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Introduction

The potential of micoalgal biomass as a source of liquid and gaseous biofuels is a
highly topical theme, with over 70 years of sometimes intensive research, and
more than US$ 2 billion of private investment since 2000 (Service 2011). The
process operations for microalgal biofuel production can be grouped into three
areas: growth, harvesting and energy extraction. A wide range of unit operations
can be combined to form a microalgal biofuel production system, but as yet there
is no successful commercial system producing such biofuel. This suggests that
there are major technical and engineering difficulties to be resolved before

economically viable microalgal biofuel production can be achieved.

The harvesting of microalgae (Milledge and Heaven 2013) and the exploitation of
microalgal biomass for non-fuel uses (Milledge 2011) have been previously
reviewed in this journal. This review addresses the topic of how microalgal

biomass can be exploited for fuel.

Many types of microalgal biofuel have been considered and energy may be
extracted from microalgal biomass by:

a. direct combustion

b. pyrolysis

gasification

a o

liquefaction

hydrogen production by biochemical processes in certain microalgae
fuel cells

fermentation to bioethanol

o «Q —Hh @

trans-esterification to biodiesel

anaerobic digestion

Table 11 summarises the form of the energy outputs (heat, electricity, liquid,
gaseous or solid fuel) from the various potential methods of producing useful
energy from microalgae, together with the requirement for biomass drying after

harvesting and the capacity to exploit the entire biomass in each case.



Table 1 Methods of energy extraction from microalgal biomass

Utilises Requires biomass Primary energy

entire drying after product

organic harvesting

biomass
Direct Combustion Yes Yes Heat
Pyrolysis Yes Yes Primarily liquid

by fast pyrolysis

Gasification Yes Yes” (conventional) | Primarily Gas
Liquefaction Yes No Primarily Liquid
Bio-hydrogen production | Yes No Gas
Fuel Cells Yes No Electricity
Bioethanol production No ? No Liquid
Biodiesel production No Yes© Liquid
Anaerobic digestion Yes No Gas

% Currently restricted to fermentable sugars as no large-scale commercial

production of fuel bioethanol from lignocellulosic materials

® Supercritical water gasification (SCWG) an alternative gasification technology

can convert high moisture biomass

°No current commercial process for the wet trans-esterification of wet microalgal

biomass

Direct combustion

Direct combustion is, historically and currently, the main method by which
biomass energy is utilised (Demirbas 2001), but does not appear to have been
greatly explored for the production of energy from microalgae. Biomass direct
combustion can provide heat or steam for household and industrial uses or for the
production of electricity (Demirbas 2001). Many industries devote a considerable
amount of energy to the production of steam, with the pulp and paper industry
using 81 % of its total energy consumption for this purpose (Saidur et al. 2011).
The lumber pulp and paper industry uses biomass to provide 60 % of its energy

needs (Demirbas 2001). The efficiency of biomass direct combustion for the




production of electrical energy is between 20 - 40 % with the highest efficiencies
being achieved in large plants of >100 MW and in the co-combustion of biomass
and coal (McKendry 2002; Demirbas 2001). The co-combustion of biomass in
coal fired plants is considered an especially attractive option for biomass
exploitation due to its higher efficiencies (Demirbas 2001; McKendry 2002;
Saidur et al. 2011). The co-generation of heat and electricity can significantly
improve the economics of biomass combustion, but requires that there is a local
demand for heat (Demirbas 2001). The co-firing of a power plant with microalgae
grown using the carbon dioxide emissions of the power plant appears
conceptually to be an elegant method of reducing the GHG emissions per unit of
electrical power generated by the plant, but unfortunately may not be practicable.
A Life Cycle Assessment of co-firing of coal and solar dried microalgae found
that, although GHG emissions and air acidification could be reduced by co-firing
with microalgae grown on the power plant emissions, the depletion of natural
resources and eutrophication potential increased and the use of microalgae was

“obviously more expensive than coal” (Kadam 2002).

The moisture content of biomass can reduce the available heat compared to that
from dry biomass by 20 % (Demirbas 2001) and the direct combustion of biomass
is feasible only for biomass with a moisture content of less than 50 % (McKendry
2002; Varfolomeev and Wasserman 2011). Large biomass plants can be as
efficient as fossil fuel plants, but the higher moisture content of biomass results in
additional costs (Demirbas 2001). Microalgal biomass will need considerable
further drying after harvesting before it could be used for direct combustion.
Generally high moisture content biomass is considered better suited to biological
conversion, by anaerobic digestion or fermentation, to other more readily useable
fuels (McKendry 2002).

Ash content can be a considerable problem in direct combustion due to fouling of
the boilers, thus restricting the use of high ash content biomass (Demirbas 2001).
Wood has a typical ash content of 0.5 - 2 % (Saidur et al. 2011; Misra et al. 1993),
but the ash content of microalgae can be high: Spirulina has been reported as
having an ash content of 7 - 10 % (Tokusoglu and Unal 2003), diatoms as
containing 9 - 35 % ash due to the silica outer wall (Brown and Jeffrey 1995) and
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Pleurochrysis carterae a coccolithophorid, as containing 10 % calcium carbonate
(Moheimani and Borowitzka 2006; Moheimani 2005). Biomass from marine algae
is likely to have a high salt content, contributing to corrosion and ash deposition,
unless energy-demanding washing processes are carried out (Miles et al. 1996;
Bjorkman and Stromberg 1997)

The fine particulate nature of dry microalgae may be advantageous in co-
combustion with pulverised coal as no additional particle size reduction is
required. Non-microalgal biomass particles are normally much bigger than
pulverised coal and the amount of energy required for grinding of the biomass to a
diameter of less than 1 mm (2-3 % of the heating value) is almost double that
required for coal pulverisation (0.9-1.2 % of the heating value). The energy
requirements for biomass pulverisation increase significantly (>20 % of the
heating value) for fibrous and or moist biomass (Belosevic 2010). The combustion
of biomass can generate fine particle emissions which can be harmful to health,
with the amount, type and quantity of particulate emissions being influenced by
biomass type, combustion technology and emission control equipment (Sippula
2010). If microalgal biomass is to be a used in direct combustion, extensive
research will be required to optimise combustion or co-combustion and to reduce

emissions.

Using direct combustion of microalgae it is possible to produce both heat and
electrical energy; however, the problem of drying the microalgae together with
challenges of ash and emission control may make the direct combustion of

microalgae impractical on a commercial scale.

Pyrolysis

Pyrolysis is the thermal decomposition of the organic component of dry biomass
by heating in the absence of air, producing, as its primary product, a hydrocarbon
rich liquid (bio-oil or bio-crude) (McKendry 2002; Saidur et al. 2011). The
exploitation of pyrolysis products dates back to ancient times with the ancient
Egyptians using the pyrolysis of wood to produce tars for use in embalming

(Demirbas 2001). Pyrolysis can produce high volumes of fuel relative to the



biomass feed and the process can be modified to favour the production of bio-oil,
syngas or solid char (Miao et al. 2004). Bio-oil is perhaps a more attractive end
product than char or syngas as it has a higher energy density and is easily

transport and stored (Jena and Das 2011).
Methods of pyrolysis

Pyrolysis processes can be classified by temperature and reduced processing time.
While there are no formal definitions, slow pyrolysis is characterised by long
residence times (> 5 s for volatiles, and from minutes to days for solids) at low
reactor temperatures (< 400 °C) with very low rates of heating (0.01 - 2 °C s™*) and
of product quenching (Peacocke and Joseph ND). Fast pyrolysis is characterised
by short gas / vapour residence times (< 2 s), high reactor temperatures (> 450 °C)
and high heating rates (>1000 °C s*) with rapid product quenching (< 0.04 s);
while intermediate pyrolysis lies between these values (Peacocke and Joseph ND).
Slow pyrolysis results in higher yields of char rather than the liquid or gaseous
products (Ghasemi et al. 2012; Brennan and Owende 2010). Fast pyrolysis is
considered a more effective process than slow pyrolysis (Ghasemi et al. 2012),
with the capability of achieving greater liquid product and gas yields of around
70- 80 %, compared to 15 - 65 % for slow pyrolysis (Brennan and Owende 2010;
Varfolomeev and Wasserman 2011). The properties of bio-oil from fast pyrolysis
have also been reported to be more suitable for refining to liquid fuels (Miao et al.
2004). Fast or flash pyrolysis also covers a range of newer technologies with
temperatures above 500 °C and residence times of a few seconds or less
(McKendry 2002; Ghasemi et al. 2012). These are considered as having future
potential for the commercial production of biofuel from biomass (Brennan and
Owende 2010).

Pyrolysis of microalgae

The pyrolysis of dry Chlorella has been found to give higher yields and better
quality bio-oil (higher calorific value) than from macroalgae or moss. (Demirbas
2010). The optimum pyrolysis reaction range for Chlorella, in terms of the

proportion of biomass converted, was found to be close to the conditions used in



flash pyrolysis (Bhola et al. 2011). The maximum bio-oil yield from pyrolysis of
dry Chlorella was found to be between 50.8 - 57.9 % of the weight of the original
dry biomass (Ozkurt 2009) and (Miao et al. 2004; Miao and Wu 2004; Ozkurt
2009; Demirbas 2010).The Higher Heating Values (HHV) of Chlorella and the
microalgal bio-oil were 23.6 MJ kg™ and 39.7 MJ kg™ respectively (Demirbas
2010). The conversion of 50.8 % w/w of biomass to bio-oil thus gives an energy
yield of 85 % of the initial energy in the microalgal biomass. The lipid content of
microalgae is believed to influence the pyrolysis only energy balance (i.e. not
including the biomass cultivation, harvesting or preparation stages) with higher
lipid content microalgae having an improved energy balance and producing bio-
oil that requires less refining (Bhola et al. 2011).

It is suggested that the energy required to produce bio-oil by pyrolysis from
microalgae would be similar to the narrow range 200 - 400 kJ kg™ reported in the
published literature for a ‘diverse’ range of dry biomass feedstocks (Maddi et al.
2011). The energy input for pyrolysis has been quoted as 1.3 - 2.7 % of the
calorific value of the microalgae, but no estimate of the energy to dry the
microalgae, which can be very significant, was given(Maddi et al. 2011). The
major challenge for pyrolysis of microalgal biomass is that it requires dry
biomass. When drying of microalgal biomass was included pyrolysis used more
energy than was produced as usable solid, liquid and gaseous fuels (Jena and Das
2011). The Energy Consumption Ratio for the production of bio-oil from
microalgae, a ratio of the energy input for thermochemical treatment to the energy
in the bio-oil, was found to be 0.44 to 0.63 for hydrothermal liquefaction and 0.92
to 1.24 pyrolysis due to the requirement for the moisture to be evaporated prior to
pyrolysis (Vardon et al. 2012); again indicating that pyrolysis can use as much, or
more, energy than is generated as biofuels.

Although pyrolysis is carried out at atmospheric pressure and is a well-established
and ‘simpler’ process than hydrothermal liquefaction (Babich et al. 2011), the
ability of other processes such as hydrothermal liquefaction to use wet biomass
would appear to give them an advantage over conventional pyrolysis. As with
direct combustion the need to dry the microalgae prior to pyrolysis may preclude

it as an energetically and economically viable method of producing bioenergy.



Techniques such as microwave or microwave-assisted pyrolysis may provide a
solution capable of dealing with high moisture content biomass. A new
experimental microwave assisted method of pyrolysis has been laboratory tested
on Chlorella yielding up to 22 % bio-oil (Du et al. 2011) ; but further
development of these approaches is required before they can be regarded as
suitable for full-scale application (Lam and Chase 2012).

Refining of pyrolysis bio-oils

The bio-oils from pyrolysis are normally highly oxygenated complex mixtures of
organic compounds resulting in a mixture than can be polar, viscous, corrosive,
unstable and unsuitable for use in conventional fuel engines unless refined (Peng
et al. 2000). Bio-oil from microalgae pyrolysis has been reported to have a lower
oxygen content and viscosity and higher heating value than bio-oil from wood or
other terrestrial plant material (Miao et al. 2004; Miao and Wu 2004; Du et al.
2011), and could be more suitable for refining into liquid fuels. However bio-oil
from both macroalgae and microalgae may contain nitrogen compounds that bring
additional fuel refining costs (Maddi et al. 2011). It is highly probable that bio-oil
from microalgae will need to be refined requiring additional energy input prior to
the production of a readily useable fuel. The optimum process for energy return
from pyrolysis alone may therefore differ from that which produces the best
energy return after refining. The use of a catalyst (sodium carbonate) during
pyrolysis has been suggested to upgrade the bio-oil products, reducing or
eliminating the need for further refining; and was found to improve the bio-oil
quality by reducing acidity and oxygenation, from the pyrolysis of Chlorella
without a reduction in yield (Babich et al. 2011).

Gasification

Gasification is the conversion of organic matter by partial oxidation at high
temperature (800 -1000 °C) mainly into a combustible gas mixture (syngas) with
small quantities of char and bio-crude, typically 10 % and 5 % respectively
(Demirbas 2001; McKendry 2002; Saidur et al. 2011; Bain 2004) . The syngas has
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a calorific value of 4-6 MJ m™, around half that of natural gas (McKendry 2002),
and is a mixture of hydrogen (30-40 %), carbon monoxide (20-30 %) methane
(10-15 %), ethylene (1 %), nitrogen and water vapour (Demirbas 2001; Saidur et
al. 2011). The gas can be burnt to produce heat or converted to electricity in
combined gas turbine systems (Demirbas 2001; McKendry 2002), or can be used
to produce methanol and hydrogen as a fuel for transport and other uses
(McKendry 2002; Saidur et al. 2011).

Conventional biomass gasification processes require dry feedstock (Guan et al.
2012a), but supercritical water gasification (SCWG) is an alternative gasification
technology for the conversion of high moisture biomass and it is suggested that in
well-engineered systems it can be net energy positive (Guan et al. 2012b).
Chakinala et al. (2010) found that higher temperatures, low microalgal
concentrations, and longer residence times improved the efficiency of SCWG of
Chlorella vulgaris. The enthalpy change needed to take ambient liquid water to a
low-density supercritical state (400 °C and 250 bar) is similar to that required to
vaporise liquid water at ambient temperature, but the advantage of the SCWG
process is that much of the energy invested in reaching a supercritical state can be
captured and used again, with the hot effluent from the gasification reactor being

used to preheat the wet biomass feed stream (Guan et al. 2012a).

Gasification of microalgae

Conventional gasification of microalgae has been found to yield syngas
containing hydrogen (5- 56 %), carbon monoxide (9-52 %) and methane (2-25 %),
together with a smaller quantities (0.1- 20 %) of bio-char, bio-crude and ash

(Suali and Sarbatly 2012). Increasing the gasification temperature and using a
catalyst, such as nickel or potassium carbonate increases the yield of hydrogen,
and reduces tar production in the bio-crude. SCWG in the presence of a catalyst
can considerably increase the proportion of methane in the syngas with 60-70 %
of the heating value from the microalgal biomass being recovered as methane
(Murphy et al. 2013; Suali and Sarbatly 2012).



Experimental laboratory studies of the steam gasification of dry Chlorella and
moss found yields of syngas were higher for the microalgae than for both moss
and macroalgal biomass, with maximum syngas yields of 40.6 % of the weight of
the original biomass and a hydrogen gas content of up to 48.7 % by volume
(Demirbas 2010). The syngas yield increased with increasing temperature from
302-652 °C, in agreement with a recent model of the kinetics of SCWG that
indicated that higher temperatures favour production of intermediates which are
more easily gasified together with the production of gas at the expense of char
(Guan et al. 2012Db).

Gasification of Spirulina to a methane-rich syngas using supercritical water and
ruthenium catalysts has been predicted to yield up to 60-70 % of the heating value
contained in the microalgal biomass (Stucki et al. 2009). Experimental studies on
SCWG at 550 °C of Nannochloropsis found energy conversion of biomass to
syngas of up to 60 % (Guan et al. 2012a). A theoretical study of the production of
methanol from Spirulina, using the maximum theoretical yield of 0.64 g methanol
g™ dry microalgal biomass, gave a ratio of produced energy to required energy of
1.1, with the gasification and methanol synthesis process using some 25 % of the
total process energy (Hirano et al. 1998). As the energy content of methanol at 23
MJ kg is similar to that of microalgae this would equate to an energy conversion
of 60-70 %. Although the energy balance is slightly positive, the evaluation
assumes the maximum theoretical yield and that wet microalgal biomass with

79 % moisture content can be successfully treated using gasification. Using a
novel method of catalytic gasification of wet Chlorella biomass (87 % water), at
lower temperature (350 °C) and higher pressure (18 MPa) than conventional
gasification, up to 70% of maximum theoretical syngas was produced (Minowa
and Sawayama 1999). The study also attempted a brief energy evaluation
comparing gasification to direct combustion of microalgae. Although the energy
evaluation showed gasification to be superior to direct combustion the
assumptions made included: the maximum theoretical yield of syngas, recycling
of nutrient only in gasification and a halving of the calorific value of microalgal
biomass for combustion, but no similar allowance for combustion of the syngas.
The energy for gasification was given as 5.95 MJ kg™ of dry cells, or

approximately 28 % of total energy in the original biomass. It has been suggested
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that for every 4.5 J of energy in the syngas gas, 1.0 J of unrecovered heat energy
Is required for SCWG (Guan et al. 2012a), equivalent to an energy input of 22 %

of the syngas or 21 % of the calorific value of the original microalgal biomass.

A recent review concluded that there is little data available on the gasification of
microalgae and in particular on the energy balance and the need for drying of
microalgae prior to gasification (Brennan and Owende 2010). If gasification of
microalgae can be achieved with wet biomass it would possibly become more

economic and energetically attractive.

The economics and energy balance of gasification could also potentially be
improved by recycling of nutrients in the microalgal biomass for the growth of
new microalgae. It has been found that nitrogen recovered from the aqueous phase
after gasification can be used as part of a medium to successfully grow microalgae
(Minowa et al. 1995).

Combustible gas can also be produced from wet microalgal biomass by anaerobic
digestion at much lower temperatures than gasification. Both gasification and
anaerobic digestion have been suggested as promising methods for exploiting
bioenergy from biomass in India (Singh and Gu 2010). Anaerobic digestion of
microalgal residues, however, has been shown to have a higher net energy return
and much lower GHG emissions than gasification (Delrue et al. 2012). Although
gasification is generally a more rapid process than anaerobic digestion it would
appear than the energy input needed to achieve the temperatures required will
make it uncompetitive with anaerobic digestion in terms of energy ratio, unless a
much higher yield of combustible gas can be achieved than that from anaerobic

digestion.

Liguefaction and hydrothermal upgrading

Liquefaction is a low temperature high pressure process where biomass is
converted into a stable liquid hydrocarbon fuel (bio-oil) in the presence of a
catalyst and hydrogen (McKendry 2002; Demirbas 2001). In hydrothermal
upgrading the biomass is converted to partially oxygenated hydrocarbons at high
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pressure in the presence of a catalyst in a wet environment (McKendry 2002;
Demirbas 2001). In practice the terms liquefaction, hydroliquefaction and
hydrothermal liquefaction are used for processes where wet biomass is converted
to bio-oil by temperature and pressure in the presence of a catalyst, with and
without the presence of gaseous hydrogen. Reviews of thermal treatments of
biofuel have concluded that commercial interest in liquefaction is low due to the
more complex feed systems and higher costs than pyrolysis and gasification
(McKendry 2002; Demirbas 2001); but hydrothermal upgrading has the advantage
of the conversion taking place in an aqueous environment and drying of biomass
after harvesting may not be required prior to liquefaction and hydrothermal
upgrading (Minowa et al. 1995; Sawayama et al. 1999; Brown et al. 2010). The
ability of hydrothermal treatments to handle wet biomass make them some of the
most interesting methods of producing biofuel from microalgae (Torri et al.
2012). Dunaliella with a moisture content of over 78 % has been treated by
hydrothermal upgrading (termed liquefaction by the authors) at a laboratory scale
(20 g of wet microalgae) yielding 37 % oil, based on the dry organic weight of the
microalgal biomass (Minowa et al. 1995); but hydrothermal liquation of biomass
with a moisture content above 90 % is believed to have an unfavourable energy
balance (Vardon et al. 2012).

Hydrothermal carbonisation is a process in which biomass is heated in water
under pressure to create char rather than liquid products. In an experimental study
of various microalgae a char with an energy content similar to bituminous coal
and containing 55 % of the carbon from the original biomass was produced by
hydrothermal carbonisation (Heilmann et al. 2010). The hydrothermal
carbonisation process requires a 10 % solids concentration and thus drying of
microalgal biomass may not be required prior to conversion. The hydrothermal
carbonisation process can produce char with a calorific value of 12.01 MJ from
1kg of dry microalgal biomass, but to heat a system contain 1kg of dry microalgal
biomass and 9 kg of water from ambient to 203 °C will require, 7.31 MJ. With
insulation and temperature control, however, no significant additional energy was
needed to maintain reaction temperature for 2 hours (Heilmann et al. 2010). It is
suggested that hydrothermal carbonisation gives a better return on energy

investment than direct combustion as, the microalgae do not need to be dried after
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harvesting; and heat recovery of the type employed in any industrial process
would result in additional improvements to the energy balance. Lack of
production of char is generally considered to be an advantage of hydrothermal
treatment as bio-oil is a more useful product than both char and syngas (Jena and
Das 2011), and the application of hydrothermal carbonisation for biofuel
production may therefore be more limited than hydrothermal liquefaction.

Although biomass liquefaction has been extensively researched, microalgae have
seldom been studied despite the fact that they should decompose and hydrolyse
more easily than lignin containing biomass (Yang et al. 2011a). The yield of bio-
oil from the liquefaction of Dunaliella has been reported to be as much as 87 % of
the weight of original microalgal organic matter (Yang et al. 2011a), although this
appears unrealistically high: the calculated energy is over 140 % of that in the
original biomass and there appears to be ~ 24 % more carbon in bio-oil than in the
original biomass. This may be due to a simple error in assessment methods and
calculations, or may be due to a reaction between the microalgal biomass and the
large quantity of ethanol (9 times the weight of wet biomass) used in the
liquefaction. The maximum bio-oil yield from the liquefaction of Microcystis has
been reported as 33 % of the weight of the organic matter and 40 % of the energy
in the microalgal biomass. (Yang et al. 2004). Bio-oil yield from the liquefaction
of wet Nannochloropsis (79 % moisture content) has been found to be a
maximum of 43 % of the biomass dry weight with recovery of 80 % the carbon
and 90 % of the energy in the Nannochloropsis organic material (Brown et al.
2010). Bio-oil yields from hydrothermal liquefaction, as a percentage of the mass
of original dry microalgal biomass, have been reported as: up to 41 % for
Spirulina (Jena and Das 2011), between 24 - 45 % for Scenedesmus (Vardon et al.
2012) and up to 49 % for Desmodesmus or 75 % recovery of the energy in the
microalgal biomass as bio-oil (Alba et al. 2012). The cell wall of Desmodesmus

has been found to be resistant to hydrothermal liquefaction (Alba et al. 2012).

The energy needed to heat the wet microalgal biomass to operating temperature
for liquefaction has been estimated at between 65-85 % of the total energy
available in the bio-oil produced (Minowa et al. 1995). A more recent estimate

reported the energy required for hydrothermal liquefaction of microalgal biomass
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with a moisture content of 80 % as between 44-63 % of the bio-oil energy
produced (Vardon et al. 2012). Although the liquefaction of microalgal biomass
can be a net energy producer and the bio-oil has a high calorific value and can be
readily refined into a variety of liquid fuels, it would appear that a complete
process for the production of microalgal biofuel from liquefaction using existing
microalgal growth and harvesting techniques may use more energy than is

produced.

The ability of liquefaction to use wet biomass and to convert the vast majority of
the chemical energy into readily refined liquid fuels may make it worthy of
further study, but the heat energy required for the process is the major challenge.
The enthalpy of compressed water at 200 °C and 15.55 bar, the least energetic
conditions found in the literature (Brown et al. 2010), is 852 kJ kg™ (Mayhew and
Rogers 1972), equivalent to an increase of around 768 kJ kg™ from water at 20 °C
and atmospheric pressure. As outlined in a review of harvesting (Milledge and
Heaven 2013) a moisture content of 75 % appears to be the minimum achievable
by current techniques without drying. A kilogram of microalgal slurry with 75 %
moisture content contains 0.25 kg of dry microalgal biomass: if this biomass had a
20 % lipid content its calorific value would be approximately 1.5 kWh (Milledge
2010b). The enthalpy change from atmospheric temperature and pressure to the
minimum requirements for microalgal liquefaction (200 °C and 15.55 bar) would
be approximately 0.16 kWh or under 11 % of the calorific value of the microalgal
slurry. The enthalpy change of the dry microalgal biomass is not known, but if it
is assumed to be similar to that of water the total energy required to increase the
enthalpy of the entire slurry would still be below 15 % of the calorific value of the
microalgal biomass. It may therefore be possible considerably to reduce the
energy requirements of liquefaction making it potentially viable as a system for

net energy production.

The hydrothermal liquefaction of microalgae can produce bio-oil of similar or
higher calorific value to that from pyrolysis, but the chemical composition is
different and hydrothermal liquefied oil can have higher viscosity and a greater
percentage of higher boiling point compounds (Vardon et al. 2012; Jena and Das

2011). As with bio-oil from pyrolysis, bio-oil from hydrothermal liquefaction will
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probably need further refining to produce a commercially useable biofuel. The
lower quantity of low boiling point compounds in hydrothermal bio-oil will make

it less desirable for light fuel applications (\Vardon et al. 2012).

The recycling of nutrients particularly nitrogen and phosphorus, could reduce the
net energy inputs for microalgal biofuel production, and the nitrogen and
phosphorus dissolved in the aqueous phase from hydrothermal liquefaction is
believed to be capable of reuse as a growth medium for microalgae (Alba et al.
2012)

Liquefaction and hydrothermal upgrading can handle wet biomass eliminating the
need for drying after harvesting, but the process is more complex and has higher
costs than pyrolysis and gasification. Large amounts of energy are required to heat
and compress the wet biomass, and processes such as anaerobic digestion that can
operate at lower temperatures will have a lower energy input and potentially

higher return on energy investment.
Bio-hydrogen production

Hydrogen is considered a particularly attractive replacement for fossil fuel as its
combustion produces water vapour rather than greenhouse gases. Fuel cells and
other technologies to exploit hydrogen are commercially available, and vehicles
using hydrogen as fuel are already in operation, for example Honda’s FCX.
Although, hydrogen is believed to be beginning to move from a “fuel of the future
to an energy carrier of the present” (Benemann 2000), the major challenge

remains producing renewable hydrogen at an affordable and competitive cost.

The production of hydrogen by cyanobacteria has been known since the late 19"
century (Benemann 2000). Gaffon is generally credited with the first scientific
study of bio-hydrogen from microalgae in research on Scenedesmus in the late
1930s and early 1940s (Benemann 2000; Varfolomeev and Wasserman 2011;
Kruse et al. 2005). Species of Chlamydomonas, Chlorella and Scenedesmus have
now been reported as able to produce bio-hydrogen (Levin et al. 2004; Rashid et

al. 2013; Healey 1970), as have several species of cyanobacteria, of which the
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most studied is Anabaena variabilis (Levin et al. 2004). A variety of metabolic
pathways for the production of bio-hydrogen have been studied (Ljunggren 2011;
Kruse and Hankamer 2010; McKinlay and Harwood 2010) with hydrogenase, the
enzyme mainly responsible for hydrogen production, being widely found in both
prokaryotic organisms and eukaryotic plants and with all five major taxonomic
groups of cyanobacteria containing hydrogenase genes (Kruse and Hankamer
2010). Detailed discussion of the metabolic pathways for hydrogen production is
beyond the scope of this paper, but further details can be found e.qg. in papers by
Benemann (2000), McKinlay and Harwood (2010), Rashid et al. (2013) and
Srirangan et al. (2011).

Considerable research on bio-hydrogen has been carried out since the 1970s, and
over US$ 100 million had been spent on research up to 2000, but with “little
progress toward the goal of a practical and commercial process” (Benemann
2000). Research has continued since 2000, but yields of energy from bio-
hydrogen production systems have been low at 0.3-1.3 % of the total light energy
arriving at the surface of the reactor, while 5 % is required for an economically
viable system (Kruse and Hankamer 2010). It has been suggested, however, that
the maximum practical efficiency of conversion of solar energy is 1 %, with
cyanobacteria only able to achieve this conversion rate for a short period in a pure
argon atmosphere, and outdoor systems achieving an average of only 0.05%
(Sorensen 2012). The considerable challenges of oxygen inhibition and scale-up
also still need to be overcome (McKinlay and Harwood 2010; Varfolomeev and
Wasserman 2011; Kruse and Hankamer 2010). Substantial research effort appears
to be being directed at the genetic modification of microalgae (McKinlay and
Harwood 2010; Gressel 2008; Varfolomeev and Wasserman 2011), but although
this may overcome the challenges of yield and oxygen inhibition it may produce

fresh issues of containment and public acceptability.

A major advantage of bio-hydrogen production is that hydrogen does not
accumulate in the culture (Ghasemi et al. 2012) and harvesting and energy
extraction costs could thus be reduced; but despite extensive research

commercially viable production appears to be some way off.
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Microalgal fuel cells

In microbial fuel cells (MFCs) electrical current is generated from oxidation-
reduction reactions that occur within living microorganisms with the oxidation of
an organic compound at the anode generating electrons that produce an electric
current (Powell et al. 2011; De Schamphelaire and Verstraete 2009). Microalgae
have been used as a source of organic material for bacterial oxidation at the anode.
With marine plankton as a substrate 80 % of organic carbon was removed in a
MFC (De Schamphelaire and Verstraete 2009). Using Chlorella as a substrate
around 60 % of the chemical oxygen demand was removed, but conversion of
chemical energy to electrical energy was low at between 10 - 25 % (Velasquez-
Orta et al. 2009). The electrical yield from MFCs has been quoted at 2.5 kWh kg™
of dry Chlorella biomass (Velasquez-Orta et al. 2009), but this appears to be over
stated by a factor of 10 due to the use of an incorrect conversion factor of 2.77
kWh MJ™? rather than 0.277 kWh MJ™ (Perry and Chilton 1973). When the data
presented are corrected, however, the energy produced from dry microalgal
biomass by a fuel cell is approximately a quarter of that achieved by either direct
combustion or anaerobic digestion. The maximum power generation of MFCs
oxidising biomass is currently only up to 1 W m™ (Howe 2012; Thorne et al.
2011) and could only produce power equivalent to 3.8 tonnes of oil (toe) ha™
considerable below that anticipated from growth of microalgae for the production
of biodiesel (Howe 2012).

A recent development in MFCs is a photo-microbial fuel cell or bio-photovoltaic
fuel cell where photosynthetic microalgae growing at the anode generate the
electrons, thereby removing the need for an organic substrate (Thorne et al. 2011;
Howe 2012). Bio-photovoltaic fuel cells currently have very low efficiency,
however, and energy production is between 1 and 1.5 orders of magnitude lower
than in MFCs oxidising biomass (Howe 2012).

Photosynthetic microalgae can also act as electron acceptors at the cathode
(Powell et al. 2011). A power density 0.95 mW m™ was achieved in a coupled
MFC, with Chlorella growing at the cathode and yeast growing heterotrophically
on glucose as an electron donor (Powell et al. 2011): this is considerably below
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the best output of MFCs. In a unique design combining anaerobic digestion and a
coupled MFC, bacteria growing on the waste from the anaerobic digestion of
microalgae biomass act as the electron donor, with microalgae, grown as the
biomass for anaerobic digestion, acting as the electron acceptor, but power output

was low at an average of 12 mW m™ (De Schamphelaire and Verstraete 2009).

The energy output of MFCs can be low and is currently many times lower when
live microalgae are used either as an electron donor or acceptor. It is clear that
there is a need for a considerable improvement in microalgal fuel cell efficiencies
before they can be considered as a commercial option for exploiting microalgae
for biofuel. There will also be significant problems in the scale-up of MFCs, in
particular those requiring the growth of photosynthetically active microalgae
(Rosenbaum et al. 2010). Microalgal fuels cells, if they have a future in the
production of microalgal biofuels, may be limited to exploiting additional energy
production opportunities generated by their use in conjunction with other methods
of microalgal biofuel production, principally anaerobic digestion and fermentation
where microalgal fuel cells may have the capability of giving incremental energy

output gains.

Bioethanol production

First generation bioethanol, such as that produced from corn in the USA and
sugar-cane ethanol in Brazil, is now widely used (Yang et al. 2011b) and there is
considerable interest in producing second generation bioethanol from cellulosic
biomass (Balat et al. 2008). Bioethanol can be readily used in current technology,
with 86 % of cars sold in Brazil in 2008 capable of using ethanol or a mixture of
ethanol and fossil fuel petroleum (Walker 2010). Bioethanol accounted for more
than 94 % of global biofuel production in 2008, with the majority coming from
sugar-cane (Balat et al. 2008). Bioethanol has been suggested as having better
development potential than conventional biodiesel (Lee 2011). Bioethanol does
have disadvantages, however, which include: “lower energy density than gasoline,
corrosiveness, low flame luminosity, lower vapour pressure (making cold starts
difficult), miscibility with water, and toxicity to ecosystems” (Balat et al. 2008).
The energy balance of corn ethanol is probably marginal (Beal 2011) and it has
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been suggested that “at present, bioethanol produced from sugar-cane in Brazil is
the only credible example of a biofuel that exhibits a significant net energy gain”
(Walker 2010). Ethanol from sugar-cane has a reported energy return on energy
investment (EROI) of between 1.25 - 8 and corn ethanol between 1 - 1.34 (Beal
2011; Clarens et al. 2011; Mulder and Hagens 2008; Hall and Klitgaard 2012;
Twidell and Weir 2006). The growth of crops such as sugar-cane and corn for the
production of sugar for bioethanol will be considerably constrained, as these

compete directly with food production.

In grain crops about half of the above-ground biomass (straw) is ‘wasted’.
Worldwide 2 billion tonnes of cereal straw are produced annually (Gressel 2008)
and there is now considerable interest in exploiting straw and other lignocellulosic
materials for ethanol production (Balat et al. 2008). In sugar and ethanol
production from sugar-cane considerable quantities of bagasse are produced
which can be burnt to produce heat to distil bioethanol, but there are concerns
about the environmental effects of this and it may be more beneficial to convert
bagasse to bioethanol (Gressel 2008). The total potential worldwide bioethanol
production from crop residues and wasted crops has been estimated at 491 billion
litres year™, about 16 times higher than the current world bioethanol production
(Balat et al. 2008). Cellulosic ethanol was expected to play a large role in meeting
the goals of the US Energy Independence and Security Act of 2007 for renewable
biofuels (Ferrell and Sarisky-Reed 2010); but despite extensive research and the
availability of low cost lignocellulosic biomass there is, as yet, no large-scale
commercial production of fuel bioethanol from lignocellulosic materials (Balat et
al. 2008). One of the problems encountered with production of bioethanol from
straw is that biodegradation of hemicelluloses and cellulose by cellulases can be
inhibited by lignin, found in many terrestrial sources of second generation biofuel
biomass (Gressel 2008). Microalgae do not normally contain lignin and therefore
may hold out a prospect of the cellulosic components being more readily

converted to sugars by cellulases.

Microalgal bioethanol

19



Microalgae can contain significant quantities of carbohydrates and proteins that
can be converted to bioethanol via fermentation (Harun et al. 2010) with e.g.
Chlorella containing up to 50 % wi/w of starch under favourable growth
conditions (Doucha and Livansky 2009). Other microalgae are also known to
contain up to 50 % w/w of carbohydrates that can be fermented to bioethanol
(Singh and Olsen 2011). The yield of ethanol from the fermentation of microalgal
biomass has been found to be up to 38 % of the dry microalgal biomass (Harun et
al. 2010). An advantage of fermentation of microalgae may be that wet biomass
could be used, but a recent study found that the sugar released from fermentation
of dried biomass was 55 % higher than that from wet microalgal biomass
(Miranda et al. 2012). If the microalgal biomass needs to be dried prior to
conversation to fermentable sugars for bioethanol production it is likely that

bioethanol production will not be energy efficient or economic.

Ethanol yield has been found to be improved by the removal of lipids from
microalgae prior to fermentation (Harun et al. 2010), raising the prospect of

bioethanol production being combined with biodiesel production.

In addition to simple carbohydrates and sugars within the cell, more complex
carbohydrate associated with the cell wall will need to be broken down into
fermentable sugar if the entire microalgal biomass is to be exploited for
bioethanol (Harun et al. 2011b). Most microalgal species have cell walls based on
cellulose (Harun and Danquah 2011); however there is considerable diversity in
microalgal structural polysaccharides. Many algae lack cellulose and have other
polymers that provide structure to the cell, while some lack cell walls entirely
(Ferrell and Sarisky-Reed 2010; Tarchevsky and Marchenko 1991).

Cell wall disruption is considered essential to release the carbohydrates and sugars
to maximise bioethanol yields. A sugar extraction efficiency of 96 % has been
achieved by acid hydrolysis of dried Scenedesmus biomass (Miranda et al. 2012).
Ultrasonic cell disruption followed by enzymatic saccharification released 64 %,
of the dry biomass of Chlorococcum, as glucose that could be fermented to
ethanol (Harun and Danquah 2011). Enzyme pre-treatment of Chlamydomonas,

in the form of liquefaction by amylase followed by enzymatic saccharification,
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yielded 23.5 % w/w ethanol after fermentation (Choi et al. 2010). The alkaline
pre-treatment of cells to release fermentable sugars increased the ethanol
production from Chlorococcum biomass containing 33 % carbohydrate, with a

maximum yield of 26 % wi/w of the dry biomass (Harun et al. 2011b).

Some microalgae contain cellulases and it may be possible to recover these and
other industrial enzymes from the microalgal biomass (Ferrell and Sarisky-Reed
2010). A possible process could be to use extracted microalgal enzymes to
produce fermentable sugars from microalgal biomass for bioethanol production,
but although elegant this is probably currently uneconomic and will require

considerably more research.

Like yeast, some microalgae such as Chlorella and Chlamydomonas are capable
of producing ethanol and other alcohols through heterotrophic fermentation
(Ferrell and Sarisky-Reed 2010) , but microalgae are probably of more interest as
feedstock rather than as biological means of converting biomass to ethanol as

yeast fermentation is an established and extensively researched process.

Continuous fermentation of glucose can produce an ethanol yield of 51 % w/w
(McGhee et al. 1982) with an energy conversion of 98 % (glucose HHV 15.6 kJ g
! and ethanol HHV 29.8 kJ g%). Reported yields of ethanol from disrupted
microalgal cells range from 23.5-38 % w/w with the higher figure giving a
maximum energy yield of 57 % assuming a HHV of 5.5 kWh kg™ for low lipid
content microalgae (Milledge 2010b). The challenge of producing bioethanol
from microalgae, as with lignocellulosic biomass, will be to convert the entire
organic microalgal biomass to fermentable sugars economically and energy
efficiently. There appears to be considerably less research on the production of
bioethanol than biodiesel, but bioethanol has been suggested as one of three top
targets for future microalgal biofuel production (Gouveia 2011). The fermentation
of microalgae has the potential advantage of exploiting the entire biomass, if an
economic method of producing fermentable sugars from complex organic material
is found. However there are large quantities of complex waste organic matter from
agriculture that could potentially provide a lower cost feedstock for fermentation

than purpose grown microalgae.
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Biodiesel and trans-esterification

“Biodiesel is a fuel that is obtained from a manufacturing process that converts
plant oils or animal fats together with alcohol into a fuel that can be used in an
internal combustion engine” (Office of Gas and Electricity Markets 2009). In
chemical terms it is the alkyl esters of fatty acids which are produced by trans-
esterification of triglycerides of fatty acids using an alcohol, normally methanol or
ethanol (Knothe et al. 2005).

The high lipid content of some microalgae has led much of the published research
work to be focused on the production of biodiesel from microalgal lipids via
trans-esterification. The long running and much quoted study by the NREL
(Sheehan et al. 1998) focused almost entirely on biodiesel production with
relatively little discussion of alternative methods of exploiting the energy within

the microalgal biomass.

There are a number of challenges for the production of microalgal biodiesel:
a. In conventional commercial trans-esterification processes the biomass
needs to be dry (Hidalgo et al. 2013)
b. The cell wall may require disruption to release the lipid which is
energetically demanding (de Boer et al. 2012).
C. Lipid needs to be extracted from microalgal biomass by solvents and other
methods (Rawat et al. 2013).

Drying of the biomass prior to oil extraction can use considerable energy and can
be the main energy input in the production of biodiesel (de Boer et al. 2012). Wet
solvent extraction of lipid from microalgae biomass which eliminates the need for
drying and potentially reducing energy input may be possible, but has yet to be
proven at industrial scale (de Boer et al. 2012; Lardon et al. 2009; Sills et al.
2012); but for microalgal biofuels to yield net gains in energy lipid extraction
methods for wet biomass must be developed (Sills et al. 2012; Delrue et al. 2012).
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Intact cell walls hamper lipid recovery and the most effective methods of recovery
are from disrupted microalgal cells (Greenwell et al. 2010). Mechanical pressing
is the industry standard for oil recovery from oilseeds for both food and biofuel
production, but it is ineffective for microalgae (de Boer et al. 2012). A number of
cell disruption techniques have been applied to microalgae, but mechanical
disruption is generally considered preferable to chemical disruption as it avoids
chemical contamination and preserves the functionality of the cell contents (Chisti
and Moo Young 1986). The breaking of cell walls can require large amounts of
energy, and can be achieved by ultrasound, milling, autoclaving or
homogenisation (Mata et al. 2010). Homogenisation can be very efficient, with
between 77- 96 % of microalgal cells ruptured per pass (GEA Process
Engineering 2011), but to homogenise 10 | of microalgal suspension with algal
cell concentrations between 100 - 200 g I requires 1.5-2.0 kWh (Greenwell et al.
2010) or 0.75- 2 kWh kg™ of microalgal cells disrupted. It has been suggested that
cell disruption and subsequent oil extraction represent the largest energy input in
the production of microalgal biodiesel (Razon and Tan 2011). If cell disruption
processes could be combined with microalgal harvesting then a considerable
reduction could be made in operational energy requirements (Milledge and
Heaven 2011).

The high energy demands from microalgal biomass drying, cell disruption and
lipids extraction have led to interest in in-situ or direct trans-esterification, where
the biomass is directly in contact with the alcohol and catalyst (Hidalgo et al.
2013; Velasquez-Orta et al. 2012), thus reducing the number of unit operations,
simplifying the process and potentially reducing energy inputs (Velasquez-Orta et
al. 2012; Rawat et al. 2013). Direct trans-esterification of oilseeds using an
alkaline catalyst has a high tolerance for water (Velasquez-Orta et al. 2012), but
increasing the biomass water content decreases trans-esterification efficiency
(Hidalgo et al. 2013). The amount of methanol required for biodiesel production
by in-situ trans-esterification is ‘extremely high’ and will need to be reduced for
the process to become economic (Velasquez-Orta et al. 2012). In-situ trans-
esterification also faces energetic hurdles, due to the large volumes of water,
solvents or reactant that need to be evaporated from the biomass, and these must

be overcome if it is to be energetically viable (de Boer et al. 2012).
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Although the lipid content of microalgae can be high this is not the case for all
species; and generally the production of lipids, as energy storage compounds,
occurs under nutrient stress where the growth rate is reduced. The NREL and
others (lliman et al. 2000; Bhola et al. 2011) have shown considerable reductions
in microalgal yield under nutrient stress condition that promote high lipid content.
Despite the higher lipid content , the actual lipid yield can be lower under nutrient
stress than in nutrient replete conditions due to a much lower growth rate
(Sheehan et al. 1998; Liu et al. 2013). Unfortunately not all microalgal lipids are
suitable for conversion to biodiesel by trans-esterification (Chisti 2007). The
presence of lipids other than triglyceride may require energy intensive pre-

treatment steps before the alkaline trans-esterification (de Boer et al. 2012).

A considerable number of Life Cycle Assessments (LCAS) have been carried out
on the production of biodiesel and it has been concluded that the process may be
marginal in terms of energy balance, global warming potential (GWP) and
economics. Only in the best case scenarios was microalgal biodiesel found to be
comparable to first generation biodiesel and microalgal biodiesel was not “really
competitive under current feasibility assumptions” (Lardon et al. 2009). A
reworking of the data from 6 LCAs, in what was termed a Meta-model of Algae
Bio-Energy Life cycles (MABEL), found that the energy return on energy
invested (EROI) ranged from one, no return on the energy invested to two, twice
the energy invested (Liu et al. 2011). A recent extensive review and

LCA using a Monte Carlo approach to estimate ranges of expected values found
that nearly half of all the LCA results had an EROI of less than one (Sills et al.
2012). The Sills (2012) study also showed that methane from anaerobic digestion
of defatted microalgae is required for net gains in energy and must be an integral
part of microalgal biodiesel production process to yield EROI values that are

greater than one.

The anaerobic digestion of microalgal biomass to produce biogas following lipid
removal for biodiesel production has been proposed as a means of reducing the
cost of biodiesel production by over 40 % through the use of biogas to power

parts of the microalgal biofuel process (Harun et al. 2011a). The partial extraction
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of energy from the microalgae in the form of biodiesel does not appear to be
energetically or commercially viable on its own and anaerobic digestion appears
vital to any efficient and economic process for producing biodiesel from
microalgae (Milledge 2010a; Stephenson et al. 2010; Zamalloa et al. 2011; Delrue
etal. 2012). One study has suggested that when the lipid content is below 40 %
the anaerobic digestion of the entire biomass without lipid extraction may be the
optimal strategy for energy recovery (Sialve et al. 2009). The Sialve et al. (2009)
study contains errors, however, and if lipid is digestible then energetically it is

always better to digest microalgae (Heaven et al. 2011).

Microalgal biodiesel production has been shown, in many studies, to produce
negative net energy output and where there is a positive output it depends on
technology that is not available at an industrial scale and/or the exploitation of the
defatted biomass to produce biogas from anaerobic digestion. Anaerobic digestion
of the entire microalgal biomass is thus more energy efficient as it utilises the
entire wet algal biomass and can exploit microalgae with a wide range of lipid
contents (Milledge 2010a; Heaven et al. 2011).

Anaerobic digestion

The advantages of producing biogas from the anaerobic digestion of microalgae
are; that wet biomass can be used and there is the potential to exploit the entire
organic biomass for energy production. Considerable research has been carried
out on the anaerobic digestion of a variety of organic materials and some of the
earliest studies on extracting bioenergy from microalgae examined anaerobic
digestion (Golueke et al. 1957). Relatively few studies have been carried on the
anaerobic digestion of freshwater microalgae, however, and almost none on
marine microalgae (Zamalloa et al. 2011; Gonzalez-Fernandez et al. 2012a).
Microalgae have been successfully digested to produce methane at a concentration
of 1 % dry weight, but higher concentrations are considered more practicable
(Oswald 1988). Anaerobic digestion may also allow the recycling of nutrients
back to the microalgal growth system (Singh and Olsen 2011), potentially

reducing costs and embodied energy inputs, but concerns have been expressed
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about pigmentation of microalgal digestate inhibiting light penetration if it is used
in growth ponds (Oswald 1988).

The theoretical yield of biogas, calculated from the chemical composition of
microalgae using the “Buswell equation” (Buswell and Mueller 1952; Symons
and Buswell 1933), can be high. The proportions of carbohydrates, proteins and
lipids affect the potential of microalgae as a substrate for anaerobic digestion
(Park and Li 2012) with lipid yielding higher volumes of biogas per gram of feed
material than both carbohydrate and protein (Weiland 2010; Heaven et al. 2011,
Zamalloa et al. 2011). Practical yields from the anaerobic digestion of microalgae
are considerably below the theoretical maximum. The destruction of organic
volatile solids from microalgae was found to be only 60-70 % of that found in raw
sewage (Golueke et al. 1957). Methane yields from the anaerobic production of
microalgae have been reported in the range of 0.09-0.34 1 g™* of volatile solids
(Zamalloa et al. 2011; Gonzalez-Fernandez et al. 2012a). There is considerable
conjecture about the reason for the relatively low practical methane yields
compared to the theoretical values. Is it; the cell wall protecting the contents of
the cells from digestion, the relatively high proportion of cell wall to contents, the

nature of the cell wall or cell contents?

The low methane production rates from anaerobic digestion have been attributed
to the resistance of the microalgal cell wall to digestion even after death
(Zamalloa et al. 2011). Microalgal cells walls typically make up 13-15 % of the
weight of the cell, but some species may contain up to 40 % (Tarchevsky and
Marchenko 1991). The largest variation in cell wall composition is found in
microalgae, as if “nature decided to conduct a vast experiment with algae to
select from the numerous polysaccharides the one that suits a cell wall best”
(Tarchevsky and Marchenko 1991). The degree of polymerisation of cellulose and
the diameter of cellulose fibres is higher in microalgae than bacteria and terrestrial
plants (Klemm et al. 2005). Could the nature of microalgal cellulose be a factor in
low biogas yields? Others have suggested glycoproteins in the cell wall may be a
factor in poor biogas yield from microalgae as these are highly resistant to
bacterial degradation (Afi et al. 1996; Gunnison and Alexander 1975). The cell

walls of microalgae have been shown in many cases not to be a simple micro-fibre
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cellulose structure, but a complex structure comprised of several distinct layers,

some of which form a highly ordered crystalline lattice (Roberts 1974).

The tough cell wall of some species of microalgae may also prevent the contents
being digested to produce biogas and the low conversion of microalgae to
methane has been attributed to the resistance of intact microalgal cells to bacterial
invasion and destruction (Golueke et al. 1957). Rupturing the cell wall by thermal,
chemical and mechanical methods prior to anaerobic digestion has been shown to
improve methane yields (Park et al. 2011). Thermal pre-treatment of Scenedesmus
biomass doubled its anaerobic biodegradability (Gonzalez-Fernandez et al.
2012b). However the energy required for breaking the cell wall will negatively
impact on the energy balance unless more energy is released as additional

methane than is used to fracture the cells.

The microorganisms involved in the production of methane by anaerobic
digestion are sensitive to the chemical composition of the feedstock in particular
the Carbon to Nitrogen ratio of the substrates (Chen et al. 2008) . The low
methane yield of microalgal biomass has been attributed to ammonia toxicity
derived from the high concentrations of protein found in many microalgae (Park
and Li 2012; Golueke and Oswald 1959; Samson and LeDuy 1983). The co-
digestion of organic nitrogen rich microalgae with low nitrogen/ high carbon
substrates, such as sewage sludge or glycerol, has been found to produce a
synergistic effect with methane yields higher than from either substrate (Samson
and LeDuy 1983; Gonzalez-Fernandez et al. 2012a). Methane yields double that
of microalgal biomass alone have been achieved by co-digestion with low
nitrogen wastes (Samson and LeDuy 1983; Bohutskyi and Bouwer 2013; Ward et
al. 2014).

One of the advantages of growing microalgae for biofuel is that many species can
be grown in salt water. Low salt concentrations can stimulate microbial growth,
but high concentrations (>10 gl™*) are known to inhibit anaerobic systems through
an increase of osmotic pressure or dehydration of methanogenic micro-organisms
(Hierholtzer and Akunna 2012; Lefebvre and Moletta 2006). The toxicity of salt is
predominantly determined by the sodium cation though other light metal ions,
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such as potassium, have also been found to be toxic to methanogens at high
concentrations (Chen et al. 2008). An optimal sodium concentration for
mesophilic methanogens in waste treatment processes of 230 mg Na I™* has been
suggested (Chen et al. 2003). Mesophilic methanogenic activity is halved at 14 Na
g I* (Chen et al. 2003; Ramakrishnan et al. 1998), the approximate concentration
of sodium found in sea water (El-Dessouky and Ettouney 2002). Anaerobic
digesters can be acclimatised to higher salt levels if they are continuously exposed
to gradually increasing salt concentration rather than salt shock (Lefebvre and
Moletta 2006). Adaptation of methanogens to high concentrations of sodium over
prolonged periods of time can allow the anaerobic digestion of high salt
concentration wet biomass with the sodium concentration to halve methanogenic
activity increasing to 37.4 g Na I after acclimation (Chen et al. 2003). It may

therefore be possible to produce biogas from microalgae grown in sea water.

A recent energy balance model for the production of microalgal biogas using
wastewater as a nutrient source and flue gas as a carbon source has found energy
returns on operational energy invested of more than 3 (Milledge 2013a; Milledge
2013b). An EROI of 3 has been suggested as the minimum that is viable to
‘support continued economic activity’ (Clarens et al. 2011; Hall et al. 2009).
Although the model showed that microalgal biogas may be energetically viable
the ratio of electrical to heat energy of the microalgal biogas production was very
different to that generated from the parasitic combustion of the microalgal biogas
in a Combined Heat and Power unit CHP with more electrical than heat energy
required. It was concluded that in order for the microalgal biogas to be energy
efficient a local source for exploitation of the excess heat generated needs to be
found (Milledge 2013a; Milledge 2013b). Finding local uses for excess heat is one
of the major operational problems in the current exploitation of CHP, and not just
for microalgal fuel production. The study also concluded that for microalgal
biogas to be energetically viable requires (Milledge 2013a; Milledge 2013b):

a. Favourable climatic conditions. The production of microalgal biofuel in

UK would be energetically challenging at best.
b. Achievement of ‘reasonable yields’ equivalent to ~ 3 % photosynthetic

efficiency (25 g m? day™)

28



c. Low or no cost and embodied energy sources of CO, and nutrients from
flue gas and waste water

d. Mesophilic rather thermophilic digestion

e. Adequate conversion of the organic carbon to biogas > 60 %

f. A low dose and embodied energy organic flocculant that is readily
digested or microalgal communities that settle readily

g. Additional concentration after flocculation or sedimentation

h. Minimisation of pumping of dilute microalgal suspension

ter Veld (2012) also found a net energy return greater than 3 (3.2) for microalgal
biogas with cogenerated heat utilisation, but concluded that maize-based biogas

outperforms a prospective microalgae system in terms of net energy return.

Microalgal biomass has shown its potential for the production of various biofuels,
although it is clear that there are significant technological hurdles to be overcome
before microalgal biofuel is energetically and commercially viable. It is probably
too early, at the current stage of biofuel development, definitively to select which
method or combinations of methods for exploiting energy from microalgae will be
commercial exploited. However anaerobic digestion is relatively simple, has the
potential to exploit the entire organic carbon content of microalgae and can utilise
wet biomass. It is likely to play a leading role in combination with other methods

and could be the major method of biofuel production from microalgae.

Co-production and biorefineries

Current commercially viable exploitation of microalgal products is limited to
products other than fuel, and the immediate future for the commercialisation of
microalgae may be with non-fuel products (Milledge 2011; Bahadar and Bilal
Khan 2013; Schlarb-Ridley 2011). However the lessons learned from non-fuel
products, together with their potential for co-production with fuel, may lead to the
more rapid commercial realisation of microalgal biofuel. Microalgal co-products
“have potential to provide a ‘bridge’ while the economics of algal biofuels

improve” (Hannon et al. 2010).
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The cultivation of microalgae simply for biofuels may not currently be profitable
and the microalgal industry must take advantage of markets for additional high-
value products such as ‘nutraceuticals’, pigments and vitamins (Milledge 2010a;
Milledge 2012; Hannon et al. 2010). Co-production of microalgal bioenergy with
high-value products is currently more economically viable than the production of
microalgal biofuel alone (Jonker and Faaij 2013; Subhadra and Grinson 2011). A
recent economic model of the production of microalgal biofuel found that oil for
biofuel production could represent a relatively small portion of microalgae related

revenue opportunities (Brown 2009).

The term ‘biorefinery’ has been used in the literature since the 1980s, and refers to
the co-production of a spectrum of high value bio-based products (food, feed,
nutraceuticals, pharmaceutical and chemicals) and energy (fuels, power, heat)
from biomass (Wageningen University 2011; Taylor 2008; Olguin 2012;
Gonzalez-Delgado and Kafarov 2011). The biorefinery concept is an ‘emerging
research field” (Rawat et al. 2013) and in December 2009 the US Department of
Energy announced a US$100 million grant for three organisations to research
algal biorefineries (Singh and Ahluwalia 2013).

Biorefineries could allow the exploitation of the entire microalgal biomass.
Dunaliella salina is grown for the production of B-carotene (Milledge 2011; Ben-
Amotz et al. 2009) and is also a source of glycerol for potential use as biofuel and
a green chemical feedstock. A recent study has concluded, however, that the
production of glycerol for use as biofuel would currently be uneconomic without
high value co-products (Harvey et al. 2012). The growth of Dunaliella could
provide the biomass for a biorefinery. Laboratory studies suggest that Dunaliella
tertiolecta could also potentially be used as a source; of high value lipids;
extracellular polysaccharide, for polymer production; and glucose for bioethanol
production (Geun Goo et al. 2013). This type of biorefinery, which produces a
variety of products from a single biomass source, may be termed a vertical
biorefinery (Milledge 2013b). Although biorefineries could improve the
economics of biofuel production (Pires et al. 2012) they are likely to be energy
intensive (Rawat et al. 2013; Olguin 2012), and will involve increased energy

inputs, process complexity and possibly reduced energy outputs. A biorefinery
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plant should operate sustainably with its energy met by biofuels produced
(Cherubini 2010). Despite increasing interest, however, it has yet to be established
whether microalgal biorefineries can produce more energy than is required by the

processes within them.

Although high value microalgal products may allow the commercialisation of
microalgae in the short term, the immense potential scale of microalgal fuel
production could result in the creation of such large quantities of microalgal non-

fuel materials that the market price is dramatically reduced.

Afi L, Metzger P, Largeau C, Connan J, Berkaloff C, Rousseau B (1996) Bacterial
degradation of green microalgae: Incubation of Chlorella emersonii and
Chlorella vulgaris with Pseudomonas oleovorans and Flavobacterium
aquatile. Organic Geochemistry 25 (1-2):117-130. doi:10.1016/s0146-
6380(96)00113-1

Alba LG, Torri C, Samori C, van der Spek J, Fabbri D, Kersten SRA, Brilman
DWF (2012) Hydrothermal Treatment of Microalgae: Evaluation of the
Process As Conversion Method in an Algae Biorefinery Concept. Energy
& Fuels 26 (1):642-657. doi:10.1021/ef201415s

Babich IV, van der Hulst M, Lefferts L, Moulijn JA, O'Connor P, Seshan K
(2011) Catalytic pyrolysis of microalgae to high-quality liquid bio-fuels.
Biomass Bioenerg 35 (7):3199-3207. doi:10.1016/j.biombioe.2011.04.043

Bahadar A, Bilal Khan M (2013) Progress in energy from microalgae: A review.
Renewable and Sustainable Energy Reviews 27 (0):128-148.
doi:http://dx.doi.org/10.1016/j.rser.2013.06.029

Bain R (2004) An Introduction to Biomass Thermochemical Conversion. Paper
presented at the DOE/NASLUGC Biomass and Solar Energy Workshops,
Golden, Colorado,

Balat M, Balat H, Oz C (2008) Progress in bioethanol processing. Prog Energy
Combust Sci 34 (5):551-573. doi:10.1016/j.pecs.2007.11.001

Batan L, Quinn J, Willson B, Bradley T (2010) Net Energy and Greenhouse Gas
Emission Evaluation of Biodiesel Derived from Microalgae. Environ Sci
Technol 44 (20):7975-7980. doi:10.1021/es102052y

Beal CM (2011) Algal Biofuels: Energy and Water. Paper presented at the WEG
Symposium, Austin Texas 21-22/01/ 2011

Belosevic S (2010) Modeling Approaches to Predict Biomass Co-firing with
Pulverized Coal. The Open Thermodynamics Journal 4:50-70

Ben-Amotz A, Polle JEW, Subba Rao DV (2009) The alga Dunaliella:
biodiversity, physiology, genomics and biotechnology. Science Publishers,
Enfleld NJ

Benemann JR (2000) Hydrogen production by microalgae. J Appl Phycol 12
(3):291-300. do0i:10.1023/a:1008175112704

Bhola V, Desikan R, Santosh SK, Subburamu K, Sanniyasi E, Bux F (2011)
Effects of parameters affecting biomass yield and thermal behaviour of

31


http://dx.doi.org/10.1016/j.rser.2013.06.029

Chlorella vulgaris. J Biosci Bioeng 111 (3):377-382.
d0i:10.1016/j.jbiosc.2010.11.006

Bjorkman E, Stromberg B (1997) Release of Chlorine from Biomass at Pyrolysis
and Gasification Conditions. Energy & Fuels 11 (5):1026-1032

Bohutskyi P, Bouwer E (2013) Biogas Production from Algae and Cyanobacteria
Through Anaerobic Digestion: A Review, Analysis, and Research Needs.
In: Lee JW (ed) Advanced Biofuels and Bioproducts. Springer New York,
pp 873-975. doi:10.1007/978-1-4614-3348-4_36

Brennan L, Owende P (2010) Biofuels from microalgae--A review of
technologies for production, processing, and extractions of biofuels and
co-products. Renewable and Sustainable Energy Reviews 14 (2):557-577.
doi:DOI: 10.1016/j.rser.2009.10.009

Brentner LB, Eckelman MJ, Zimmerman JB (2011) Combinatorial Life Cycle
Assessment to Inform Process Design of Industrial Production of Algal
Biodiesel. Environ Sci Technol 45 (16):7060-7067.
d0i:10.1021/es2006995

Brown MR, Jeffrey SW (1995) The amino acid and gross composition of marine
diatoms potentially useful for mariculture. J Appl Phycol 7 (6):521-527.
doi:10.1007/bf00003938

Brown P (2009) Algal Biofuels Research, Development, and Commercialization
Priorities: A Commercial Economics Perspective. ep Overviews
Publishing, Inc.
http://www.epoverviews.com/oca/Algae%20Biofuel%20Development%20
Priorities%20.pdf. Accessed 11/12/2008

Brown TM, Duan P, Savage PE (2010) Hydrothermal Ligquefaction and
Gasification of Nannochloropsis sp. Energy & Fuels 24 (6):3639-3646.
doi:10.1021/ef100203u

Buswell AM, Mueller HF (1952) Mechanism of Methane Fermentation. Industrial
& Engineering Chemistry 44 (3):550-552. doi:10.1021/ie50507a033

Chakinala AG, Brilman DWF, van Swaaij WPM, Kersten SRA (2010) Catalytic
and Non-catalytic Supercritical Water Gasification of Microalgae and
Glycerol. Industrial & Engineering Chemistry Research 49 (3):1113-1122.
do0i:10.1021/ie9008293

Chen WH, Han SK, Sung S (2003) Sodium inhibition of thermophilic
methanogens. J Environ Eng-ASCE 129 (6):506-512.
doi:10.1061/(asce)0733-9372(2003)129:6(506)

Chen Y, Cheng JJ, Creamer KS (2008) Inhibition of anaerobic digestion process:
A review. Bioresource Technology 99 (10):4044-4064.
doi:10.1016/j.biortech.2007.01.057

Cherubini F (2010) The biorefinery concept: Using biomass instead of oil for
producing energy and chemicals. Energy Conv Manag 51 (7):1412-1421.
doi:http://dx.doi.org/10.1016/j.enconman.2010.01.015

Chisti Y (2007) Biodiesel from microalgae. Biotechnol Adv 25:294 -306

Chisti Y, Moo Young M (1986) Disruption of microbial-cells for intracellular
products. Enzyme and Microbial Technology 8 (4):194-204

Choi SP, Nguyen MT, Sim SJ (2010) Enzymatic pretreatment of Chlamydomonas
reinhardtii biomass for ethanol production. Bioresource Technology 101
(14):5330-5336. doi:10.1016/j.biortech.2010.02.026

Chowdhury R, Viamajala S, Gerlach R (2012) Reduction of environmental and
energy footprint of microalgal biodiesel production through material and

32


http://www.epoverviews.com/oca/Algae%20Biofuel%20Development%20Priorities%20.pdf
http://www.epoverviews.com/oca/Algae%20Biofuel%20Development%20Priorities%20.pdf
http://dx.doi.org/10.1016/j.enconman.2010.01.015

energy integration. Bioresource Technology 108:102-111.
doi:10.1016/j.biortech.2011.12.099

Clarens AF, Nassau H, Resurreccion EP, White MA, Colosi LM (2011)
Environmental Impacts of Algae-Derived Biodiesel and Bioelectricity for
Transportation. Environ Sci Technol:null-null. doi:10.1021/es200760n

de Boer K, Moheimani N, Borowitzka M, Bahri P (2012) Extraction and
conversion pathways for microalgae to biodiesel: a review focused on
energy consumption. J Appl Phycol 24 (6):1681-1698
doi:10.1007/s10811-012-9835-z

De Schamphelaire L, Verstraete W (2009) Revival of the Biological Sunlight-to-
Biogas Energy Conversion System. Biotechnology and Bioengineering
103 (2):296-304. doi:10.1002/bit.22257

Delrue F, Seiter PA, Sahut C, Cournac L, Roubaud A, Peltier G, Froment AK
(2012) An economic, sustainability, and energetic model of biodiesel
production from microalgae. Bioresource Technology 111:191-200.
doi:10.1016/j.biortech.2012.02.020

Demirbas A (2001) Biomass resource facilities and biomass conversion
processing for fuels and chemicals. Energy Conv Manag 42 (11):1357-
1378. doi:10.1016/50196-8904(00)00137-0

Demirbas A (2010) Hydrogen from Mosses and Algae via Pyrolysis and Steam
Gasification. Energy Sources Part A-Recovery Util Environ Eff 32
(2):172-179. d0i:10.1080/15567030802464388

Doucha J, Livansky K (2009) Outdoor open thin-layer microalgal
photobioreactor: potential productivity. J Appl Phycol 21 (1):111-117.
doi:10.1007/s10811-008-9336-2

Du ZY, Li YC, Wang XQ, Wan YQ, Chen Q, Wang CG, Lin XY, Liu YH, Chen
P, Ruan R (2011) Microwave-assisted pyrolysis of microalgae for biofuel
production. Bioresource Technology 102 (7):4890-4896.
doi:10.1016/j.biortech.2011.01.055

El-Dessouky HT, Ettouney HM (2002) Fundamentals of Salt Water Desalination
Elsevier,

Ferrell J, Sarisky-Reed V (2010) National Algal Biofuels Technology Roadmap.
A technology roadmap resulting from the National Algal Biofuels
Workshop U.S. Department of Energy, Office of Energy Efficiency and
Renewable Energy, Biomass Program. available online @
http://www1.eere.energy.gov/biomass/pdfs/algal_biofuels_roadmap.pdf,
Washington

Frank ED, Palou-Rivera I, Elgowainy A, Wang M (2011) Introduction to algal
fuel LCA in GREET 1_2011. Paper presented at the GREET Workshop,
Argonne, IL,

GEA Process Engineering (2011) Algal cell disruption.
http://www.niroinc.com/gea_liquid_processing/algae_cells_disruption.asp.
Accessed 20/09/2011

Geun Goo B, Baek G, Jin Choi D, Il Park Y, Synytsya A, Bleha R, Ho Seong D,
Lee C-G, Kweon Park J (2013) Characterization of a renewable
extracellular polysaccharide from defatted microalgae Dunaliella
tertiolecta. Bioresource technology 129:343-350.
doi:10.1016/j.biortech.2012.11.077

Ghasemi Y, Rasoul-Amini S, Naseri AT, Montazeri-Najafabady N, Mobasher
MA, Dabbagh F (2012) Microalgae biofuel potentials (Review). Appl
Biochem Microbiol 48 (2):126-144. doi:10.1134/s0003683812020068

33


http://www1.eere.energy.gov/biomass/pdfs/algal_biofuels_roadmap.pdf
http://www.niroinc.com/gea_liquid_processing/algae_cells_disruption.asp

Golueke CG, Oswald WJ (1959) Biological conversion of light energy to the
chemical energy of methane. Appl Microbiol 7 ((4)):219-227

Golueke CG, Oswald WJ, Gotaas HB (1957) Anaerobic digestion of algae. Appl
Microbiol 5 ((1)):47-55

Gonzalez-Delgado AD, Kafarov V (2011) Microalgae based biorefinery: issues to
consider. CT F Cienc Tecnol Futuro 4 (4):5-21

Gonzalez-Fernandez C, Sialve B, Bernet N, Steyer JP (2012a) Impact of
microalgae characteristics on their conversion to biofuel. Part 11: Focus on
biomethane production. Biofuels Bioprod Biorefining 6 (2):205-218.
d0i:10.1002/bbb.337

Gonzalez-Fernandez C, Sialve B, Bernet N, Steyer JP (2012b) Thermal
pretreatment to improve methane production of Scenedesmus biomass.
Biomass Bioenerg 40:105-111. doi:10.1016/j.biombioe.2012.02.008

Gouveia L (2011) Microalgae as a feedstock for biofuels. Springer, Heidelberg

Greenwell HC, Laurens LML, Shields RJ, Lovitt RW, Flynn KJ (2010) Placing
microalgae on the biofuels priority list: a review of the technological
challenges. Journal of the Royal Society Interface 7 (46):703-726.
doi:10.1098/rsif.2009.0322

Gressel J (2008) Transgenics are imperative for biofuel crops. Plant Science 174
(3):246-263. doi:10.1016/j.plantsci.2007.11.009

Guan QQ, Savage PE, Wei CH (2012a) Gasification of alga Nannochloropsis sp
in supercritical water. J Supercrit Fluids 61:139-145.
doi:10.1016/j.supflu.2011.09.007

Guan QQ, Wei CH, Savage PE (2012b) Kinetic model for supercritical water
gasification of algae. Phys Chem Chem Phys 14 (9):3140-3147.
doi:10.1039/c2cp23792j

Gunnison D, Alexander M (1975) Resistance and susceptibility of algae to
decomposition by natural microbial communities. Limnology and
Oceanography 20 (1):64-70

Hall C, Balogh S, Murphy D (2009) What is the Minimum EROI that a
Sustainable Society Must Have? Energies 2 (1):25-47

Hall CAS, Klitgaard KA (2012) Energy and the Wealth of Nations:
Understanding the Biophysical Economy

Hannon M, Gimpel J, Tran M, Rasala B, Mayfield S (2010) Biofuels from algae:
challenges and potential. Biofuels 1 (5):763-784

Harun R, Danquah MK (2011) Enzymatic hydrolysis of microalgal biomass for
bioethanol production. Chemical Engineering Journal 168 (3):1079-1084.
doi:10.1016/j.cej.2011.01.088

Harun R, Danquah MK, Forde GM (2010) Microalgal biomass as a fermentation
feedstock for bioethanol production. Journal of Chemical Technology &
Biotechnology 85 (2):199-203

Harun R, Davidson M, Doyle M, Gopiraj R, Danquah M, Forde G (2011a)
Technoeconomic analysis of an integrated microalgae photobioreactor,
biodiesel and biogas production facility. Biomass Bioenerg 35 (1):741-
747. doi:10.1016/j.biombioe.2010.10.007

Harun R, Jason WSY, Cherrington T, Danquah MK (2011b) Exploring alkaline
pre-treatment of microalgal biomass for bioethanol production. Appl
Energy 88 (10):3464-3467. doi:10.1016/j.apenergy.2010.10.048

Harvey PJ, Psycha M, Kokossis A, Abubakar AL, Trivedi V, Swamy R, Cowan
AK, Schroeder D, Highfield A, Reinhardt G, Gartner S, McNeil J, Day P,
Brocken M, Varrie J, Ben-Amotz A (2012) Glycerol Production by

34



Halophytic Microalgae: Strategy for Producing Industrial Quantities in
Saline Water. Paper presented at the 20th European Biomass Conference
and Exhibition,

Healey FP (1970) Hydrogen evolution by several algae. Planta 91 (3):220-&.
doi:10.1007/bf00385481

Heaven S, Milledge J, Zhang Y (2011) Comments on 'Anaerobic digestion of
microalgae as a necessary step to make microalgal biodiesel sustainable'.
Biotechnol Adv 29 (1): 164-167. doi:DOI:
10.1016/j.biotechadv.2010.10.005

Heilmann SM, Davis HT, Jader LR, Lefebvre PA, Sadowsky MJ, Schendel FJ,
von Keitz MG, Valentas KJ (2010) Hydrothermal carbonization of
microalgae. Biomass Bioenerg 34 (6):875-882.
doi:10.1016/j.biombioe.2010.01.032

Hidalgo P, Toro C, Ciudad G, Navia R (2013) Advances in direct
transesterification of microalgal biomass for biodiesel production. Rev
Environ Sci Biotechnol:1-21. doi:10.1007/s11157-013-9308-0

Hierholtzer A, Akunna JC (2012) Modelling sodium inhibition on the anaerobic
digestion process. Water Sci Technol 66 (7):1565-1573.
doi:10.2166/wst.2012.345

Hirano A, Hon-Nami K, Kunito S, Hada M, Ogushi Y (1998) Temperature effect
on continuous gasification of microalgal biomass: theoretical yield of
methanol production and its energy balance. Catalysis Today 45 (1-4):399-
404. doi:Doi: 10.1016/s0920-5861(98)00275-2

Howe C (2012) Direct Electricity Generation from Microalgae using
biophotovoltaics. Paper presented at the Algal biotechnology; biofuels and
beyond, UCL, London,

Illman AM, Scragg AH, Shales SW (2000) Increase in Chlorella strains calorific
values when grown in low nitrogen medium. Enzyme and Microbial
Technology 27 (8):631-635

Jena U, Das KC (2011) Comparative Evaluation of Thermochemical Liquefaction
and Pyrolysis for Bio-Oil Production from Microalgae. Energy & Fuels 25
(11):5472-5482. do0i:10.1021/ef201373m

Jonker JGG, Faaij APC (2013) Techno-economic assessment of micro-algae as
feedstock for renewable bio-energy production. Appl Energy 102 (0):461-
475. doi:http://dx.doi.org/10.1016/j.apenergy.2012.07.053

Jorquera O, Kiperstok A, Sales EA, Embirucu M, Ghirardi ML (2010)
Comparative energy life-cycle analyses of microalgal biomass production
in open ponds and photobioreactors. Bioresource Technology 101
(4):1406-1413. doi:10.1016/j.biortech.2009.09.038

Kadam KL (2002) Environmental implications of power generation via coal-
microalgae cofiring. Energy 27 (10):905-922. doi:Doi: 10.1016/s0360-
5442(02)00025-7

Khoo HH, Sharratt PN, Das P, Balasubramanian RK, Naraharisetti PK, Shaik S
(2011) Life cycle energy and CO2 analysis of microalgae-to-biodiesel:
Preliminary results and comparisons. Bioresource Technology 102
(10):5800-5807. doi:10.1016/j.biortech.2011.02.055

Klemm D, Heublein B, Fink H-P, Bohn A (2005) Cellulose: Fascinating
Biopolymer and Sustainable Raw Material. ChemInform 44 (22):3358-
3393. doi:10.1002/chin.200536238

Knothe G, Van Gerpen J, Krahl J (eds) (2005) The Biodiesel Handbook. AOCS,
Champaign, Illinois

35


http://dx.doi.org/10.1016/j.apenergy.2012.07.053

Kruse O, Hankamer B (2010) Microalgal hydrogen production. Current Opinion
in Biotechnology 21 (3):238-243. doi:DOI: 10.1016/j.copbio.2010.03.012

Kruse O, Rupprecht J, Mussgnug JR, Dismukes GC, Hankamer B (2005)
Photosynthesis: a blueprint for solar energy capture and biohydrogen
production technologies. Photochemical & Photobiological Sciences 4
(12):957-970. doi:10.1039/b506923h

Lam SS, Chase HA (2012) A Review on Waste to Energy Processes Using
Microwave Pyrolysis. Energies 5 (10):4209-4232. doi:10.3390/en5104209

Lardon L, Helias A, Sialve B, Stayer JP, Bernard O (2009) Life-Cycle
Assessment of Biodiesel Production from Microalgae. Environ Sci
Technol 43 (17):6475-6481. doi:10.1021/es900705j

Lee DH (2011) Algal biodiesel economy and competition among bio-fuels.
Bioresource Technology 102 (1):43-49. doi:DOI:
10.1016/j.biortech.2010.06.034

Lefebvre O, Moletta R (2006) Treatment of organic pollution in industrial saline
wastewater: A literature review. Water Res 40 (20):3671-3682.
doi:10.1016/j.watres.2006.08.027

Levin DB, Pitt L, Love M (2004) Biohydrogen production: prospects and
limitations to practical application. International Journal of Hydrogen
Energy 29 (2):173-185. doi:10.1016/s0360-3199(03)00094-6

Liu J, Mukherjee J, Hawkes JJ, Wilkinson SJ (2013) Optimization of lipid
production for algal biodiesel in nitrogen stressed cells of Dunaliella salina
using FTIR analysis. Journal of Chemical Technology &
Biotechnology:n/a-n/a. doi:10.1002/jctb.4027

Liu X, Clarens AF, Colosi LM (2011) Meta-model of Algae Bio Energy Life
Cycles (MABEL). Paper presented at the LCA XI Conference, Chicago,
06/10/2011

Ljunggren M (2011) Biological Production of Hydrogen and Methane. Process
Evaluation and Design through Modeling.. Lund University,

Maddi B, Viamajala S, Varanasi S (2011) Comparative study of pyrolysis of algal
biomass from natural lake blooms with lignocellulosic biomass.
Bioresource Technology 102 (23):11018-11026.
doi:10.1016/j.biortech.2011.09.055

Mata TM, Martins AA, Caetano NS (2010) Microalgae for biodiesel production
and other applications: A review. Renew Sust Energ Rev 14 (1):217-232.
doi:10.1016/j.rser.2009.07.020

Mayhew YR, Rogers GFC (1972) Thermodynamic and Transport Properties of
Fluids. Blackwell, Oxford

McGhee JE, Stjulian G, Detroy RW (1982) Continuous and static fermentation of
glucose to ethanol by immobilized saccharomyces-cerevisiae cells of
different ages. Appl Environ Microbiol 44 (1):19-22

McKendry P (2002) Energy production from biomass (part 2): conversion
technologies. Bioresource Technology 83 (1):47-54. doi:Doi:
10.1016/s0960-8524(01)00119-5

McKinlay JB, Harwood CS (2010) Photobiological production of hydrogen gas as
a biofuel. Current Opinion in Biotechnology 21 (3):244-251. doi:DOI:
10.1016/j.copbio.2010.02.012

Miao XL, Wu QY (2004) High yield bio-oil production from fast pyrolysis by
metabolic controlling of Chlorella protothecoides. J Biotechnol 110
(1):85-93. doi:10.1016/j.biotec.2004.01.013

36



Miao XL, Wu QY, Yang CY (2004) Fast pyrolysis of microalgae to produce
renewable fuels. J Anal Appl Pyrolysis 71 (2):855-863.
doi:10.1016/j.jaap.2003.11.004

Miles TR, Miles Jr TR, Baxter LL, Bryers RW, Jenkins BM, Oden LL (1996)
Boiler deposits from firing biomass fuels. Biomass and Bioenergy 10
(2):125-138

Milledge JJ (2010a) The challenge of algal fuel : economic processing of the
entire algal biomass. Condensed Matter -Materials Engineering Newsletter
1 (6):4-6

Milledge JJ (2010b) The potential yield of microalgal oil. Biofuels International 4
(2):44 45

Milledge JJ (2011) Commercial application of microalgae other than as biofuels: a
brief review. Reviews in Environmental Science and Biotechnology 10
(1):31-41. doi:10.1007/s11157-010-9214-7

Milledge JJ (2012) Microalgae — commercial potential for fuel, food and feed.
Food Science & Technology 26 (1):26-28

Milledge JJ (2013a) Energy Balance and Techno-economic Assessment of Algal
Biofuel Production Systems. PhD, University of Southampton,

Milledge JJ (2013b) Micro-algal biorefineries. Paper presented at the Towards
Establishing Value Chains for Bioenergy, Swakopmund, Namibia, 29 &
30 April

Milledge JJ, Heaven S (2011) Disc Stack Centrifugation Separation and Cell
Disruption of Microalgae: A Technical Note. Environment and Natural
Resources Research 1 (1):17-24. doi:10.5539/enrr.v1inlpl?

Milledge JJ, Heaven S (2013) A review of the harvesting of micro-algae for
biofuel production. Reviews in Environmental Science and Biotechnology
12 (2):165-178. doi:10.1007/s11157-012-9301-z

Minowa T, Sawayama S (1999) A novel microalgal system for energy production
with nitrogen cycling. Fuel 78 (10):1213-1215. doi:10.1016/s0016-
2361(99)00047-2

Minowa T, Yokoyama S, Kishimoto M, Okakura T (1995) Oil production from
algal cells of dunaliella-tertiolecta by direct thermochemical liquefaction.
Fuel 74 (12):1735-1738. doi:10.1016/0016-2361(95)80001-x

Miranda JR, Passarinho PC, Gouveia L (2012) Pre-treatment optimization of
Scenedesmus obliquus microalga for bioethanol production. Bioresource
Technology 104:342-348. doi:10.1016/j.biortech.2011.10.059

Misra MK, Ragland KW, Baker AJ (1993) Wood ash composition as a function of
furnace temperature. Biomass Bioenerg 4 (2):103-116. doi:10.1016/0961-
9534(93)90032-y

Moheimani N, Borowitzka M (2006) The long-term culture of the
coccolithophore & leurochrysis carterae (Haptophyta) in outdoor raceway
ponds. J Appl Phycol 18 (6):703-712. doi:10.1007/s10811-006-9075-1

Moheimani NR (2005) The culture of Coccolithophorid Algae for carbon dioxide
bioremediation. Murdoch University,

Mulder K, Hagens NJ (2008) Energy return on investment: Toward a consistent
framework. Ambio 37 (2):74-79. doi:10.1579/0044-
7447(2008)37[74:eroita]2.0.co;2

Murphy F, Devlin G, Deverell R, McDonnell K (2013) Biofuel Production in
Ireland—An Approach to 2020 Targets with a Focus on Algal Biomass.
Energies 6 (12):6391-6412

37



Office of Gas and Electricity Markets (2009) Biodiesel, glycerol and the
Renewables Obligation. Decision Document.

Olguin EJ (2012) Dual purpose microalgae-bacteria-based systems that treat
wastewater and produce biodiesel and chemical products within a
Biorefinery. Biotechnol Adv 30 (5):1031-1046.
doi:10.1016/j.biotechadv.2012.05.001

Oswald WJ (1988) Large-scale algal culture systems (engineering aspects). In:
Borowitzka MA, Borowitzka LJ (eds) Micro-algal Biotechnology.
Cambridge University Press, Cambridge,

Ozkurt 1 (2009) Qualifying of safflower and algae for energy. Energy Educ Sci
Technol-Part A 23 (1-2):145-151

Park JBK, Craggs RJ, Shilton AN (2011) Wastewater treatment high rate algal
ponds for biofuel production. Bioresource Technology 102 (1, Sp. Iss.
S1):35-42. doi:10.1016/j.biortech.2010.06.158

Park S, Li YB (2012) Evaluation of methane production and macronutrient
degradation in the anaerobic co-digestion of algae biomass residue and
lipid waste. Bioresource Technology 111:42-48.
doi:10.1016/j.biortech.2012.01.160

Peacocke C, Joseph S (ND) Notes on Terminology and Technology in Thermal
Conversion. International Biochar Initiative. http://www.biochar-
international.org/publications/IBI#Pyrolysis_guidelines. . Accessed 15/04
2014

Peng WM, Wu QY, Tu PG (2000) Effects of temperature and holding time on
production of renewable fuels from pyrolysis of Chlorella protothecoides.
J Appl Phycol 12 (2):147-152. doi:10.1023/a:1008115025002

Perry RH, Chilton CH (1973) Chemical Engineers' Handbook. Fifth edn. McGraw
Hill, Tokyo

Pires JCM, Alvim-Ferraz MCM, Martins FG, Simoes M (2012) Carbon dioxide
capture from flue gases using microalgae: Engineering aspects and
biorefinery concept. Renew Sust Energ Rev 16 (5):3043-3053.
doi:10.1016/j.rser.2012.02.055

Powell EE, Evitts RW, Hill GA, Bolster JC (2011) A Microbial Fuel Cell with a
Photosynthetic Microalgae Cathodic Half Cell Coupled to a Yeast Anodic
Half Cell. Energy Sources Part A-Recovery Util Environ Eff 33 (5):440-
448. doi:10.1080/15567030903096931

Ramakrishnan B, Kumaraswamy S, Mallick K, Adhya TK, Rao VR, Sethunathan
N (1998) Effect of various anionic species on net methane production in
flooded rice soils. World Journal of Microbiology and Biotechnology 14
(5):743-749. doi:10.1023/A:1008814925481

Rashid N, Rehman MSU, Memon S, Rahman ZU, Lee K, Han JI (2013) Current
status, barriers and developments in biohydrogen production by
microalgae. Renew Sust Energ Rev 22:571-579.
doi:10.1016/j.rser.2013.01.051

Rawat I, Ranjith Kumar R, Mutanda T, Bux F (2013) Biodiesel from microalgae:
A critical evaluation from laboratory to large scale production. Appl
Energy 103 (0):444-467.
doi:http://dx.doi.org/10.1016/j.apenergy.2012.10.004

Razon LF, Tan RR (2011) Net energy analysis of the production of biodiesel and
biogas from the microalgae: Haematococcus pluvialis and
Nannochloropsis. Appl Energy 88 (10):3507-3514.
doi:10.1016/j.apenergy.2010.12.052

38


http://www.biochar-international.org/publications/IBI#Pyrolysis_guidelines
http://www.biochar-international.org/publications/IBI#Pyrolysis_guidelines
http://dx.doi.org/10.1016/j.apenergy.2012.10.004

Roberts K (1974) Crystalline Glycoprotein Cell Walls of Algae: Their Structure,
Composition and Assembly. Philosophical Transactions of the Royal
Society of London Series B, Biological Sciences 268 (891):129-146

Rosenbaum M, He Z, Angenent LT (2010) Light energy to bioelectricity:
photosynthetic microbial fuel cells. Current Opinion in Biotechnology 21
(3):259-264. doi:DOI: 10.1016/j.copbio.2010.03.010

Saidur R, Abdelaziz EA, Demirbas A, Hossain MS, Mekhilef S (2011) A review
on biomass as a fuel for boilers. Renew Sust Energ Rev 15 (5):2262-2289.
doi:10.1016/j.rser.2011.02.015

Samson R, LeDuy A (1983) Improved performance of anaerobic digestion of
Spirulina maxima algal biomass by addition of carbon-rich wastes.
Biotechnology Letters 5 (10):677-682. doi:10.1007/bf01386361

Sander K, Murthy GS (2010) Life cycle analysis of algae biodiesel. International
Journal of Life Cycle Assessment 15 (7):704-714. doi:10.1007/s11367-
010-0194-1

Sawayama S, Minowa T, Yokoyama SY (1999) Possibility of renewable energy
production and CO2 mitigation by thermochemical liquefaction of
microalgae. Biomass and Bioenergy 17 (1):33-39. doi:Doi:
10.1016/s0961-9534(99)00019-7

Schlarb-Ridley B (2011) Algal Research in the UK. A Report for BBSRC.
BBSRC,

Service RF (2011) Algae's Second Try. Science 333:1238-1239

Sheehan J, Dunahay T, Benemann J, Roessler, P (1998) A Look Back at the US
Department of Energy's Aquatic Species Program - Biodiesel from Algae.
National Renewable Energy Laboratory NREL,

Shirvani T, Yan X, Inderwildi OR, Edwards PP, King DA (2011) Life cycle
energy and greenhouse gas analysis for algae-derived biodiesel. Energy &
Environmental Science 4 (10):3773-3778

Sialve B, Bernet N, Bernard O (2009) Anaerobic digestion of microalgae as a
necessary step to make microalgal biodiesel sustainable. Biotechnol Adv
27 (4):409-416. doi:10.1016/j.biotechadv.2009.03.001

Sills DL, Paramita V, Franke MJ, Johnson MC, Akabas TM, Greene CH, Tester
JW (2012) Quantitative Uncertainty Analysis of Life Cycle Assessment
for Algal Biofuel Production. Environ Sci Technol 47 (2):687-694.
doi:10.1021/es3029236

Singh A, Olsen SI (2011) A critical review of biochemical conversion,
sustainability and life cycle assessment of algal biofuels. Appl Energy 88
(10):3548-3555. doi:DOI: 10.1016/j.apenergy.2010.12.012

Singh J, Gu S (2010) Biomass conversion to energy in India-A critique. Renew
Sust Energ Rev 14 (5):1367-1378. d0i:10.1016/j.rser.2010.01.013

Singh U, Ahluwalia A (2013) Microalgae: a promising tool for carbon
sequestration. Mitigation and Adaptation Strategies for Global Change 18
(1):73-95. doi:10.1007/s11027-012-9393-3

Sippula O (2010) Fine particle formation and emissions in biomass combustion.
University of Eastern Finland,

Sorensen B (2012) Hydrogen and fuel cells emerging technologies and
applications. 2nd edn. Elsevier, Oxford

Srirangan K, Pyne ME, Chou CP (2011) Biochemical and genetic engineering
strategies to enhance hydrogen production in photosynthetic algae and
cyanobacteria. Bioresource Technology 102 (18):8589-8604.
doi:10.1016/j.biortech.2011.03.087

39



Stephenson AL, Kazamia E, Dennis JS, Howe CJ, Scott SA, Smith AG (2010)
Life-Cycle Assessment of Potential Algal Biodiesel Production in the
United Kingdom: A Comparison of Raceways and Air-Lift Tubular
Bioreactors. Energy & Fuels 24 (7):4062—-4077. doi:10.1021/ef1003123

Stucki S, Vogel F, Ludwig C, Haiduc AG, Brandenberger M (2009) Catalytic
gasification of algae in supercritical water for biofuel production and
carbon capture. Energy & Environmental Science 2 (5):535-541.
d0i:10.1039/b819874h

Suali E, Sarbatly R (2012) Conversion of microalgae to biofuel. Renew Sust
Energ Rev 16 (6):4316-4342. doi:10.1016/j.rser.2012.03.047

Subhadra B, Grinson G (2011) Algal biorefinery-based industry: an approach to
address fuel and food insecurity for a carbon-smart world. J Sci Food
Agric 91 (1):2-13. doi:10.1002/jsfa.4207

Symons GE, Buswell AM (1933) The Methane Fermentation of
Carbohydrates1,2. Journal of the American Chemical Society 55 (5):2028-
2036. doi:10.1021/ja01332a039

Tarchevsky 1A, Marchenko GN (1991) Cellulose: Biosynthesis and Structure.
Springer, Berlin

Taylor G (2008) Biofuels and the biorefinery concept. Energy Policy 36
(12):4406-4409. doi:10.1016/j.enpol.2008.09.069

ter Veld F (2012) Beyond the Fossil Fuel Era: On the Feasibility of Sustainable
Electricity Generation Using Biogas from Microalgae. Energy & Fuels 26
(6):3882-3890. d0i:10.1021/ef3004569

Thorne R, Hu HN, Schneider K, Bombelli P, Fisher A, Peter LM, Dent A,
Cameron PJ (2011) Porous ceramic anode materials for photo-microbial
fuel cells. J Mater Chem 21 (44):18055-18060. doi:10.1039/c1jm13058g

Tokusoglu O, Unal MK (2003) Biomass nutrient profiles of three microalgae:
Spirulina platensis, Chlorella vulgaris, and Isochrisis galbana. J Food Sci
68 (4):1144-1148. doi:10.1111/j.1365-2621.2003.tb09615.x

Torri C, Alba LG, Samori C, Fabbri D, Brilman DWF (2012) Hydrothermal
Treatment (HTT) of Microalgae: Detailed Molecular Characterization of
HTT Oil in View of HTT Mechanism Elucidation. Energy & Fuels 26
(1):658-671. doi:10.1021/ef201417e

Twidell J, Weir T (2006) Renewable Energy Sources. 2nd edn. Taylor & Francis,
London

Vardon DR, Sharma BK, Blazina GV, Rajagopalan K, Strathmann TJ (2012)
Thermochemical conversion of raw and defatted algal biomass via
hydrothermal liquefaction and slow pyrolysis. Bioresource Technology
109:178-187. doi:10.1016/j.biortech.2012.01.008

Varfolomeev SD, Wasserman LA (2011) Microalgae as Source of Biofuel, Food,
Fodder, and Medicines. Appl Biochem Microbiol 47 (9):789-807.
d0i:10.1134/s0003683811090079

Vasudevan V, Stratton RW, Pearlson MN, Jersey GR, Beyene AG, Weissman JC,
Rubino M, Hileman JI (2012) Environmental Performance of Algal
Biofuel Technology Options. Environ Sci Technol 46 (4):2451-2459.
doi:10.1021/es2026399

Velasquez-Orta SB, Curtis TP, Logan BE (2009) Energy From Algae Using
Microbial Fuel Cells. Biotechnology and Bioengineering 103 (6):1068-
1076. doi:10.1002/bit.22346

40



Velasquez-Orta SB, Lee JGM, Harvey A (2012) Alkaline in situ
transesterification of Chlorella vulgaris. Fuel 94 (0):544-550.
doi:10.1016/j.fuel.2011.11.045

Wageningen University (2011) Research on microalgae within Wageningen UR
http://www.algae.wur.nl/UK/technologies/biorefinery. Accessed 25/01
2013

Walker DA (2010) Biofuels - for better or worse? Annals of Applied Biology 156
(3):319-327. doi:10.1111/j.1744-7348.2010.00404.x

Ward AJ, Lewis DM, Green FB (2014) Anaerobic digestion of algae biomass: A
review. Algal Research in press.
doi:http://dx.doi.org/10.1016/j.algal.2014.02.001

Weiland P (2010) Biogas production: current state and perspectives. Applied
Microbiology and Biotechnology 85 (4):849-860. doi:10.1007/s00253-
009-2246-7

Yang C, Jia LS, Chen CP, Liu GF, Fang WP (2011a) Bio-oil from hydro-
liquefaction of Dunaliella sauna over Ni/REHY catalyst. Bioresource
Technology 102 (6):4580-4584. doi:10.1016/j.biortech.2010.12.111

Yang J, Xu M, Zhang XZ, Hu QA, Sommerfeld M, Chen YS (2011b) Life-cycle
analysis on biodiesel production from microalgae: Water footprint and
nutrients balance. Bioresource Technology 102 (1):159-165.
doi:10.1016/j.biortech.2010.07.017

Yang YF, Feng CP, Inamori Y, Maekawa T (2004) Analysis of energy conversion
characteristics in liquefaction of algae. Resources, Conservation and
Recycling 43 (1):21-33. d0i:10.1016/j.resconrec.2004.03.003

Zamalloa C, Vulsteke E, Albrecht J, Verstraete W (2011) The techno-economic
potential of renewable energy through the anaerobic digestion of
microalgae. Bioresource Technology 102 (2):1149-1158.
doi:10.1016/j.biortech.2010.09.017

41


http://www.algae.wur.nl/UK/technologies/biorefinery
http://dx.doi.org/10.1016/j.algal.2014.02.001

