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Received 23 April 2012 the ultimate alternative to depleting resources of petro-diesel due to its high cellular concentration of lip-
Received in revised form 2 September 2012 ids, resources and economic sustainability and overall potential advantages over other sources of biofu-
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Available online 9 November 2012 els. Pertinent questions however need to be answered on the commercial viability of large scale

production of biodiesel from microalgae. Vital steps need to be critically analysed at each stage. Isolation
of microalgae should be based on the question of whether marine or freshwater microalgae, cultures

Ié}ﬁggf: from collections or indigenous wild types are best suited for large scale production. Furthermore, the
Biorefinery determination of initial sampling points play a pivotal role in the determination of strain selection as well
Microalgae as strain viability. The screening process should identify, purify and select lipid producing strains. Are
Photobioreactor natural strains or stressed strains higher in lipid productivity? The synergistic interactions that occur nat-
Transesterification urally between algae and other microorganisms cannot be ignored. A lot of literature is available on the
downstream processing of microalgae but a few reports are available on the upstream processing of mic-
roalgae for biomass and lipid production for biodiesel production. We present in this review an empirical
and critical analysis on the potential of translating research findings from laboratory scale trials to full
scale application. The move from laboratory to large scale microalgal cultivation requires careful plan-
ning. It is imperative to do extensive pre-pilot demonstration trials and formulate a suitable trajectory
for possible data extrapolation for large scale experimental designs. The pros and cons of the two widely
used methods for growing microalgae by photobioreactors or open raceway ponds are discussed in detail.
In addition, current methods for biomass harvesting and lipid extraction are critically evaluated. This
would be novel approach to economical biodiesel production from microalgae in the near future. Glob-
ally, microalgae are largest biomass producers having higher neutral lipid content outcompeting terres-
trial plants for biofuel production. However, the viscosities of microalgal oils are usually higher than that

of petroleum diesel.
© 2012 Elsevier Ltd. All rights reserved.

Contents

B R U o T L Tt (o) o U PP 445
B O |V (el ' . TP 445
1.2.  Crops vs. microalgae as biodiesel feedstOCKS. . . .. ...ttt e e e e e e 446
1.2.1. Limitations of crop based biodiesel. . . . . ... ...ttt e e e 446
1.2.2.  Advantages of MICroalgae . . . ... ... .ttt ettt e e e e e e e e 446
1.2.3.  Challenges of USING MICT0AIZAC . . . .. ..o\ttt e et ittt et ettt e et et et et et ettt et et e 447
1.3. Technology for biodiesel production from plants and Microalgae. . .. ... ... ..ttt ittt et et et e 447
1.4. Evaluation of technology fOr SCAle UP . .. ...ttt ettt e e e e e et ettt et et ettt e e e 448
2. UPSII@AIM PrOCESSIIIE . o o v vttt ettt et ettt e e et et e e et e e et et e e e et et e et et e et e e et e ettt e e e 448
B O () 1 (o) o IO PPN 448
2.1.1.  Strains from culture collections vs. iNdigeNOUS STTAINS . . . ... ..ttt et ettt ettt ittt ee e 449
2.1.2.  Selection of aqUAtiC ENVITONIMENES . . . .. v\ttt ittt e ettt e ettt et e e e ettt et e e e et ettt e et et e e ieens 449
2.2.  Screening of microalgae for lipid Production . . .. ... ... ...ttt et e e e e 449

* Corresponding author. Tel.: +27 313732597; fax: +27 313732777.
E-mail address: faizalb@dut.ac.za (F. Bux).

0306-2619/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.apenergy.2012.10.004


http://dx.doi.org/10.1016/j.apenergy.2012.10.004
mailto:faizalb@dut.ac.za
http://dx.doi.org/10.1016/j.apenergy.2012.10.004
http://www.sciencedirect.com/science/journal/03062619
http://www.elsevier.com/locate/apenergy

I. Rawat et al./Applied Energy 103 (2013) 444-467 445

2.2.1. Are we selecting the correct strains? Natural vs. stressed cONditions ... ..........ouitiitiitn it in i 450

2.2.2. Lipid yields under natural and stressed CONAitioNS . . ... ..... ...ttt ittt ittt et ettt ettt 450

2.2.3.  Synergistic interactions in the eNVIFONMENL. . . . .. ... ..ttt ittt ettt ettt et et ettt et 450

2.2.4. Selection of media for SCIEEMING . . . .. ..o\ttt e e et et et e e e e e 450

728 I 0 v 11 BT ) [T () o 451
2.3.1. Evaluating freshwater and marine mMiCroalgae . . . ... ... ..ttt ittt et et ettt ettt et 451

2.3.2.  Comparison of lipids produced . .. .. ... ...ttt e e e e e e e e 451

3. Pre-pilot to demoOnStration PIANL. . . ... oottt ittt ettt e e e e e e e e e e e 452
3.1, WHeN 10 SCale UP . . ottt ittt ettt ettt e et ettt e e e e e e e e e 452

3.2, Guidelines for SCAlING UP . . ..ottt ettt ettt e e e e e e e e e 452

3.3.  Media used for microalgal growth at Iarge SCale . .. ... .. ...ttt it e e e e 453

4, Mass cultivation of MICr0algae . . . ... .o it ettt e e e e e e e e 453
4.1, Process CONfIGUIATION . . . ..ottt it ittt ettt e et ettt et e e e e e e e e et et et e e e e e e e ettt ettt 453

4.2.  Photobioreactors vs. OPen TaCEWAY POMAS. . . . v v vt vttt ettt e et et et e e ettt e e e e e et et ettt e e e e et 453
421, OPen PONA SYSEOIMIS . oot vttt ettt et ettt et et e et e e e et e e e e e e e e e e e e 453

B @ (o 1o B ] ()0 3 - P 454

4.2.3.  Hybrid production SYSTEIMIS . . . ..ttt ettt et ettt et et e e e e e e e e e e e e e 454

4.3, BiOmMass PrOAUCTION. . . .. vttt ettt ettt et e e e e et e e et e e e e e e e e e e e et et et e e e e e e e e e e 455

S 05T = (o) o= U 02 Lo e P 455
4.4.1. Carbon dioxXide SeqUeSTIAtION . . .. ... v\ttt ettt et e e e ettt ettt e e e e 455

4.4.2. Key limitation for biomass productivity in culturing SYSteIm . . ... ... ...ttt ittt ittt it e 456

4.5, Large scale biomass ProAUCHION . . . ...ttt t ettt ettt e e e e ettt e et e e e e e 456

4.6.  BIOMass NarVeSting . . . .. oottt e e e e e e e e e e e 457
3 GO 5 1L = (o) U N 457

S < o w1 107 U o ) U 457

4.6.3.  Gravity Sedimentation . . . ... ...ttt ettt ettt ettt e e e e e e e e e e e e 457

4.6.4. Chemical floCCUIAtiON. . . . ..ottt ettt et e e e e e e e e e 458

4.6.5. Dissolved air flotation (DAF) . . ...ttt et e e e e 458

R o) [ < Lol o) o PP 458

4.8. Challenges at 1arge SCale. . . ..ot ittt ettt e e ettt e e e e e e e e 458

5. DOWNSEIEAIM PIOCESS .« . v vt e et e et et e et e e et e et e e et e e e et et e e et e e e et et et e e e et et e et et e e e e 459
5.1, MeChaniCal PreSSINg . ..ottt ettt ettt e e e e e e e e e e e e e e e e e 459

5.2, SOIVENE @XITACLION . . . . ottt ettt ettt et et e ettt e e e e e e e e e e e e e e e e e e e e e e 459

5.3.  Supercritical fluid eXEraCtiON . . . ...ttt ettt et e et et e e e e e e e e e e e e e 460

5.4, TransesterifiCation. . . ... .ottt ittt et e e e e e e e e e e 460
o2 D - 1 ) ] P 460

5.4.2. Insitu algal biomass transesterifiCation . ... .. ..... .. ..ttt e e 460

ST 350 TR 77 o) N 461

5.5, Biodiesel QUALITY . . . oottt et e e e e e e e e e e e e e e e e 462
5.5.1.  ASTM and EU Standards. . . . . ...ttt ettt ettt e e e e e e e e e e e e e e 462

6. Biorefinery approach and utilisation of residual biomass . . . ... ..ottt e 462
7. The significance of life cycle assessment (LCA) for microalgal biodiesel production. .. ......... ... . ittt 463
SR o3 el 1 £ T ) o A PP 464
RO OO . . o .ottt e e e e e e e s 465

1. Introduction

Currently one fifth of the global CO, emissions are from the
transport sector. The outlook for reduction of emissions from this
sector does not look promising as the number of light motor vehi-
cles on the roads globally is estimated to increase to over 2 billion
vehicles by 2050 [1]. Due to diminishing supply, crude oil will con-
tinue to rise in cost thereby making production of fuels from alter-
nate sources more feasible. Further climate change will be
accentuated by the continued use of fossil fuels due to release of
environmentally unfriendly gases such as CO,. Biodiesel is pro-
duced from microalgal oil, thus crude fossil petroleum can be
substituted by mass cultured biomass’s microalgal oil for eco-sus-
tainable biodiesel production in the near future. Biodiesel is a
monoalkyl ester produced by the transesterification of triglycerides
or free fatty acids with short chain alcohols and has the ability to be
used in conventional diesel engines with little or no modification
[2]. Biodiesel has been experimentally shown to be less eco-toxic
than petro-diesel. In studies conducted by Lapinskiene and co-
workers [3], it was shown that diesel fuel at concentrations greater
than 3% (w/w) is toxic to soil microorganisms. Biodiesel however is
non-toxic at total soil saturation. Biodiesel contributes no net

carbon dioxide or sulphur and overall less gaseous pollutants to
the atmosphere than petro-diesel [4-6]. With growing concern
for the environment, these factors play an important role in the
acceptability of biodiesel. First generation biofuels have been
around for over a century [7]. Biodiesel is currently produced in
the United States from soybeans [8]. Sources of commercial biodie-
sel include canola oil, animal fat, palm oil, corn oil, waste cooking
oil, and jatropha oil. The use of plant oils for fuel production is how-
ever highly controversial and requires resources such as arable land
which may not be available in large enough quantities to meet fuel
requirements of a designated area and will greatly affect food secu-
rity [9]. Currently 1% of the arable land available globally is used for
crop based (1st generation) biofuels. This fuel is sufficient only to
meet 1% of the global requirement [10]. Research into production
from alternate sources has resulted in biodiesel from microalgae
being hailed as the most appropriate petro-diesel alternative [8].

1.1. Microalgae
Microalgae are the largest autotrophic microorganisms of plant

life taxa in the world. The biomass produces three major biochem-
ical components by de novo synthesis consisting of carbohydrates,
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proteins and lipids (natural oils). Microalgae are known to synthe-
sise and can rapidly accumulate substantially higher amounts of
lipids than terrestrial plants due to their high growth rates [11],
concomitantly by alteration of the lipid biosynthetic pathways
for storage as neutral lipids. The lipid yields and growth rates vary
significantly among different species [4,8]. Microalgal oil and spent
biomass are offered good potential sources as biodiesel feedstocks.
Microalgal lipids contain twice the energy stored per carbon atoms
than carbohydrates, which translates directly into a twofold in-
crease in fuel energy content thereby outcompeting terrestrial
plants for biofuel production. Lipid rich microalgae biomass feed-
stock have been the focus of attention for the scientific community
for an extended period of time, for production of alternate sustain-
able energy to resolve the world energy fossil fuel depletion and its
harmful effect on the environment i.e. increasing global warming
[8,12].

1.2. Crops vs. microalgae as biodiesel feedstocks

More than 95% of biodiesel sources are first generation agricul-
tural edible crop oils. First generation biofuels have a great impact
on food security and have the potential to increase the cost of food
crops such as soybean thus also making biodiesel production more
expensive [13]. Second generation biofuels such as jatropha oil,
waste cooking oil and animal fats do not affect food security and
have significant advantages over first generation oil crops. How-
ever sustainability of second generation biofuels is not favourable.
Moreover production of crop derived biofuels gives rise to chal-
lenges such as poor cold flow properties and saturated fatty acids
contained in animal fats give rise to production difficulties and
may constitute a bio-safety hazard due to their solid nature at
room temperature [14]. Available alternative, in terms of social
and economic acceptability and greater energy security, microalgal
oil is regarded as third generation biofuels source. Algal productiv-
ities can be twenty times that of oilseed crops on a per hectare ba-
sis and is thus a more viable alternative [8,14-16]. Microalgae have
faster growth rates than plants and are capable of growth in highly
saline waters which are unsuitable for agriculture. They utilise a
large fraction of solar energy making them effective solar to chem-
ical energy converters [21]. Microalgae have greater photosyn-
thetic efficiency than terrestrial plants and require very little
simple nutrients supply for growth [17]. The lipid content of mic-
roalgae, on a dry cellular weight basis generally varies between
20% and 40%, however lipid contents as high as 85% have been re-
ported for certain microalgal strains [18-20]. Microalgae have the
potential to produce 25-220 times higher triglycerides than terres-
trial plants [14,21] and can be readily converted to biodiesel by the
transesterification process [19,22]. As compared to biomass from
trees and crops, microalgal oil is more economical in that transpor-
tation costs are relatively low [14]. Microalgae offer significant
higher yield advantage over sunflower as potential feed stock for
biodiesel production.

1.2.1. Limitations of crop based biodiesel

First generation crop based biodiesel, such as rapeseed, soy-
bean, palm and sunflower oils is severely limited in that the com-
petition brought about by its use will result in imbalance in the
global food market and thus increased cost of the edible oil as well
as the biodiesel [ 14]. Deforestation has become a concern in certain
countries as more forest land is re-designated for cultivation of
commercial crops for biofuel production. Second generation biofu-
els, such as jatropha, mahua, jojoba oil, tobacco seed, salmon oil
and sea mango are thought to be a suitable replacement to first
generation biofuels in that they are non-edible and can be grown
in wastelands that are not suitable for crop cultivation and can sus-
tain reasonably high yields without the management required for

production of food crops. Second generation biofuels however con-
tain high amounts of free fatty acids which increase the energy de-
mand of process and production costs as they require additional
production steps and may reduce the overall quality of the biodie-
sel produced [23].

The major limitation associated with the use of second genera-
tion biofuels is the issue of sustainability. For production of biodie-
sel from jatropha to completely satisfy the diesel requirements of
the UK (estimated 25 billion litres in 2008), half the land area of
UK (17.5 Million hectares) would be required. There is also some
debate as to whether a positive energy balance is attained by the
use of crop based biodiesel. The total energy input for the life cycle
of rapeseed and soybean is estimated to be half the total energy of
the fuel [24].

Palm oil, due to its high productivity, represents one of the ma-
jor raw materials used for the production of biodiesel and is ranked
as the third largest biodiesel feedstock providing the source for 10%
of the biodiesel produced worldwide [14]. A major challenge asso-
ciated with palm oil biodiesel is poor cold flow properties. This
may however be overcome by blending and the use of triglycerides
are able to improve the cold flow and cloud point properties [25].
Production of palm oil in Malaysia has resulted in the clearing of
vast areas of natural forest. This has indirectly increased the areas
vulnerability to devastating fires and cause irreparable damage to
the areas biodiversity and ecosystems. Further the over production
of palm oil has resulted in production of millions of tons of solid
waste and palm mill effluent that have been shown to negatively
impact terrestrial as well as aquatic environments [14].

A further criticism levelled against the use of first and second
generation biofuels is that the greenhouse gas balances may be af-
fected due to indirect land use not being taken into account. This
may result in zero net greenhouse gas benefit to the use of these
fuels as compared to petro-diesel. Production of biodiesel from
palm oil grown on dried peat marsh could be responsible for in-
crease in greenhouse gas emissions [7].

1.2.2. Advantages of microalgae

Microalgae have very short harvesting life that are capable to
allowing multiple and continuous harvesting of biomass year
round unlike oilseed crops [8,26]. They have higher solar energy
yields thereby giving superior lipid productivity. Lipids produced
are generally neutral lipids that have a high level of saturation
making it a suitable feedstock for biodiesel production. Microalgae
have rapid growth rates and short generation times. Microalgae are
commonly known to double their weight with respect to biomass
within 24 h. Some species have doubling times as short as 3.5 h i.e.
multiple biomass divisions per day. This high productivity imparts
the potential for the modern high theoretical yield production of
the yield of 47000-308000 L ha—! ammun~! [27]. Comparatively
palm oil has the ability to produce 59501 of biodiesel per hectare
per year [14].

Microalgae require less freshwater for cultivation than terres-
trial plants. Microalgal cultivation can occur on non-arable land,
in brackish water thus reducing strain on resources required for
the production of food crops whilst reducing other environmental
effects. There is no need for use of chemicals such as herbicides or
pesticides thus reducing costs and environmental impacts [28]. In
addition, these microorganisms require significantly less land, esti-
mated 2% of the land required to produce the same amount of bio-
diesel from oil bearing crops [14]. The rapid growth rate of
microalgae and high lipid storage capacity, far outcompete terres-
trial crops [10]. Growth of microalgae can effectively removed
phosphates and nitrates from wastewater, thus making it an ideal
substrate for the cultivation of microalgae for biofuels production
whilst acting as a tertiary treatment for wastewater. Some micro-
algae produce valuable by-products in the form of high value prod-
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ucts in the form of proteins, pigments, biopolymers and carbohy-
drates such as docosahexanoic acid and carotenoids including anti-
oxidant substances for commercial or pharmaceutical purpose
[10,14,28,29].

The cost associated with harvesting and transportation is rela-
tively low as compared to that of oil crops. Residual biomass post
extraction offers methods for improving economics by using it as a
fertilizer or for producing other high energy products [14]. Micro-
algal biodiesel is environmentally advantageous in that it is a car-
bon neutral fuel due to the photosynthetic fixation of atmospheric
carbon dioxide. Microalgal growth actively utilises 1.83 kg of CO,
for every 1 kg dry biomass produced [8]. Microalgal biodiesel has
properties similar to those of petro-diesel. These include density,
viscosity, flash point, cold flow and heating value. None of the
other potential sources of biodiesel are realistic in terms of replac-
ing petrodiesel sustainability as microalgae do. This is mainly due
to the environmental impacts that occur as a result of use of other
feedstocks [14]. Pyrolysis as an alternative method of bio-oil pro-
duction is more cost effective for microalgae biomass as a feed-
stock than lignocellulosic biomass. This is due to microalgae
containing higher amounts of cellular lipid, polysaccharide and
protein which are more easily pyrolysed and result in higher qual-
ity bio-oil production [30].

1.2.3. Challenges of using microalgae

Harvesting of microalgae is seen as one of the major challenges
of using microalgae for the production of biodiesel. Microalgae that
store lipids are generally unicellular, have low densities and are
found in suspension making separation difficult. Large scale extrac-
tion procedures for microalgal lipids are complex and still in the
developmental stage [28] (Refer to Section 4.4). Currently research
is underway to alleviate these challenges.

Microalgae grown in open pond systems are prone to contami-
nation. Bacterial contamination actively competes for nutrients
and oxidise organic matter that could lead to putrification of the
culture. Control of heterotrophic bacteria may be achieved by in-
crease in pH. Aerobic bacteria generally found in algal ponding sys-
tems have an optimum pH of 8.3. Increase in pH beyond this level
gives effective inhibition thus preventing competition by influenc-
ing nitrogen efficiency [31,32]. Open systems are also susceptible
to grazers in the form of protozoa and zooplankton. These organ-
isms actively consume microalgae and can devastate algal concen-
tration in relatively short periods of time (2-3 days). Zooplankton
can reduce microalgal concentration by up to 90% of the original
density in 48 h [33] and Daphnia can lower microalgal density by
a massive 99% over a few days [32]. Several methods to control
these organisms are available including filtration, centrifugation,
low dissolved oxygen (DO), application of hormones and increase
in free ammonia. These methods however have drawbacks in that
filtration is difficult due to the size of microalgal species such as
Chlorella sp. making separation technically difficult. Centrifugation
is prohibitively expensive at large scale requiring high capital and
energy inputs. Photosynthetic microalgae produce oxygen thus ac-
tively increasing the DO as a function of growth.

Increase in free ammonia as a control method may be achieved
by pH elevation by volatilisation of ammonia. It has been eluded
that the toxicity of high pH may actually be due to increased free
ammonia levels that are brought about by the volatilisation of
ammonia at high pH [34]. Thus the most appropriate method of
controlling zooplankton and bacterial populations is to increase
pH to 11 [32]. The range of optimal pH for algae varies with spe-
cies. The optimal level of growth for many freshwater microalgae
is close to 8 and deviation from this level subsequently leads to
reduction in biomass [35]. Microalgae such as Amphora sp. and
Ankistrodesmus sp. have been shown to grow uninhibited at pH 9
and 10 respectively [32]. pH exceeding 11 is reported to occur in

high rate algal pond systems due to consumption of carbon dioxide
and carbonic acid by the process of photosynthesis [31]. Microal-
gae are estimated to require 6-8 tons of nitrates per hectare per
year, 55-111 times the requirement of field crops [36]. The associ-
ated cost may be readily alleviated by the use of wastewater as a
growth substrate [28].

Other challenges with respect to the use of biodiesel as fuel is
that it is susceptible to bacterial oxidation subsequently causing
internal corrosion of the storage tanks [15]. Production of microal-
gal biodiesel can be an energy intensive process. Large amounts of
glycerol are produced as a by-product and will likely flood the mar-
ket thus driving prices down. Methanol used in the transesterifica-
tion process is currently derived from crude sources. These
challenges can be overcome by implementation of measures such
as state of the art design of the biodiesel storage tanks. High energy
input may be overcome by use of the bio-refinery concept, where-
by biomass is converted to energy resulting in a waste-less process
[28]. Glycerol produced in large quantities could be used to make
higher value products or to benefit the community in the form of
soap and candles in 3rd world countries. An effective use of glyc-
erol is as a fermentation stock to produce methane as part of the
bio-refinery concept. Methanol used for transesterification is cur-
rently derived from crude sources and biodiesel has the potential
to be a 100% biological fuel in the future [15].

1.3. Technology for biodiesel production from plants and microalgae

Biodiesel feedstocks differ from petro-diesel in that they are
highly viscous and thus not suitable for direct use in modern diesel
engines and thus require conversion to meet regulatory standards.
The technology for conversion of vegetable oils, animal fats and
microalgal oil are primarily (1) direct use, (2) blending with pet-
ro-diesel, (3) micro-emulsions with solvents or alcohols, (4) pyro-
lysis, and (5) transesterification [37].

Converting biological lipid into biodiesel using transesterifica-
tion is most commonly used feasible methods for many years. This
was done in South Africa and other countries using converted veg-
etable oil (biodiesel) to power heavy vehicles before World War II
[38] and has been received considerable attention in the past few
decades. However the well established chemical catalysed transe-
sterification (alcoholysis) process of biofuel production technology
does have its demerits. Overall the process is highly energy inten-
sive thus increasing in terms of production cost, the catalyst needs
to be removed from the production by purification or separation
steps, alkaline water from washing may cause difficulties such as
saponification, water and free fatty acids result in loss of conver-
sion yield product due to saponification because the operation sta-
bility is very sensitive and glycerol is technically difficult to remove
in downstream recovery and may require easier process steps to
simplify product recovery [2,39]. Biocatalysed/Enzymatic catalysed
esterification is a viable process and effective method for catalys-
ing parent oils containing high levels of free fatty acids as they
can be converted to alkyl esters without presence of organic sol-
vents. Other benefits include utilisation of moderate reaction con-
ditions thus decrease energy consumption. More desirable enzyme
activities involves improved alcohol to oil ratio requirements for
production and makes product recovery much easier [28,39]. How-
ever, for large scale continuous higher volume biodiesel produc-
tion, this may have challenges which need to be addresses to
make it economically viable. This is not an ideal energy balance sit-
uation as the reaction proceeds using competitive high enzyme
production rates, and does not run the reaction to completeness
[15,39]. High-tech thermal conversion processes, maximize energy
conversion of biomass into superior biofuels, has come to the van-
guard as a promising neutral carbon energy processes for reshap-
ing liquid fuels production. This contributes dramatically to



448 I. Rawat et al./Applied Energy 103 (2013) 444-467

biofuels production as an essential alternative sustainable, renew-
able, environmentally friendly process, that is no threat to food
security and has economic potential due to diminishing levels of
fossil fuels [23,28]. Much data has been generated at laboratory
scale as an academic exercise but not much has been published
in way of technology transfer to large scale.

1.4. Evaluation of technology for scale up

The technology for large scale production of microalgae already
exists. Open pond systems are easily scaled up. Two 1000 m? race-
way ponds were used as a test facility between 1987 and 1990 in
New Mexico. This was used as proof of concept for production of
microalgal biomass for low cost biodiesel and was deemed techni-
cally feasible [12]. Globally, current commercial production how-
ever is for high value products only. These ventures have well
established harvesting and processing methods but energy input
is not of major concern due to the nature of the high value products
[24]. The approach to large scale production of low value products
such as lipids for biodiesel production must however be ap-
proached differently in order to make the process feasible. Scale
up of microalgal biomass production for biodiesel must take into
account various factors to aid in ensuring an economically feasible
process. These include selection of cultivation method (open or
closed system), the use of microalgae with a competitive advan-
tage to avoid contamination, supply of nutrients and carbon diox-
ide and a viable source of water that has little to no environmental
impact [24]. In addition, nutrients should be obtained from a cheap
source e.g. using urea as a source of nitrogen or wastewater as a
complete medium [28].

Harvesting at large scale poses major challenges. Harvesting of
25-33% of the reactor volume may be required daily for viable pro-
duction of biodiesel [40]. Aquatic unicellular microalgae can be
harvested throughout year. They can be used for biotransformation
of wastewater as wastewater nutrients are utilised as a substrate
for their growth. Thus integrated phycoremediation and biofuel
technology appears to be the only source of sustainable production
of biofuels. Greater microalgal biomass production effectively de-
creases the cost of harvesting/dewatering steps and the high cost
of biomass recovery [8,10,28,32,41,42]. The most rapid and effec-
tive universally accepted method for total biomass separation is
by continuous centrifugation [43,44]. However, for large scale bio-
mass harvesting in the biofuels arena, this is generally not prac-
ticed due to process being energy intensive and not typically
economically feasible [42]. Gravity sedimentation is preferred
due to low cost; however the efficacy of gravity sedimentation is
strongly influenced by the density and radius of algal cells [10].
Flocculation is used to enhance the settling characteristics by
increasing particle density of culture that may be unsuccessfully
separated due to low particle density [43]. The process may be en-
hanced by the use of lamella separators and sedimentation tanks.
Ancient technique filtration is another commonly used method.
Upgrading the two basic techniques of sedimentation and filtration
may be used in combination for dewatering with flocculation. Vac-
uum filtration is effective for the recovery of larger algae (greater
than 70 um) when operated under required pressure combination
with a filter aid. This has lead to more compact solid biomass har-
vesting. Microalgae of size greater than 30 pum have to be found to
be effectively harvested by filtration. The potential use of mem-
brane microfiltration or ultra-filtration is reliable for cells of smal-
ler size [10]. This may be impacted by replacement of low-cost
membrane due to rapid fouling membrane and pumping of the
biomass without back flushing. Microalgal biomass harvesting is
one of the major steps in upstream processing. The end results of
many methods tend to be highly energy intensive and more com-
plex [42]. Drying or dewatering of biomass is generally required as

a pre-treatment prior to lipid extraction or use in various thermo-
chemical conversion techniques. Moisture in the biomass will neg-
atively interfere with the downstream processing and greatly
influence the cost of product recovery [45,46]. Furthermore the
biomass can spoil in a matter of hours post harvest should it not
be rapidly processed. Drying may be achieved by spray drying,
drum drying, freeze-drying, solar drying, as well as various forms
of oven drying [12,45].

Microalgal lipid is generally extracted from biomass before con-
version to biodiesel. This may be achieved by mechanical methods
such as cell homogenizers, bead mills, ultrasounds, autoclave, and
spray drying or non-mechanical methods such as freezing, utilisa-
tion of organic solvents, osmotic shock, acid and base as well as en-
zyme reactions [12]. The method of choice of lipid extraction will
depend on the type of microalgal cells grown and the thickness
of the cell walls impeding liberation of intracellular lipids [40].
Many of these methods are not feasible at large scale due to high
energy input requirements. The most appropriate method of lipid
extraction to date is the use of solvents. The inherent disadvantage
of this method is that solvent extraction may deem the residual
biomass unfit for use as animal feed.

Microalgal lipids require conversion to biofuels to be effectively
used. The process of biodiesel production is commonly achieved by
transesterification with short chain alcohols whilst mediated by
acid, base or enzyme catalysis. High levels of free fatty acids in
the lipid feedstock undergoing base catalysed transesterification
results in losses by the formation of soap. Saponification is respon-
sible for consumption of the base catalyst as well as making down-
stream recovery difficult [19] containing high levels of free fatty
acids [15]. The reaction however is slow. Speeding up the acid cat-
alysed reaction requires an increase in temperature and pressure
making it prohibitively expensive at large scale [44]. Enzyme med-
iated catalysis is generally not suitable for large scale conversion
due to high enzyme production cost and the inability of the reac-
tion to run to completeness [28]. Selective separation and detec-
tion methods that are versatile in the downstream process of
biofuels production can be achieved using both wet and dry micro-
algal biomass containing long chain fatty acids via transesterifica-
tion. This could be performed by both direct esterification and
simultaneous extraction with esterification. Biomass derived liquid
extraction involves a multistep process and requires a combination
of polar to non-polar solvents for rapid lipid extraction, ultra-son-
ication with ambient temperature, heating at high pressure
(3.5 atm), filtration for separating impurities, density separation
of liquids and solvent and oil recovery by gradual evaporation to
dryness are highly employed [47]. Esterification processes are en-
ergy intensive and thus may be limiting due to high cost. The high
viscosity of the resultant biodiesel is problematic if used directly in
conventional diesel engines.

For the viable production of microalgal biodiesel significant
breakthroughs are required in the processes of dewatering and li-
pid extraction [40]. Thermo-chemical conversion such as direct
burning, pyrolysis and liquefaction has been suggested as a viable
alternative to biofuels production via the production of bio-oil and
alternate energy resources such as syngas [24]. Catalytic pyrolysis
has potential to produce fuel with high hydrocarbon content and
octane number [30].

2. Upstream processing
2.1. Isolation
Bioprospecting is a vital step in the collection of microalgal

strains and the identification of potential hyper-lipid producers
[14]. The selection of indigenous microalgae is crucial to the success
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of large scale cultivation of microalgae especially for the production
of biofuels. These organisms are specific to certain environments
and prevailing climatic conditions [6,10,44]. The diversity of micro-
algae is a key point to the success of secondary metabolites (pro-
ducing biodiesel) from microalgae in that there are reported to be
between 1 and 10 million (upper limit) of algal species in nature
[48]. These species, especially microalgae occur in diverse aquatic
environments including freshwater, lacustrine, brackish, marine,
maturation ponds and hyper-saline. A critical review of all the bio-
prospecting protocols has been published [44]. In addition,
researchers can bioprospect and collect indigenous hyper-lipid pro-
ducing microalgal strains and set up a microalgal culture bank at
their research institutes. Alternatively it is also recommended to
buy suitable lipid producing starter microalgal cultures from repu-
table and specialized culture collections such as UTEX (USA),
ANACC (Australia), CCAP (UK), NIES (Japan), SAG (Germany), CPCC
(Canada), etc. However the rule of thumb is that researchers should
cultivate microalgal strains that adapt to their local environmental
conditions. Therefore the use of endemic indigenous microalgal
strains is highly recommended since these strains are already
adapted to the local environmental conditions [44,49].

2.1.1. Strains from culture collections vs. indigenous strains

Culture collections contain strains from a variety of aquatic
environments. These strains are acclimatised to the environment
of isolation at the time of isolation. As cultures age due to continual
sub-culturing to ensure viability, they become adapted to the envi-
ronment of cultivation and may lose characteristics such as com-
petitive advantages that are of major benefit to open pond
culturing systems. These microalgae will generally have longer
acclimatisation periods to climatic conditions. Cultures may also
lose lipid productivity if stored continually under non-stressed
condition. Adaptability of culture collection strains may also be im-
peded. The benefit of use of strains from culture collections is that
much of the characterisation has been done with regard to growth
requirements. Indigenous strains have an inherent adaptability
that may be the competitive edge required for open pond systems.
They generally are able to adapt quickly to changes in environment
and climate. Indigenous strains however require isolation, estab-
lishment of optimal culturing conditions and determination of fea-
sibility of production by experimental techniques. This is time
consuming, labour intensive and is more costly than strain selec-
tion from culture collections. The benefit of adaptability however
may outweigh the drawbacks in the longer term [50].

2.1.2. Selection of aquatic environments

Selection of environments similar in climatic conditions to area
in which cultivation is proposed is beneficial in that the strain fi-
nally selected for cultivation becomes easily acclimatised to cul-
tural conditions. This will aid in the ease of culturing at large
scale due to shorter acclimatisation period. Understanding of envi-
ronmental conditions allows mimicking of those environments to
encourage growth. The simplest way of accomplishing this is mea-
surement of abiotic factors such pH, temperature, etc., nutrient lev-
els and other physic-chemical properties at the sampling point. It is
prudent to collect the water from the microalgal sampling point
and filter sterilise it and use this for media formulation in the lab-
oratory. The use of culture enrichment for microalgal growth be-
fore purification is a particularly useful tool for isolation. Some
knowledge of the taxonomic group being targeted is also useful
to encourage in vitro growth. Addition of essential nutrients should
occur as soon as possible after sample collection. This will help pre-
vent culture death that may occur due to change in growth condi-
tions. Collection of samples during warmer months has been
shown to be more adaptable to change in temperature [51]. Con-
taminants in the form of bacteria, algal grazers and undesirable

cultures may be eliminated by a combination of one or more tech-
niques. Filtering of samples at collection with a 100 um sieve is
useful for the removal of debris and some zooplankton [44]. Serial
dilution, streaking on agar plates and the use of single cell isolation
techniques are extremely useful for elimination of contaminants.
Continued sub-culturing allows determination of supply of essen-
tial nutrients. Culture death after a number of sub-cultures indi-
cates the lack of an essential nutrient or the accumulation of
metabolic wastes in the culturing environment [51].

2.2. Screening of microalgae for lipid production

Screening for oil producing microalgae among the isolates is a
vital part in the optimisation of biodiesel production. Certain
strains of microalgae such as Botryococcus braunii have high lipid
storage potential (up to 75% lipid/g dry cell weight) but this is
accompanied by low productivity. Cultures with moderate lipid
accumulation levels (20-50%) but higher lipid productivities are
preferred for mass cultivation [12,52]. Factors other than lipid pro-
ductivity such as lipid profile need to be taken into account such as
the ability to grow under specific environmental conditions. Lipid
profiles determine the suitability of lipid for the production of bio-
diesel. Lipid profiles are affected by nutritional, processing and cul-
tivation conditions. Selection criterion should be based on a
number of factors including growth rate, lipid quantity and quality,
strong adaptability to changes in environment and determination
of preferred nutrients and nutrient uptake rates [52]. In order to
gain high oil yields it is necessary to ascertain the amount of oil,
if any, produced under normal conditions. This is likely to allow
maximum overproduction under stress. Yield optimisation is very
important from the economies of scale point of view.

The viability of a species of microalgae for use in the production
of biodiesel is often dependent on the yield. Healthy, actively
dividing cells usually have a low percentage of TAG. TAG may be
found in elevated proportions, in some algal species during station-
ary phase. Stationary phase may be induced by limiting one or
more variables that control growth, e.g. nitrogen, phosphorus or
silicon limitation [53]. Adaptation of microalgae to environmental
change is generally as a result of change in lipid patterns and syn-
thesis of various unusual compounds [54]. This is likely the reason
that microalgae overproduce fatty acids when subjected to stress-
ful conditions. It is thus possible to induce or enhance lipid content
by nitrogen starvation or other stress factors. Nutrient deficiencies
such as silicon depletion may lead to an increase in cellular lipid
content. A Lipid content increase of 60% is possible by silicon star-
vation of the diatom Navioua pelliculosa [55]. Lipid fractions as high
as 70-85% on a dry weight basis have been reported. Such high li-
pid contents exceed that of most terrestrial plants [55].

Certain diatoms have the ability to rapidly switch from carbo-
hydrate accumulation to lipid accumulation via mechanisms that
are not yet understood. The application of diatoms for production
of microalgal lipids is of great potential [55]. During early stages
of growth, large amounts of polar lipids and polyunsaturated Cyg
and C;g fatty acids are produced. This differs from the dominant
lipids produced on approaching the stationary phase of growth,
which generally consist of neutral saturated 18:1 and 16:0 long
chain fatty acids. Change in lipid composition is however species
dependant as blue-green microalgae shows relatively little change
in composition during the growth cycle. Temperature and light
also play roles in the type of lipid produced. Polyunsaturated Cig
and Cyg fatty acids as well as mono- and di-galactosyl-diglycerides,
sphingolipids and phosphoglycerides in Euglena gracils and Chlo-
rella vulgaris are enhanced by light. Synthesis of polyunsaturated
C,g fatty acids by Monochrysis lutheri, and changes in the fatty acid
composition of Dunaliella salina can be brought about by growth
under low temperature conditions [55].
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Stress induced by changes in salt content of the aquatic envi-
ronment has been shown to affect the quantity of lipid contained
within microalgal cells. The intracellular lipids and triacylglyce-
rides content of saltwater microalgal species grown in 1.0 M NaCl
were markedly higher (67% and 56% lipid) than those in the culture
with 0.5 M NaCl (60% and 40% lipid). Sodium chloride concentra-
tion higher than 1.0 M inhibits biomass production; however NaCl
concentration below 1.0 M has no marked effect on biomass.
Dunaliella cells were reported to secrete glycerol in response to in-
crease in NaCl concentration [56].

Characterisation of lipids is required as different species of mic-
roalgae produce different types of fatty acids. Some fatty acids are
more suitable for transesterification to biodiesel than others. Most
microalgal oils are rich in polyunsaturated fatty acids with four or
more double bonds. The problem associated with this degree of
polyunsaturation is, these fatty acids and fatty acid methyl esters
(FAME) are susceptible to oxidation during storage, thus reducing
their acceptability for use in biodiesel [8]. It is imperative that
the strain selected for large scale cultivation produces the appro-
priate lipid under the envisaged culture conditions at large scale.
This is however difficult to ascertain as mimicking of open systems
is dependent on a number of factors that cannot be accurately rep-
licated in the laboratory. The cost of culturing at large scale must
also be considered when selecting the strain for large scale cultiva-
tion. Microalgae growth required rich of nutrients substrates .The
possibility of utilising more cheaply available substrates such as
wastewater can make the process more economically viable.

2.2.1. Are we selecting the correct strains? Natural vs. stressed
conditions

Determination of lipid production capacity of microalgae grow-
ing in the natural environment is near impossible. Microalgae have
the ability to proliferate on minimal nutrients thus they may pro-
duce lipid within the natural environment depending upon the
conditions present. Furthermore different strains of the same spe-
cies of microalgae are known to react differently under the same
growth conditions. The only effective method of determining
stressed conditions is growth of the microalgae in vitro and exper-
imentation to evaluate the effects of stress conditions on biomass
and lipid productivity. Under nutrient depleted conditions, cells
do not abundantly proliferate. A lower amount of light intensity
is required for biomass maintenance and excess energy in the form
of free electrons are directed to lipid production as an energy sink
to prevent photooxidation [57]. Under normal cultural growth con-
ditions, i.e. with no nutrient stress, photosynthesis increases with
an increase in light intensity until light saturation sets in, at which
point the maximum growth rate will be attained [96]. Photoinhibi-
tion and consequently decrease in microalgal growth rate is as a
result of irradiance of the culture above the level of light saturation
[57]. In algal historical taxa, Chlorophyceae, a diverse family of
microalgae species have been reported to contain high levels of
neutral lipids therefore this class may represent a large pool of li-
pid producers that may be useful for lipid production [58].

2.2.2. Lipid yields under natural and stressed conditions

Lipid accumulation under standard growth conditions was ob-
served to be very low and increased after nitrogen starvation
[59]. Under stressed conditions, many microalgae alter their bio-
synthetic pathways to the production of neutral lipids [60]. Nitro-
gen limitation or depletion is commonly used for the induction or
increase of lipid content in microalgae and is regarded as the most
effective method [10,12]. Upon reaching nutrient limited status,
carbon is assimilated into cells but cell proliferation does not occur
[61]. This carbon is converted to TAGs or carbohydrate within
existing cells depending on species [10,16].

Optimisation of growth and lipid yield is essential to the eco-
nomic viability of production of biodiesel from microalgae. Lipid
accumulation occurs naturally as a mechanism for energy storage
during unfavourable conditions [60]. The role of lipids in the
growth of microalgae is as energy reserves and part of the struc-
tural components of the cell. Phospholipids and glycolipids are
the primary components of cell wall structures and determine
the fluidity of membranes under various conditions. This is
achieved by being able to adapt quickly to changes in the environ-
ment by recycling of lipids and de novo synthesis. A large propor-
tion of phosphate is present in the cell wall [6]. Triacylglycerols
(TAGs) are the primary storage components as energy reserves
[20,62]. The greater proportion of the lipids produced is TAGs
which are produced as metabolic rate of microalgae slows [6].
Some microalgal species have high growth rates and the ability
to produce high amounts of lipids under certain growth conditions.
Lipid accumulation may be induced or effected by a variety of
stress factors such as the removal or limitation of essential nutri-
ents such as nitrogen as well as changes in inorganic carbon and
light intensity [63].

Changes in cultural conditions may be used as a mechanism for
the manipulation of metabolic pathways resulting in the redirec-
tion of cellular function to the production of desired products such
as neutral lipid [64]. This method of metabolic manipulation is pre-
ferred over mutagenesis and the production of transgenic strains
due to problems with stability of transformants and the potential
impact on environmental security, especially for large scale com-
mercial applications. Microalgal lipids are the one of the most valu-
able component of microalgal biomass for biofuels production.
Microalgal lipids are high in energy and similar to conventional
fuels [62]. Lipid accumulation generally has an antagonistic rela-
tionship to growth rate. Therefore it is important to determine
the trade off between neutral lipid production and algal growth
as part of the optimisation for biodiesel production [14,20]. Nitro-
gen limitation has variable effects on different types of microalgae
in terms of growth and cellular content [65]. Amounts of lipid
accumulation may be variable depending on the amount of nitro-
gen available [66]. The ease of achieving this trade-off under large
scale conditions may be difficult to achieve as the culture reaches
stability and synergistic interactions in the form of bacterial nutri-
ent cycling occur and thus this must be taken into account. Selec-
tion of microalgae that require high nutrient concentrations may
be a more viable option for cultivation at industrial scale.

2.2.3. Synergistic interactions in the environment

Microalgae occur under various nutrient conditions in nature.
Much of the nutrients supplied are via the nutrient cycling brought
about by bacterial degradation of organic matter. Isolation of mic-
roalgae from the natural environment may result in non-prolifera-
tion of cultures due to lack of some essential metabolites required
for growth that are not supplied in artificial media. These metabo-
lites may be produced by various organisms within the natural
environment. A common bacterium, Azospirillum brasilense was
found to promote growth of Chlorella vulgaris as well as induce
changes in the lipid profile and pigment production [67]. Interac-
tions within the natural environment may dictate the ability of
microalgae to colonise that environment and proliferate abun-
dantly. This in turn will determine the ability of such a strain of
microalgae to be successfully isolated in the laboratory. Very few
reports are available on synergistic interactions which suggest that
further research is required to elucidate these associations and
their mechanisms [67].

2.2.4. Selection of media for screening
Production of microalgae requires important inorganic nutrients
in the forms of nitrogen and phosphorus [10,68]. Microalgae are
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known to have different nutrient requirements not only by compo-
sition but also by concentration of the nutrients supplied. Microal-
gal growth media are therefore composed of macronutrients
generally consisting of a nitrogen source, phosphate and a metal
chelator. Iron is generally supplied in as a micronutrient. Some mic-
roalgal species have an inherent adaptability to cultural conditions
due to the environment of isolation being in constant flux. Chlorella
sp. are known to grow fairly well in nutrient rich media [65,69]. Ill-
man et al. [65] showed growth of various species of Chlorella in
Watanabe media containing 1.25 g/l KNOs. Change in cultural con-
ditions may be used as a mechanism for the manipulation of meta-
bolic pathways resulting in the redirection of cellular function to
the production of desired products such as neutral lipids [64].
Nutrient rich media may cause culture shock and result in death
brought on by nutrient toxicity [70]. Media for screening should
ideally range from low to high nutrient concentration so as not to
exclude potential cultures by lack or excessive nutrient supply. Care
should be taken to avoid excessive bacterial growth by addition of
yeast extract and other components that may support bacterial
growth. Overgrowth of bacteria can cause death of the microalgae
by inducing anoxic conditions or causing culture toxicity [51].

2.3. Strain selection

The first step in this process is selection of an appropriate spe-
cies for biodiesel production [14]. The species selected must meet
the requirements for large scale microalgal cultivation. Selection of
high lipid producers is paramount to success; however this is just
one of the considerations to be taken into account. Eukaryotic mic-
roalgae are preferred to prokaryotes as they have been shown to
store more lipids [6]. The species selected should have some com-
petitive advantage such as growth in a selective environment (such
as high nutrient or alkaline environment) to enable successful cul-
turing at large scales [10,69]. The ability to adapt to various
changes in conditions needs to be considered as a factor in selec-
tion as temperature fluctuations and diurnal cycles are very diffi-
cult to control in open systems [10]. The strain of choice should
preferentially be isolated from an area close to the site of produc-
tion. This allows for a reduction in time required for acclimatisa-
tion to climatic conditions. The strain should be able to be
produced in open system to make the process economically viable.
Phototrophic cultivation is the lowest cost type of cultivation as
the energy and carbon sources used (light and inorganic carbon)
are available in the form of freely available sunlight and atmo-
spheric carbon dioxide as well as being able to be produced in open
raceway pond systems [43].

Large scale production of microalgae poses a number of chal-
lenges. Strain selection is of paramount importance to the success-
ful culturing of microalgae at large scale [8]. Ideally the species of
choice should balance requirements for biofuels and production of
value added co-products. This is generally a difficult task in that
bioprospecting of a large number of species is required. Production
systems need to be tailored towards attaining high photosynthetic
activities. Contamination by undesirable algae, bacteria and graz-
ers is often difficult or costly to control at large scale. There is a
requirement for development of techniques to prevent CO, losses
due to diffusion and high rates of evaporation. There is a severe
lack of data available with regard to large scale production due
to there being very few commercial production operations [7].

The criterion for selection of superior lipid producers should not
simply be microalgae that produce the largest amount of lipid but
the strain with the highest lipid productivity [39]. Lipid productiv-
ity is a measure of the amount of lipid produced taking into account
the growth rate of the microalgae concerned. As lipid is formed as a
storage product there is a general inverse relationship between li-
pid production and biomass yield. Microalgal lipid consists of pri-

marily triglycerides but also contain fractions of isoprenoids,
phospholipids, glycolipids and hydrocarbons. They also contain
more oxygen and are more viscous than crude oil [63]. Desirable
characteristics of the selected microalgal strains are (1) production
of biofuels and valuable co-products (2) high photosynthetic effi-
ciency (3) high oil productivity (4) and potential for favourable en-
ergy balance taking into account energy required for growth and
processing [8,10]. The primary target towards the goal of finding
a suitable strain that meets the desirable characteristics for biodie-
sel production from microalgae is the selection of a high lipid pro-
ducing strain. Bring out clearly dependence on culturing system
and associated cost...nutrient requirements and supply.

2.3.1. Evaluating freshwater and marine microalgae

Successful cultivation of marine microalgae is seen as favour-
able for improving the economics of biomass production of micro-
algae [71]. Furthermore the selective environment will serve to
reduce extensive contamination. Sea water can be used directly in-
stead of freshwater sources [52]. Choice of microalgal species for
cultivation should depend on lipid and biomass productivities as
well as location of the cultivation plant. Marine and freshwater
species have shown similar biomass and lipid productivities omit
thus making strain selection dependant on other factors [14].

A major factor to be considered is water availability [12]. De-
spite the cultural benefit of lower contamination, feasibility of
the production is hinged on the cost of production, thus marine
production plants are limited to coastal regions due to availability
of seawater. This limits the sites available to set up a commercial
plant and the chosen sites come at high capital cost. Furthermore
seawater generally contains marine flora that consume microalgae
and large amounts of water need to be filtered or marine flora be
removed by some other method that will potentially negatively
impact that economics of production. High evaporative rates could
result in increase in salinity thus adjusting cultural conditions.
Salinity needs to be monitored on a regular basis and corrected
by the addition of freshwater (an additional cost). Increase in salin-
ity results in osmotic shock and may result in the rupturing of cells
under conditions that may not be suitable for lipid recovery [12].
Cultivation of freshwater microalgae with similar productivities
may be more appropriate in inland areas. Furthermore cultivation
of freshwater species allows a more diverse consortium of species
to be propagated.

2.3.2. Comparison of lipids produced

Marine microalgal species have been shown to produce higher
levels of phospholipids than triacylglycerols (TAGs) [64]. These
types of lipid are unsuitable for the production of biodiesel via
transesterification. Freshwater strains have been shown to produce
large quantities of saturated neutral lipid making them ideal can-
didates for biodiesel production. Scendesmus obliquus contains pre-
dominantly saturated fatty acids and mono unsaturated fatty acids.
This imparts the property of oxidative stability [14]. The fatty acid
compositions vary between species of freshwater microalgae as
well as between species of marine microalgae. Further it is possible
to manipulate the type of lipid produced by adjustment of cultural
conditions [41]. Each strain selected must be investigated to find
the best fit of characteristics for the climatic conditions and loca-
tion selected. The cost and feasibility of adjusting the cultural con-
ditions must be taken into account. Adjustment of cultivation
temperature is generally used at laboratory scale to induce changes
in lipid characteristics. Large scale cultivation in the form of race-
way ponds generally does not incorporate temperature control.
This negates the adjustment of temperature as a viable option.
Moreover, incorporation of such systems into raceway ponds in-
creases the energy requirement for cultivation thus affecting the
overall energy balance and economic feasibility.
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3. Pre-pilot to demonstration plant

The move from laboratory scale experimental trials to demon-
stration plant scale is not an easy step. There are a lot of factors
that should be considered when deciding to move to large scale.
Some of these factors are; when to scale up, outdoor conditions,
volumes, procedure for scaling up, seed culture preparation, culti-
vation method at large scale. These vital factors will be critically
explored and discussed in detail below.

3.1. When to scale up?

It is imperative to do a full optimisation study at lab scale before
considering scaling up. The volume at which large scale operations
capacity must be established and the correct amount of seed cul-
ture for inoculation must be calculated [62]. The seed culture prop-
agation is an important excise which can determine the success or
failure of the scaling up process. The stepwise propagation of the
seed culture is the methodology of choice that has been demon-
strated by other researchers and the seed inocula should be 20-
25% of the final culture volume [72]. The viability, robustness
and vigour of the chosen microalgal strain must be routinely
checked and analysed at all stages of the scaling up process. The
cell density is important and it should be above 1 x 107 cells per
ml to avoid a long lag phase after inoculation. In order to prevent
culture shock it is recommended that the medium used for seed
culture generation must be the same as that used for large scale
cultivation of the same microalgal strain.

There are important physico-chemical parameters such as light
intensity, pH, temperature, oxidation reduction potential (ORP),
salinity, conductivity and nutrient composition inter alia which re-
quire rigorous optimisation before scaling up can be considered
[72]. When all these important variables affecting the microalgal
strain of choice are known, it is desirable to design a suitable
experimental run and generate and collate enough data for system
testing and analysis. The cultivation method is another deciding
factor such as open system (raceway ponds) versus closed system
(photobioreactors). The pros and cons of each method need to be
weighed against the expected returns or products.

It is crucial to study the ecology and biology of the microalgal
strain selected for cultivation under the experimental conditions
for optimal product output. Some microalgae can grow easily under
open growth conditions such as Chlorella sp. with minimal contam-
ination from non-target microalgae. However microalgae such as
Chlorella sp. are known to grow under diverse conditions as a mixed
population with Scenedesmus sp. [49]. The choice of media is also
important if the whole exercise is to succeed such as the use of arti-
ficial media against supplemented municipal domestic wastewater
[49]. Under open growth conditions a wide variety of microalgae
have been shown to show seasonal variations hence a thorough
study of microalgal population dynamics is crucial. Economic feasi-
bility of the whole exercise from upstream to downstream process-
ing is important to establish if it is feasible and profitable.

3.2. Guidelines for scaling up

Significant amounts of screening of wild-type and genetically
modified microorganisms are necessary before scaling up to com-
mercial production of biofuel feedstock [73]. The selection of lipid
producing microalgal strains is based on the assessment of all the
cultures collected and therefore the selection of the best strain in
terms of growth rates and lipid yield. This can only be achieved
after isolating and purification of all the collected microalgal sam-
ples. Physico-chemical parameters affecting microalgal growth is
strain specific therefore these factors must also be considered

when selecting microalgal strains. The media selected should be
able to support the growth of the selected microalgal strain. In or-
der to avoid contamination of the purified microalgal strain, a por-
tion of the purified strain must be stored under recommended
storage conditions [44]. In order to reduce production costs, the
utilisation of domestic wastewater should be initiated at lab scale
to establish if the target microalgal strain can grow abundantly in
this medium. If necessary, supplementation with essential
macronutrients such as nitrates and phosphates can be considered.
In addition, careful manipulation of pH can be done in order to pre-
vent contamination by grazers such as zooplankton. Moreover, a
detergent and phenol procedure may be employed as a prevention
method for bacterial contamination [74].

The method that is going to be used for microalgal cultivation
must be carefully chosen taking into account the pros and cons
of open systems vs. closed systems. Also the operational mode of
cultivation such as batch mode or continuous mode must be con-
sidered. Some microalgal strains grow well in the open system
with minimal contamination such as Chlorella sp. However some
strains such as Dunaliella sp. grow poorly under closed systems
in photobioreactors. Before scaling up, it is prudent to design min-
iature lab scale photobioreactors and open ponds for preliminary
laboratory pilot scale trials. This will furnish valuable information
if the microalgal strain will be able to grow under the raceway
pond or photobioreactor. Moreover this will also enable proper de-
sign and engineering of the raceway pond or photobioreactor at
large scale. All the details with regard to experimental design, data
collation, and parameter monitoring must be properly scheduled.
At this point, the pilot scale experiments will enable the assess-
ment of biomass and oil yields.

Microalgae can grow anywhere with minimal nutrient supply
and consequently the biomass and oil yield is not much. Commer-
cial cultivation of microalgae can be a costly venture should the
necessary measures to minimise media utilisation costs and energy
expenditure not be curbed whilst still providing a competitive
advantage for growth of the target microalgal strain. All the phys-
ico-chemical factors affecting microalgal growth must be consid-
ered as large scale systems allow control of only a limited
number of factors due to cost and culturing system considerations.
The cost of media for microalgal biomass production in a 100 ton
per annum is estimated to be approximately $3000 ton~! [75].
The cost of conventional media for microalgae production is not
feasible for low value products such as oil thus other nutrient
sources must be considered [28,76,77]. The one-factor-at-a-time
approach for optimisation experiments is frequently used for opti-
misation studies despite being associated with drawbacks such as
being time consuming and labour intensive. To date some workers
have used the response surface methodology for optimisation
studies and this is reported to be fast and a large set of experiments
can be done simultaneously [78]. However this approach is not
amenable at large scale since a number of experimental trials must
be run which is nearly impossible at large scale. The optimisation
of physico-chemical parameters is technically difficult under open
growth conditions since it is impossible to control factors such as
temperature, light intensity, quantity, spectral quality and photo-
period are prone to environmental variations and fluctuations. This
is mainly aggravated by the open nature of the system which is
open to all the vagaries of weather.

The most critical step is seed culture propagation. As previously
mentioned, seed culture preparation is a crucial step since it deci-
des the success or failure of the cultivation process. The stepwise
seed culture propagation method is the best method whereby a
series of ponds of varying sizes are constructed whereby 20-25%
of the inoculum in the first pond is used to seed the next pond
and so on [72]. The seed culture requires close monitoring and
all the physico-chemical parameters must be routinely checked
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and the viability and growth kinetics of the culture closely moni-
tored. It is ideal to inoculate the large scale culture facility when
the seed culture is still viable and still in the exponential growth
phase. The vital process engineering and understanding of the
stumbling blocks of scaling up supersedes all the challenges asso-
ciated with microalgal cultivation. To this end, critical information
on scaling up is not readily available in literature.

3.3. Media used for microalgal growth at large scale

The choice of media is fundamental for the success of microal-
gal cultivation at pilot scale phase. A wide range of artificial media
have been formulated and the recipes are available in literature
[44]. The choice of media can be made based on the findings and
recommendations of other researchers in literature if the nutri-
tional requirements of the target microalgal strain are known.
However if the requirements of the selected microalgal strain are
not known, it is recommended to do a trial and error approach
using the different modified media that can promote the growth
of a wide range of microalgae [24]. The widely used artificial media
are BG-11, AF6 and Bold’s Basal Medium (BBM) inter alia [44]. Spi-
rulina, Chlorella and Dunaliella are amongst the most important
commercially produced microalgal strains. Open system cultiva-
tion of these strains is possible as they grow in highly selective
media and therefore can be cultivated with relatively limited con-
tamination by other microorganisms [79]. The use of artificial
media at large scale is not economically viable therefore it is desir-
able to formulate cheap and readily available alternative media
such as the use of domestic wastewater streams for sustainable
microalgal biomass accumulation [49].

Wastewater constitutes important macronutrients that are vital
for the growth of a wide variety of microalgae [28,84]. Important
macronutrients in wastewater are nitrates, phosphates, ammo-
nium, urea and essential trace elements such as vitamins (biotin
and thiamine) and certain trace metals. The unique nutritional
composition of municipal domestic wastewater makes it a valuable
medium for the growth of microalgae with the added advantage of
phycoremediation of the wastewaters to avert eutrophication [8].
The pH and the dissolved CO, concentration in the wastewater
are ideal for the growth of several microalgae. The use of post-chlo-
rinated wastewater is more suitable at large scale cultivation of
microalgae since the microbial load in the wastewater is greatly re-
duced consequently minimising the risks of bacterial contamina-
tion [80]. The problem of eutrophication is of global concern and
is mainly exacerbated by a wide range of anthropogenic activities
such as release of copious amounts of partially treated wastewater
into water bodies [28]. In order to ameliorate this problem, it is
desirable to aggressively use the wastewater for microalgal
growth. As the wastewater provides nutrients for microalgal
growth, the main pollutants in the wastewater are concurrently re-
moved by the microalgae enabling safe disposal into the receiving
water bodies in the environment. The use of wastewater as media
for microalgal growth has not been well documented especially at
large scale commercial cultivation of microalgae.

Wastewater is cheap and readily available and is an excellent
medium whose feasibility as substrate at large scale microalgal
cultivation requires serious assessment [26]. Coupling of wastewa-
ter treatment with the production of microalgae for biofuels has
the potential to significantly improve the economics of biomass
production. Secondary and tertiary wastewaters contain nitrates
and phosphates in sufficient levels support microalgal growth with
little supplementation. [81] suggested the wastewater utilisation
can reduce the nitrogen by 94% and eliminate the need to the addi-
tion of elements such as potassium, magnesium, and sulfur. CO,
rich wastewater promotes the growth rates of microalgae as it bal-
ances the ratio of carbon: nitrogen: phosphorus. This further de-

creases harvesting cost due to higher biomass concentrations and
overall costs by increased lipid production [10]. This reduces the
cost of treatment that would normally be incurred for nutrient re-
moval by conventional methods [46,82].

The use of wastewater reduces the need for enormous amounts
of freshwater in microalgae cultivation, improving the economic
viability whilst being an environmentally friendly means to renew-
able microalgal biomass production [10,82]. Growth of microalgae
on wastewater provides a means removal of organic contaminants,
heavy metals and pathogens, thus saving on the costs of chemical
remediation [10]. The cost of conventional removal of nitrogen and
phosphorus is reported to be $4.4kg™' N and $3.05kg™! P re-
moved. [83] showed that a 70-110 ton ha~! annum ™! facility using
wastewater can result in a saving of $48400 - $74800 ha™!
annum™! for nitrogen removal and $ 4575 - $7625 ha—! annum™!
for phosphorus removal. The combination of saving from wastewa-
ter treatment and reduction of microalgae production costs is thus
a win-win strategy when used for the production of energy or li-
quid fuels [46].

Despite the favorable outlook for the use of wastewater medi-
ated biomass production, the real potential must be explored prac-
tically at large scale. A potential problem associated with
wastewater utilisation is the viral and bacterial contamination that
may or may not negatively affect the production process. The com-
position of wastewater varies and may impact on growth rates. This
factor cannot be controlled and close monitoring and adjustment of
nutrient levels may be required. Utilisation of wastewater will fur-
ther necessitate frequent cleaning of the culturing system [46].

4. Mass cultivation of microalgae
4.1. Process configuration

In the context of large scale microalgal cultivation, process con-
figuration is defined as the combination of economic viability, up-
stream processing and downstream processing. This concept will
be critically evaluated in terms of the microalgal cultivation facil-
ities commonly used, their merits and de-merits, large scale bio-
mass production, harvesting, lipid extraction, challenges at large
scale, and existing global commercial enterprises involved in biofu-
els production from microalgal biomass. The synergy between up-
stream processing and downstream processing for viable
microalgal cultivation for sustainable biofuel production is cur-
rently receiving global attention.

4.2. Photobioreactors vs. open raceway ponds

There are mainly four types of microalgal cultivation techniques
that are available, namely; photoautotrophic, heterotrophic, mixo-
trophic, and photoheterotrophic. Of these, the most dominant
method commonly used for microalgal cultivation is phototrophic
cultivation [43]. The two main practical and feasible methods em-
ployed for the cultivation of microalgae are tubular photobioreac-
tors (PBRs) and open raceway ponds (ORPs) and to a lesser extent
fermenters for mixo/heterotrophic cultivation [8,45,84,85]. The
first two methods are widely used and are therefore discussed in
detail in this section. Photobioreactors are closed systems enabling
mono-specific microalgal cultivation while open raceway ponds
are open system [86,87].

4.2.1. Open Pond systems

Raceway ponds the most common cultivation system used [10].
They are generally cheaper to build and easier to operate than pho-
tobioreactors [88,89]. They are generally constructed from con-
crete, but plastic covered earthlined ponds have been used [10].
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Most paddlewheel driven raceway ponds are limited to 20 cm to
30 cm in depth. The paddle wheel prevents settling of the culture
and reducing the shading effect [10,90]. Unmixed ponds may be
up to 50 cm in depth. The requirement for shallow open ponds is
to allow adequate penetration of sunlight [69]. Open ponds are
generally regarded as the more cost effect method of microalgal
biomass production [26,91].

Open ponds however have various advantages and limitations.
Amongst the major limitations is low productivity as compared
to photobioreactors and environmental factors to some extent can-
not be controlled [8,69,88]. Low productivities in open ponds occur
as a result of a number of factors. Evaporative losses result in
changes to ionic composition of the media and potentially detri-
mental effects on culture growth. Changes in temperature, photo-
period and seasonal variation are beyond control in open systems
and directly affect productivity [8]. Major contributors to low pro-
ductivity are CO, transfer rate and light limitation due to increas-
ing culture densities. Atmospheric carbon dioxide is usually used
to satisfy the carbon requirement. Techniques to enhance CO,
absorption into the culture media such as aerators or bubbling
may improve the overall biomass productivity. Improved mixing
can minimise impacts of both CO, and light limitation thus
improving productivity [10]. Due to low productivities, large areas
of land may be required to meet the desired output of cultivation
[52]. Open pond systems tend to become contaminated with unde-
sirable species fairly quickly [26,88,90,91]. Contamination by pro-
tozoa and other algae may be reduced by utilisation of highly
selective culture conditions [10]. This limits the number of suitable
species open pond cultivation. A few examples include (i) Chlorella
species which require nutrient rich media, (ii) Duniella salina is
adaptable to high salinity and (iii) Spirulina which grow well under
high alkalinity [69].

The selection of culturing system must also take into account
the intrinsic properties of the microalgal species to be cultivated.
Natural climatic conditions and the cost of land and water avail-
ability also play a role in the determination of culturing system
[69]. Usage of marginal and non-arable land is a major advantage.
Maintenance and cleaning of open systems is easier and less en-
ergy intensive than photobioreactors [10]. The overall energy input
for raceway pond operation is lower than for photobioreactors and
therefore have the potential for a larger net energy production
[85]. Commercially produced raceway culture of Dunaliella salina
cost approximately $2.55 per kilogram of dry biomass in 2008,
which was considered to be too high to justify production for bio-
fuels [10]. It must be noted that the culture was grown on media
for the production of high value products.

4.2.2. Closed systems

The limitations of open pond culture have lead to much re-
search into photobioreactors, as a method of primarily overcoming
contamination and low productivity [10,52]. They are generally
used for culturing of microalgae for high value products such as
pharmaceuticals, that cannot be grown as a monoculture in open
systems. The increased utilisation of photobioreactors may be as
a result of a higher degree of process control and higher biomass
productivities [10]. The most popular photobioreactor configura-
tions are tubular, vertical or column, flat plate and annular reactors
[10,52]. The fundamental principal behind most photobioreactors
is reduction of the light path thereby increasing the amount of light
received by each cell [69]. They are generally mixed by airlift or
mechanically stirring/pumping. Mixing provides a benefit in
phototrophic systems in that mixing as well as aeration is accom-
plished simultaneously [52]. Mixing is essential for gaseous ex-
change within the system [10]. Photobioreactors are more
versatile than open opens in that they can use sunlight, artificial
light and various combinations of light sources thus giving the po-

tential to increase photoperiod and enhance low light intensities
given by sunlight variation. The stability of light intensity and pho-
toperiod provided by artificial light has potential to enhance yearly
total oil yields by 25-42% [52].

Tubular photobioreactors are regarded as one of the most suit-
able for types for large scale outdoor culturing. The solar collector
is generally made of glass of plastic with a diameter of 0.1 m or less
to allow penetration of light through dense culture[8]. The orienta-
tion of the solar collector may be horizontal, vertical, inclined or as
a helical coil around a supporting frame [10,92]. Cultures are gen-
erally reticulated by pump passing through a degasser at regular
intervals in order to remove excess oxygen. Higher levels of oxygen
lead to lower productivities due to photooxidative stress. Mixing
within the reactor is achieved by creating turbulence. This is costly
in terms of energy utilisation and wear and tear on the pumps [90].
Tubular photobioreactors have large surface area that is exposed to
light and is thus regarded as suitable for outdoor cultivation [10].
Tubular reactors are currently used for the production of cultures
producing high value products such as astaxanthan [90].

Flat plate photobioreactors are capable of achieving high cell
densities due to the large surface area available for solar capture.
To allow maximum sunlight capture, the reactors are constructed
from transparent material with a layer of dense culture flowing
over the flat plate [10]. Mixing is achieved by sparging with air
at a rate of 1L air per litre of reactor volume per minute [90].
Due to the high photosynthetic efficiency and low accumulation
of dissolved oxygen, flat plate reactors are more suitable for large
scale culture than tubular reactors but at higher mixing and instal-
lation costs [10,90].

Photobioreactors allow a larger range of species to be cultivated
[93]. The main benefits of photobioreactors over open ponds are
the higher productivity and level of control. Photobioreactors offer
the opportunity to optimise light path length and thus improve
biomass productivity [52]. They are able achieve and operate at
high biomass concentrations due to their high surface area to vol-
ume ratio [92,93]. Atmospheric contamination can be avoided.
Monocultures are possible in for extended periods of time if they
are operated in a sterile manner [10,52]. Tubular photobioreactors
can be erected in any space open space [92]. Greater control of cul-
ture conditions results in the final product of microalgal propaga-
tion being of more consistent quality and composition [69]. Scale
up of photobioreactors may present engineering and design chal-
lenges. Tubular reactors are limited on the length of the tubes
due to inefficient gaseous exchange. Extensive tube lengths give
the potential for excess oxygen accumulation, CO, depletion and
pH variation. All of which negatively effect biomass productivity.
The photoarray is also prone to growth of culture attached to the
walls and fouling [10]. Despite their advantages and superior pro-
ductivity to tubular reactors, flat bed reactors are difficult to scale
and maintain temperatures at desirable levels [10]. The major lim-
itations to utilising photobioreactors for large scale cultivation of
microalgae are the capital and operational costs [52,93]. Estimates
of capital and production costs vary greatly. High power consump-
tion is one of the major shortcomings of many photobioreactors.
The use of artificial light adds to the power consumption and in-
creases capital costs [52]. The use of light emitting diodes has been
proposed as a more cost effective method than the use of fluores-
cent light. The use of optical fibres exposed to sunlight to illumi-
nate inner regions of the culturing system has been suggested as
a method of reducing power consumption [52].

4.2.3. Hybrid production systems

Considering the advantages and drawbacks of raceways and
photobioreactors, the logical step in cost effective biomass produc-
tion would be a combination of the technologies. Hybrid systems
combine growth in bioreactors and raceway ponds [26]. Hybrid
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systems have been used historically in aquaculture for the growth
of inoculum. This allows production of inoculum free of contami-
nation and provides a large enough volume to give the culture of
choice a competitive advantage in the open system [26]. The use
of hybrid systems for biofuels production utilises a large scale pho-
tobioreactor and open pond sequentially. The first stage of growth
is undertaken within a bioreactor to maintain culture purity and
achieve high biomass concentrations [52]. The second stage is
undertaken in a raceway pond as this is ideal for nutrient stress
[10]. Hybrid systems can produce as much as 20-30 toe ha™! of li-
pid annually depending on climate favorability [85].

Open raceway ponds can facilitate multi-strain cultivation
while photobioreactors are well suitable for single strain cultiva-
tion. Due to the open nature of the open raceway ponds, there
are very high chances of contamination from non-target microalgal
strains and photobioreactors can proliferate only a single strain un-
der sterile conditions [86]. Minimal cleaning is required for open
raceway ponds and photobioreactors require intermittent cleaning
due to wall growth and dirt accumulation. It is technically difficult
to control growth conditions in open raceway ponds. Due to the
closed nature of the photobioreactors, growth conditions such as
temperature, light and CO, concentration can be easily controlled
[44,86]. Under open raceway pond cultivation system, temperature
is highly variable whereas photobioreactors require cooling [8].
Cooling for open raceway ponds is not viable as compared to the
inbuilt automatic cooling for photobioreactors. In addition, auto-
matic heating system is not suitable for open raceway ponds
whereas this system can be fitted to photobioreactors. Generally
there is no microbiological safety in open raceway ponds whereas
UV could be used for controlling microbial contamination in
photobioreactors.

4.3. Biomass production

The quality of microalgal biomass produced in photobioreactors
is of high quality and reproducible as compared to the variable and
inconsistent biomass quality in open raceway ponds due to spo-
radic crashes. Biomass yield is higher in photobioreactors as com-
pared to open raceway ponds and this is due to adequate
nutritional control mechanisms and mono-specific culture growth
conditions in photobioreactors [10,62]. In addition, lipid productiv-
ity is higher in photobioreactors as compared to open raceway
ponds since all the growth parameters are amenable for optimisa-
tion for higher lipid productivity in photobioreactors. There is
higher light utilisation efficiency in photobioreactors as compared
to open raceway ponds and this is mainly due to a large surface
area in the open system.There can be a great amount of variation
between algal biomass production rates. These depend on the lev-
els of inputs and can even vary between strain [7]. Biomass yields
of 0.5-1 g/L are accepted as standard for raceway ponds. Photobi-
oreactors are generally limited to 4 g/L for photobioreactors before
the shading effect greatly limits further growth [93]. The theoreti-
cal maximum biomass productivity is estimated to be within the
range of 77-96g DCWm 2day'. This translates to 280-
350 ton DCW ha~! ammun~' [83]. This however is generally not
achievable and productivities in the order of 27 to 62 g DCW m2 -
day~! (100-227 ton DCW ha~' ammun™') are regarded as reason-
able targets [26,94]. Based on the potential oil yield of 30-50%
oil yield, the theoretical yield of 47000-308000 L ha~! ammun!
[27]. The cost of biomass production is the only relevant factor
for comparison between raceway ponds and photobioreactors.
The cost of recovery of oil and transesterification is not affected
by the type of culturing system [8].

Algal productivities in open pond systems range from 5 to
50 g DCW m~2 day~ . This is species, climate and operation depen-
dant [22,77,83,95]. Raceway ponds with water depths of 15-20 cm

allow for productivity of 10-25 g DCW m~2 day ' [26]. In practise
these are generally lower than projected [83]. [22] reported an
average of close to 10 g DCW m 2 day ! with a maximum produc-
tivity of 50 g DCW m~2 day~! for biomass achieved by a pilot scale
raceway pond in Roswell, New Mexico. Researcher in Spain were
able to achieve 8.2 g DCW m 2 day ! [10]. [96] reported that an
average of 19-25 ¢ DCW m~2 day~! may be achieved in well man-
aged ponds with peak productivities ranging from 12 to 40g
DCW m~2 day~!. Tubular reactors are able achieve cell densities
ranging from 2 g/L to 6 g/L. Higher surface to volume ratios give
superior productivities [93]. Cell densities of up to 10 g/L are pos-
sible in well designed photobioreactors [94]. Reported productivi-
ties for photobioreators range from 20 to 40 g DCW m 2 day !
[97]. The cost of closed systems is significantly higher than open
ponds. Photobioreactors require 10 times the capital investment
as compared to raceway ponds [22]. Reductive of the cost of con-
struction of closed systems is imperative for the success of biodie-
sel production from microalgae [10]. It is possible to produce
dewatered biomass at a cost ranging from $5.08 to $5.27 US/kg
dry weight using tubular reactors [90,98].

4.4. Operational mode

In both photobioreactors and open raceway ponds, there is gen-
erally a built in air pump for aeration. Despite the air pump instal-
lations in these cultivation methods, CO, transfer rate is poor in
open raceway ponds as compared to photobioreactors. Moreover,
CO; loss is higher in open raceway ponds depending on pond depth
as compared to lower CO, loss in photobioreactors. In addition,
there is low shear in open raceway ponds in comparison to the
high shear in photobioreactors. A paddle wheel is installed for pur-
poses of mixing and circulating the suspension to avoid biomass
settling and the shading effect in dense cultures [26]. However
the mixing efficiency is poor in open raceway ponds as compared
to photobioreactors. Due to the open nature of the ponds, water
loss due to evaporation is higher as compared to photobioreactors
where there is little to no evaporation at all. Oxygen concentration
is low in open raceway ponds due to continuous spontaneous out
gassing whereas there is oxygen build up in photobioreactors
which require a gas exchange device installation. Costs of mixing
may account for a significant proportion of the total cost of bio-
mass produced. These costs are approximately $0.10, $1.61 and
$3.93 US/kg for raceway, tubular reactors and flat panel reactors
respectively [90]. Reduction in the costs of mixing in photobioreac-
tors will significantly improve the production economics. Raceway
pond production estimates place the cost of dried algal biomass at
$0.34 US/kg. At a predicted lipid productivity of 24% lipid per gram
DCW this translates to $1.42 US/kg and $209 US/bbl lipid. At a
more favourable lipid yield of 40%, the cost decreases to $0.85
US/kg and therefore $126 US/barrel [26].

4.4.1. Carbon dioxide sequestration

The release of gases that cause climate change is showing little
abatement though there is a serious campaign to arrest this per-
petual global predicament. However the concomitant coupling of
biofuel production and application of microalgae as a tool for
CO, sequestration and mitigation is a new phenomenon and is
technically feasible [26,78]. Open pond raceway ponds are more
favourable for CO, mitigation using microalgae as compared to
photobioreactors. Open pond raceway ponds can be constructed
near industrial areas producing huge amounts flue gases which
can be used as CO, source for microalgal growth. The use of CO,
gas derived from power plants for microalgal growth is still at an
infant stage where companies will be awarded carbon credits as
result of mitigating release of harmful gases to the environment.
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4.4.2. Key limitation for biomass productivity in culturing system

Large scale microalgal production has a number of challenges
that need to be overcome in order to make it commercially viable.
These include strain selection, maintaining culture integrity, pho-
tosynthetic activity, and gaseous exchange [10,97,99]. Open ponds
are able to culture only certain species of microalgae [96]. Algae
that grow under extreme conditions (high pH, nutrient level,
etc.) provide a competitive advantage thus limiting contamination
by other microalgae. Contamination is however inevitable and re-
quires constant propagation of seed culture in order to keep the
culture of choice as dominant [97,100]. Contamination by non-tar-
get microalgae is only regarded as problematic should the contam-
inating species not have a desired trait, have a negative impact on
the culture or be capable of outgrowing the species of choice. In-
creased control of the growth environment is can effectively re-
duce contamination but increases the cost. Biofouling becomes a
possibility if the microalgae adhere to the walls of the bioreactor.
This effectively increases shading thereby reducing productivity.
Biofouling can also impede culture flow, requiring more energy
and thus increasing the productivity [100].

Supply of photosynthetically active radiation (PAR) becomes a
limiting factor in dense cultures in both open and closed systems
thus reducing productivity [97]. Supply of carbon dioxide is essen-
tial for the prevention of carbon limitation. Despite ambient air
containing sufficient CO, for microalgae growth, CO, needs to be
in solutions for uptake. Less than 10% of the CO, resources are
available to the algae for uptake. Bubbling of air is not an effective
delivery system for open ponds due to short residence time [12].
Optimisation of bubbling technology remains an engineering chal-
lenge. Removal of oxygen is imperative for the prevention photo-
oxidative stress in photobioreactors. Oxygen above atmospheric
concentration inhibits photosynthesis. This problem is usually
remedied by sparging of air through the reactor or a section thereof
in order to strip excess oxygen. This increases energy consumption
and thus cost [97].

4.5. Large scale biomass production

Microalgal biomass production at large scale is almost exclu-
sively done using open raceway ponds in the batch mode
[76,79]. It must be noted that currently large scale cultivation of
microalgae is carried out for products other than biofuels. [40]
undertook a case study whereby they suggested that cultivation
should be carried out on a continuous basis. This is a more efficient
approach to microalgae cultivation for biofuels production. The
viability of a continuous system is dependant upon the prevailing
species, biomass productivity, culturing system and culturing con-

TN

ditions. Closed systems are more likely to be run as continuous sys-
tems due to higher efficiency and significantly lower amounts of
contamination of undesirable algae and other organisms. The use
of raceway ponds is however considered to be more viable for cul-
tivation of microalgae due to a better net energy ratio when com-
pared to closed systems [99].

Efficient open raceway pond designs typically consist of inde-
pendent closed-loop systems. Artificial systems equipped with a
paddle wheel are used to generate more simplified circulation by
which flow is directed around bends by baffles placed in the flow
channel to ensure desired mixing [101]. Fig. 1a illustrates the open
raceway pond cultivation method and the small ponds with differ-
ent volume capacities are for the stepwise seed culture propaga-
tion. Inoculum density of the seed culture is an important
process parameter that requires close monitoring in order to avoid
prolonged lag phase. The main advantages of large scale biomass
production using the open raceway ponds are (1) simplicity and
low costs, (2) use of cheap and readily available substrate alterna-
tives such as domestic municipal wastewater streams, (3) reduced
capital costs and (4) large tracks of marginal land not suitable for
agricultural purposes can be used without compromising food
security [62].

The optimisation of operational parameters for large scale bio-
mass production is technically challenging and is one of the major
drawbacks of this microalgal cultivation method at this scale. As
mentioned previously, the upper limit of world algae biodiversity
is more than one million species. Many of the characterised species
are been known to produce high value secondary metabolites
including lipids. Additionally, raceway pond configuration and
operating procedures are extremely important for algal cultivation
but have not yet been optimised for many microalgal species that
have been evaluated for oil production [85,101]. The overall costs
involved in large scale biomass production depend on prevailing
economic conditions in the local market [45]. The design of the
open raceway pond is critical for increased growth rates and con-
sequently high biomass yield. The cascading open raceway ponds
are potentially valuable since there is nutrient limitation at the
end of the growth cycle and therefore increased lipid yield.

The single channel open raceway ponds are cheaper to con-
struct and are also widely used but they are not as efficient as
the cascading design. Real cultivation remains questionable world-
wide due to relatively high engineering, construction, design,
maintenance, operating cost and complexity of operation which
are expensive. The use of photobioreactors is limited due to high
capital and operation costs and is mainly used for the generation
of high value products [101] (Fig. 1b). In order to mitigate prob-
lems associated with outdoor microalgal cultivation, microalgal

Fig. 1. (a) Image of large-scale Seambiotic Nannochloropsis sp. culture ponds. Image courtesy of Greenwell et al. [101] and Nature Beta Technologies Ltd., Eilat, Israel,
subsidiary of Nikken Sohonsha Co., Gifu, Japan. (b) Tubular PBRs in operation. Such systems have a small path length ensuring high volumetric production coupled with a
small footprint. Photograph courtesy of Greenwell et al. [101] and Varicon Aqua Solutions Ltd., UK.
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biodiesel research interests are looking to address these issues
including use of large size open raceways in conjunction with en-
closed photobioreactors. The integrated use of PBRs and open race-
ways is an efficient method of production of large inoculums thus
enabling short cultivation period by maximum efficiency to utilise
light in outdoor raceways, in this manner decreasing opportunities
for adverse events [32,101].

4.6. Biomass harvesting

Recovery of microalgal biomass is a problematic and challenging
undertaking in the area of microalgal biofuel production technology
largely due to the microscopic size of the microalgal cells (2-
200 pm), process recovery costs of the microalgal entities existing
in aqueous suspension in a relatively dilute broth (0.5-5 kg m—>
dry weight) and that large volumes of water are handled [45,101].
Biomass harvesting can potentially contribute to 20-30% of the total
biomass production costs[12].Type of biomass recovery is depen-
dent on the density of the biomass slurry. Dilute broth requires a
combination of one or more solid-liquid separation steps. Harvest-
ing of biomass by employing strategies such as centrifugation, filtra-
tion or in some cases, gravity sedimentation. These processes may
be preceded by a flocculation step [45]. The main physical proper-
ties of microalgae targeted when choosing a strain are mainly intra-
cellular biomass composition and yield of the desired product.
Indeed processing options such as ease of microalgal biomass recov-
ery must also be considered when selecting strains for large scale
cultivation [101]. The search for suitable and cost effective microal-
gal biomass recovery techniques is an ongoing exercise and here we
summarise the pros and cons of conventional techniques that are
currently used for harvesting microalgal biomass (Table 1).

4.6.1. Filtration

Conventional filtration may be insufficient due for biomass
recovery. Filtration aided by suction or optimal pressure net energy
for relatively smaller size algal cells can be relatively sluggish, te-
dious and time consuming especially if large volumes of microalgal
suspension are to be processed [45]. Furthermore, the use of mem-
branes is not suitable for large scale processing due to frequent
membrane fouling and clogging. The recovery of biomass in smal-
ler scale production via alternative methods such as membrane
microfiltration and ultrafiltration show higher performance than
conventional filtration. Microfiltration has been shown to be more
efficient and suitable for harvesting fragile microalgal cells

[12,45].The use of filter presses come highly recommended for
use as a harvesting tool larger microalgae species such as Coela-
strum proboscideum and Spirulina platensis. Cultures such as Scene-
desmus, Dunaliella and Chlorella are more difficult to recover due to
their small size (5-20 um) [10,42,45]. This method is moderately
effective for large microalgae whereby a chamber filter press can
achieve a phenomenal concentration factor of 245, thereby pro-
ducing a cake of 27% solids for C. proboscideum [45].Various filtra-
tion methods can be used for segregation of microalgal biomass.
The use of adequate vacuum with ideal pressure could improve
efficiency of the process [101]. Depending on the machine and
make employed, pressure filters are generally more reliable, cost
effective and more efficient than vacuum filters [45]. The major
disadvantage of membrane filtration processes is intermittent
membrane replacement and energy intensive pumping which con-
tribute to elevated production costs. By comparison to the centri-
fugation technique, a well developed technique such as
membrane filtration results in lower operational costs making
the technology increasingly attractive [101]. For this separation
technique to be effective for microalgal biomass recovery, mem-
brane technology is critical to improve the membrane longevity,
membrane durability, performance, increased scale of operation
and overall improved system conditions.

4.6.2. Centrifugation

The use of centrifugation as a biomass recovery and dewatering
method is typically effective though application of this technique
at large scale is problematic due to increased power consumption,
consequently pushing up production costs. The principle of this
method is that there is phase separation of microalgal biomass
from the aqueous solution when a centripetal force is applied in
a centrifuge. The main advantage of this technique is that microal-
gal cell separation is achieved more rapidly by increasing the grav-
itation field subjected to the microalgal suspension thereby
concentrating the biomass into a cake with >95% cell harvest effi-
ciency at 13000 x g [101]. In addition this technique is rapid, easy,
efficient and is not disruptive such that intact cells are recovered
for the extraction of high value intracellular products.

4.6.3. Gravity sedimentation

The most common the rapid intensively used method for har-
vesting is sedimentation for separation of microalgal biomass from
larger volumes of water and wastewater. Despite the simplicity of
sedimentation it is a very slow process (0.1-2.6 cm h™!) and dete-

Table 1
Summary of pros and cons of techniques that are used for harvesting microalgal biomass.

Technique Pros Cons References

Filtration Low cost, water reuse Slow, membrane fouling and clogging, limited volume, cell damage [12,101,102]

Centrifugation Rapid, easy, efficient Very high energy input [45,101]

Gravity Low cost, potential for water recycling Slow process, product deterioration, separation depends on cell density [43,101]
sedimentation

Chemical Low cost, low cell damage Biomass toxicity, no water reuse, inefficient, potential to remove lipids, produces [45,46,103]
flocculation large quantity of sludgethat increases the difficulty to dehydrate the biomass

Dissolved air Low cost, easy application at large scale Needs flocculants, water reuse and product extraction may be negatively affected  [43,45,46]
flotation (DAF)

Foam fractionation ~ Small footprint, no addition of chemicals  Low yield due to inefficient floatation [104]

Ozone fractionation Small footprint, cell disruption required Ozone generation is expensive, Loss product [105]

for extraction occurs simultaneously
Microstrainers Easy operation, low cost construction, Strongly cell concentration dependant, smaller cells may undergo incomplete [43]
high filtration ratios removal, difficulty and handling solids fluctuations

Bio-flocculation High efficiency, no damage to cells No water reuse, higher energy input than other flocculants [46,102,106]

Electrolytic High efficiency High energy input (up to 16KWh/kg biomass), increased temp may damage system, [43,107]
flocculation fouling of cathodes

Cross-flow Water reuse, removal of pathogens, Membrane fouling, requirement for frequent use [102]
membrane protozoa

Submerged Low cost, less shear stress, less membrane Membrane fouling, scale up potentially has problems [108]
membrane fouling than conventional cross-flow

microfiltration
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rioration of the biomass may occur during the separation due to
high temperature. However the process is largely accepted as a via-
ble harvesting method for large microalgae cells such as Spirulina
[43,45]. The advantage of this technique is that it is not expensive;
process control is easy with only a requirement of a settling tank
and is amenable for large scale biomass harvesting. Minimal costs
may be incurred for the energy consumption for pumping the sus-
pension from the growth chamber to the settling tank. The recy-
cling of the water rich in nutrients to the growth chamber is
advantageous since no potentially toxic chemicals are used for bio-
mass recovery as compared to the flocculation technique which
use compounds such as aluminium sulphate (Aly(SO4)3), ferric
chloride (FeCls) and ferric sulphate (Fe,(SO4)3) which may hamper
microalgal growth and also affect the final products.

4.6.4. Chemical flocculation

Multivalent cations or cationic polymers are useful for the neu-
tralisation of microalgal negative charge that prevents aggregation
in aqueous suspension [45]. The microalgal cell-surface negative
charge becomes decreased by increasing the pH to 8.5 and above,
and may cause auto-flocculation to occur [101]. Various floccula-
tion techniques harness this important physical property (negative
cell-surface charge) to achieve microalgal cell aggregation by
increasing floc size enabling efficient centrifugation, sedimentation
and filtration. Coagulation of cells resulting in precipitation or
floating to the surface may be induced by the addition of multiva-
lent metal salts such as aluminium sulphate and ferric chloride.
Recovery of the microalgal biomass is then accomplished by
siphoning off the supernatant or skimming cells off the surface
respectively. These multivalent metal salts e.g. aluminium sul-
phate are effective coagulants for Scenedesmus and Chlorella and
are widely used in microalgal biomass flocculation in wastewater
treatment processes [45].

The use of polyferric sulphates is more effective than the non-
polymerised traditional metal salt flocculants by producing flocs
that can be easily dewatered [45]. In addition the use of cationic
polymers (polyelectrolytes) is a potential alternative to the use of
traditional flocculants. Low dosages of polyelectrolytes (1-10 mg/
L) can effectively neutralise and reduce the surface charges of mic-
roalgal cells and in addition they bring microalgal cells together by
physically linking the cells by the mechanism of bridging though
their application is adversely affected by high salinity water from
marine habitats [45]. The flocculants utilised must be cheap, non-
toxic, and effective in low application dosages. Moreover, the flocc-
ulants used should be chosen so that further downstream
processing and water reuse for microalgae proliferation are not
negatively affected by the residues of the flocculants. The use of
metal flocculants for biomass recovery for use in aquaculture and
other sensitive applications is not recommended due to possible
toxicity. However, flocculation caused by alkaline adjustment has
been used to effectively remove Dunalliella testolata and Chaetocer-
os sp. from fluids [101]. Recently advanced novel methods are at
developmental stage such as the efficient electroflocculation tech-
nology integrated with dispersed-air flotation for harvesting mic-
roalgae [109]. Eletroflocculation gave a biomass recovery
efficiency of 93.6% after 30 min and this technique was integrated
with dispersed-air flotation to give a phenomenal recovery effi-
ciency of Botroyococcus braunii of 98.9% after 14 min.

4.6.5. Dissolved air flotation (DAF)

The microalgal cells are subjected to flocculation using cationic
polyelectrolytes to increase the floc size before applying DAF. Dis-
solved air flotation involves the generation of fine bubbles pro-
duced by a decompression of pressurized fluid [101]. The fine
bubbles (<10 mm) adhere to the flocs making them very buoyant
and This buoyancy causes them to rise rapidly to the surface of a

separation tank resulting in a concentrated cell foam (7-10% dry
weight) that is then removed as slurry. The main advantage of this
method is that it is cheap and also that it can be applied for the
recovery of microalgal biomass at large scale (commercial plants
handling more than 10000 m®day~'. The main disadvantage of
this method is that there is possible contamination of the microal-
gal biomass with the floc agent, which may significantly decrease
the value of the extracted high valued products [45].

4.7. Lipid extraction

Neutral lipids are produced by a large number of microalgae
isolated from diverse aquatic environments. These lipids are
favourable candidates for conversion to biodiesel and therefore
are essential for biodiesel production due to their lower degree
of unsaturation [76]. The biochemistry of microalgal lipid biosyn-
thesis is well documented and the pathway for their biosynthesis
has been thoroughly explored [101]. These lipids are produced at
the end of the microalgal growth phase and also under nutrient
limiting conditions such as nitrate starvation. Lipid extraction is
costly and is one of the widely debated processes in biodiesel pro-
duction. Due to the sensitivity and competition in this area of re-
search most processes employed at large scale biodiesel
production are kept confidential for proprietary reasons for possi-
ble ground breaking breakthrough for novel patentable lipid
extraction method. Before lipid extraction can be attempted, the
cells must be disrupted either by mechanical means or by chemical
treatments. For large scale operations, mechanical methods for
microalgal cell disruption such as homogenisation and bead mill-
ing are reported to be efficient [101].

A wide range of lipid extraction methods are available and the
choice of each method is based on efficiency, accuracy, cost effec-
tiveness, easy to carry out, high throughput capability, robustness
and most importantly precision and reproducibility [76]. Widely
reported methods for the extraction of lipids from microalgal cells
include the following: Folch method, gravimetric method, and
Bligh and Dyer method. Two frequently used conventional meth-
ods by researchers involve solvent extraction (n-hexane) and
gravimetric determination, the former from whole microalgal cells
with or without cell disruption [76]. Denaturation of cellular mate-
rial can occur as result of solvent usage for lipid extraction. Re-
moval of such material can often be difficult [101]. Addition
costs are associated with solvent usage at large scale in order to
meet the very high standards required for plant design and opera-
tion in terms of risk prevention such as fire, explosion and hazard-
ous materials storage and handling [101]. Other analytical
methods such as TLC, HPLC, GC and GC-MS are used to identify
and quantify the microalgal lipids [73]. The method used for lipid
analysis obliges that the recovery of lipid extracts, while avoiding
decomposition of lipids and/or lipid components.

The classical conventional lipid extraction procedures have ma-
jor limitations due to the process being time consuming and labour
intensive making it difficult to be screen large numbers of microal-
gal samples. The most common lipid determination method is con-
ventional gravimetric analysis which has many complicated steps.
Biomass harvesting, lipid extraction, separation and concentration
can result in loss of some lipids [73,76]. Hence to get around this
problem, increasing attention is focused on in situ measurement
of lipid content such as Nile red (NR) staining, time-domain nucle-
ar magnetic resonance (TD-NMR) and Bodipy [44].

4.8. Challenges at large scale
Commercial microalgal cultivation at large scale has its atten-

dant problems. Grobbelaar, [72], outlined 6 challenges they expe-
rienced at their large scale Spirulina cultivation facility in Musina,
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South Africa. The challenge of deviations from design and raceway
specifications is a result of construction companies with little
experience in raceway pond construction as well as biologists hav-
ing little or no engineering skills. This causes significant delays to
the inception of the project as well as successful completion
according to the project time frames. Furthermore, time con-
straints and requirements due to insufficient pre-construction
planning may lengthen optimisation time thereby seriously delay-
ing the whole exercise. According to Grobbelaar [72], commission-
ing, start-up, and basic optimisation require time and a 3-year
period is the minimum.

The question of scale and seed culture preparation is a real chal-
lenge for a large scale microalgal handling facility of up to
300000 L. The equipment for handling large volumes of broth must
be available. Harvesting, seed culture preparation and inoculation
facilities must be well planned in advance of the project inception.
Lack of skills in microalgal cultivation operations is a major stum-
bling block for successful operations. Therefore all personnel in-
volved in the project must be fully trained and provided with all
the essential skills on handling microalgal growth, parameter mon-
itoring and the use of equipment such as pH meters, spectropho-
tometers, and probes to avoid system failures. Site specific
problems can also be a major challenge such as unexpected power
and water outages, seepages, contamination, water evaporation,
staff absenteeism and possible red tape from the investors. Last
but not least, the challenge of product quality and consistency
must be addressed for successful operation and execution of the
project.

Daily culture sampling and analyses is required to quality and
check product consistency as this is an ongoing challenge [72]. A
lot of work has been done to avert system crashes and it is critical
to keep an eye on all possible sources of system failure. A lot of
money is injected in microalgal cultivation and any slight mishap
may put all these resources to waste if there is no careful planning,
sound scientific approach, balanced chemical and mechanical engi-
neering principles and good time management [101].

5. Downstream process

For the viable production of biodiesel Chisti.,2007 [8] stated
that microalgal biodiesel has to be cost effective to become a sig-
nificant source of energy by 2040. The ASTM (American Society
for Testing Materials) published biodiesel standards, assure that
microalgae oil produced biodiesel is having similar properties to
the standard biodiesel. Microalgal biodiesel has a high cetane num-
ber and several other beneficial properties. The downstream pro-
cess for biodiesel production commences with microalgal
biomass harvesting and dewatering, oil extraction and subse-
quently transesterification of the lipids into biodiesel. As already
discussed in previous sections, there are several methods that
can be employed for biomass separation such as filtration, centri-
fugation, flocculation, screening, gravity sedimentation and dis-
solved air floatation techniques etc. [45,71]. Biomass separation
is the first crucial step for downstream process for the recovery
of PUFAs from the harvested microalgae. Several methods can be
used for the extraction of both biofuel and intracellular metabo-
lites such as high value co-products. Historically, the three most
common processes for recovering oil from biological materials
are mechanical pressing [96,110], solvents [47,111,112] and super-
critical fluid extraction [113].

5.1. Mechanical pressing

Mechanical pressing is widely used for oil extraction from oil
seeds such as soybean and sunflower and can also be used for oil

extraction from microalgae for biofuel production. The percent
yield of total recovered oil from the biomass depends on the effi-
ciency of the extraction method. Previously, calculations for theo-
retical oil yields from microalgae were made solely because dried
microalgal biomass retains the oil content that depends on the
microalgal strain. The lipid generated from certain microalgae is
known to reach content of up to 80% (w/w), making microalgal bio-
mass a promising candidate for biofuel feedstock [114,115]. Cur-
rently, extraction of microalgal oil is a hotly debated topic as this
is one of the most expensive and technically challenging processes.
The simplest method applied for microalgal oil extraction is
mechanical crushing. Mechanical technologies for extracting mic-
roalgal oil include the screw press or piston, extruder and expan-
der, and pulverization in a mortar. In the mechanical expulsion
process, oil is expelled from dried microalgal cells by one or com-
bination of these methods. Machines that combine these technolo-
gies for increased extraction efficiencies are also available. Process
inputs are basically electricity to power the machinery. According
to Kleinschmidt [110], simple mechanical pressing of the biomass
separates the biomaterial cake and the oil component. Cooney et
al. [40], reported that the main drawback of mechanical pressing
is the unicellular nature of microalgal cells and that some microal-
gal strains have rigid cell walls. Crushing of microalgal cells will
not be readily achieved as some cells could rather flow with the
water through the thousands of water micro-channels that exist
in the pressing equipment. The extraction of oil from microalgae
biomass using mechanical pressing equipment is not easily
achieved as some cells could flow on moisture of many water mi-
cro- channels. Improvement of pressing equipment is required to
avoid loss of biomass and improve efficacy of the process. The suit-
ability of extraction technology is heavily dependent of the micro-
algal strain selected and needs to be optimised as has been done
for many higher plants [40]. In the future, possible innovations
could help to overcome the inefficiencies of mechanical pressing
technologies. These may include genetically modifying algal
strains to have weaker cell walls that can be broken under lower
pressures or low-heat pretreatment [116]. Mechanical pressing
for microalgal process engineering can be applied at both small
scale as well as large scale for biodiesel production.

5.2. Solvent extraction

Oil extraction using mechanical pressing can give oil yields in
the range of 70-75% of the dried biomass. The microalgal oil can
be extracted using chemical such as n-hexane, chloroform, ben-
zene, diethyl ether and ethanol. n-Hexane is the most commonly
used solvent which is primarily mixed with microalgae biomass
paste then is distilled to obtain the microalgal oil [112]. After ex-
tracted microalgae oil has been fractionated to get different classes
of lipids or pure components of individual lipids or fatty acids.
Extraction of hydrocarbons from the microalgae strain Botryococ-
cus sp. using ethyl acetate is the another example.

Crude lipids can be efficiently extracted from dried microalgal
biomass by the Folsch and Soxhlet extraction methods using sol-
vents. EPA, arachidonic acid (AA) and docosohexaenoic acid
(DHA) can be extracted from various microalgae using different
solvent such as chloroform, ethanol, n-hexane, and diethyl ether
[45]. The advantage of using these solvents for lipid extraction is
that they are inexpensive and very efficient and are commonly
used for oil extraction. Extraction and refining oil from microalgal
biomass with some modification using n-hexane as a solvent is
now being explored for its efficiency in recovering oil from algal
cells at industrial scale. Cell disruption generates rather a wide
distribution of cell debris, of various particle sizes, that need to
be removed. Adjustments in equipment design and operating con-
ditions are necessary in order to process for single cell oil produc-
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Fig. 2. Schematic diagram illustrating the downstream processing, crude oil extraction, and purification of microalgal lipids [117].

tion (Fig. 2) [117]. The oil dissolves in n-hexane and the biomass
can be filtered out from the medium through distillation by either
modified Folsch method or soxhlet extractor methods. In both
methods, a mixture of solvents such as methanol and chloro-
form/hexane are generally used in varying proportions. The combi-
nation of polar and non-polar solvents enhances the extraction of
both polar and non-polar lipids. For separation of microalgae
metabolites such as beta-carotene, astaxanthin and essential fatty
acids from microalgae biomass solvent extraction is the widely
used method [45]. Microalgae species Porphyridium cruentum, P.
Tricoruntum, I. galbana, M. subterraneous and other microalgae spe-
cies has been described for fatty acid extraction [47,111].

5.3. Supercritical fluid extraction

Supercritical fluid extraction has proved effective method in the
separation of oil extraction [113]. The fundamental difference be-
tween this and other methods for lipid extraction from microalgae
is the lack of catalyst requirement. CO, is first heated and com-
pressed until it reaches up to the liquid-gas state or above its crit-
ical point. It is then added to the harvested microalgae, and acts as
a solvent. Mendes et al. [113], reported super critical extraction
method to obtain hydrocarbons from Botryococcus braunii and lipid
from Skeletonema.

The liquefaction of a solvent for supercritical extraction is often
an energy-intensive process. The temperature and pressure (criti-
cal point) at which the fluid liquefies varies depending on the type
of solvent used omit and incoporate, which would determine
respective energy inputs. The process has the efficiency and ability
to isolate oil components leading to the extraction of almost 100%
of the oils [22,118].

5.4. Transesterification

Fatty acid methyl esters obtained by transesteritication can be
used as an alternative fuel for diesel engines. Transesterification
is a simple chemical reaction commonly used to make bio-oils less
viscous, turning them into biodiesel. Crude microalgal oil is espe-
cially high in viscosity, thus requiring conversion to lower molec-
ular weight constituents in the form of fatty acid alkyl esters.
Transesterification converts raw microalgal lipid (triacyleglyce-
rols/free fatty acids) into renewable, non-toxic and biodegradable
biodiesel for direct consumption by unmodified diesel engines

[28]. The reaction occurs as an equilibrium reaction and thus re-
quires the supply of excess alcohol to maintain equilibrium shift
towards the product and improve reaction rate [119].

The amount of resources available for transesterification de-
pends on two factors: biomass yield and lipid content. Biomass
yield provides a measure of photosynthetic efficiency in converting
sunlight into organic matter. Lipid content, as a fraction of total
biomass, represents the amount of hydrocarbons and triglycerides
formed as storage products resulting from photosynthetic metabo-
lism [120]. Transesterification also known as alcoholysis is a reac-
tion involving the parent oil with a short chain alcohol by
displacement of alcohol to form an ester and glycerol. During
transesterification the common alcohols generally used include
methanol, ethanol, propanol, butanol, and amyl alcohol. Generally
methanol and ethanol are utilised; however methanol is preferred
as it has physical and chemical advantages and low-cost. Fatty acid
methyl esters (FAM) and Glycerol are the reaction products of
transesterification [80].

5.4.1. Catalyst

Catalysts that are used in the transesterification reaction are
acids, bases or enzymes. Base catalysis is a faster reaction but is
limited by the free fatty acids content. Kaieda et al. [121] have re-
ported on the kinetics of triglyceride transesterification with meth-
anol, i.e. methanolysis, catalyzed by Ryzopus oryzae lipase appears
to be in accordance with a successive reaction mechanism. Transe-
sterification of triglycerides and partial glycerides are reacted in
the presence of an effective water soluble lipase to produce partial
glycerides and free fatty acids. Monoglyceride, Diglyceride are inter
mediates, FAME are synthesised from free fatty acids and metha-
nol. In enzyme catalyzed methanolysis free fatty acids can be con-
verted easily to methyl esters. Free fatty acids content in the region
of 20-50% is responsible for saponification during base catalyzed
transesterification [122].

5.4.2. In situ algal biomass transesterification

In situ transesterification is an alternative to the conventional
process, which is emerging technique that has the potential for
the reduction of processing units and costs of the fuel conversion
process. The in situ process facilitates the conversion of the bio-
mass oil to fatty acid alkyl esters (FAAE) directly from the oil bear-
ing biomass [123]. Harrington and D’Arcy-Evans [124] were the
first researchers to demonstrate this method with sunflower seeds
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as feedstock. Increasing biodiesel production yields compared to
conventional method up to 20% increased through in situ transeste-
rification was achieved by Ehimen et al. [123]. Haas et al. [125],
have reported that the use of in situ transesterification eliminates
the solvent extraction steps required as compared to the conven-
tional method.

In situ transesterification is carried out by adding dried microal-
gae samples to a methanol/potassium hydroxide solution and then
ultrasonicating the mixture. The above mentioned step minimises
the transesterification reaction time. The reacted biomass sample
could be separate for biodiesel from the cell debris, glycerin and
excess of methanol using the centrifugation method. This biodiesel
production method can thus potentially reduce the overall process
cost thereby aiding in the simplification of the fuel conversion pro-
cess. The final fuel product cost will also be lowered as compared
to physical methods. The comparative biodiesel yields from
in situ transesterification are higher than the conventional route
biodiesel production [124]. The in situ transesterification method
controls process wastes and pollution [125].

Microalgal biodiesel production is still in the research and
development stages and as previously mentioned the oils extracted
from microalgal cells have been extensively investigated for fuel
production. It is desirable to reduce the viscosities and increase
the fluidity of microalgal oil using downstream process like transe-
sterification. Vital steps need to be critically analysed at each stage
(Fig. 3). Direct esterification may pose some difficult challenges but
however, laboratory scale in situ transesterification gave better re-
sults as previously investigated [123]. Some of the challenges
experienced are: (a) increasing the volume of reacting alcohol,
(b) for improved conversions of fatty acid methyl ester (FAME)
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temperature control is needed (c) stirring speed in the reaction
vessel for biodiesel formation, (d) a strong negative influence on
the equilibrium of FAME yield by moisture content of microalgae
biomass, (e) inhibited the in situ transesterification process when
the biomass water content is greater than 115% w/w (based on
oil weight). This design and modelling could give effective results
at industrial scale biodiesel production from microalgae.

5.4.3. Pyrolysis

Currently biodiesel production based on transesterification has
been of major interest for biodiesel production. Pyrolysis is another
alternative effective option for processing biomass into biofuels.
Pyrolysis is a thermal cracking gasification method involving large
amounts of energy for thermal degradation. Thermal degradation
and/or cracking are promising routes to obtain the triglycerides
and other organic compounds from the biomass feedstock. The
process uses heat in the absence of oxygen to give simpler mole-
cules, which are alkanes, alkenes, aromatics, carboxylic acids and
among others [126]. Pyrolysis of microalgal biomass to produce li-
quid fuel was first demonstrated in Germany in 1986. It has been
reported that the catalytic pyrolysis method could yield a mixture
of different hydrocarbon molecules (gasoline) with high content of
aromatic hydrocarbon and octane number [127]. Raveendran and
Ganesh [128], reported that various biomasses have been consid-
ered as good renewable sources for potential feedstock for pyroly-
sis to produce large amount of fuels including oil and gas for
internal combustion engines, major source of energy for power sta-
tions and heating suppliers. The advantage of biofuels is the low
sulfur emission as compared to fossil fuels. Microalgae biomass
can be converted into bio-oil using pyrolysis processes [129]. Much
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Fig. 3. Schematic presentation of the in situ transesterification [123]. (a) The reaction vessel is allowed to stand for 1 h to enable its contents to settle. The reaction mixture is
filtered and the residues washed twice by re-suspension in methanol (30 ml) for 10 min to recover any traces of FAME product left in the residues. (b) Water (50 ml) is added
to the filtrate, to facilitate the separation of the hydrophilic components of the extract, and then transferred to a separating funnel. (c) Further extraction of the FAME product
is achieved by extracting three times for 15 min using 30 ml of hexane and the pooled hexane extracts are washed with water (to remove left-over traces of the acidic catalyst
and methanol), separated, and then dried over anhydrous sodium sulphate. (d) The FAME product is then filtered and evaporated to obtain the FAME yields. (e) Duplicate
experiments are carried out for each parameter investigated. The SG of the extracted FAME products are then determined and compared with that of the microalgae oil to

monitor the extent of the conversion process.
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Table 2

Comparison of properties of biodiesel from microalgal oil and diesel fuel and ASTM biodiesel standard (adapted from [131]).

Properties Biodiesel from microalgal oil Diesel fuel (EN 590:1999) ASTM D6751 07b EN 14214:2008
Density (kg/1) 0.864 0.838 - 0.86-0.90
Viscosity (mm?/s, cSt at 40 °C) 5.2 2.0-4.5 1.9-6 3.5-5

Flash point (°C) 115 >55 >93 >101
Solidifying point (°C) -12 -50to 10 - -

Cold filter plugging point (°C) —11 . . )

Acid value (mg KOH/g) 0374 Max 0.5 Max 0.5

Heating value (M]/kg) 41 40 - 45 - -

H/C ratio 1.81 1.81 - -

Cetane number 51 min 47 min 51 min

* Country specific.

research on microalgae biomass pyrolysis has been carried out
during the past two decades, including Oscillatoria tenuis (Blue
green algae) and Chlorella protothecoides (Green algae) [130]), Chlo-
rella protothecoides (Green algae) and Microcystis aeruginosa (Blue
green algae) [129,131], Spirulina platensis and Chlorella prototheco-
ides [132], Dunaliella teriolecta [133]. Chlorella muelleri and synecho-
coccus [134]. Mohan et al. [135], reported that the heating rate,
temperature and retort atmosphere are the deciding factors for dif-
ferent fuel and chemical properties of pyrolysis products. Bio-oil
yield is maximized by faster heating rates to a temperature of
about 500 °C. Microalgae have higher photosynthetic efficiency,
larger biomass, faster growth and higher content of components
thus preferred over plants for pyrolysis. There are still some prob-
lems in the process of producing fuels from microalgae by pyroly-
sis [129]. As previously discussed, there are challenges to
microalgal biomass harvesting at an economically feasible cost
(both laboratory and large scale production). The search for cost-
effective and efficient biomass separation is ongoing. Commercial
fast pyrolysis installations using microalgae may significantly re-
duce the current cost of fuels production. A thorough understand-
ing of thermal behaviour and biomass pyrolysis kinetics is required
for proper design and operation of pyrolysis conversion systems.
This may be attained by the use of Thermo gravimetric analysis.

5.5. Biodiesel quality

5.5.1. ASTM and EU standards

The acceptability of biodiesel from microalgae as a substitute of
fossil diesel fuel is strongly dependent on compliance with existing
standards. The benchmark standards currently are those of the
American Society of Testing and Materials (ASTM D6751 07b)
and the European Union (EN 14214:2008). Many researchers have
been studied the fuel properties of biodiesel such as viscosity,
cetane number, cold filter, heating value, density, viscosity, flash
point, plugging point and solidifying point [19,136-139]. Table 2
shows the ASTM biodiesel standard a comparison of biodiesel from
microalgal and diesel fuel properties [137]. Biodiesel produced
from microalgal oil, has a cold filter plugging point of —11 °C,
which is much lower than the diesel fuel. The physical properties
of microalgal oil in general are comparable to petro diesel fuel
(Table 2). Biodiesel production using chemical transesterification
with feedstock oil is a simple, straight-forward process and
glycerol formed as a by-product.

The extracted biodiesel or fatty acid methyl esters after the
reaction can be considered as raw because it mixed with alcohol
and soap-like numerous contaminants. Consequently it needs to
be further concentrated and processed to remove these contami-
nants in order to must meet the American Society of Testing Mate-
rials and materials (ASTM) standards quality fuel for biodiesel.
Biodiesel of a poor standard may negatively affect the diesel engine
as well as nullifying engine manufacturer warranties.

6. Biorefinery approach and utilisation of residual biomass

According to Niles [140], the biorefinery concept is an emerging
research field which require scientists to contribute scientific
knowledge. The biorefinery approach is an essential combination
of technologies to give a zero waste process by conversion of bio-
logical raw materials into useful the industrial intermediates and
final products. The main objectives are exploration of different per-
spectives and understanding of the biodiesel production and its
key components. This provides the foundations of the next objec-
tive, which is to critically discuss the biorefinery approach from
laboratory to large scale production concept. The energy intensive
process of green biorefineries combines production of sustainable
energy fuels and economical valuable chemical products are recov-
ery from biomass resources. This concept is a collection of pro-
cesses that result in an energy efficient process. Residual biomass
post lipid extraction can be significantly improved by using the
biorefinery concept to produce an end product, or products of
value.

Microalgal species produce biofuels and other chemical com-
pounds by harvesting sunlight and fixing CO,. The fixed CO, within
these cells, through various metabolic pathways leads to the for-
mation of lipids which after esterification produce biodiesel
[141]. Residual biomass can be used in a variety of ways such as
food industry, aquaculture, pharmaceutical, natural antioxidants,
nutritional, enzymes, protein, carbohydrate, pigments, biogas, bio-
ethanol and biohydrogen production and bio-oil production via
pyrolysis. Microalgae are the most efficient primary producers of
biomass. They produce a variety of novel compounds of which
more than 15,000 novel compounds have been chemically deter-
mined [142]. Microalgae have high physiological diversity. A mic-
roalgal biorefinery can simultaneously produce biodiesel, animal
feed, biogas and electrical power.

Biorefinery products improve cost effectiveness of biodiesel
production. The low biomass concentration in the microalgal cul-
ture due to a number of factors such as insufficient light, nutrients
supplement, space, insufficient oil content, harvesting, biochemical
separation from biomass and drying of harvested algal biomass
from high volume of water would be an energy-consuming process
are the major obstacles between microalgae biodiesel production
from laboratory to large scale production [143]. Biodiesel produc-
tion integrated with the biorefinary approach is desirable due the
ability of production of a wide range of chemicals and fuels. Hi-
tech industrial photo-bioreactors, with high photosynthetic activi-
ties and the utilisation of low cost harvesting and drying methods
such as chemical flocculation, biological flocculation, low pressure
shelf drying, drum drying and spray drying are being utilised for
biomass processing post cultivation.

Large scale integrated biorefinery has been categorised into 3
groups: (1) flexibility of inputs (2) processing capabilities and (3)
product generation. The main aim of biorefinery from large-scale
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production is to produce high-value products [144]. Recycling
waste streams is also a key aspect of the biorefinery concept
[145]. Microalgae biomass is rich in nutrients especially nitrogen,
phosphorus, carbohydrates and proteins after biodiesel production.
These nutrients can be recovered and converted by biorefinery to
produce fertilizers or animal feeds [146]. Macro nutrients in the
form of phosphorus and nitrogen can be attained from anaerobic
digestion of waste biomass in the biorefinery process. These nutri-
ents may be recycled to support the microalgal growth [147].
Anaerobic digestion process is appropriate in 70-80% high moisture
organic waste form biorefinery production. Wet microalgal biomass
can be digested aerobically to produce methane and biogas [10].

Microalgae have historically been used for variety of purposes.
The production of astaxanthin from microalgae is an example of
a mature industry that has evolved from prior uses. The large prod-
uct range of microalgae makes it a perfect candidate feedstock for a
biorefinery concept. The biorefinery products derived from resid-
ual microalgae biomass utilisation have potential to produce vari-
ous products such as biomass-based chemicals. It is likely that
these feedstocks will be a primary source of future industrial
chemicals [148]. Many valuable products extracted by integrated
microalgal product system from the same microalgal biomass thus
making biodiesel production viable. Extensive research work has
been conducted for protein therapeutics such as antibodies and
cytokines from microalgae [149]. The considerable research, devel-
opment, demonstration and commercialization are required to
make large scale biorefineries a reality. This biorefinery approach
in large scale production will reduce cost in future biodiesel pro-
duction. The biorefinery approach has the potential of contributing
to a favourable techno-economic status when evaluating the pro-
duction of biodiesel from microalgae.

7. The significance of life cycle assessment (LCA) for microalgal
biodiesel production

Because of its ability to exhibit maximum photosynthetic effi-
ciency and high growth rates, the use of lipid rich microalgae with
diverse lipid profiles as a possible alternative, sustainable feed-
stock for biodiesel production has become a global phenomena.
Biomass cultivation, harvesting, drying, oil extraction and transe-
sterification are high energy consuming processes which may work
against this advantage. The energy production capacity of microal-
gae needs to be determined in order to assess the process has a po-
sitive energy balance. Since the 1970s many algal trial studies have
evaluated energy balances. The results have varied considerably
due to complexity of algal cultivation and insufficient field data.
Furthermore life cycle analysis technology was still not a mature
technology at time which many of the studies were carried out
[150].

Life cycle assessment (LCA) or ‘cradle to grave’ analysis at-
tempts to quantify the environmental impacts of all the processes
that form part of provision of goods or services, in line with the
[S014040 standard. Life cycle assessment gives us an overall pic-
ture of the superior quality of energy dynamics reliability and envi-
ronmental impacts and hence, can help in the decision-making
process for implementation of the potential algae biodiesel pro-
duction [151]. Total greenhouse gas emissions and energy utilisa-
tion potential are the two categories of greatest relevance to
biofuels production. LCA attempts to quantify actual energy inputs
in the growth of the biomass including energy all the energy used
to make the nutrients, harvest, extract oil and transesterification.
The energy used to construct and run photobioreactors are also ta-
ken into consideration [24]. The LCA is therefore a “compilation
and evaluation of the energy inputs and outputs and the potential

environmental impacts of a product system such as microalgal bio-
diesel production throughout its life cycle” [152]. An evaluation of
energy and emission balance for biodiesel production and use is
essential to the identification of energy utilisation and emission
reductions. This can only be done using a systematic approach to
investigate the entire production cycle such as LCA [153].

Microalgae offer great potential for value added products,
including the production of biodiesel, but the process requires a
great deal of work at pilot scale, ensuring carbon neutrality and
commercial viability. Globally, LCA pilot scale studies are scarce,
a consequence of a lack of multidisciplinary approach and insuffi-
cient novel technologies available in the public domain. Current
biological research should aim to increase our understanding of al-
gal biosynthetic pathways and the corresponding genomics to be
applied in the new biotechnological paradigm. The work of engi-
neers on the other hand, would develop industrial bioprocessing
systems to achieve an economically feasible value added product.
In doing this, integration of biology, engineering [24] and agricul-
tural economics will be essential for the commercialization of bio-
diesel. Literature is of the general opinion that the energy balance
is only slightly favourable for the production and processing of
microalgae [109]. Harvesting and drying of biomass are the largest
energy sinks in the bioprocessing of algae for diesel. Some energy
saving mechanisms may be implemented by the use of nutrient
rich wastewater [80] or filtered seawater rather than freshwater
which is a scarce global resource.

According to the literature, one of the most energy intensive
processes in algal culture is the dewatering of microalgae. In the
model of Lardon et al. [154], the energy required for the dewater-
ing process accounted for 85% of the total energy consumption
[109]. According to Sheehan et al. [95], a dryer requires 3556 kJ/
kg (850 kcal/kg) of water removed. Dry algae have a density of
1 g/mL and filter press capture is about 90% efficient [155]. Life cy-
cle analysis has given rise to debates regarding the impact of water
usage amongst others. Utilisation of water per unit area as well as
availability and of water in a particular area play a large part in
this debate considering the criticism that large scale algae cultur-
ing utilised significant amounts of freshwater. It must be consid-
ered however that microalgae consume significantly lower
amounts of freshwater than conventional feedstock when culti-
vated on wastewater or seawater [81,156]. To offset the extensive
energy costs, several life cycle analyses of algal biodiesel from vir-
tual production facilities have outlined several assumptions that
have been utilised. Some of which include the addition of fertiliz-
ers and carbon dioxide to achieve high algal yields in open ponds.
Contrary to the general assumption that capture of carbon dioxide
from flue gas from power stations for the production of biofuels
from microalgal cultivation, carbon credits cannot be gained due
to the release of captured carbon dioxide in burning of the algae
derived fuel. Carbon credits are however obtained indirectly in
the saving of fossil fuels that would have been utilised in the ab-
sence of a biofuel alternative. Production of electricity by utilisa-
tion of spent biomass would accrue additional carbon credits as
a result of not using fossil sources for electricity generation. GHG
emissions at each stage of production must be calculated to allow
determine CO2 mitigation as opposed to purely sequestration [7].
The net energy ratio (NER) is defined as the ratio of the total en-
ergy produced (energy content of the oil and residual biomass)
over the energy content of cultivation system construction and
material plus the energy required for all plant operations. Jorquera
et al. [99] found that horizontal tubular photobioreactors have
negative NERs and are thus economically unfeasible. Flat bed pho-
tobioreactors were found to have the best NER. The study assumed
lipid content of 29.6% (dry wt. Lipid/dry wt. biomass). However did
not consider the cost of harvesting and oil extraction. Fig. 4 illus-
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trates the process inputs and outputs plus the energy consumed by
each system.

The US Department of Energy’s National Algal Biofuels Technol-
ogy Roadmap states that the commercial future of algae biofuels
appears promising. Successful commercial algal biofuels produc-
tion will however, depend strongly of the production of high value
products. The improvement of technology for biofuels production
is ongoing thereby bringing commercial production of biofuels
ever closer to fruition [62].

A review of current literature leads to the conclusion that LCA
studies are scarce. Furthermore a complete energy balance for
closed microalgae to biofuel concept is not available. Further
studies are required especially at pilot scale, to systematically re-
cord all energy input and the total quantity of biodiesel and value
added products derived from the system. To offset the high costs
of microalgal biodiesel production, and integrated alternative en-
ergy grid may supply and store energy to drive energy dependent
equipment. Secondly, value added products can be extracted
alongside the production of biodiesel probably from a second al-
gal strain. An alternative to life cycle analysis is the mass balance/
unit operation approach. According to Pfromm [152], the sustain-
ability of algal biodiesel production is feasible; however the en-
ergy balance needs to be improved. This may be achieved by a
less energy intensive method of nitrogen-based fertilizer produc-
tion. Replacement of 0.1% of the US diesel demand could be re-
placed by cultivation of microalgae using a pond area of about
11 square miles (28,490,000 m?) at a growth rate of 50 gm™2
(dry biomass) day~!. For microalgal biodiesel to become a depen-
dent source of green fuel, commercialization is dependent on
information derived from life cycle assessment and related mod-
els which needs to be clearly defined and standardised for future
comparative studies.

8. Conclusion

The global energy crisis has necessitated the search for alterna-
tive environmentally friendly energy sources. In the last 20 years
attention had shifted to research in developing and optimising
technology in biofuels as a sustainable alternative. In this regard
biodiesel from microalgae has shown potential as a suitable alter-
native with added advantages over crop based biodiesel with one
major comparative advantage being no impact on food security
in addition to other advantages. However, translating laboratory
and pilot scale findings to full scale commercial application still ap-
pears to be a hurdle with few credible reports of successes. Most
open pond systems and photobioreactors for large scale commer-
cial production was limited to culturing microalgae for high value
products and not biodiesel. Some of the imperatives that need to
be optimised for large scale application include strain selection
and seed culture preparation, biomass and lipid yield optimisation,
bioreactor configuration, physic-chemical parameters and most
importantly harvesting and extraction of the lipid from the
biomass.

Although choice of media is fundamental for the success of mic-
roalgal cultivation at pilot scale, the cost factor lends itself to inves-
tigation of waste substrates such as wastewater for the microalgal
propagation. In this regard post-chlorinated wastewater of domes-
tic origin has shown potential for large scale application. The two
most common process configurations that are used for large scale
application include raceway ponds and photobioreactors which
each system having its inherent advantages and disadvantages.
However, for large scale application open raceway ponds appear
to be more favourable with one of the added advantages being
the potential for CO, sequestration. With biomass harvesting being
one of the major challenges at full scale application for producing
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biodiesel from microalgae, some of the recovery methods being
considered include filtration, centrifugation, gravity sedimenta-
tion, chemical flocculation and dissolved air flotation. However,
the method of choice has to be selected based on a positive tech-
no-economic evaluation also taking the energy balance into con-
sideration. With regards to commercial ventures and claims thus
far, most of the companies surveyed use closed systems (52%) for
microalgal cultivation with the rest being open ponds (26%) and
natural settings (22%).

The extraction of lipids from the biomass has also been another
challenge when considering large scale application. Although
mechanical pressing works well for oil seeds, currently the method
of choice still involves solvent extraction. Other techniques such as
supercritical fluid extraction are still being evaluated for large scale
application. In situ transesterification is an emerging technology
that has shown potential for processing unit and cost reduction
at large scale. However the technology is still in its early stages
and necessitates optimisation. A defining aspect of successful
application of producing biodiesel from microalgae is to ensure
that the final product quality is in compliance with existing global
standards. In addition, adopting a biorefinery approach will cer-
tainly improve the techno-economics of the process.
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