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� Algae biofuels can make positive contribution to sustainable development in developing countries.

� Bibliometric and patent data indicate that many lack the human capital to develop their own algae industry.
� Large uncertainties make algae biofuels currently unsuitable as a priority for many developing countries.
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The possibility of economically deriving fuel from cultivating algae biomass is an attractive addition to
the range of measures to relieve the current reliance on fossil fuels. Algae biofuels avoid some of the
previous drawbacks associated with crop-based biofuels as the algae do not compete with food crops.
The favourable growing conditions found in many developing countries has led to a great deal of
speculation about their potentials for reducing oil imports, stimulating rural economies, and even
tackling hunger and poverty. By reviewing the status of this technology we suggest that the large
uncertainties make it currently unsuitable as a priority for many developing countries. Using bibliometric
and patent data analysis, we indicate that many developing countries lack the human capital to develop
their own algae industry or adequately prepare policies to support imported technology. Also, we discuss
the potential of modern biotechnology, especially genetic modification (GM) to produce new algal strains
that are easier to harvest and yield more oil. Controversy surrounding the use of GM and weak biosafety
regulatory system represents a significant challenge to adoption of GM technology in developing
countries. A range of policy measures are also suggested to ensure that future progress in algae biofuels
can contribute to sustainable development.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Global energy demand is increasing, driven by a mixture of
sustained high consumption in the industrialised countries and
rapid economic growth in developing countries such as India and
China. Currently much of this demand is met by the combustion of
fossil fuels with attendant problems such as supply insecurity, air
pollution, price volatility, environmental degradation, and climate
change. Here we assess the potential of a proposed next-
generation technology derived from harvesting algae biomass to
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produce a liquid fuel that can partly contribute to alleviating some
of these problems whilst simultaneously contributing to the
sustainable development of developing countries.

In particular, we assess the current technical status of algae biofuel
technology in relation to the production of the most common fuels
(bioethanol, methanol and diesel) and describe the appropriateness of
promoting the growth of an algae biofuel industry in developing
countries. We also examine the potential role of modern biotechnol-
ogy in improving commercial viability of algae biofuel. The size and
location of algae research and development (R&D) activity is deter-
mined using international academic and patent publication records in
order to estimate institutional capacity to benefit from the develop-
ment of any potential industry. Given the uncertainty which still
exists about the viability and suitability of this early-stage technology
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we avoid providing any new scenario estimates and instead conclude
by offering suggestions on how policy can hope to overcome some of
the obstacles identified.
2. Why the need for algae as alternative biofuels?

The most recent figures from the International Energy Agency
(IEA) estimate that total energy consumption from all sources will
rise from 406 quadrillion Btu in 2000 to 770 quadrillion Btu
in 2035 (IEA, 2010a,2010b,2010c) (1 quadrillion Btu¼1�1015

Btu≈1�109 GJ, which is approximately the amount of electricity
consumed by Italy in 2008 (CIA, 2011)). The majority of this
increase in demand is projected to come from the rapid growth
of non-OECD countries such as India, China, and sub-Saharan
Africa (IEA, 2010a,2010b,2010c).

Despite attempts made in recent years to improve energy
efficiency and reduce demand, there will also be a significant
albeit smaller increase in demand across the industrialised regions
such as North America and Europe (IEA, 2010a,2010b,2010c).
Currently, most of this energy demand is met by the combustion
of fossil fuels such as petrol, coal, and natural gas (Fernandes et al.,
2007). Against this backdrop of increasing energy use, all nations
are facing a number of pressures to adapt their energy policies.
The main drivers for this are: increasing crude oil prices, improv-
ing energy security, resource constraints, and the harmful effects
of fossil fuel combustion on local air quality and the global climate
(Bailis et al., 2005; IPCC, 2007; Wijffels and Barbosa, 2010; Yergin,
2006).

2.1. Food vs. fuel: 1st and 2nd generation biofuels

Liquid fuels obtained from the fermentation and esterification
of crops such as maize, soy, and palm are already an established
energy industry in the USA, Brazil, Argentina, and the European
Union (Cheng and Timilsina, 2011). These fuels are collectively
known as first generation biofuels, and can be further classified
into bioethanol, biomethanol, or biodiesel. A serious criticism of
these biofuels is that they can promote direct competition
between the use of such crops for food and fuel, and indirect
competition for agricultural land used to produce food crops
which further led to the conversion of forested land for expanding
crop production (Mueller et al., 2011a). Rathmann et al. (2010)
provide a comprehensive overview of the arguments in relation to
land use competition, with particular reference to the two largest
biofuel producers, the USA and Brazil. Whilst accepting that agro-
energy has led to a shift in food prices, they suggest that this may
only be a short run effect and note studies where competition with
food was not observed such as bioethanol from sugarcane in Brazil
(Rathmann et al., 2010). However, the concerns about the possible
economic, environmental, and social impacts of bioenergy-
inspired land-use change prompted calls for more research in this
area and a change in policies. The increased demand for crops
from the fuel industry raised food prices globally leading up to
2008, particularly cereals, which reached their highest levels in 30
years (Mitchell, 2008). Although other factors such as droughts,
increased food consumption, and commodity market speculation
also contributed to the rises since 2002, the most important factor
was the increase in biofuel production in the US and EU (Mitchell,
2008). This price spike had particularly negative implications for
countries in sub-Saharan African countries where up to 80% of
dietary energy comes from imported cereals (FAO, 2009).

This phenomenon has led to research into alternative sources
and technologies. Efforts are now underway to develop methods
for the sustainable use of the residual, non-food components of
existing biomass sources such as the stems, leaves, and husks,
along with the cultivation of non-food crops such as jatropha,
mahua, tobacco seed and miscanthus (Mueller et al., 2011b).
Whilst ‘sustainability’ and ‘sustainable’ are terms which have a
wide variety of meanings (an issue which has led some to criticise
their usefulness in guiding policy and action (Gatto, 1995; Rigby
and Cáceres, 2001), we use the terms here in the classical sense of
the concept of the triple-bottom-line, i.e., that the production
process satisfies economic, environmental, and social sustainabil-
ity objectives, as opposed to the traditional over-reliance on
economic sustainability alone (Sims, 2003). With explicit reference
to energy and agriculture then this requires a combination of
sustainability concepts such as transitioning from the combustion
of finite fossil fuels to renewable energy sources which have lower
CO2 emissions, and the cultivation of biomass which enhances
environmental quality, is economically viable, and enhances the
quality of life for farmers and society. Assessing the sustainability
of any biofuel technology or project is another controversial area
(Pope et al., 2004), with much of the focus being on appropriate
life-cycle analysis (LCA), such as the energy/carbon balance at each
stage of production and use, along with a greenhouse gas assess-
ment (Lardon et al., 2009; Yee et al., 2009). However, this misses
other important factors such as the effect on water and biodiver-
sity or the impact on local employment and food security. More
wide-ranging, integrated assessments have been developed by
organisations such as the IEA Bioenergy initiative (Ackom et al.,
2010; Eisentraut, 2010) and the Swiss-based Roundtable on
Sustainable Biofuels (2010) to overcome these shortfalls. Broadly
speaking then, a sustainable biofuel should be one that: (1) pro-
vides a net decrease in GHG emissions, (2) does not lead to local
environmental degradation, (3) is comparable in price to existing
fossil fuels, (4) contributes to local employment and economic
development, and (5) avoids competition with food crops. Provid-
ing a practical but rigorous assessment tool to evaluate the
sustainability of existing and next-generation biofuels is a difficult
but necessary task.

Biofuels derived from sources such as non-food biomass and
crops, termed ‘second generation’ biofuels, do not compete
directly with arable land and so are thought to be sustainable
(Chisti, 2007). They also have a lower environmental impact than
first generation biofuels as they require less fertilizer, water, and
pesticide inputs (Carriquiry et al., 2011; Sheehan, 1998). However,
controversy also exists around possible land-use changes that have
occurred in relation to the growth of these crops that undermines
their sustainability (Havlık et al., 2010). In particular, commercial
production of these second generation non-food crops such as
jatropha tends to be grown on fertile land which places its
production in direct competition for arable land used for food
production (Achten et al., 2010). There are further indirect land-
use changes that occur as new plantings of grain crops around the
world are needed to make up the shortfall caused by the diversion
of land and crops to energy, although the diffuse nature of these
impacts makes their calculation subject to many arbitrary assump-
tions (Mathews and Tan, 2009).

The low conversion rates of plant-matter to fuel means that
second generation biofuels have a limited ability to contribute to
fulfilling energy demand, unless substantial areas are devoted to
the cultivation of such crops. This is due to the greater difficulty in
converting cellulose (the tough material that forms the cell walls
of plants) to fuel compared with the comparatively simpler, direct
fermentation process used to convert e.g. corn-starch to ethanol
(Carriquiry et al., 2011). The dispersed nature of the raw material
(either on marginal land or distributed across many farms),
leading to de-centralised collection, poses another problem for
economic production. However, the more fundamental challenge
faced by all biofuels is that they are at an inherent disadvantage to
conventional fuels in two important ways: (1) plant biomass has a
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lower energy density (e.g. 18.5 MJ/kg for miscanthus) compared
with ‘condensed’ biomass such as coal (26 MJ/kg), and (2) energy
must be invested in growing, harvesting, and processing plant
biomass before a usable fuel can be produced whereas fossil fuels
exist in a more readily combustible form (McKendry, 2002). This
second issue of ‘net energy balance’ (the amount of biofuel energy
output versus fossil fuel energy input) varies according to variables
such as fuel type, plant species, production method etc. and
whether biofuels make a positive contribution is still contested.
For example, Pimentel and Patzek (2005) stated that bio-ethanol
production using corn grain required 29% more fossil energy than
the ethanol fuel produced whereas Hill et al. (2006) found that
ethanol yields 25% more energy than the energy invested in its
production. Resolving this debate is key to deciding whether
biofuels can contribute to a sustainable energy system.

2.2. Algae biofuel—The 3rd generation

Partly due to some of the issues mentioned, growing interest is
now focused on the development of third generation biofuels
obtained from microalgae organisms. This is due to the potential
for deriving higher productivity per unit area than previous feed-
stocks, in addition to avoiding direct competition with food crops
(Wijffels and Barbosa, 2010). Nigam and Singh (2011) point to
other third generation biofuels, derived from seaweed and
microbes, but these are at an earlier stage of development and
are not the focus here.

Microalgae are a collection of over 50,000 photosynthetic
microorganisms that can grow rapidly and live in harsh conditions,
due to their simple unicellular or multicellular structure. The
biomass that is produced can be harvested from large open ponds
or customised closed chambers called photobioreactors (PBR),
dried, and then processed to produce bioethanol or biodiesel
(Mata et al., 2010). Growth rates can be accelerated through careful
species selection and growth conditions (e.g. amount of sunlight,
water, and nutrients). Their simple cellular structure also makes
them a promising candidate for genetic modification to further
improve their yields (Mata et al., 2010). Algae with 30 wt% oil could
produce 12,000 L ha−1 yr−1 compared with 5950 L ha−1 yr−1 from
oil palm, and 1892 L ha−1 yr−1 from Jatropha (Schenk et al., 2008).
In order to supply global oil demand it is estimated that 20.5% of
arable land would be required to be converted to algae production
although this could be reduced to zero if ponds and bio-reactors
are situated on non-arable land (Schenk et al., 2008). Stephens
et al. (2010b) estimates that devoting about 1.5–2.7% of all non-
arable land to algae cultivation could satisfy global energy demand.
However, it seems likely that any move away from fossil-derived oil
will rely on a portfolio of technologies and substitutes, so the total
hectarage required should be lower than this figure.

Growing microalgae could also be an important tool in combat-
ing global CO2 emissions. This is due to their ability to act as a CO2

fixation source as they convert CO2 into biomass via photosynth-
esis at much higher rates than conventional biofuel crops (Kumar
et al., 2010). Algae ponds could thus be sited close to CO2

emissions plants where the flue gases would be pumped directly
to the ponds to be used for the algal photosynthesis. Upon
combustion of the resulting biofuel then the CO2 emitted should
equal the CO2 fixed during growth with overall CO2 neutrality, and
avoided emissions from the fossil fuel that was not burned (Mata
et al., 2010). The extent to which algae biofuel can help reduce
carbon emissions and provide a positive net energy balance is still
highly questionable, and resolving the matter is made more
difficult by the scarcity of large scale plants in operation (Scott
et al., 2010). In the review by Scott et al. (2010), they found that
algae biodiesel provided only a marginal benefit in terms of energy
balance and global warming reduction potential. They pointed out
that this assessment was highly sensitive to choices at each stage
of the production process such as algae strain, site location,
cultivation technology, and refinery method. Laboratory experi-
ments have yielded energy return on investment (EROI) of
between 1.1:1 (Hirano et al., 1998) and 2.94:1 (Minowa et al.,
1995) but an LCA of a virtual algae biofuel facility by Lardon et al.
(2009) found that it was energetically unfavourable in 3 out of
4 scenarios. Further, positive energy balances were strongly
related to the ability to extract energy from co-products such as
biogas and combustion of the solid residue (Lardon et al., 2009).
Hall et al. (2009) have estimated that only fuels which have an
EROI greater than 3:1 provide the requisite net energy to provide a
fuel source and maintain the transport infrastructure. This high-
lights the need for advances to be made in increasing the oil
content of the algae and in reducing the inputs needed to grow the
algae if the fuel is to be both environmentally and economically
viable. Indeed, an LCA of electricity generation by coal/algae
cofiring by Kadam (2002) suggested that it may even be better
to combust the algae biomass rather than to extract the lipids.

The attributes of the different generations of biofuels from a
sustainability perspective that includes their environmental,
social, and economic impacts are compared in Table 1, along with
fuel derived from crude oil. Whilst some of the issues raised in the
table will be common to all of the technologies, it is suggested that
if algae biofuels can improve their net energy balance along with
their economic competitiveness then they can be more sustainable
than the other options considered.
3. Environmental and social sustainability of algae biofuel in
developing countries

3.1. Geography and growing conditions

The climatic zones suitable for the cultivation of algae are mostly
located between 371 north and south latitude (Van Harmelen and
Oonk, 2006). The potential yield of algae is highest in warm
countries due to the presence of sunlight and optimum temperature
which allows higher growth rates. The optimal temperature for
growing many microalgae is between 20 and 30 1C (Demirbas and
Fatih Demirbas, 2011). Outside this range, productivity may decline
or the algae may die (Demirbas and Fatih Demirbas, 2011).
Many developing countries particularly in South Asia, the Middle
East and Africa are geographically situated in climatic zones
favourable for large-scale cultivation of algae for biofuel production.
A map showing the average annual temperature of the world is
shown in Fig. 1. The map indicates the regions of the world where
solar insolation, and by association, algae photosynthesis should be
highest. The area within the box represents the approximate
regions where algae biofuel production should be most favourable.
However, careful consideration of local climate and growing
conditions is needed, as desert regions such as the Sahara may
not be suitable due to the low night-time temperatures that restrict
algal growth (Van Harmelen and Oonk, 2006). The use of closed
PBR systems for algal growth can avoid the effects of local climate
by providing an optimum, controlled environment (Mata et al.,
2010). However, the downside of PBR systems is the higher capital
and energy costs involved reduces the carbon balance of the
final fuel.

The development of algae-based biofuel may generate new
employment opportunities. The choice of production facility (open
pond or PBR) will be region/site specific, with different technical
and labour skills required. Previous studies have shown that
operation, maintenance, and biomass processing of open pond
algae systems require lower-skilled workers and less financial
investment than closed photobioreactors (Chisti, 2007, 2008;



Table 1
An overview of existing and proposed liquid fuels from a sustainability perspective.

Current status Environmental Social Economic

Fossil fuels � well-developed global
industry

� key component in
energy, transport,
plastics, chemicals and
agriculture industries

� EROI (oil) 30:1 (Hall
et al., 2009)

� fossil fuel combustion increases
atmospheric CO2

� local environmental degradation from oil
drilling and spillages

� health impacts from
exhaust (particulate
matter)

� major industry with range
of skilled labour positions

� industry investment in
training and R&D

� history of corruption and
conflict (Humphreys et al.,
2007)

� social cost of fuel subsidies (costly
to public to subsidise industry)

� oil deposits and companies can
contribute significantly to public
tax receipts and pension funds
(Sachs, 2007)

petrol, diesel,
gas

1st Gen Biofuel � commercial product sold
on forecourts

� biodiesel from rapeseed
(EU) or palm oil
(Indonesia), bioethanol
from sugar cane/
molasses (US, Brazil)

� EROI (corn ethanol) 0.8–
1.5:1 (Murphy et al.,
2010)

� possible carbon neutrality (Wijffels and
Barbosa, 2010).

� reforestation potential on marginal lands
(Muok, 2010)

� land clearing and high carbon debt—at
best 17 yrs for Brazilian sugarcane biofuel
at worst 423 yrs for palm oil from
Indonesia and Malaysia (Fargione et al.,
2008)

� monocultural farming leading to soil
degradation

� meet rural energy needs
and stimulate rural
economic growth

� increase value/income of
marginal lands

� increase employment,
particularly in rural areas
(Bailis et al., 2005)

� weak land tenure security
attract foreign investors
leading to conflict (Arezki
et al., 2012)

� competition between
crops for fuel and crops for
food contributes to poverty
and hunger (Bailis et al.,
2005)

� high biofuel blends can require
engine modifications

� raised prices of food crops as
growers switch to supplying
bioethanol market.

� artificially inflates prices for corn
in US, reducing the need for
government price support or
export subsidies (De La Torre
Ugarte, 2006)

corn, sugar
cane, soy,
rapeseed

2nd Gen Biofuel � Pilot-plants: �0.1% of
global biofuel supply
(Mabee and Saddler,
2007)

� Substantial plantation
activity and process
development occurring
(Sims et al., 2010)

� EROI (switchgrass)—
5.4:1 (Schmer et al.,
2008)

� waste/byproduct stream eliminates need
for new inputs/resources e.g. bagasse and
molasses from sugar production (Karezki
and Kithyoma, 2006)

� reduce waste production since recycling
by-products

� reduce carbon emissions (depending on
land-use)

� avoids land-use change and forest
clearance

� in practice, reports of expansion into
forest areas (Muok, 2010)

� biosecurity risk due to invasive species
introduction (Ditomaso et al., 2010)

� avoids food vs fuel
dilemma (if non-arable
land is used).

� distributed energy systems
viable since waste streams
are widely available
especially for rural areas

� meet rural energy needs
and stimulate rural
economic growth

� no conflict with land
tenure if only using
residues

� over-selling of yields
creates frustration and
distrust, e.g. Kenyan
jatropha in (Hunsberger,
2010)

� Initiatives in developing
countries depend on donor
funding for running costs

� infrastructural costs for e.g. biogas
capture/distribution, but can be
viable at small scale

� dispersed nature of resource
avoids monopoly

� domestic source of fuel can avoid
expensive imports

forestry &
farm
tailings,
grasses and
shrubs

3rd Gen
Biofuel

� commercial production
of microalgae exists for
nutrient industry but not
profitable for biofuel

� substantial lab-stage and
pilot plant activity, esp.
in USA and EU. (Singh
and Gu, 2010)

� EROI (bioreactor) 0.22:1
(Beal et al., 2011)

� high energy to land area ratio so avoids
deforestation impacts and land tenure
conflicts

� potential escape of invasive algae
impacting waterways (Ditomaso et al.,
2010)

� careful siting required to minimise water
requirements

� don't require arable land so
no conflict with food-crops

� potential to provide a
range of high-skill and
low-skill jobs

� can aid rural development

� major cost reductions need to be
achieved by R&D of organisms and
processing

� large-scale production necessary
to be economical

� high plant costs and supporting
infrastructure (e.g. roads, utilities)

microbes,
macroalgae
and
microalgae
e.g. chlorella
or spirulina,
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FAO, 2008). Although PBR systems can result in higher algae
productivity, in developing countries, open pond systems are
favoured (Chisti, 2008; Norskera et al., 2011). This is because they
are relatively cheap and the tropical climate found in many such
countries is conducive for algae growth without the need for the
expensive and technically demanding PBR systems (FAO, 2010).
3.2. Co-production to diversify benefits

Algae technology has enormous potential, not only for biofuel
production, but also for the ability to co-produce proteins, car-
otenoids, carbohydrates, vitamins, amino acids, pigments and
trace minerals, and other chemicals. Murakami et al. (1996)
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Fig. 1. A map of global mean annual surface temperatures taken from Van Harmelen and Oonk (2006). Regions within the blue box, with mean temperatures between 20
and 30 1C, are considered to have the most favourable climatic conditions for growing microalgae.
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suggested that phytochemicals obtained from algae could even
provide new avenues for tackling serious diseases such as cancer.
Indeed the existing algae industry is based on the production of
these nutrients and chemicals, and finding cheaper ways of
producing them is the aim of much existing research (Spolaore
et al., 2006). Whilst the US Aquatic Species Program report was
optimistic about the possibility of algae biofuels to become
economically viable on their own, provided that certain ambitious
R&D goals were met (Sheehan, 1998; Chisti, 2007) argued that
viewing algae production facilities as ‘biorefineries’ that produced
a range of commercially valuable fuels (biodiesel and biogas) and
products such as animal feed could improve their economics and
usefulness. Reports by Wijffels and Barbosa (2010), Darzins et al.
(2010), and Singh and Gu (2010) have all emphasised that algae-
based biofuels could be economically feasible if co-production of
chemicals, food and feed ingredients is considered, particularly in
developing countries, but cautioned that current technology
requires significant improvement. The predictions in Darzins
et al. (2010) for example, are based on the assumption that algae
have a lipid content of 50%, whereas current estimates range
between 9.5 and 39.8% of biomass. They also point out that the
market for algae co-products is small and may have little room for
expansion.

3.3. Resources vs. capability: The use of innovation indicators

Whilst the favourable geography of many developing countries
and the technical potential of the nascent algae biofuel industry is
large, there are concerns about how developing countries can
benefit equitably from its deployment. This concern arises from
the disparity in educational, technical, political, and business
expertise between the countries and organisations where the
technology is being developed and the proposed locations for
implementation. The development of any new industry requires
not just the physical technology itself but also trained scientists,
engineers, and technicians to run the plants, and skilled business
people, financiers, and legislators to organise the formation and
regulation of algae biofuel companies. Although crop-based biofuel
industries and policies have been established since at least the
1980s in many developing countries, including sub-Saharan Africa
(Amigun et al., 2008b; Ferguson, 2006; Jumbe et al., 2009), few
accounts of current algae-based biofuel projects in developing
countries were found in the existing literature. This agrees with a
review in Singh and Gu (2010) that estimated that 78% of algae
biofuel companies are based in the US, and a further 13% in Europe.
Here we use academic journal publications and patent data
relating to algae biofuels to indicate the extent to which these
capabilities exist in developing countries. Bibliometric approaches
have been widely used in the field of innovation studies to assess
the effect of R&D and policy measures, particularly in relation to
emerging technologies (Meyer and Persson, 1998) and (Johnstone
et al., 2010). Fig. 2 shows the major regions and countries in which
academic research relating to algae biofuel is being undertaken.
The data was obtained using a keyword search of the Thomson
Web of Science™ science citation index expanded (SCIE) database
between 1974 and 2010. The search term was ‘fuel AND algan’
where the asterisk represents a search wild-card. The map shows
that the Europe and the US are responsible for 70% of 566
publications relating to algae biofuel despite having relatively
little land within the ‘golden zone’ of ideal growing conditions
for algae. Emerging economic powers such as India and China are
responsible for 5% and 3% of publications which is substantial but
disproportionately small in relation to their population size. For
the poorest nations in the African and South American continents
then the tiny percentage of publications (2% each) being produced
by institutions based here represents a challenge as they lack
sufficient knowledge and human capital to exploit the possible
opportunities of algae biofuel.

In terms of patent activity, a similar pattern is also seen,
as shown in Fig. 3. The figure was obtained by querying the
European Patent Office's esp@cenet database using the keywords
‘biofuel’, ‘bioethanol’, and ‘biodiesel’ and the Brazilian Patent Office
(BPO) using the keywords ‘biocombustiven’, ‘bioetanol’, and
‘biodiesel’ between 1980 and 2009. Due to the greater technical
immaturity of algae biofuel and the many non-fuel uses of algae
(e.g. pollution treatment and nutrient production), ‘algae’ was
not used in the keyword search in order to obtain a greater
number of hits but restricted to energy uses. Whilst esp@cenet
claims to have the most comprehensive collection of worldwide
patents, it was noticed that despite the well-known biofuel
industry in Brazil, very few patents were contained in the
database. Therefore a separate search in Portuguese was con-
ducted of the BPO database. The figure shows that similar to the
location of academic publications, the majority of patent activity
has occurred in the US (30%) and Europe (22%). Of the non-OECD
countries, China and Brazil have some of the most developed
biofuel industries, with 21% and 11%, respectively. Poorer devel-
oping countries have produced very few patents, again indicating
the lack of indigenous capability for managing the developing
algae biofuel industry.



Fig. 2. A map indicating the regional distribution of academic publication activity relating to algae biofuel. Publication data is based on a keyword search of the SCIE database
for “fuel AND alga*” between 1974 and 2010. The blue box indicates the ‘golden zone’ within which algal growth is most favourable.

Fig. 3. The geographical distribution of biofuel patent applications granted over the period 1980–2009. The cumulative number of patents granted was determined by
querying the Espacenet and BPO databases.
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Of course, these two metrics of innovation do not capture all of
the activity related to the development of a particular technology
and there are many initiatives, funding efforts and research
centres in developing countries which are not described here
but which are making important progress in algae biofuel. Brazil
for example has a pilot plant operated by the Federal University of
Rio de Janeiro and South Africa's Council for Scientific and
Industrial Research is engaged in internationally recognised algae
biofuel research (CSIR, 2009; UFRJ, 2013). These metrics also do
not provide any indication of the quality of individual publications
and patents. This neglects that individual researchers and firms in
countries which have an overall small research output, may be
performing innovative work. However, we argue that for any
country to benefit from a competitive internal market in a new
technology, or to develop a product that can compete internation-
ally then there should be some evidence of domestic research.
Taking Brazil's comparative success in the development of first-
generation biofuels then we see that in a similar search of the ISI
database (not shown), it is ranked seventh in total publications in
this area. This combines with its fourth position in biofuel patents
to give a reasonable explanation of its success in this area. Its
previous success and technological familiarity may also be useful
in capitalising on any eventual algae biofuel industry, however, for
countries which have no existing R&D infrastructure or historical
experience with a related biofuel industry then the challenge is
much greater.

Whilst it could be argued that even though most of the
innovation activity in relation to algae biofuels is taking place in
developed countries, that does not mean that the benefits will not
spill-over into other countries. Technology transfer initiatives
could also promote wider diffusion under the right conditions.
The development of transgenic, insect resistant Bt cotton for
example, was led by companies such as Monsanto in the USA
but is now widely grown across South America, particularly
Argentina (Traxler, 2006). However, whilst the USA benefited from
both the increased productivity of its farmers and the increased
profits of its biotechnology sector, the receiving countries
only benefited from the extra farm productivity. In order to
capture the full value-chain, develop export products, and ensure
that there is sufficient knowledge base within the country to
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evaluate and exploit new opportunities then it cannot be enough
for developing countries to simply wait for technology spill-overs
and transfers. The results shown in Figs. 2 and 3 indicate that
many developing nations are not sufficiently involved in the
development of a technology that may be of significant advantage
to them.

3.4. How much fuel could algae supply?

Producing biofuels from algae could allow developing countries
to reduce their consumption and imports of fossil fuels. This is an
attractive aspect of algae technology as it would mean more
finances could be directed towards development projects. How-
ever, estimating the extent to which algae biofuel could reduce oil
imports is difficult giving the many different variables surrounding
algae species, growth rate, insolation, open pond vs. PBR, and land
availability. Ultimately, such estimates will have to be taken at
individual project, national, and global scales, and caution must be
exercised to avoid over-optimistic projections. However, Lee
(2011) offers one set of scenarios based on a general equilibrium
model which attempts to forecast the effect of strong government
support in both developed and developing country situations. This
‘strong support’ assumes that algae biofuel costs decrease by 25%
each year. Using this model, which is based on economic para-
meters rather than technical and bio-physical constraints, algae
biofuel could supply 7.1% of developed world fuel demand by 2040
whilst in developing countries the figure is only 0.5%. Without
support, the figure for developing countries was around 0.1%.
Similar results have also been reported at a global scale by
Takeshita (2011). The difference in outcomes is due to the greater
flexibility enjoyed by developed countries in adjusting industrial
and economic policy to cope with external changes (Greenspan,
2005). It also highlights the fact that realising the potential of
algae biofuels will depend on not just techno-economic factors,
but also socio-political factors too.

Although an algae biofuel industry should have a lower land-
use impact than the existing crop biofuel industry, the impact
could still be significant. Using a lifecycle analysis approach,
Shirvani et al. (2011) estimated that for algae with a biodiesel
yield of 850 GJ/ha/yr, a land-mass of 57.3 million hectares would
be required to replace the current total annual production of
1.1 billion tons of petroleum-derived diesel. This approximates to
an area slightly larger than Spain. No figures are given on the
possible indirect land-use change that would result. Using a
different methodology employing bio-physical, water, energy,
and geographical data to drive a simplified open pond algae
growth model, Wigmosta et al. (2011) estimated that algae biofuel
could supply 19% of U.S. petroleum needs. They estimated that this
could be done using 43 thousand hectares of non-arable U.S. land
(about 5.5% of the contiguous US landmass). However, although
these areas quoted are substantial, they are not impractical. The
kind of careful site evaluation conducted by Wigmosta et al. (2011)
needs to be extended to other regions, particularly developing
regions, in order to give realistic estimates of the land available for
algae cultivation.
4. Are algae-based biofuels commercially viable in developing
countries?

The commercial production of algae biofuel is yet to take place,
leaving a large degree of uncertainty in existing estimates. This
uncertainty is compounded in developing countries as most
studies have focused on U.S. or European conditions. However, a
growing body of literature has reported that algae biofuel produc-
tion is technically and economically viable within the next ten to
twenty years (Chisti, 2007, 2008; Hanotu et al., 2012; Norskera
et al., 2011). Given the high variability in price of conventional
diesel in the past 16 years, which has ranged between $1/gallon
and $4.70/gallon (EIA, 2010), then developing alternative fuel
sources, such as algae, could also provide countries with greater
energy stability. However, given that the biofuel cost is currently
closely related to the price of fossil fuel, as there are so many fossil
energy inputs into biofuel production, then this stability will only
occur once biofuels displace a significant amount of fossil fuels.
The lack of accurate estimates and commercial sensitivity of the
data makes comparative cost per gallon difficult to determine.

Kovacevic and Wesseler (2010) attempted to estimate the
direct cost of algae biofuel production based on economic model-
ling. Assuming linear technical progress and that crude optimis-
tically remained at $100/barrel, then by 2020, algae biofuel could
cost €51.6/GJ. This includes taking into account of the energy
recovered from methane produced using the algal cake by-
product. In comparison with rapeseed biodiesel at €30.5/GJ (taking
into account the energy recovered from using the rapeseed cake
and glycerol by-products) and fossil fuel at €18.4/GJ (Kovacevic
and Wesseler, 2010), algae biofuel will continue to remain
uncompetitive with other biofuels unless either greater technical
progress or other policy support is provided. Kyoto treaty initia-
tives such as emissions trading schemes and the clean develop-
ment mechanism (CDM), which were set up to provide market
incentives to invest in clean energy technologies, could signifi-
cantly improve the feasibility of algae biofuel projects in develop-
ing countries. Darzins et al. (2010) and Gao et al. (2011) estimated
that with a CO2 price of between $100 and 200/ton, and provided
algae have an oil content of 60%, then a algae-derived biodiesel
could become significantly more profitable. However, with regards
to the CDM, despite the fact that biofuel projects qualify, as of
2009, none have actually been supported (Wolde-Georgis and
Glantz, 2009). An ambitious claim from the US military, reported
by The Guardian newspaper, suggested that they could produce
algae biofuel for jets for under $3/gallon (≈$23/GJ, presumably
excluding any by-products) if large scale production by the
Defense Advanced Research Projects Agency (DARPA) commences
in 2013 (Goldenberg, 2010). Unfortunately, DARPA gave little detail
on how they intended to achieve this.

4.1. The algae nutrient industry as a stepping-stone to biofuel
production

Scientific research efforts have focused on microalgae that are
already commercially significant with the greatest prospects for
highly efficient energy production coming from species such as
Chlorella, Spirulina, Dunaliella and Haematococcus (Bruton et al.,
2009). These algae varieties are already established in commercial
non-fuel operations, where there are used to make a variety of
high-value products for use in human and animal nutrition,
aquaculture, and cosmetics (Spolaore et al., 2006). The geographic
location of these commercial operations is indicated in Fig. 4. The
map is based on information contained in Spolaore et al. (2006).

Whilst not all existing producing countries may be contained in
the figure, it does indicate where the most substantial industries
exist. The figure shows that nearly all the algal production is being
carried-out in the climatically suitable zone, with the USA having
the most diverse range of facilities. Production facilities exist in
non-OECD countries such as India, China, and Burma, but other
developing countries have no identified commercial algae indus-
try. Further research is needed to provide complementary data on
the distribution of demonstration algae biofuel projects. However,
by comparing Fig. 4 with Figs. 2 and 3, which showed the
geographic distribution of academic and patent activity in relation
to algae biofuel, it could be suggested that the USA, India, China,



Fig. 4. The geographic location of existing microalgae industries for the production of high-value food and animal feed additives, aquacultural products, and cosmetics. The
map is drawn based on data contained in Spolaore et al. (2006). The area inside the box represents the climatically favourable regions of the world for microalgae growth.
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and Japan are attempting to develop their comparative advantage
in terms of existing expertise and climatic suitability for algae into
the new area of biofuel. Europe on the other hand, which has no
existing nutrient algae industry, as shown in Fig. 4, may be
attempting to leverage its well-developed innovation system to
gain a foothold in this newly emerging field. This explains its large
share of academic and patent activity as shown in Figs. 2 and 3.

The existing algae growth industry is a small-volume/high-
value industry and exists in only a small number of locations, as
shown in Fig. 4. Whilst the current cost of fuel production from
algae is uncompetitive, this overlooks the possibility to value-add
by co-producing fuel and high-value non-fuel products. Stephens
et al. (2010a) have argued that incorporating the returns from the
sale of non-fuel products from algae farms (by-products including
salt, beta-carotene extracts, food supplements and proteins)
greatly increases the economic viability of such projects. The study
did not look at the effect of reducing costs further by the use of
wastewater treatment or carbon credits. They also demonstrate
that, with time, decreases in construction costs, and increases in
productivity, allow a transition from the small, high-return non-
fuel market to the low-return but much larger, energy markets.
This greatly increases the range of market entry options
and promotes greater competition which could be of benefit to
enterprises in developing countries.

4.2. Existing projects and investments

Currently, only a few advanced developing countries like China
and India are funding algae-based biofuel R&D collaborative
projects between universities, research institutes and industries.
In developed countries, an increasing number of private compa-
nies and public investment have been committed to accelerate a
surprising diversity of algae-based biofuels novel technologies,
business models and product strategies. For example, a collabora-
tive R&D venture between Exxon Mobil and Synthetic Genomics
worth $600 million was committed to algae based biofuels
(Thurmond, 2011). In addition, in 2008, a consortium of commer-
cial, government, and philanthropic investors including the Gates
Foundation, the Rockfeller Foundation, the US Department of
Energy, BP, Chevron and the UK's Carbon Trust invested over
$300 million towards commercialization of algae biofuels
(Thurmond, 2011).
The vast majority of algae-based biofuel development is cur-
rently being led by industrialised countries but the potential
impact of algae technology could be greatest for developing
countries, in relation to the potential for employment and greater
economic utility from the land. To ensure that the development of
an algae biofuel industry does not become a new form of the
‘Resource Curse’, where the natural resources and cheaper labour
available in developing countries supply the raw material whilst
the high-value end products and profits are produced elsewhere
(Humphreys et al., 2007), then governments and citizen groups in
developing nations must consider how they can use financial,
legal, and institutional instruments now, to provide for a more
equitable distribution of the benefits later. The experience of
China, which has successfully developed its own scientific and
industrial base partly through investing in an indigenous innova-
tion system and partly through explicit technology partnerships
with advanced nations and companies may provide a model for
how this could work (Gallagher, 2006).
5. Relevance of advanced technology for algae biofuel
production: Potential role of modern biotechnology

The growth of algae is limited by lack of technology to
efficiently and economically produce biofuel. Advanced technol-
ogy will form part of the multidisciplinary approach needed to
achieve the full potential of algae for biofuel production (Wijffels
and Barbosa, 2010). Agricultural revolution through the introduc-
tion of breeding programs and large scale selection played a
significant role in achieving biomass productivity in advanced
developing countries such as India and China, particularly during
the green revolution of 20th century (Conway, 1998). Large scale
production of microalgae has great potential to achieve similar
goal through the adoption of advanced modern technology. The
application of modern biotechnology is likely to play an important
role in the whole chain of process development including strain
development, scale-up, bioprocess engineering, bio-refineries and
integrated production. Modern biotechnology, particularly genetic
engineering but also conventional methods of strain selection
have great potential to improve the production efficiency, and
reduce the costs that are associated with algae-based biofuel (Beer
et al., 2009; Radakovits et al., 2010). The main focus of these efforts
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is to produce algae which have a greater efficiency of converting
light to biomass, a greater lipid (oil) content, a greater ease of
processing/refining, and greater adaptability to different growing
conditions (Beer et al., 2009).

Genetic modification (GM) of algae can provide the important
breakthroughs needed through the gene manipulation while
unravelling the barrier to understand the metabolic pathway of
algal genome (Beer et al., 2009). Several studies (Adenle, 2011;
Brookes and Barfoot, 2010; James, 2012) have shown the impor-
tance of GM technology particularly with regards to environmen-
tal and socio-economic benefits. For example, creating desired GM
traits such as, faster growth and higher yields, drought tolerant
crops, disease and pest resistant crops, by using less dangerous
chemicals. All these GM traits can be selected within a short given
period of time. This approach would be beneficial to speed up
selection process for microalgae species (Radakovis et al., 2010).
For example, genetic engineering/GM technology is required to
understand the complex metabolic activity and energy storage of
algae so as to regulate uptake of nutrients and the production of
lipids and carbohydrates (Scott et al., 2010). Added to this, genetic
engineering can specifically target genes to create new algal
strains with higher efficiency. Genetic engineering or transgenic
approach still require a great deal of work for large scale produc-
tion of new algal strains (Larkum et al., 2012). But the critical
question remains as to how easy it will be for developing countries
to take advantage of advanced technologies such as genome
manipulation, DNA sequencing, and bioinformatics, in the light
of weak biosafety regulatory system and inadequate capacity
building. And the unknown threats of genetically modified organ-
isms (GMOs) to the environment and long-term impact on human
health represents a primary concern in developing countries. For
example, in African countries, the issue of possible contamination
of conventional crops called ‘‘traditional heritage’’ by GMOs was
emphasized among the key stakeholders such as scientists and
policymakers (Adenle, 2012).

Marker assisted selection is another biotechnological tool that
can be used to select or isolate highly efficient non- GMO strains
for algae production. Several studies (Day and Goldschmidt-
Clermont, 2011; Lumbreras et al., 1998; Pereira et al., 2011;
Sizova et al., 2001; Zaslavskaia et al., 2000) have shown efficient
isolation of microalgal transformants by the use of selectable
markers. Pereira et al. (2011) describe a high throughput screening
techniques for lipid-rich strains to isolate fast growing microalgae-
it is regarded as a user-friendly, fast procedure than most common
method for microalgae selection.

For developing countries though which may have little access
to some of the facilities and expertise required to undertake such
research programs then another strategy may be proposed. Whilst
the US Aquatic Species Program was one of the largest attempts to
screen, breed, and evaluate algae species for fuel production,
studying over 3000 species there remain many thousands of
species to be studied (Sheehan, 1998). The more modest technol-
ogy required to undertake such a program may be more feasible
for the limited resources available to many developing countries
which can be achieved through bioprospecting. There are over
40,000 species of microalgae with further opportunities for
bioprospecting to identify strains that possess the desired
characteristics (Hu et al., 2008). This approach has been employed
in searching for unstudied algae strains that may exist in unex-
plored habitats within their borders (Mutanda et al., 2010). In
Iran, research is underway into a new algae species that has
been discovered to thrive in the salty waters of Lake Orumieh
(Najafi et al., 2010). Similarly, a program in South Africa has
successfully screened over 200 organisms to determine their lipid
content (Maharajh and Harilal, 2010). Such approaches make great
use of the abundant biodiversity that exists in these countries
where modern biotechnology has significant role play a
significant role.

While bioprospecting can be important in identifying desirable
biofuel algal traits (Radakovis et al., 2010), a combination of
transgenic approach and conventional breeding including marker
assisted selection is fundamental to achieving large scale produc-
tion of desired algal strains (Day and Goldschmidt-Clermont, 2011;
Larkum et al., 2012; Radakovis et al., 2010). As for transgenic
approach, it must undergo regulatory and public scrutiny in terms
of its potential impact on human health and environment. Again,
the biosecurity implications of using GMOs, as well as intellectual
property (IP) enforcement and ethics have led to some concern
about these approaches (Lee et al., 2008; Qiam, 2009).

Parayil (2003) cautions that the innovation systems and guid-
ing principles behind the Green Revolution, which relied on a
network of co-operation between western aid agencies and
developing nation governments, research institutes in developing
countries, and local and foreign universities, worked towards a
goal of eradicating hunger. In contrast, the drive behind the use of
genetic engineering for both food and fuel uses is one motivated
by private gain, with little involvement of developing nations and
citizens themselves (Parayil, 2003). This does not exclude the
possibility that biofuel from GMOs may contribute to sustainable
development in low-income countries but the motivations behind
its use must be clearly articulated in order to avoid conflicts
between the different stakeholders involved and recognising the
difference in power relations that exist between well-funded
global companies, cash-strapped local governments, and poten-
tially vulnerable individual citizens.
6. Challenges and policy implication

While the commercial cultivation of algae is already technolo-
gically feasible for the small-scale production of animal feed and
nutraceutical products, the production of algae biofuel on a
commercial basis is far from being realized. There are numerous
technical challenges and uncertainties associated with large-scale
algae biofuel production. The extent of this uncertainty must be
acknowledged, especially before any recommendations for invest-
ment or policy change which would affect the extremely limited
finances available in developing countries, can be made. Based on
the literature reviewed in this paper and using the data presented
in Figs. 2–4, it is possible to identify a number of trends in relation
to algae biofuel in general, and the implications for developing
countries specifically. From this we will outline a range of
technical, environmental, and institutional/political challenges
that must be overcome before algae biofuel can contribute to the
sustainable development of developing countries. General recom-
mendations for decision-makers in developing countries who are
considering how best to develop a nascent algae biofuel industry
are then proposed.

6.1. Water and energy

The difficulties of finding fast-growing algae strains with high
photosynthetic efficiency and oil content, easy harvesting systems
for algae culture, as well as cost-effective photobioreactor designs
will remain big obstacles to successful commercialization of algae
biofuel production. Supporting infrastructure costs, as well as the
costs of operation and maintenance are estimated in a number of
feasibility studies (Gao et al., 2011; Norsker et al., 2011; Scott et al.,
2010; Singh and Gu, 2010; Stephens et al., 2010a).

Moreover, some algae cultivation processes have scale-up
challenges as they require many compartments, support materials
and water demands. Large quantities of water demand for vast



A.A. Adenle et al. / Energy Policy 61 (2013) 182–195 191
ponds, in addition to evaporation losses and climatic variability,
create some concern especially where either water reclamation or
wastewater treatment is not an integral component of the cultiva-
tion process (Ryan, 2009). Algae cultivation could also add to the
pressure on water supply already created by other agricultural
crops—a problem in the many water-stressed areas where algae
production is being suggested. In open pond systems, high
evaporation rates may impact water demand and humidity levels
and this will necessitate some amount of water to be discharged
continuously (alternatively remediated and reclaimed) to prevent
salt accumulation in the algae cultivation process which may
impact ecosystems. A recent study using life cycle analysis argues
that open pond algae cultivation for biofuel production tends to
have more environmental impact in water use than conventional
crops, based on US geographic data (Clarens et al., 2010).

Energy inputs are required for water processing of algae
cultivation. For example, energy is needed to filter algae from
water, in the disposal of sludge and pumping water between
ponds. According to Murphy and Allen (2011), the greatest energy
requirement comes from pumping water between ponds. The
energy requirement for algae production and maintenance for
recovery could impose obstacles to sustainable scalability, speci-
fically with regards to management of process water exposed to
chemical additives (Ryan, 2009). Murphy and Allen (2011) found
that seven times more energy needs to be invested in water
management for cultivating saline, eukaryotic algae in open ponds,
compared with the expected energy return from the extracted
biodiesel. The same study notes that the amount of energy
required depends on the rate of growth of algae species, types of
production systems and environmental conditions. Again, this
reflects the great uncertainty surrounding the technology.

6.2. Soil and land-use

Photobioreactors and open raceway pond systems may require
vast areas of undeveloped and relatively level land to be converted
to algae production (Luo, 2010). Wigmosta et al. (2011) suggests a
slope of 1% as a suitable maximum. Construction of these systems,
along with supporting road and other infrastructure, may impact
existing soils (either by degradation or compaction) and cause
removal of vegetation (Assmann et al., 2011). Soil compaction is a
problem as it reduces the pore space in the soil, reducing
permeability, and along with vegetation removal leads to greater
surface runoff and erosion, reducing local water availability. This
can cause potentially serious and long-lasting ecosystem damage
and reduced local water availability (Castillo et al., 1997).

Moreover, biological organisms in the soil may be disturbed
through the large scale commercial cultivation of algae (especially
open pond). However, the severity of the effects will depend on
the degree to which groundwater infiltration is impacted by
impervious surface and the health of watershed, which is partly
determined by soil type and permeability. Given the technical
simplicity of open pond systems, a scalable open pond system may
perhaps transform millions of hectares of land towards the
cultivation of biofuel feedstock (Ryan, 2009). Careful feasibility
and impact assessments should be conducted prior to construction
to ensure minimal ecological impacts, although the level of
competition for productive or ecologically sensitive land is
expected to be relatively low for algae production.

For first generation biofuels, Wicke et al. (2011) estimated the
percentage of land in arid and semi-arid areas available in sub-
Saharan countries ranged between 1.5% and 21%, excluding ecolo-
gically sensitive zones and steep terrains. Arezki et al. (2012) also
estimated around 200 million hectares of available uncultivated
land in the world (defined as land which has high potential for
rainfed agriculture, low population density, and not forested or
protected) is located in sub-Saharan Africa. Africa as a whole is
3 billion hectares. Algae biofuel can be produced on the least
productive sub-set of the available land, and produce the same
output as first generation biofuels over a much smaller area (see
Section 2.2). Considering the higher technical needs of algal
biofuel production, suitable areas are likely to be defined by access
to e.g. stable electricity supply, pipelines, and road infrastructure
rather than the productivity of the soil. While it is possible that
such facilities may compete for land with other agricultural crops,
leading to indirect forest conversion elsewhere for producing the
displaced agricultural commodities, the level of competition for
arable land arising from algal biofuel production will be minimal
since algal biofuel facilities can be built on unproductive land.

6.3. Biosecurity and intellectual property

Apart from the long-term physical impact of commercial-scale
open pond cultivation on ecosystem health, the use of GM algae for
algae biofuel production can be another threat to the sustainability of
the local ecosystem. Conserving biodiversity is especially crucial in
developing countries and introduction of invasive alien species can
threaten biodiversity (Ditomaso et al., 2010). If GM algae are used for
biofuel production then this will be a critical environmental issue.
Concern already exists about the potential for GM food crops to
escape into the natural environment and cause loss of biodiversity
due to the displacement of naturally occurring organisms
(Wolfenbarger et al., 2000). A precautionary approach is recom-
mended due to risks of GMO cross-breeding with wild species, as has
occurred with canola, or the emergence of herbicide-resistant weeds
(Owen and Zelaya, 2005). Competent authorities and transparent
independent assessments should be encouraged to assess GM algae
risks and opportunities (Lunquist et al., 2010), particularly with
regards to biosafety and regulatory issues. Guidelines as stipulated
in key international agreements, such as governed the Cartagena
Protocol on Biosafety of Convention on Biological Diversity (CBD),
provide a safe guard on the propagation of GMOs. Other international
regulations developed under the auspices of the United Nations
World health Organisation (WHO) and Food and Agricultural Orga-
nisation (FAO) should also guide the release of GMOs in developing
countries (CBD, 2000; FAO/WHO, 2000). Such issues can be espe-
cially difficult to resolve in developing countries where effective
enforcement, rather than legislation, can be a major limitation.

The use of GM algae also raises other issues concerning
intellectual property protection. If the developing country is
relying on the cultivation of proprietary organisms from overseas
for biofuel production (or for bioprospecting and R&D of native
strains), they must be able to demonstrate that they have the
appropriate IP protection regime in place if they wish to collabo-
rate with foreign companies. Developing countries may lack the
resources to enforce IP or to afford the high premiums of imported
technology with associated IP. For example, the cost for complet-
ing regulatory compliance for introducing GM virus-resistant rice
in Costa Rica was $2.25 million (Cohen, 2005). The absence of such
IP protection may hinder GM algae deployment in developing
countries. International negotiation for harmonizing and stimulat-
ing trade through organisations such as the World Trade Organi-
zation may be useful in this regard. However, the social
acceptability of such moves to the broader population must also
be taken into account to avoid the ‘exclusion effect’, described by
Parayil (2003) as the tendency on the part of peasant farmers to
resist modernization and technological innovation.

6.4. Institutional capacity

Fig. 5 shows a diagram representing the status of algae biofuel
development. Regions and countries are allocated into four groups



Fig. 5. An assessment of the status of algae biofuel in the major regions and
countries of the world. Group membership was assigned based on position within
the climatic ‘golden zone’ and existence of scientific R&D programs.
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according to their possession of two significant attributes—loca-
tion within the ‘golden zone’ for algae growth, and existence of
scientific expertise (as assessed by academic publication activity).
Group III countries such as the USA and China, are thought to be
best placed to benefit from the development of an algae biofuel
industry. However, many of the poorest countries for which the
supposed benefits of such an industry are supposed to be greatest,
lie within Group I. The lack of indigenous skills and expertise may
present a major barrier to encouraging business development and
private investment, whilst also making the task of appropriate
regulation and support by relevant local agencies and govern-
ments, more difficult.

The previous history of attempts to promote biofuels in devel-
oping countries raises questions about how successful cooperation
can be promoted in any new algae industry. Of 300 biogas plants
installed in Kenya between 1980 and 1990, only 25% are thought to
still be working (Amigun et al., 2008b). Similarly, over-optimistic
projections for the potential returns from planting Jatropha have
been followed by disappointing returns on investment in countries
such as India, China, and Tanzania (Kant and Wu, 2011). A well-
established physical infrastructure (electricity, roads etc.) and
social infrastructure (higher education, courts, and banks) is
lacking in many of developing countries which will add to the
cost of production and increase project risks.
7. Policy implications

Due to the great uncertainty surrounding this technology and
the importance of many local factors related to natural resource
and human capital endowments, it is not possible to make specific
recommendations. However, we have highlighted the issues and
difficulties that individual nations and business interests should
consider if they wish to prepare for or promote an algae biofuel
industry. Here we list some steps that policymakers may wish to
consider to ensure that algae biofuel forms part of a sustainable
development plan.

7.1. National energy policy

A growing number of developing countries are announcing
biofuel activities but these projects are often piecemeal and do not
form part of an overall long-term strategy for meeting future
demand, increasing access (particularly for the poor, and in rural
areas), and reducing dependency on fossil fuel imports. Amigun
et al. (2008a) criticises many national energy plans in African
countries for being unavailable, out of date, or inadequate. The
setting of clear national targets for algae biofuels to create a
positive business environment and providing government support
(e.g. subsidies, supportive financing etc.) is necessary to stimulate
investment in this immature technology. Drawing on the previous
experience of 1st and 2nd generation biofuels can help in selecting
effective measures and avoiding previous pitfalls.

7.2. Regulation of fuels and organisms

Any new fuel must be subject to appropriate testing and
regulation to ensure that it can be safely used in either transport
or home applications. The introduction of previous biofuel blends
such as E10 (10% biofuel 90% fossil fuel) which contained gasoline
and 10% ethanol was achieved with relative ease as most car
engines were able to deal with the different performance char-
acteristics without the need for modification. Higher blends such
as E85 (85% biofuel 10% fossil fuel) require engine modification
and newer technology which may not be appropriate for devel-
oping countries where the infrastructure and many vehicles are
substantially older than found in developed countries. Most
modern diesel engines do not require engine modification pro-
vided high quality biodiesel is used (Gerpen, 2005). To an extent
much of this verification and standards-setting will already be
carried out during product development by international compa-
nies and relevant organisations. However, relevant national gov-
ernment agencies should ensure that they are aware of these
developments and take the necessary steps to incorporate them
into their own legislation and policies. Aviation fuel is one such
area which is highly regulated and the certification of new algae-
based jet-fuel for commercial use, e.g. Continental airlines tested a
50/50 algae-jatropha biofuel blended jet-fuel in 2008 (Marsh,
2008), will take a number of years.

Careful attention must also be paid to the regulation of new
algae organisms, particularly if those algae are being imported
from outside the country or have been genetically modified. In the
same way that any new pharmaceutical or GM seed crop needs to
be regulated in each new region it enters, both to ensure
compliance and suitability for use in the local context, then
regulatory frameworks need to be established for the emerging
algae industry. As well as addressing the biosecurity issues,
developing countries should also consider how to protect their
own intellectual property contained in indigenous algae species
and reassure foreign investors that imported IP and technology
can be protected.

7.3. Education and R&D

Given the limited resources available for R&D and industrial
support in developing countries, then careful consideration needs
to be given as to whether support for algae biofuel should form
part of their policies to promote greater access to clean energy and
raise living standards. The data presented here indicates that there
are few researchers and professionals with knowledge and experi-
ence of the emerging field of algae biotechnology within many
developing countries. This may make assessing potential projects
and designing appropriate policies difficult to achieve. It also
means that the potential resources (both geographical and biolo-
gical) that are native to many developing countries are not being
properly researched and evaluated to determine if they can
contribute to national development. Whilst it may not be possible
to undertake the kinds of high-technology screening and process
development R&D being undertaken in the US, EU, China and
India, it may be possible to divert some attention to feasibility
studies and native algae study. Such work in native bioprospecting
could be valuable when trying to form collaborations with inter-
national academic and investment partners, and achieve gains in
algal lipid productivity without importing foreign patented strains.



A.A. Adenle et al. / Energy Policy 61 (2013) 182–195 193
There is also a need to improve public awareness and education
about advances in biotechnology in order to ensure that exclusion
effects are avoided and that the citizens from the poorest back-
grounds and rural areas are able to actively participate in shaping
how their land and the land around them is developed. It is
important too, that those providing that information are properly
informed about the potential benefits and drawbacks of promoting
a new industry such as algae biofuel (particularly if it involves GM
algae), particularly to avoid over-selling which can create pro-
blems and distrust in the long-term. Again the experience of the
Green Revolution which encompassed not just the development of
new crop strains but also technology transfer in terms of setting
up new agricultural universities, training programs, irrigation
schemes, and financing options provides a model of how this
may be achieved.

8. Conclusion

For developing countries, particularly those with the lowest
incomes, it is a difficult balancing act in deciding how best to
support an immature, but potentially highly lucrative, industry
with the more immediate needs of citizens for basic healthcare
and education. With respect to algae biofuel, there too many
uncertainties (e.g. environmental impacts, technology choice,
algae productivity etc.) and unknowns (e.g. future fossil fuel
prices) exist to recommend that public money or development
aid should be used to support such an industry at this stage. In
these situations it is perhaps best to offer administrative and legal
support in order to provide either local businesses or appropriate
foreign organisations with the framework in which to safely
undertake preliminary studies and demonstration plants for algae
biofuel.

A different conclusion can be drawn for emerging markets such
as China, India, and Brazil, which are better placed to undertake
greater risks with investment in new technologies. There is of
course a difficulty in continuing to refer to the world's second
largest economy as a ‘developing country’ and similarly with
respect to India and Brazil which are home to world-leading
companies and research institutes. Nonetheless, despite the rapid
economic growth enjoyed by these emerging world powers in the
last two decades, this growth has been very unevenly distributed.
These emerging powers are well-positioned to build on their
existing crop biofuel and nutrient algae industries to develop an
algae biofuel industry. The significant R&D activity taking place in
China and India indicates that these countries are keen to develop
such technologies independently and gain a first-mover advan-
tage. However, there is a concern that focusing attention on such
technology will do little to address the needs of those who have so
far failed to benefit from the rapid economic growth. A critical eye
must be kept on algae biofuel technology to ensure that its
development in both low-income and newly developed economies
is such that certain groups and interests are not privileged at the
expense of the most vulnerable.
Acknowledgment

The authors are grateful to the three anonymous reviewers and
editor for their useful comments and advices. The views expressed
in the article are solely those of authors and do not in any way
represent the views of the UNU-IAS.

References

Achten, W.M.J., et al., 2010. Jatropha: from global hype to local opportunity. Journal
of Arid Environments 74, 164–165.
Ackom, E., et al., 2010. Backgrounder: major environmental criteria of biofuel
sustainability. Task 39, Report T39-PR4.

Adenle, A.A., 2011. Global capture of crop biotechnology in developing world over a
decade. Journal of Genetic Engineering and Biotechnology 9, 83–95.

Adenle, A.A., 2012. Understanding Environmental Risk Assessment of GMOs in
Africa-The Importance of Regulation and Monitoring. Biosafety 1 (3), 1–3, http:
//dx.doi.org/10.4172/2167-0331.1000e109 1:e109.

Amigun, B., et al., 2008a. Predicting the costs of biodiesel production in Africa:
learning from Germany. Energy for Sustainable Development 12 (1), 5–21.

Amigun, B., et al., 2008b. Commercialisation of biofuel industry in Africa: a review.
Renewable and Sustainable Energy Reviews 12, 690–711.

Arezki, R., et al., 2012. What Drives the Global Land Rush?. Finance and Develop-
ment, pp. 46-49. 〈http://www.imf.org/external/pubs/ft/fandd/2012/03/pdf/
arezki.pdf〉 (Accessed April 20 2013).

Assmann, A., et al., 2011. The potential for micro-algae and other “micro-crops” to
produce sustainable biofuels: a review of the emerging industry, environmental
sustainability, and policy recommendations. University of Michigan, USA, April.

Bailis, R., et al., 2005. Mortality and greenhouse gas impacts of biomass and
petroleum energy futures in Africa. Science 308 (5718), 98–103.

Beal, C., et al., 2011. The energy return on investment for algal biocrude: results for
a research production facility. BioEnergy Research 5, 341–362.

Beer, L., et al., 2009. Engineering algae for biohydrogen and biofuel production.
Current Opinion in Biotechnology 20, 254–271.

Brookes, G., Barfoot, P., 2010. GM Crops: Global Socio-economic and Environmental
Impacts. PG Economics Ltd, UK, pp. 1996–2008.

Bruton, T., et al., 2009. A review of the potential of marine algae as a source of
biofuel in Ireland. Sustainable Energy Ireland.

CBD, 2000. Convention on Biological Diversity (CBD):Cartagena Protocol on
Biosafety to the Convention on Biological Diversity: Text and Annexes.
Montreal: Secretariat of the Convention on Biological Diversity. 〈www.biodiv.
org/doc/legal/cartagena-protocol-en.pdf〉 (accessed: April 22, 2012).

CIA, 2011. The World Factbook. Central Intelligence Agency, Washington, D.C..
CSIR, 2009. CSIR Counted Among the Best in Algal Biodiesel research. 〈http://www.

csir.co.za/enews/2008_oct/bio_01.html〉 (accessed on 18/5/2013).
Carriquiry, M.A., et al., 2011. Second generation biofuels: economics and policies.

Energy Policy 39, 4222–4234.
Castillo, V.M., et al., 1997. Runoff and soil loss response to vegetation removal

in a Semiarid Environment. Soil Science Society of America Journal 61,
1116–1121.

Cheng, J.J., Timilsina, G.R., 2011. Status and barriers of advanced biofuel technol-
ogies: a review. Renewable Energy 36, 3541–3549.

Chisti, Y., 2007. Biodiesel from microalgae. Biotechnology Advances 25, 294–306.
Chisti, Y., 2008. Response to Reijnders: do biofuel from microalgae beats biofuel

from terrestrial plants? Trends in Biotechnology 26, 351–352.
Clarens, A.F., et al., 2010. Environmental life cycle comparison of algae to other

bioenergy feedstocks. Environmental Science and Technology 2010 (44),
1813–1819 5.

Cohen, J.I., 2005. Poorer nations turn to publicly developed GM crops. Nature
Biotechnology 23, 27–33.

Conway, G., 1998. The Doubly Green Revolution: Food for All in the Twenty-First
Century. Cornell University Press, Ithaca, NY.

Darzins, A., et al., 2010. Current Status and Potential for Algal Biofuels Production,
International Energy Agency. Report T39-T2, 6 August. 〈http://www.task39.org/
LinkClick.aspx?fileticket=MNJ4s1uBeEs%3D&tabid=4426&language=en-USAccessed〉
(Accessed November, 2012).

Day, A., Goldschmidt-Clermont, M., 2011. The chloroplast transformation toolbox:
selectable markers and marker removal. Plant Biotechnology Journal 9, 540–553.

De La Torre Ugarte, D.G., 2006. Developing bioenergy: economic and social issues.
In: Hazell, P., Pachauri, R.K. (Eds.), Bioenergy and Agriculture. International
Food Policy Research Institute.

Demirbas, A., Fatih Demirbas, M., 2011. Importance of algae oil as a source of
biodiesel. Energy Conversion and Management 52, 163–170.

Ditomaso, J.M., et al., 2010. Biofuel vs Bioinvasion: seeding policy priorities.
Environmental Science & Technology 44, 6906–6910.

EIA, 2010. Independent Statistics and Analysis (EIA). August 2010. 〈http://www.eia.
doe.gov/oog/info/wohdp/diesel.asp〉 (accessed 20 February).

FAO, 2008. The State of Food and Agriculture-Biofuels-Prospects, Risks and
Opportunities.

FAO, 2009. State of Agricultural Commodity Markets, High Food Prices and the Food
Crisis—Experiences and Lessons Learned. FAO, Rome.

FAO, 2010. Algae-based Biofuel: Application and Co-products. 〈http://www.fao.org/
docrep/012/i1704e/i1704e.pdf〉. (accessed 24 March 2012).

FAO/WHO, 2000. Safety Aspects of Genetically Modified Foods of Plant Origin.
Report of a Joint FAO/WHO Expert Consultation of Foods Derived Biotechnol-
ogy, Geneva, Switzerland. 29 May–2 June 2000. FAO, Rome.

Fargione, J., et al., 2008. Land clearing and the biofuel carbon debt. Science 319,
1235–1238.

Ferguson, J., 2006. Global Shadows: Africa in the Neoliberal World Order.
Fernandes, S., et al., 2007. Global biofuel use 1850–2000. Global Biochemical Cycles,

21.
Gallagher, K.S., 2006. Limits to Leapfrogging in energy technologies? Evidence from

the Chinese Automobile Industry. Energy Policy 34, 383–394.
Gao, Y., et al., 2011. Algae biodiesel—a feasibility report. Chemistry Central Journal

6, S1.
Gatto, M., 1995. Sustainability: is it a well-defined concept? Ecological Applications

5, 1181–1183.

http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref1
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref1
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref2
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref2
dx.doi.org/10.4172/2167-0331.1000e109
dx.doi.org/10.4172/2167-0331.1000e109
dx.doi.org/10.4172/2167-0331.1000e109
dx.doi.org/10.4172/2167-0331.1000e109
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref3
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref3
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref4
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref4
http://www.eia.doe.gov/oog/info/wohdp/diesel.asp
http://www.eia.doe.gov/oog/info/wohdp/diesel.asp
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref5
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref5
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref5
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref6
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref6
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref7
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref7
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref8
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref8
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref9
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref9
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref10
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref10
www.biodiv.org/doc/legal/cartagena-protocol-en.pdf
www.biodiv.org/doc/legal/cartagena-protocol-en.pdf
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref11
http://www.csir.co.za/enews/2008&underscore;oct/bio&underscore;01.html
http://www.csir.co.za/enews/2008&underscore;oct/bio&underscore;01.html
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref12
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref12
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref13
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref13
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref13
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref14
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref14
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref15
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref16
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref16
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref17
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref17
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref17
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref18
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref18
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref19
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref19
http://www.eia.doe.gov/oog/info/wohdp/diesel.asp
http://www.eia.doe.gov/oog/info/wohdp/diesel.asp
http://www.eia.doe.gov/oog/info/wohdp/diesel.asp
http://www.eia.doe.gov/oog/info/wohdp/diesel.asp
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref20
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref20
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref21
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref21
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref21
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref22
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref22
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref23
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref23
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref23
http://www.eia.doe.gov/oog/info/wohdp/diesel.asp
http://www.eia.doe.gov/oog/info/wohdp/diesel.asp
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref24
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref24
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref25
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref25
http://www.fao.org/docrep/012/i1704e/i1704e.pdf
http://www.fao.org/docrep/012/i1704e/i1704e.pdf
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref26
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref26
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref27
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref27
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref28
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref28
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref29
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref29
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref30
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref30


A.A. Adenle et al. / Energy Policy 61 (2013) 182–195194
Gerpen, J.V., 2005. Biodiesel processing and production. Fuel Processing Technology
86, 1097–1107.

Goldenberg, S., 2010. Algae to solve the Pentagon's jet fuel problem. February 13.
〈http://www.guardian.co.uk/environment/2010/feb/13/algae-solve-pentagon-
fuel-proble〉. (accessed 20 February 2012).

Greenspan, A., 2005. Economic Flexibility, Chicago, IL.
Hall, C., et al., 2009. What is the minimum EROI that a sustainable society must

have? Energies 2, 25–47.
Hanotu, J., et al., 2012. Microflotation performance for algal separation. Biotechnol-

ogy and Bioengineering. , http://dx.doi.org/10.1002/bit.24449.
Havlık, P., et al., 2010. Global land-use implications of first and second generation

biofuel targets. Energy Policy , http://dx.doi.org/10.1016/j.enpol.2010.03.030.
Hill, J., et al., 2006. Environmental, economic, and energetic costs and benefits of

biodiesel and ethanol biofuels. Proceedings of the National Academy of
Sciences of the United States of America 103, 11206–11210.

Hirano, A., et al., 1998. Temperature effect on continuous gasification of microalgal
biomass: theoretical yield of methanol production and its energy balance.
Catalysis Today 45, 399–404.

Hu, Q., et al., 2008. Microalgal triacylglycerols as feedstocks for biofuel production:
perspective and advances. The Plant Journal 54, 621–639.

Hunsberger, C., 2010. The politics of Jatropha-based biofuels in Kenya: convergence
and divergence among NGOs, donors, government officials and farmers. Journal
of Peasant Studies 37, 939–962.

IEA, 2010a. Current status and Potential for Algal Biofuels Production. OECD/IEA,
Paris.

IEA, 2010b. Sustainable Production of Second-Generation biofuel: Potential and
perspectives in major economies and developing countries, Paris. OECD/IEA.

IEA, 2010c. World Energy Outlook. OECD Publishing, Paris, France p. 2010.
Humphreys, M. (Ed.), 2007. Escaping the Resource Curse. Columbia University

Press, New York.
IPCC, 2007. Climate Change 2007: The Physical Science Basis. Contribution of

Working Group I to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge, UK.

James, C., 2012. Global Status of Commercialized Biotech/GM Crops: 2011 (ISAAA
Brief No. 43) International Service for the Acquisition of Agri-biotech Applica-
tions, Ithaca, NY.

Johnstone, N., et al., 2010. Renewable energy policies and technological innovation:
evidence based on patent counts. Environmental and Resource Economics 45,
133–155.

Jumbe, C.B.L., et al., 2009. Biofuels development in sub-Saharan Africa: are the
policies conducive? Energy Policy 37, 4980–4986.

Kadam, K.L., 2002. Environmental implications of power generation via
coal-microalgae cofiring. Energy 27, 905–922.

Kant, P., Wu, S., 2011. The extraordinary collapse of Jatropha as a Global Biofuel.
Environmental Science and Technology 45, 7114–7115.

Karezki, S., Kithyoma, W., 2006. Bioenergy and the poor. In: Hazell, P., Pachauri, R.K.
(Eds.), Bioenergy and Agriculture. International Food Policy Research Institute,
Washington, D.C.

Kovacevic, V., Wesseler, J., 2010. Cost-effectiveness analysis of algae energy
production in the EU. Energ Policy 38, 5749–5757.

Kumar, A., et al., 2010. Enhanced CO2 fixation and biofuel production via
microalgae: recent developments and future directions. Trends in Biotechnology
28, 371–380.

Lardon, L., et al., 2009. Life-cycle assessment of biodiesel production from Micro-
algae. Environmental Science & Technology 43, 6475–6481.

Larkum, A.W.D., et al., 2012. Selection, breeding and engineering of microalgae for
bioenergy and biofuel production. Trends in Biotechnology 30 (4),
198–205.

Lee, D., et al., 2008. Genetically engineered crops for biofuel production: regulatory
perspectives. Biotechnology and Genetic Engineering Reviews 25, 331–362.

Lee, D.H., 2011. Algal biodiesel economy and competition among biofuels. Bior-
esource Technology 102, 43–49.

Lumbreras, V., et al., 1998. Efficient foreign gene expression in Chlamydomonas
reinhardtii mediated by an endogenous intron. The Plant Journal 14, 441–447.

Lunquist, T.J., et al., 2010. A Realistic Technology and Engineering Assessment of
Algae Biofuel Production. University of California, Berkeley, USA, October.

Luo, D., 2010. Supporting information for; lifecycle energy and greenhouse gas
emissions for an ethanol production process based on blue–green algae.
Environmental Science & Technology 44 (22), 8670–8677.

Mabee, W.E., Saddler, J., 2007. Deployment of 2nd Generation Biofuels, Technology
Learning and Deployment Workshop, IEA, Paris, 11–12 June.

Maharajh, D., Harilal, A., 2010. Transforming South Africa's biodiversity into diesel.
In: CSIR Third Biennial Conference: 2010 science Seal and, Relevant, CSIR
International Convention Center, Pretoria, South Africa, p. 11.

Marsh, G., 2008. Biofuels: aviation alternative? Renewable Energy Focus 9,
48–51.

Mata, T.M., et al., 2010. Microalgae for biodiesel production and other applications:
a review. Renewable and Sustainable Energy Reviews 14, 217–232.

Mathews, J.A., Tan, H., 2009. Biofuels and indirect land use change effects: the
debate continues. Biofuels, Bioproducts and Biorefining 3, 305–317.

McKendry, P., 2002. Energy production from biomass (part 1): overview of biomass.
Bioresource Technology 83, 37–46.

Meyer, M., Persson, O., 1998. Nanotechnology: interdisciplinarity, patterns of
collaboration and differences in application. Scientometrics 42, 195–205.

Minowa, T., et al., 1995. Oil production from algal cells of Dunaliella tertiolecta by
direct thermochemical liquefaction. Fuel 74, 1735–1738.
Mitchell, D., 2008. A Note on Rising Food Prices, World Bank Development
Prospects Group, D.C. World Bank, Washington.

Mueller, S.A., et al., 2011a. Impact of biofuel production and other supply and
demand factors on food price increases in 2008. Biomass and Bioenergy 35,
1623–1632.

Mueller, S.A., et al., 2011b. Impact of biofuel production and other supply and
demand factors on food price increases. Biomass and Bioenergy 35 (5), 1632.

Muok, B.O., 2010. Environmental Suitability and Agro-environmental Zoning of
Kenya for Biofuel Production. ACTS-UNEP, Nairobi, Kenya.

Murakami, A., et al., 1996. Anti-tumor promotion with food phytochemicals: a
strategy for cancer chemoprevention. Bioscience, Biotechnology, and Biochem-
istry 60, 1–8.

Murphy, C.F., Allen, D.T., 2011. Energy-water nexus for mass cultivation of algae.
Environmental Science & Technology 45, 5861–5868.

Murphy, D.J., et al., 2010. New perspectives on the energy return on (energy)
investment (EROI) of corn ethanol. Environment, Development and Sustain-
ability 13, 179–202.

Mutanda, T., et al., 2010. Bioprospecting for hyper-lipid producing microalgal
strains for sustainable biofuel production. Bioresource Technology 102, 57–70.

Najafi, G., et al., 2010. Algae as a sustainable energy source for biofuel production in
Iran: a case study. Renewable and Sustainable Energy Reviews 15, 3870–3876.

Nigam, P.S., Singh, A., 2011. Production of liquid biofuels from renewable resources.
Progress in Energy and Combustion Science 37, 52–68.

Norsker, N.-H., et al., 2011. Microalgal production—a close look at the economics.
Biotechnology Advances 29, 24–27.

Norskera, N.-H., et al., 2011. Microalgal production—a close look at the economics.
Biotechnology Advances 29, 24–27.

Owen, M.D.K., Zelaya, I.A., 2005. Herbicide-resistant crops and weed resistance to
herbicides. Pest Management Science 61, 301–311.

Parayil, G., 2003. Mapping tehcnological trajectories of the green revolution and the
gene revolution from modernization to globalization. Research Policy 32,
971–990.

Pereira, H., et al., 2011. Microplate-based high throughput screening procedure for
the isolation of lipid-rich marine microalgae. Biotechnology for Biofuels 4, 61.

Pimentel, D., Patzek, T.W., 2005. Ethanol production using corn, switchgrass, and
wood; biodiesel production using Soybean and Sunflower. Natural Resources
Research 14, 65–76.

Pope, J., et al., 2004. Conceptualising sustainability assessment. Environmental
Impact Assessment Review 24, 595–616.

Qiam, M., 2009. The economic of genetically modified crops. Annual Review of
Resource Economics 1, 665–694.

Radakovis, R., et al., 2010. Genetic Engineering of Algae for Enhanced Biofuel
Productions. Eukaryotic Cell 9 (4), 486–501.

Radakovits, R., et al., 2010. Genetic engineering of algae for enhanced biofuel
production. Eukaryotic Cell 9, 486–501.

Rathmann, R., et al., 2010. Land use competition for production of food and liquid
biofuels: an analysis of the arguments in the current debate. Renewable Energy
35, 14–22.

Rigby, D., Cáceres, D., 2001. Organic farming and the sustainability of agricultural
systems. Agricultural Systems 68, 21–40.

Roundtable on Sustainable Biofuels, 2010. RSB Guidance on Principles & Criteria for
Sustainable Biofuel Production Biofuels. R.O.S., Lausanne.

Ryan, C., 2009. Cultivating clean energy: the promise of algae biofuels. Natural
Resources Defence Council.

Sachs, J.D., 2007. How to handle the macroeconomics of oil wealth. In: Humphreys,
M., Sachs, J.D., Stiglitz, J.E. (Eds.), Escaping the Resource Curse. Columbia
University Press, New York, pp. 173–193.

Schenk, P.M., et al., 2008. Second generation biofuels: high-efficiency microalgae
for biodiesel production. Bioenergy Resources 1, 20–43.

Schmer, M.R., et al., 2008. Net energy of cellulosic ethanol from switchgrass.
Proceedings of the National Academy of Sciences of the United States of
America 105, 464–469.

Scott, S.A., et al., 2010. Biodiesel from algae: challenges and prospects. Current
Opinion in Biotechnology, 21.

Sheehan, J., 1998. A Look Back at the U.S. Department of Energy's Aquatic Species
Program: Biodiesel from Algae. National Renewable Energy Laboratory.

Shirvani, T., et al., 2011. Life cycle energy and greenhouse gas analysis for algae-
derived biodiesel. Energy & Environmental Science 4, 3773–3778.

Sims, R.E.H., 2003. The triple bottom line benefits of bioenergy for the community.
In: OECD (Ed.), Biomass and Agriculture: Sustainability, Markets and Policies.
Organisation for Economic Co-operation and Development, Paris, pp. 91–103.

Sims, R.E.H., et al., 2010. An overview of second generation biofuel technologies.
Bioresource Technology 101, 1570–1580.

Singh, J., Gu, S., 2010. Commercialization potential of microalgae for biofuels
production. Renewable and Sustainable Energy Reviews 14, 2596–2610.

Sizova, I., et al., 2001. A Streptomyces rimosus aphVIII gene coding for a new type
phosphotransferase provides stable antibiotic resistance to Chlamydomonas
reinhardtii. Gene 277, 221–229.

Spolaore, P., et al., 2006. Commercial applications of microalgae. Journal of
Bioscience and Bioengineering 101, 87–96.

Stephens, E., et al., 2010a. An economic and technical evaluation of microalgal
biofuels. Nature Biotechnology 28, 126–128.

Stephens, E., et al., 2010b. Future prospects of microalgal biofuel production
systems. Trends in Plant Science 15, 554–564.

Takeshita, T., 2011. Competitiveness, role, and impact of microalgal biodiesel in the
global energy future. Applied Energy 88, 3481–3491.

http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref31
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref31
http://www.guardian.co.uk/environment/2010/feb/13/algae-solve-pentagon-fuel-proble
http://www.guardian.co.uk/environment/2010/feb/13/algae-solve-pentagon-fuel-proble
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref32
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref32
http://dx.doi.org/10.1002/bit.24449
http://dx.doi.org/10.1002/bit.24449
http://dx.doi.org/10.1002/bit.24449
http://dx.doi.org/10.1016/j.enpol.2010.03.030
http://dx.doi.org/10.1016/j.enpol.2010.03.030
http://dx.doi.org/10.1016/j.enpol.2010.03.030
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref35
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref35
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref35
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref36
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref36
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref36
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref37
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref37
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref38
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref38
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref38
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref39
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref39
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref40
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref40
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref41
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref42
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref42
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref45
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref45
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref45
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref46
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref46
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref46
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref47
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref47
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref48
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref48
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref49
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref49
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref50
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref50
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref50
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref51
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref51
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref52
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref52
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref52
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref52
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref53
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref53
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref53
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref54
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref54
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref54
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref55
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref55
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref56
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref56
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref57
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref57
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref58
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref58
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref59
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref59
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref59
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref59
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref60
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref60
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref61
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref61
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref62
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref62
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref63
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref63
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref64
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref64
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref65
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref65
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref66
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref66
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref67
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref67
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref67
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref68
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref68
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref69
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref69
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref70
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref70
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref70
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref71
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref71
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref71
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref72
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref72
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref72
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref73
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref73
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref75
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref75
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref76
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref76
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref77
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref77
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref78
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref78
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref79
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref79
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref80
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref80
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref80
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref81
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref81
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref82
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref82
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref82
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref83
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref83
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref84
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref84
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref85
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref85
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref86
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref86
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref87
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref87
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref87
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref88
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref88
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref89
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref89
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref89
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref90
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref90
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref91
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref91
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref91
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref92
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref92
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref93
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref93
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref93
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref94
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref94
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref95
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref95
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref96
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref96
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref96
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref97
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref97
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref97
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref98
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref98
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref99
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref99
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref100
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref100
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref100
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref101
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref101
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref102
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref102
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref103
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref103
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref104
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref104


A.A. Adenle et al. / Energy Policy 61 (2013) 182–195 195
Thurmond, W., 2011. Top 11 Algae Biofuel and Biochemical Trends From 2011-2020.
〈http://www.renewableenergyworld.com/rea/news/article/2011/03/〉top-11-
algae-biofuel-and-biochemical-trends-from-2011-2020. Emerging Market
Online, Algae 2020 [accessed 25th April, 2011].

Traxler, G., 2006. The GMO experience in North and South America. International
Journal of Technology and Globalisation 2, 46–64.

UFRJ, 2013. Projects. 〈http://www.h2cin.org.br/projects/ accessed on 18/5/2013〉.
Van Harmelen, T., Oonk, H., 2006. Microalgae Biofixation Processes: Applications

and Potential Contributions to Greenhouse Gas Mitigation Options. Report,
International Network on Biofixation of CO2 and Greenhouse Gas Abatement,
The Netherlands.

Wicke, B., et al., 2011. The current bioenergy production potential of semi-arid and
arid regions in sub-Saharan Africa. Biomass and Bioenergy 35, 2773–2786.

Wigmosta, M.S., et al., 2011. National microalgae biofuel production potential and
resource demand. Water Resources Research 47, W00H04.
Wijffels, R.H., Barbosa, M.J., 2010. An outlook on microalgae biofuels. Science 329,
796–799.

Wolde-Georgis, T., Glantz, M.H., 2009. Biofuels in Africa: a pathway to develop-
ment? International Research Center for Energy and Economic Development
Occasional Papers.

Wolfenbarger, L.L., et al., 2000. The ecological risks and benefits of genetically
engineered plants. Science 290, 2088–2093.

Yee, K.F., et al., 2009. Life cycle assessment of palm biodiesel: revealing facts and
benefits for sustainability. Applied Energy 86 (1), S189–S196.

Yergin, D., 2006. Ensuring energy security. Foreign Affairs 85 (2), 69–82.
Zaslavskaia, L.A., et al., 2000. Transformation of the diatom Phaeodactylum

tricornutum (Bacillariophyceae) with a variety of selectable marker and
reporter genes. Journal of Phycology 36 (2), 379–386.

http://www.renewableenergyworld.com/rea/news/article/2011/03/
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref105
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref105
http://www.h2cin.org.br/projects/ accessed on 18/5/2013
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref106
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref106
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref107
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref107
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref108
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref108
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref109
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref109
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref109
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref110
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref110
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref111
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref111
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref112
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref113
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref113
http://refhub.elsevier.com/S0301-4215(13)00443-6/sbref113

	Global assessment of research and development for algae biofuel production and its potential role for sustainable...
	Introduction
	Why the need for algae as alternative biofuels?
	Food vs. fuel: 1st and 2nd generation biofuels
	Algae biofuel—The 3rd generation

	Environmental and social sustainability of algae biofuel in developing countries
	Geography and growing conditions
	Co-production to diversify benefits
	Resources vs. capability: The use of innovation indicators
	How much fuel could algae supply?

	Are algae-based biofuels commercially viable in developing countries?
	The algae nutrient industry as a stepping-stone to biofuel production
	Existing projects and investments

	Relevance of advanced technology for algae biofuel production: Potential role of modern biotechnology
	Challenges and policy implication
	Water and energy
	Soil and land-use
	Biosecurity and intellectual property
	Institutional capacity

	Policy implications
	National energy policy
	Regulation of fuels and organisms
	Education and R&D

	Conclusion
	Acknowledgment
	References




