (from 180 to | Keymer et al. (2013)
30 min 330 L CHy/kg VS)
Chlorella vulgaris 140-180 °C, 64 % (from to 160 | Mendez et al. (2014)
20 min to 260 L CHy/kg
COD)°
Mixed culture of 170 °C, 6 bar, 46 % (from 272 to | Alzate et al. (2012)
Chlamydomonas sp., 15 min 398 L CHy/kg VS)

Scenedesmus sp.
and Nannocloropsis sp.

(continued)
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Table 3 (continued)

Algae species Pretreatment Methane yield References
conditions increment
Mixed culture of 170 °C, 6 bar, 55 % (from 198 to | Alzate et al. (2012)
Acutodesmus 15 min 307 L CHy/kg VS)
sp. and Oocystis sp.
Mixed culture 170 °C, 6 bar, 41 % (from 255 to | Alzate et al. (2012)
of Microspora sp. 15 min 359 L CHy/kg VS)
Saccharina latissimi 130 and 160 °C, |20 % (from 220 to | Vivekanand et al.
10 min 270 L CHy/kg (2012)
CoD)

4Studies carried out with continuous reactors
"COD Chemical oxygen demand

with heat are regarded as most effective in breaking or disrupting cells of
microalgae. Among the chemical pretreatments, thermochemical ones have been
successfully used in particular with macroalgae.

4.1 Thermal Pretreatments

In thermal pretreatments biomass is solubilized by applying heat. Thermal pre-
treatments at temperature ranging from 50 to 270 °C have been commonly used
prior to anaerobic digestion to enhance the disintegration of particulate organic
matter (Carrere et al. 2010; Hendriks and Zeeman 2009). The optimal treatment
temperature and time depend on the characteristics of the substrate. Thermal pre-
treatments may be purely thermal, or may involve the action of water and heat (i.e.,
hydrothermal treatment) or the action of heat may be combined with other physical
forces as, for example, in steam explosion of biomass.

A purely thermal pretreatment is usually regarded as one carried out at a tem-
perature of <100 °C. This type of pretreatment has enhanced the methane yield in
both mesophilic and thermophilic anaerobic digestion processes. A relatively
low-temperature thermal pretreatment has the advantage of being less energy
intensive compared to the more severe treatments. Energy balances based on
laboratory-scale digesters with a hydraulic retention time of 20 days have shown
that the net energy recovery shifts from neutral (i.e., no net gain) to positive after a
thermal pretreatment at 75 °C (Passos and Ferrer 2014). In effect, a suitable thermal
pretreatment can enhance the overall energy recovery from an anaerobic digestion
process. Increase in methane yields after a pretreatment at 50-80 °C appears to be
quite variable (Table 3), but after a pretreatment at 85-100 °C, the methane yield
shows a consistent increase ranging from 20 to 108 % relative to the untreated
control. The variable performance of the lower temperature pretreatment is likely a
result of the differences in the characteristics of different microalgae species and the
pretreatment conditions.
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A hydrothermal pretreatment by definition involves the use of a temperature of
>100 °C. Heating must be carried out under pressure. The effects of a hydrothermal
pretreatment on biogas production are similar to those of a lower temperature pre-
treatment, but a hydrothermal treatment requires much shorter treatment time
compared to a thermal pretreatment. For example, in one case the methane yield was
increased by 60 % after pretreatment at 70-95 °C for 3—10 h (Gonzélez-Fernandez
et al. 2012a; Passos et al. 2013a). In comparison to this, the yield increased by 60—
120 % after pretreatment at 120140 °C for 15-30 min (Alzate et al. 2012; Cho et al.
2013) (Table 3). For Chlorella sp. and Scenedesmus sp., the methane yield was
maximum after a pretreatment at 120 °C. This pretreatment increased methane yield
from 0.34 to 0.40 L CH4/g VS (Cho et al. 2013).

The rapid release of pressure after a high temperature pretreatment also has a
dramatic effect on cells. This effect is similar to that of a steam explosion treatment.
In the latter, the biomass held in a pressure vessel may be heated to something like
160 °C at around 6 bars for a few minutes (10-30 min) and afterwards, the pressure
is rapidly released to flash off steam (Keymar et al. 2013). Steam explosion tech-
nology is commercially used in treating lignocellulosic biomass prior to enzymatic
digestion and is available for pretreatment of sewage sludge (Kepp et al. 2000).
Biogas production from sewage sludge may be increased by 50-100 % after the
steam explosion pretreatment (Kepp et al. 2000).

Steam explosion pretreatment has been tested for biogas production from
microalgae in anaerobic batch tests. Steam explosion pretreatment has been
reported to be more effective than the use of ultrasonic pretreatment (Alzate et al.
2012). With steam exploded algal biomass, the methane yield was increase by 41—
55 % relative to control (Alzate et al. 2012). In another study, similar treatments
increased the methane yield from microalgae biomass and the residual
lipid-extracted biomass by 81 and 58 %, respectively (Keymar et al. 2013). The
extent of anaerobic biodegradability was enhanced by pretreatment more than the
rate of anaerobic digestion (Keymar et al. 2013).

4.2 Mechanical Pretreatments

Mechanical pretreatments directly break cells by the use of a physical force. For
lipid extraction from microalgae, mechanical methods are usually preferred as they
are less affected by the choice of the algal species and are less likely to contaminate
the lipid product with chemical additives (Lee et al. 2012). As their main disad-
vantage, physical pretreatments are highly energy intensive. The most commonly
used physical pretreatments for microalgae are sonication with ultrasound, irradi-
ation with microwaves, grinding in bead mills, and disruption in high-pressure
homogenizers.

Ultrasonication involves exposing the cells to rapid compression and decom-
pression cycles of sonic waves. Intense turbulence is generated in the cell slurry.
This and the shockwaves produced by imploding cavitation bubbles damage cells
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directly, or indirectly (Kim et al. 2013). Ultrasonication is an effective method of
cell disruption (Kim et al. 2013). As with other pretreatments, the results depend on
the microalgal species and the pretreatment conditions. The sonication frequency is
generally fixed and the controllable treatment parameters are mainly the sonication
power and the duration. Different combinations of sonication power input (e.g.,
600-1000 W) and duration (e.g., 20-100 min) may be tested to identify the best
treatment conditions. In one case, treatment at 800 W for 80 min released the
highest level of glucose (0.37 g glucose/g dry weight) from the biomass (Zhao et al.
2013). As seen in Table 4, increase in the methane yield did not exceed 30 % if the
sonication energy input was <75 MJ/kg TS (Alzate et al. 2012; Gonzalez-Fernandez
et al. 2012b). The yield increased by 75-90 % if the treatment used sonication
energy levels of 100200 MJ/kg TS (Gonzalez-Fernandez et al. 2012b; Park et al.
2013). Results indicate that a high sonication energy input (>100 MJ/kg TS) is
necessary for improving methane yield from microalgal biomass. Ultrasonication
pretreatment appears to affect the methane yield more than it affects the rate of
hydrolysis (Passos et al. 2014a, b).

Microwaves are electromagnetic waves in the frequency range of 300 MHz to
300 GHz. Microwaves are absorbed by water molecules and increase their vibra-
tional frequency. The resulting heating effect causes the temperature to rise. The
microwave energy is incapable of breaking covalent bonds, but hydrogen bonds can
be broken. Heat generated by vibration of water molecules denatures proteins
(Kaatze 1995). As with sonication, the main controllable parameters of microwave
pretreatment are the output power and the exposure time (Passos et al. 2013b).
Microwaves penetrate the biomass and therefore the treatment can be rapid (Kim
et al. 2013), but the electric power consumption tends to be high and depends on the
biomass concentration. Optimal pretreatment conditions are those with an energy
input to biomass of about 65.4 MJ/kg TS, regardless of the output power and the
duration of exposure (Passos et al. 2013b). Irradiation at optimal energy input may
lead to an eight-fold increase in biomass solubilization (Passos et al. 2013b).

For macroalgae, mechanical pretreatments such as maceration and grinding are
quite effective in increasing the methane yield by as much as 70 % relative to the
untreated biomass (Table 4).

4.3 Chemical Pretreatments

Chemical pretreatments are relatively far less used compared to thermal and
mechanical pretreatments. Of the many possible chemical methods, only the acid
and alkali pretreatments appear to have been used with microalgae. Acid and alkali
pretreatments act by solubilizing polymers to improve the availability of readily
digestible small molecules (Bohutskyi and Bouwer 2013). The small amount of
residual alkali remaining in the pretreated biomass may be useful in countering the
pH decline during the subsequent acidogenesis step. Notwithstanding their efficacy,
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Table 4 Imapct of mechanical pretreatments of algae on biogas production

Algae species Pretreatment Methane yield increment | References
Ultrasound
Scenedesmus sp. 100-130 MJ/kg | 75-90 % (from 80 to Gonzalez-Fernandez
TS 140-150 L CH4/kg COD) | et al. (2012b)
Chlorella sp. and 130 W; 30, 90, |6, 10 and 15 % Cho et al. (2013)
Scenedesmus sp. and 180 s (from 340 to 360-380 L
CHy/kg VS)
Chlorella vulgaris 200 J/mL 90 % Park et al. (2013)
and sludge
Mixed cultures of 10-60 MJ/kg 12-14 % (from Alzate et al. (2012)
Chlamydomonas sp., TS 272 to 305-310 L
Scenedesmus sp. and CHy/kg VS)
Nannocloropsis sp.
Acutodesmus sp. 10-60 MJ/kg 6-13 % (from 198 to Alzate et al. (2012)
and Oocystis sp. TS 209-223 L CHy/kg VS)
Microspora sp. 10-60 MJ/kg 18-23 % (from 255 to Alzate et al. (2012)
TS 301-314 L CHy/kg VS)
Mixed culture of 16-67.2 Ml/kg | 6-33 % (from 148 to Passos et al. (2014)
Stigeoclonium sp., TS 156-196 L CHy/kg VS)
Monoraphidium
sp. and Nitzschia sp.
Others
Microalgae® Microwave 60 % (from 170 to 270 L | Passos et al. (2014)
Stigeoclonium sp., (900 W; 3 min | CHy/kg VS)
Monoraphidium 70 Ml/kg VS;
sp. and Nitzschia sp. 26 g TS/L)
Macroalgae Holander beater | 69-71 % Tedesco et al. (2013)
Macroalgae Gracilaria | Washing, 5-10 % Oliveira et al. (2014)
vermiculophylla drying and
maceration
Macroalgae® Ulva Chopping and 68 % Nielsen and Heiker
lactuca mechanical (2011)
maceration

“Studies carried out with continuous reactors

some acid and alkali treatments result in the formation of byproducts that can be
inhibitory to the microorganisms involved in anaerobic digestion.

Alkaline pretreatments involving sodium hydroxide, calcium hydroxide, and
ammonium hydroxide have been extensively investigated for use with solid organic
wastes. Thermochemical pretreatment of microalgae with alkali and acids has been
reported by Mendez et al. (2014). Chlorella vulgaris was first heated at 120 °C for
40 min and then NaOH or H,SO,4 was added. All the tested pretreatments improved
the algal biodegradability, but the highest increase in methane yield of 93 % was
achieved after the thermal pretreatment without any chemicals being added.
Nonetheless, the thermo-alkaline pretreatment caused a higher solubilization of
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carbohydrates and proteins compared to the thermal pretreatment. With the
macroalgae Palmaria palmate (Jard et al. 2013) and Gracilaria vermiculophylla
(Oliveira et al. 2014), the pretreatments improved biomass solubilization, but not
the methane yield. This was explained as being a consequence of the unidentified
inhibitory byproducts of the pretreatment processes limiting the anaerobic digestion
(Mendez et al. 2014). In general, chemical pretreatments have not been extensively
investigated and the results are sometimes contradictory. Nevertheless, a combi-
nation of thermal and chemical pretreatments can be promising.

4.4 Biological Pretreatments

Biological pretreatment involves the use of enzymes to damage the wall of the algal
cells and hydrolyze biopolymers. Biological pretreatments are promising alterna-
tives to the other pretreatments (Bohutskyi and Bouwer 2013). In view of the mild
conditions used, the enzymatic pretreatment does not normally produce inhibitory
compounds. Hydrolytic enzymes breakdown the polymers making up the algal cell
wall to make the cells permeable and more amenable to anaerobic digestion.
Enzymatic pretreatment is influenced by the enzyme dose, the temperature, the pH
and the duration of the treatment. Pretreatment temperature and pH are set to the
optimal activity range of the specific enzyme used. Some of the drawbacks of this
method are the high cost of the enzymes and the fact that there may be no uni-
versally good enzyme considering the enormous diversity of composition and
structure of the cell walls of different microalgae.

The literature on enzymatic pretreatment is quite scarce. The enzyme endo-f3-
1,4-glucanase from Cellulomonas sp. YJ5 could hydrolyze the cell walls of
Chlorella sorokiniana to cause cell lysis after 60-180 min of treatment (Fu et al.
2010). A combined treatment involving mechanical blending and an enzyme
cocktail (a-amylase, protease, lipase, xylanase) has been applied to Rhizoclonium
sp. biomass. This pretreatment improved the methane yield by >20 % as compared
to the use of mechanical pretreatment alone. Among single enzyme pretreatments,
cellulase showed the best results, but pretreatment with the mixed enzymes was
better (Ehimen et al. 2010). In a mixed enzyme system the hydrolytic action of one
enzyme allows the others a better access to hydrolyze their respective substrates and
this explains the efficacy of the enzyme cocktail relative to any one enzyme. Using
macroalgae, Grala et al. (2012) observed an increase in biogas yield from 33 to
54 L/g VS as a consequence of pretreatment with an enzyme mixture of two
cellulases (Celluclast, 1,4-(1,3:1,4)-B-p-glucan 4-glucano-hydrolase; Novozym 188,
B-glucosidase) and a hemicellulase.
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5 Codigestion

Codigestion is about mixing substrates being fed to an anaerobic digester so that the
C/N ratio of the mixture is close to optimal. The performance of anaerobic digestion
is strongly determined by the C/N ratio of the substrate. Algal biomass is generally
high in nitrogen, with a C/N ratio of around 6 (Yen and Brune 2007). This is much
lower than the desired range of 25-32. A high protein content of the biomass may
lead to generation of large levels of ammonia and a consequent accumulation of the
toxic volatile fatty acids. Therefore, a N-rich biomass requires supplementing with
carbon-rich cosubstrates to ensure good conversion to methane.

Although initially the codigestion approach focused on mixing substrates to
achieve synergistic interactions during digestion, it is now believed that the
methane production is mainly a function of the total organic load rate rather than of
synergism of different substrates (Mata-Alvarez et al. 2014). Therefore, a wide
range of carbon-rich substrates are suitable for codigestion with the algal biomass.

Table 5 summarizes the results of codigestion of algae with different cosub-
strates. In most cases, the methane yield increased significantly (e.g., from 50 to
200 %) (Table 5) as a consequence of codigestion. This was mainly due to the
carbon contribution of the cosubstrate which increased the C/N to 20 (Yen and

Table 5 Results of codigestion of algae on biogas production

Algae species Cosubstrates C/N | Methane yield or References
ratio | methane production
increase

Chlorella sp. Waste activated sludge |— 73-79 % Wang et al.

(89-96 % in mass) (2013)
Mainly Chlorella Primary sludge (75 % |- 220 % (from 90 to Solé et al.
Sp. on VS basis) 291 L CHy/kg VS) (2014)
Mainly Waste paper (50 % on | 18 Twofold (1170 L Yen and Brune
Scenedesmus sp. VS basis) CHy/kg VS) (2007)
and Chlorella sp.
Scenedesmus sp. Opuntia maxima (75 % | 15.6 |66.4 % (233.6 L Ramos-Suarez

on VS basis) CHy/kg VS) et al. (2014)
Cyanobacterium Primary sludge (50 % 2.1-fold Samson and
Spirulina maxima on VS basis) Leudy (1983)
Residual Lipid waste (50 % of - Upto 540 L Park and Li
microalgal biomass | the organic loading in CHy/kg VS (2012)

mass)
Macroalgae from Sewage sludge (70 %) Same methane yield | Cecchi et al.
lagoons as 100 % sludge (1996)
Macroalgae Ulva Waste activated sludge |- 51 % (296 L Costa et al.
sp., Graciliaria sp. | (85 % on TS basis) CHy/kg VS) (2012)
Macroalgal sludge | Corn straw 20 61.7 % (325 L Zhong et al.

CHy/kg VS) (2012)
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Brune 2007; Zhong et al. 2012; Ramos-Suarez et al. 2014). Sewage sludge (primary
sludge, waste activated sludge, or a mixture of both) has generally been used as the
cosubstrate. In wastewater treatment processes, microalgal biomass is produced as a
byproduct of the process and mixing this biomass with sewage sludge generated in
the same process for use in the anaerobic digester may effectively optimize waste
management (Solé et al. 2014).

Other carbon-rich cosubstrates that have been tested are paper waste (Yen and
Brune 2007), crop and plant waste (Zhong et al. 2012; Ramos-Suérez et al. 2014)
and waste lipids (Park and Li 2012). For example, the addition of paper waste to a
mixture of Scenedesmus sp. and Chlorella sp. nearly doubled methane production
from 140 to 230 L CHy/kg VS (Yen and Brune 2007). Similarly, the methane yield
was increased by 8-74 % when microalgal biomass was codigested with different
quantities of swine manure (Gonzélez-Fernandez et al. 2011). Codigestion of these
substrates allowed operation with higher organic loading rates than would have
been possible with either of the substrates singly. In addition to improving the
methane yield, codigestion often also improves the kinetics of the anaerobic
digestion process (Costa et al. 2012; Ramos-Sudrez et al. 2014; Solé et al. 2014).

Codigestion of the microalgae biomass residue of a lipid extraction process, with
lipid-rich waste (fat, oil, and grease) increased the methane yield to 540 L CH4/kg
VS compared to a yield of 150 L CHy/kg VS when the algal residual biomass was
digested alone (Park and Li 2012). Similarly, codigestion of the oil-extracted
Chlorella biomass residue with waste glycerol from a biodiesel production process
resulted in the methane yield increasing by 4-7 % (Ehimen and Connaughton
2009). It has been pointed out that some solvents used in extracting the oil from the
algal biomass can adversely affect subsequent methane production by anaerobic
digestion (Ehimen and Connaughton 2009). Chloroform is one such solvent.

6 Economic and Environmental Aspects

A consideration of economics and environmental impact of anaerobic digestion is
essential prior to commercial implementation. There is a general lack of information
in these areas, although theoretical assessments exist. According to Benemann et al.
(2012), oil production from microalgae coupled with anaerobic digestion of the
residual biomass eliminates the need for fossil energy input and does not result in
net emissions of greenhouse gases. With regards to macroalgae, the sustainability of
seaweed (Gracilaria chilensis and Macrocystis pyrifera) production as a source of
biogas depends on the cultivation and the subsequent processing methods used
(Aitken et al. 2014). A similar conclusion was reached by Alvarado-Morales et al.
(2013).

Delrue et al. (2012) assessed production of biodiesel from microalgae in com-
bination with the use of the residual biomass for anaerobic digestion. Methane
produced from residual biomass accounted for 33 % of the total energy output of
the overall (biodiesel and biogas) process.
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7 Conclusions

Anaerobic digestion of algae is certainly promising, but requires pretreatment of the
biomass and/or codigestion with carbon-rich cosubstrates. In the absence of pre-
treatment, methane yield is reduced apparently because of the recalcitrance of the
algal cell wall. Encouraging pretreatments and codigestion approaches have been
developed but require validation at pilot-scale. Improved estimates of the energy
demands of the various pretreatments are required to decide if a certain pretreatment
is energetically worthwhile undertaking.
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Food and Feed Applications of Algae

Michael A. Packer, Graham C. Harris and Serean L. Adams

Abstract Microalgae and seaweeds have a long history and increasingly important
applications as both food ingredients and animal feed. The vast majority of algal
species have yet to be evaluated for these applications. However, due to their
extensive diversity, it is likely that they will lead to the discovery of many new algal
products and processes in the future. This chapter covers algae as food, feed,
nutraceuticals, functional food and food ingredients as well as production systems
for food from algae.

Keywords Microalgae - Aquaculture - Shellfish - Functional food - Feed

1 Introduction

Algae, including microalgae and seaweeds, have a long history and increasingly
important applications as both food ingredients and animal feed. This is well rec-
ognized in some countries such as Japan where today, seaweed forms a significant
part of many meals (especially as wakame, nori, kombu and hijiki) and accounts for
as much as 10 % of the overall nutritional intake (Mouritsen 2013). Japan also
observes an annual Seaweed Day (February 6), which commemorates the day in
701 AD that the emperor of the time began to accept seaweed as payment of tax,
recognizing its historical and cultural importance. Algae have also been used his-
torically as food in several Asian countries, such as China, Indonesia, the
Philippines, North Korea, South Korea and Malaysia (Fig. 1). In China, approxi-
mately 4.2 million tonnes of kelp, Laminaria japonica, is now cultivated annually,
mostly for food (Liining and Pang 2003). In many countries, there are detailed
regulations for harvesting seaweed, highlighting the economic importance of algae
as a crop (Chopin and Neish 2014; Mouritsen 2013).
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Fig. 1 Porphyra production on the Fujian’s mudflats in China. The mudflats also produce oysters
in addition to this edible algae, which is used to make nori (seaweed sheets). China is one of the
world’s biggest producers of seaweed—with seaweed farming being a vital component of China’s
fishing sector. The algae are farmed in a very similar way on a large scale in Japan where it is used
mainly for making sushi. Credit: Wong Chi Keung (Hong Kong)

As most of the world’s arable land is already in use or otherwise unavailable, the
demand for algae and its importance as a food source is likely to increase markedly
over the coming decades to help fulfil the world’s food production requirements for
projected population growth. Approximately 70 % of the earth’s surface is oceanic,
representing a relatively untapped resource of potential space to farm seaweed, not
only as edible food, food ingredients and animal feed but also for other raw
materials such constituents of cosmetics, agrochemicals, biomaterials and as
renewable bioenergy feedstocks. The vast majority of algal species have yet to be
evaluated for these applications. However, due to their extensive diversity, it is
likely that they will lead to the discovery of many new algal products and processes
in the future (Chopin and Neish 2014).

2 Algae and Their Constituents

Algae have many characteristics that distinguish them from terrestrial crops. In
addition to the information supplied in Chap. 1, this chapter emphasizes the food
and feed focus which follows; the simplest description is that algae are aquatic
plants. However, this is not entirely accurate, as some microscopic varieties show
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microbial versatility and can opportunistically live in damp terrestrial environments
(e.g., damp soil, mountainous areas and ice-fields). Algae are found in a range of
salinities from freshwater to marine and some grow optimally at intermediate saline
levels. There are some 350,000 species of algae but only a few species are currently
domesticated. The unexploited potential for use as food or in feeds is therefore
large. The composition of different types of microalgae and seaweed reflect their
different uses as food, food ingredients and feeds.

The term microalgae strictly refer to eukaryotic photosynthetic microorganisms.
Eukaryotes are cells that have a high degree of internal organization, including a
membrane-bound nucleus (containing genetic material) and several other internal
organelles that are also surrounded by membranes. There are many different types of
microalgae including dinoflagellates, green algae (Chlorophyta or Chlorophyceae),
golden algae (Chryosophyceae) and diatoms (Bacillariophyceae). Most species of
microalgae are unicellular and can be motile or non-motile depending on the pres-
ence of flagella. Where multicellular or colonial conglomerations exist, very little
specialization of cell types occurs, which distinguishes them from seaweeds.

There are about 8000 species of green algae, including micro- and macroscopic
varieties. Like most other groups, they contain complex long-chain sugars
(polysaccharides) in their cell walls as opposed to cellulose, hemicellulose and
lignin which are found in the cell walls of terrestrial plants. These carbohydrate cell
walls account for a large proportion of the carbon contained in algae, though many
species also contain high levels of various lipids (lipids are fats or oils—the term
‘natural oil’ distinguishes these oils produced by biochemical processes from pet-
roleum oils that are produced through fossilization). In some species, under certain
conditions, the level of lipids may be as high as 80 % by wet weight (Chap. 6)
(Chisti 2007; Miller et al. 2009).

Diatoms, which are mostly unicellular marine species, can also accumulate very
high levels of lipids. As well as the common triacylglycerol lipids (TAGs), diatoms
also store energy in phospholipids and chrysolaminarin, a B-(1-3)-linked glucan
molecule. There are estimated to be around 100,000 species of diatoms, which
dominate the marine phytoplankton and in contrast to other algal species, have a
silicate cell wall.

Often the term microalgae is also used to include cyanobacteria (blue-green
algae), which are prokaryotes (cells that lack a distinct nucleus). Some species of
cyanobacteria have important food an