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Many countries have attached great emphasis on biofuel because it is universally acknowledged
renewable and sustainable. However, there remain doubts regarding biofuel's renewability, cleanliness,
and ecological friendliness. In addition, its impacts on income, employment, and food security have been
widely discussed. Therefore, the effect of developing biofuel as an important method of resolving the
energy crisis and climate change is questioned. Based on the rocketing concern on the multiple effects of
biofuel, this paper provides a comprehensive and updated review of the literature on biofuel's ecological
effects and socioeconomic effects. The literature included in this paper is selected English language
papers being published since 2004. We find that existing studies have not arrived at a consensus
regarding the ecological or the socioeconomic effects of biofuel. There remain uncertainty and doubts
toward biofuel's renewability and cleanliness. Biofuel's impacts on water and biodiversity are also
questioned. Although biofuel is widely regarded to have positive impacts on income and employment,
many studies prove that biofuel influences food security negatively. Besides, biofuel's economic cost is
likely to be the barrier to its promotion. Because of the uncertainty of biofuel's impacts, this study
recommends cautious attitude toward biofuel development, especially for those countries where biofuel
development would be inappropriate, and suggests that policy makers engage in “demand side man-
agement” instead of unsustainable “supply side management”.
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1. Introduction

Energy is not only a strategic national resource but also an
important material foundation for a country's social and economic
development. Recent decades have witnessed scarcity in coal, oil
and other fossil energy, along with environmental problems
caused by the use of fossil energy, both of which have seriously
hindered global development. Many countries have regarded the
development of new energy both as a primary method of resolving
the energy crisis and as an important development strategy.

Renewable energy is the key to new energy development [1].
Biofuel is widely regarded as a renewable energy' [2,3]. As seen in
Fig. 1, biofuel production in developed and developing countries
such as the United States and China is experiencing a rising trend.
Global biofuel production has jumped from the equivalent of
10,021 thousand tons of oil in 2001 to the equivalent of 58,457
thousand tons of oil in 2010, an increase of nearly 500%.

There seems to be a global consensus that biofuel has advan-
tages such as renewability, cleanliness, or economic efficiency,
which not only can resolve fossil energy supply problems, opti-
mize energy structure and ensure national energy security but also
can lower greenhouse gas emissions, reduce ecological degrada-
tion, promote regional economic growth, and increase farmers'
income. However, problems and conflicts caused by its develop-
ment continue to emerge. Skepticism about the advantages of
promoting biofuels has grown [10]. Biofuel policies based on the
idea of supply side management also show drawbacks and
potential risks.

The volume of published literature on biofuel has been
increasing in recent years. Multiple effects of biofuel have been
analyzed in these studies, ranging from its impacts on the envir-
onment and natural resource, to its impacts on economy and
society. In this paper, the biofuel's impact on the environment and
natural resource is defined as ecological effect, and its social and
economic impact is regarded as socioeconomic effect. The selected
literature concerning both the two aspects is reviewed in this
paper. The objective of this paper is threefold: First, to provide a
comprehensive literature review of the ecological and socio-
economic effects of biofuel; Second, based on the results of lit-
erature review, to discuss the effects of biofuel policies as an
energy strategy based on supply side management, comparing
with the thinking of demand side management; Third, based on
the overview of biofuel, to propose strategic suggestions for
rational biofuel development and scientific energy management.

The remainder of this paper will be structured as follows: Part
2 presents the material and methods applied in this review,
including the search sources, search methods and search results;
Part 3 provides the literature review of biofuel's ecological effects,
mainly from four aspects of biofuel's renewability, cleanliness, its
impact on water resources, and its impacts on biodiversity; Part

! According to different sources and technical methods, biofuel can be divided
into three generations: the first generation biofuels refer to conventional biofuels
such as biodiesel and ethanol [4]; the second generation biofuels, also known as
advanced biofuels, refer to biofuel produced from a wide array of feedstock, ranging
from lignocellulosic feedstocks to municipal solid wastes [5,6]; the third generation
biofuels are derived from algae [7-9].

4 reveals the literature review of its socioeconomic effects, and its
impact on income and employment, the impact on food security,
and its economic costs are involved; Part 5 summarizes the results
and make further discussions on the effect of biofuel development
as a energy strategy based on the thought of “supply side man-
agement” accordingly; Part 6 draws conclusions based on the
results and proposes energy policy recommendations, and
detailed suggestions on improving rational biofuel development
and proposals on scientific energy management based on the
thinking of “demand side management” are put forwarded.

2. Material and methods

The search platform Web of Knowledge and search engine
Google Scholar are primarily used to collect the relevant literature.
In addition, backward searches through bibliographies of academic
studies and reviews as well as hand searching websites of aca-
demic projects and conferences on biofuel are also applied. Only
literature in English is included in this paper so as to ensure
accessibility. Since the rapid progress of this research filed, lit-
erature is also limited to the papers published in or after 2004. The
literature reviewed is selective and critical. Highly rated journals
in scientific indexes are the preferred choice. We carefully select
124 papers which are considered as important or innovative stu-
dies, or comprehensive reviews offering us a big picture of biofuel.
The literature review is categorized into two topics:

® FEcological effects (see Section 3): Biofuel's ecological effects refer
to its renewability as an alternative energy, its cleanliness
measured by its CO, and other pollutants emissions, its impacts
on water resource and biodiversity.

Socioeconomic effects (see Section 4): Biofuel's impacts on
income and employment, food security and its economic cost
are the main socioeconomic focuses the existing studies paid
attention to. Among these aspects, food security is always a key
in the field of biofuel. This paper summaries the biofuel's
impacts on food security from two perspectives of food supply
and food accessibility.
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Fig. 1. Biofuel production in selected countries and global production in 2001-2010
(unit: thousand tons of oil equivalent).
Source: BP Statistical Review of World Energy 2012.
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Table 1
Amount of literature examined in this paper classified by topic and
publication year.

Topics Year of 2004 to 2010  Year of 2011 to present
Renewability 7 11
Cleanliness 4 16
Water Resource 4 3
Biodiversity 5 5
Income and Employment 4 7
Food Security 13 25
Economic Cost 5 14

Table 1 shows the material in the literature set, classified by
topic and publication year.

3. The ecological effects of biofuel

This section will analyze the ecological effects of biofuel from
several aspects, including its renewability, cleanliness, and its
impact on water resources and biodiversity.

3.1. Biofuel renewability

Strictly speaking, the renewability of energy should be depen-
dent on the level of fossil energy (nonrenewable energy) used in
the energy life cycle, including exploration, production, transpor-
tation, use, pollution treatment and other processes [11]. Accord-
ingly, energy renewability can be categorized into absolute
renewability (no consumption of fossil fuels in any life cycle pro-
cess), partial renewability (consumption of fossil-fuel energy
during the entire life cycle is lower than the energy it contains)
and non-renewability (consumption of fossil-fuel energy during
the entire life cycle is higher than the energy it contains) [12].

Some scholars believe that biofuel is a renewable energy that
provides sustained energy through photosynthesis, and so there-
fore an effective biofuel development mechanism is a basis for
sustainable development [2,13]. Based on energy life cycle analysis
(ELCA), Shrestha and Pradhan [14] proposed the concept of the net
energy ratio (NER, which is identical to FER (Fossil Energy Ratio)),
that is, the amount of energy that can be produced when con-
suming per unit of energy, thus estimating the renewability of
biofuel. If the FER is equal to O, then the biofuel cannot produce
energy; if the FER is higher than 0 but less than or equal to 1, then
it is not renewable; if the FER is higher than 1, then it is renewable,
at least to some extent. Kumar et al. [15] adopted a life cycle
approach to assess the renewability of Jatropha biodiesel, and
showed that its NER values range from 1.4 to 8.0, depending on the
method used for energy and emission distribution between pro-
duct and co-products as well as irrigation applied. Rajaeifar et al.
[16] assessed the energy life cycle of soybean-based biodiesel and
estimated that its FER is 1.97. Rend et al. [17] assessed the FER to be
9.4 for the methanol production from sugarcane bagasse. When
analyzing biofuel in the United States, Pimentel and Patzek [18]
found that the FER of extracting ethanol from food and vegetation
is higher than 1. Mohammadshirazi et al. [19] found the energy
output/input ratio was 1.49 in biodiesel production, and the shares
of renewable and non-renewable energy were 77.31% and 22.69%,
respectively from total energy input. Garcia et al. [20] estimated
the energy balances for sugarcane ethanol fuel production in
Mexico with five modalities. The energy ratios ranged from 1.1 to
4.8. Timmons et al. [3] also found in a simulation of a scenario in
New Hampshire that the diesel used to produce and transport
woody biomass contained less than 2% of the potential energy in
wood chips.

However, some studies question the renewability of biofuel.
Yang and Chen [21] found that nonrenewable energy cost was
1.7 times that of corn-ethanol energy produced. Chen and Chen
[22] showed that the overall energy cost of rapeseed-based bio-
diesel was 1.1 times that of biodiesel energy output.

Bureau et al. [23] attributed the two different conclusions set
forth above to two causes. First, because of large differences such
as resource endowments, natural conditions, economic conditions
and technology, certain inputs involved in biofuel production
might be different, including, e.g., the input of labor and raw
materials such as nitrogen. Second, different research methods
adopted by different researchers could lead to differences in the
final analysis; for example, the fossil fuel consumed by the
byproducts generated in the life cycle process of biofuel develop-
ment would be included (to some extent) in biofuel's consumption
of fossil fuels. Some researchers included all of the fossil fuels
consumed by byproducts as energy consumed by biofuel produc-
tion, but some did not, resulting in findings of different FERs for
biofuel or different net energy estimations. In addition, the
research border chosen for the life cycle assessment resulted in
different outcomes [24,25]. For example, Heller et al. [26] studied
the process of generating power from raw willow and found that if
one merely considered the cultivation and mining of raw materi-
als, then the FER was 55; however, if one considered the cultiva-
tion, mining and transportation of raw materials, then it was 35.7;
whereas if considered planting, mining, transportation, and elec-
tricity generation from raw materials throughout the process, then
the FER decreased further to 13.3.

3.2. Biofuel cleanliness

The controversy about biofuel cleanliness mainly focuses on its
greenhouse effect. The scientific community has not yet concluded
whether biofuel is clean.

It is generally believed that the formation of biofuel is the result
of plant assimilation, light and CO, fixation, which is a reverse
process of fossil energy action that releases CO,. Many studies
have shown that biofuel has a low carbon-biofuel ratio, and
therefore it can effectively reduce CO, [27-29]. For example,
Highina et al. [30] compared the carbon footprint of the first and
second generation of biofuel and the carbon footprint of the first
generation biofuel was found to reduce the greenhouse gas effect
by 78% while the second generation biofuel reduced greenhouse
gas by 94% compared to fossil fuels. Holma et al. [31] built a life
cycle assessment model to estimate the environmental impacts of
forest residue and microalgae biofuel production chains. Biodiesel
from forest residues was able to reach the 60% emission reduction
compared with fossil fuels, while the emission reduction of
microalgae biodiesel was lower.

However, there is evidence that the mitigating effect of biofuel
on greenhouse effect is questionable. First, the production phases
of biofuel, ranging from plant cultivation, processing to waste
treatment phases, will produce greenhouse gases, which are
especially serious in developing countries. For example, Yang and
Chen [32] found that in China, when corn cultivation, ethanol
conversion and wastewater treatment phases were included, the
production of bioethanol per kilogram would produce 11.61 kg
COy-equivalent (carbon dioxide equivalent), 5.99 times that of
gasoline combustion emissions. More specifically, the sewage
treatment process was the main cause of biofuel's production of
greenhouse gases—59 percent of total emissions—and the planting
stage was another major cause. In addition, cutting down rain-
forests and reclaiming grasslands to grow energy crops would
release large amounts of carbon sequestered. In an assessment
using global models, Searchinger et al. [33] found that because the
high price of biofuel encouraged people to turn forests and
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pastures into farmland, corn ethanol doubled greenhouse gas
emission in 30 years. In addition, the substitution between fossil
fuels and biofuel may have unexpected results. The increase in
biofuel consumption will lower oil price and therefore lead to
higher oil consumption, which is called positive rebound effect
[34]. The positive rebound effect may significantly lower the
effectiveness of biofuels in reducing greenhouse gas emissions,
thus offsetting the GHG emission saving effect of biofuel [34]. Chen
et al. [35] also found a decrease in fuel price in the US due to the
production of the second generation biofuels. A study by Popp
et al. [36] found that to maintain demand for fossil fuels and avoid
a severe decline, producers would reduce the price of fossil energy,
which would stimulate more economic activity, thereby leading to
10-40% increases in fossil energy consumption. On the contrary,
many studies have reviewed the rebound effect of Renewable Fuel
Standard 2 (RFS2) and revealed negative rebound effect. According
to Rajagopal et al. [37], because of the increase in mixed fuel price
of biofuel and fossil fuel, less fuel was consumed. The negative
rebound effects were also revealed in Thompson et al. [38],
Laborde [39] and Taheripour and Tyner [40]. The positive and
negative rebound effects always coexist, and the negative rebound
effect sometimes partially offset the positive rebound effect.

Studies on biofuel cleanliness should also focus on emissions of
particulate matter and nitrogen oxides. For example, most studies
suggest that compared with conventional diesel fuel, biodiesel can
significantly reduce emissions of particulate matter. Biodiesel was
estimated to reduce 87.7% emissions of particulate matter [41]. For
nitrogen oxides, however, the situation is the opposite. Most stu-
dies suggest not only that biodiesel emits more NOx because
biodiesel has more oxygen but also that both cetane number and
different fuel injection characteristics will affect biodiesel's NOx
emissions [41]. Timilsina and Shrestha [42] proved that biofuels,
particularly biodiesel, generated up to 70% increase in NOx com-
pared with diesel.

There are four primary reasons that the studies have arrived at
different conclusions. First, studies are performed in different
countries that are at different stages of development and therefore
their technology levels vary. Study shows that currently, sub-
standard sewage treatment processing technology is a primary
reason for the emission of large quantities of greenhouse gases. If
we can establish an environmentally friendly sewage treatment
system, we can significantly reduce greenhouse gas emissions and
even realize zero emissions of greenhouse gases [32]. Therefore,
greenhouse gases generated during the biofuel production process
in developing countries are much higher than in developed
countries. Second, studies select different biofuel. Popp et al. [36]
found that the first generation of biofuel, such as bioethanol
extracted from corn, produced more GHGs because food crops
required more fertilizer and pesticides, which polluted land,
resulting in more carbon dioxide emission in the land-use process.
However, the second and third generations of biofuel can alleviate
the greenhouse effect because their primary raw material consists
of cellulose products. Hammond and Seth [43] found that carbon
footprint for first generation biofuels was high, while the use of
the second generation biofuels could reduce the impacts. Third,
cultivation methods of biofuel vary. Fargione et al. [44] found that
converting rainforests, peatlands, savannas and grasslands to
arable land for growing biofuel would create a “biofuel carbon
debt®” by releasing 17 to 420 times more CO, than the annual
greenhouse gas reductions that these biofuels would provide by
displacing fossil fuels; conversely, if biofuel was extracted from

2 Carbon debt refers to indirect greenhouse gas emissions caused by the
transition of forests, grasslands, and other types of land to arable land for biofuel
production, compared to the effect of greenhouse gas emissions resulting from
biofuels. It is negative, so it is called carbon debt.

waste biofuel or degraded or abandoned agricultural land, little or
no carbon debt would result. Danielsen et al. [45] assessed chan-
ges in carbon stocks caused by changing land use as well, and they
found that it would take over 600 years for carbon emissions
saved through use of biofuel to compensate for the carbon lost
through forest conversion if the original habitat was peatland,
while it would take within 10 years if original habitat was
degraded grassland. Fourth, researchers may use different tools for
biofuel CO, calculations. Hennecke et al. [46] compared tools for
biofuel CO, calculations under the Renewable Energy Directive
(RED), and found that results for the same biofuel differed up to
21% between tools.

3.3. Impact on water resources

The impact of biofuel on water resources is another con-
troversial problem, which has two aspects: water consumption
and water pollution [47].

Cambero and Sowlati [25] analyzed principles of the impact of
biomass on water quantity and quality. They found that as forest
biomass (dry rot trees, forest residues, etc.) could adjust the size
and rate of runoff, affect the ability of conserving and transferring
water resources, so also could it have an impact on the quality,
flow and distribution of water resources. Consequently, biofuel
development might cause adverse effects on both forest surface
water and groundwater.

Recently, many scholars have assessed water consumption
consumed by biofuel production. Yang et al. [48] evaluated China's
water consumption in producing biofuel from corn and predicted
that by 2020, China's annual water consumption would be 32-
72 km?3, equivalent to the Yellow River's annual total volume. From
the estimation of Yang et al. [49], 3726 kg water was required to
generate 1Kkg microalgae-based biodiesel if freshwater used
without recycling. Recycling harvest water reduced the water
usage by 84%. Using sea/wastewater decreased 90% water
requirement. Dominguez et al. [50] found that in the United States,
water consumption of fuel ethanol-powered cars was 118 L/km,
which suggested that if the United States continued to vigorously
promote bioethanol development, freshwater resources would be
seriously threatened. Gerbens-Leenes et al. [51]| estimated the
global water footprint related to increasing biofuel use for road
transport. They found that the global blue biofuel water footprint
would grow to 5.5% of the totally available blue water in 2030. The
study of Wu et al. [52] revealed that irrigation water used to grow
biofuel feedstocks varied significantly from one region to another,
and water consumption for biofuel production varied with pro-
cessing technology. Water requirements for corn ethanol produc-
tion varied from 10 to 17 I for each liter of ethanol produced, while
water requirements for switchgrass ethanol production varied
from 1.9 to 9.8 1. By contrast, only 2.8-6.6 | water was consumed
for each liter of gasoline produced from conventional onshore
sources in the U.S and 5.2 1 water was consumed for each liter of
gasoline from Canadian oil sands.

3.4. Impact on biodiversity

There are few positive influences of biofuel on biodiversity,
which are of limited spatial and taxonomic scale [53]. These
positive influences occur only when degraded lands are rehabili-
tated with non-native feedstocks to support native flora and fauna
[53].

The negative influences of biofuel on biodiversity include
effects on genetic diversity, species diversity and ecosystem
diversity. According to the study of Liu et al. [54], influences of
biofuel on biodiversity are different at multiple scales.
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At the genetic level, primary risks are introgression and con-
tamination by aggressive genotypes [54]. Struebig et al. [55]
showed that depauperate species richness was mirrored by con-
comitant declines in population genetic diversity in the most
susceptible taxon in a rainforest undergoing a conversion to
oil palm.

At the species level, habit fragmentation and bio-invasion may
result in habitat pollution, degradation and disturbance [54]. To
promote biofuel production, some countries used excessive ferti-
lizer, which then caused adverse environmental impacts [56].
Based on previous studies, Cambero and Sowlati [25] believed that
forest biomass provided a variety of forest organisms with food
and cover and therefore, biofuel consumption would reduce forest
productivity, affect the growth of scavengers, introduce invading
organisms, and ultimately lead to biodiversity reduction. In addi-
tion, large quantities of water consumption in biofuel production
process will adversely affect plant diversity.

At the ecosystem level, biofuel crops plantation means large-
scale homogeneous landscape, leading to simplified ecosystem,
which is vulnerable to damage [54]. Biofuel is the alternative
energy that creates the greatest demand for land. For example, a
great deal of biofuel feedstock is fit to grow in tropical environ-
ments [57], which has resulted in a forest-clearing phenomenon in
tropical forests (such as the Amazon) to produce sugar cane, soy-
bean and other biomass. In Asia, palm oil biomass production is a
major cause of deforestation [55,58].

Biofuel's impact on biodiversity is not identical when using
different feedstock. Holma et al. [31] found forest-residue biofuel
production caused more negative environmental impacts on bio-
diversity than microalgae biofuels, because the intensified use of
forest resources might impair ecosystem services including utili-
zation of non-forest productions, soil carbon stock and support for
biodiversity.

Some institutions have come to realize the adverse effects of
biofuel development on biodiversity. In 2007, 11 British organiza-
tions (including the Royal Society for the Protection of Birds
(RSPB), the National Trust, the Consortium for Policy Research in
Education (CPRE), the Council for British Archaeology, and the
Wildlife Trusts) issued a report titled "Bioenergy could do more
harm than good". They suggested that if plants used in biofuel
production such as willows, rapeseed, elephant grass, etc., were
not properly and effectively managed, their use to provide heat,
electricity and vegetable oil could reduce the number of wild
animals in their fields and destroy landscapes, historical sites and
soil and water quality [59].

However, Cornelissen and Dehue [60] found no information
was available on the magnitude of indirect impacts on biodiversity.

4. The socioeconomic effects of biofuel development

This section will analyze and assess three aspects of the
socioeconomic effect of biofuel: its impact on income and
employment, its impact on food security, and its economic costs.

4.1. Impact on income and employment

Crops are raw materials for producing biofuel, and biofuel
development can both explore the industrial value of agricultural
products and enhance their added value. Experience has shown
that biofuel development and economic growth can affect one
another. On the one hand, economic growth will stimulate
national demand for energy, which will have an impact on the
biofuel production since biofuel plays an increasingly critical role.
On the other hand, because the government has increased efforts
to develop biofuel, biofuel chain (production, transportation, etc.)

can provide many employment opportunities and increase peo-
ple's income [28,61,62]. Cambero and Sowlati [25] believed that
countries engaged in forest biomass development could increase
employment and achieve energy independence, but the number
and quality of jobs depended on the strategic layout of the bio-
mass supply chain, especially on the industrial scale. Amigun et al.
[63] proposed that biofuels development could enhance local
economy and generate more job opportunities in Africa. The
impact of biofuel on the economy is attributable not only to bio-
fuel development's need for more labor input but also to the fact
that using crops as biofuel feedstock for production has both
increased farmers' income and mobilized farmers to grow feed-
stocks for biofuel production. For example, the Food and Agri-
culture Organization's (FAO) report titled “The state of food and
agriculture” [64] noted that the growth of demand for fuel ethanol
would lead to an increase in the prices of relevant agricultural
products used for making ethanol and would increase farmers'
income in developing countries, especially countries that pro-
duced a large quantity of biofuel feedstocks. Moreover, the reuse of
abandoned crops reflects the idea of a recycling economy,
improves the efficiency of resource use, and therefore saves
resources related to production process. For example, in a study of
Argentina, Bolivia, Brazil, Chile, Colombia, Guatemala and Jamaica,
Bildirici [65] found that except for Argentina and Jamaica, biomass
energy consumption and economic growth were closely related.
Bildirici [65] believed that cointegration existed because biomass
energy met many countries’ demands for energy and therefore
biomass energy development could both stimulate economic
growth and alleviate poverty in developing countries.

Many studies quantified the economic effects of biofuel. Parcell
and Westhoff [66] summarized studies on economic effects of
biofuel production, and found that given the production level in
2006 in US, the ethanol industry annually employed 3500 work-
ers, paid out $132 million in salaries, generated $110 million in
taxes. Gohin [67] used a computable general equilibrium model of
the EU-15 economy to estimate the impacts of European biofuel
policy on farm sector, and found that farm-income would increase
by 3.2 billion, with 43,000 farm job opportunities.

However, Deppermann et al. [68] found negative but small
effects of abolishing EU biofuel policies on agricultural income in
the long run, indicating a limited transfer efficiency of biofuel
policy. Similarly, Jaeger and Egelkraut [69] thought there was little
evidence proving biofuels would have significant, long-term
positive job impacts in rural areas. They indicated that some
proponents who estimated substantial indirect job creation were
based on static and regional input-output models.

Since the global oil crisis in 1970s, biofuel and other new
energies have entered a golden age of development. Many coun-
tries have launched research and development programs, such as
Brazil's ethanol energy plan, the United States’ energy farms and
the EU biofuel directive programs. However, following the global
oil crisis, coupled with international oil organizations’ deliberate
suppression of the oil supply, oil prices have returned to their
original levels, making it difficult to determine the advantages of
biofuel. Currently, the market is dominated by fossil energy over
the short term. Now, many new-energy programs, projects, and
related economies are finding it difficult to survive.

Faced with the fragility of the biofuel market, many countries
must adopt a government-directed approach to protect biofuel's
market share and the benefits of stakeholders. The renewable
portfolio standard (RPS) is one such approach. More specifically,
the government establishes mandatory provisions related to
renewable energy's market share, stipulating that electricity must
contain a minimum proportion of renewable energy. In September
2014, the China Energy Bureau's draft “Renewable portfolio stan-
dard assessment methods (Trial)” was already at a stage in which
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it could solicit opinions. The draft put non-hydro renewable
electricity within the scope of RPS, of which biofuel was one of the
focuses. Thus, the long-term development of biofuel cannot be
separated from government protection, and market vulnerability
will become a serious impediment to biofuel development.

4.2. Impact on food security

Whether biofuel development affects food security is a hot
topic that has attracted increasing attentions. Some studies have
developed assessment framework for the impact of biofuel on food
security. At national and international level, Global Bioenergy
Partnership Sustainability Indicators [70] and High Level Panel of
Experts on Food Security and Nutrition Review [71] have proposed
conceptual frameworks [72]. At local level, UN-Energy |[73],
ActionAid [74], Beall et al. [75] provided broad frameworks that
could guide analyses of the relationship between biofuels and food
security.

There are two ways to measure food security: changes in food
consumption and changes in intermediate variables (e.g. changes
in food price and changes in availability of food) [72]. Since cap-
turing food consumption is costly and difficult, most studies try to
estimate food security through supply side and demand side. The
supply side emphasizes the importance of food availability, and
the demand side focuses on the access to food.

4.2.1. Impact on food supply

The first concern about food security issue is that biofuel pro-
duction increases the competition between biofuel feedstocks and
food production for land, water and labor. Popp [76] proposed that
biofuel led to an increasing competition for natural resources,
including land and water, especially in the short run. Clancy [77]
and Elbehri et al. [78] thought farmers would choose between
growing food crops and biofuel crops, which resulted in a decrease
in cultivation areas and yields. Koizumi [79] studied the relation-
ship between biofuel and food security, and showed that both the
feedstock of agricultural product-based biofuel and cellulose-
based biofuel competed with food production in China and
Japan. In the United States, the RFS requires the amount of total
renewable fuel to reach 36 billion gallons by 2022, with 21 billion
gallons advanced biofuel® and 15 billion gallons “conventional”
biofuel” [80]. In 2014, the U.S. used 5.2 billion bushels of corn to
produce 14.3 billion gallons of ethanol fuel [81]. In order to reach
15 billion gallons “conventional biofuel” from corn, about 5.5 bil-
lion bushels of corn are needed. The proportion of cropland used
for biofuels varies across countries and regions, and [36].
According to Popp et al. [36], the global proportion was about 2.5%
(Cropland in the US: 8%; Corn and soybean area in the US: 20-35%;
Cropland in the EU: 5-6%; Cropland in Brazil: 3%), and declined to
1.5% when adding by-products substituted for grains and oilseeds
because some grains were returned to the feed sector in the form
of co-products, which was the net land requirement.

The second concern is biofuel production may damage the
ecosystem and thus reduce yields. Anderson et al. [82] found
biofuel production resulted in soil organic carbon losses. Popp
et al. [83] indicated that pesticides, required by first generation
biofuels, had environmental cost if pesticides were not used
correctly.

3 Any fuel derived from cellulosic or advanced feedstocks. This may include
sugarcane or sugar beet-based fuels; biodiesel made from vegetable oil or waste
grease; renewable diesel co-processed with petroleum; and other biofuels that may
exist in the future. Advanced biofuels are two sub-categories: cellulosic biofuel and
biomass-based diesel.

4 Any fuel derived from starch feedstocks (e.g., corn and grain sorghum).

Of course, there are different views about the impact of biofuel
on food supply. First, some scholars believe that the “food versus
fuel” problem is exaggerated. As for the first generation biofuels,
double crops grown between growing seasons of food crops and
biofuel crops, as well as mixed crop systems have the potential to
produce biofuel feedstocks without decreasing food production
and without clearing wild lands [84-86]. As for the second and
third generation biofuels, Liew et al. [4] and Leite et al. [9] thought
they did not become involved in the “food versus fuel” issue as the
second and third generation biofuels did not require agricultural
land. Second, food production may even expand when the spil-
lover effects of technology occur. The introduction of biofuel could
increase the availability of technical knowledge and the avail-
ability of inputs for farmers who can imitate similar techniques
and apply inputs (i.e. fertilizers) to food crops plantations [87].
Negash and Swinnen [88] also found in Ethiopia that spillover
effects could improve food productivity that offset the amount of
land diverted to biofuel.

4.2.2. Impact on food accessibility

The potential negative impact of biofuel on the access to food
refers to lower households’ purchasing power through decreasing
households’ income and increasing food prices.

First, some biofuel companies will displace land without suf-
ficient compensation, thus reducing people's income [72]. Second,
some institutions and researchers believe that biofuel develop-
ment is one of the primary causes of the continuous increase in
world food prices [89-93]. Study by Naylor et al. [94] showed that
biofuel production would have both a direct and an indirect
impact on the prices of agricultural products. The direct impact is
that the price of corn will accompany the rising demand, and the
indirect impact is that the expansion of corn acreage will squeeze
acreage available for other crops, thereby reducing food supply
and increasing food prices. But there is still significant uncertainty
about the magnitude of food price response to biofuels production
because of different assumptions regarding demand and supply
elasticities for agricultural commodities [95]. According to Aja-
novic [62], no significant impact of biofuels production on feed-
stock prices could be observed until 2011. Similarly, Zhang et al.
[96] thought rising fuel prices were not directly causing increase in
agricultural commodity prices. Kgathi et al. [86] argued that local
biofuel production might not necessarily lead to a substantial
increase in food prices because land availability was not a
major issue.

The potential positive impact of biofuel on the access to food
refers to stimulating employment opportunities and rural econ-
omy [86,97].

Opportunities to generate income through biofuel develop-
ment may provide welfare gains that can improve purchasing
power and decrease vulnerability to price shocks for food [98].
Moreover, Escobar et al. [99] believed that the areas most vul-
nerable to food security issue were impoverished regions whose
pillar industry was agriculture. One method of changing the pov-
erty situations of those areas would be to develop biofuel and
increase farmers' income, bringing them out of poverty and
reducing the impact of food crisis [77]. Okiyama and Tokunaga
[100] estimated the income change of farming household, and
showed that in the case of biofuels as domestic goods and exports,
the growth rate of income was 3% to 5% higher than the income of
other households. Biofuel companies also can improve local
infrastructure such as roads and electricity, and this may reduce
the distance local members travel and time spent on collecting
food, which can increase food accessibility [72].

In addition to the opponents and proponents of biofuel, some
studies found that the impact of biofuel on food security is mixed
and uncertain [101], depending on the consumption status of
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household or country [102]. According to Verpoorten et al. [103],
net importing countries and urban consumers reported worsening
food security while net exporting countries and urban consumers
reported improving food security.

4.3. The economic costs of biofuel development

There are three costs related to producing biofuel: feedstock
cost, conversion cost and opportunity cost. Opportunity cost
mainly refers to land opportunity cost. Land opportunity cost
includes the income of land-grown edible foods and therefore
represents the loss of land value caused by pure energy crops
[104].

Duer and Christensen [105] commented that biofuel cost was
more expensive than the cost of fossil fuel despite the credit
obtained from greenhouse gas emission reductions.

However, Lensink and Londo [106] showed that biodiesel pro-
duced from oil crops would be a cost-effective way of biofuel
production in the medium term at moderate consumption target
levels. According to the result of economic analysis of biodiesel
production by Mohammadshirazi et al. [19], the benefit to cost
ratio was 2.081, the gross return and net return were $1.302/L,
$1.298/L respectively. Saygin et al. [107] performed a cost-benefit
analysis of biomass and believed that biomass had economic
potential, but they also suggested that whether biomass had long-
term economic benefits could not be generalized.

First of all, the cost depends on feedstock and technology. Sims
et al. [108] found that some “good” first generation biofuels such
as sugarcane ethanol were cost effective, while other “less good”
first generation biofuels needed generous government support to
remain competitive. For the second generation biofuels, produc-
tion costs are uncertain and vary with the feedstock and conver-
sion process. It was thought to be above $ 0.80/litre of gasoline
equivalent [108]. Carriquiry et al. [109] compared the cost share of
the first generation and second generation biofuels. The feedstock
cost accounted for over 2/3 of the total costs for the first genera-
tion biofuels, while the share of feedstock was relatively lower
(30-50%) for the second generation biofuels. Therefore, feedstock
cost needed to be reduced for biodiesel, while biomass conversion
cost needed to be reduced for cellulosic ethanol. Festel et al. [110]
and Liang et al. [111] found the use of lignocellulosic biomass as
feedstock to bioethanol (second generation biofuels) could reduce
the production cost by 50% than the use of corn-based and sugar-
based feedstocks. Kuhad et al. [112] also showed that bioethanol
produced from lignocellulosic biomass was more cost-efficient
than bioethanol produced from conventional food crop of sugar-
cane. Some studies showed that the process integration of the first
and second generation biofuels could optimize the overall pro-
duction cost of bioethanol [113,114]. Tey et al. [115], Dassanayake
and Kumar [116] and Ng et al. [117] all proved that technological
development could improve biofuel's economic performance.

In addition, the economic benefit depends on many external
factors, such as the fluctuation of energy market, extreme weather
and variation in subsidy policy [4,118]. Besides, cost is closely
related to production scale [119]. Apostolakou et al. [120] indicated
that base-catalyzed transesterification on vegetable oil was eco-
nomically profitable only when production rate was greater than
50 kt/y.

5. Results and discussion
5.1. Results

Based on the review of selected literature, this paper sum-
marizes the synthesized effects of biofuel, mainly from two

perspectives of ecological and socioeconomic effects. Main results
are described as follows:

First, renewability and cleanliness are two hot topics in the area
of biofuel's ecological effects. There remain controversies regard-
ing the biofuel's renewability and cleanliness. Although some
researchers have paid attention to biofuel's impact on water and
biodiversity, the literature on these two aspects are comparatively
insufficient.

® Renewability: The renewability of biofuel depends on the con-
sumption of nonrenewable energy in the life cycle process,
which is largely dependent on conditions such as resource
endowment, geographical and natural conditions, economic
situation and technology level. Accordingly, the existing studies
have not arrived at an agreement. However, numerous studies
have shown that the wider the boundaries of life cycle assess-
ment, the lower the renewability of biofuel. In some developing
countries, biofuel is a nonrenewable energy.

® (Cleanliness: There also remains considerable controversy
regarding the cleanliness of biofuel. Some scholars believe that
biofuel is a clean energy. There is also evidence showing biofuel
is not as clean as expected. Furthermore, the greenhouse gas
produced by biofuel development in technologically dis-
advantaged countries is much higher than that produced by
technologically advantaged countries. In addition, some biofuel
(such as biodiesel) will lead to increased nitrogen oxide emis-
sions. Finally, the competition between fossil fuels and biofuel
will reduce the price of fossil fuel, thereby stimulating increased
economic activity, which will lead to more pollution.

® Impact on water: Almost all the selected literature on biofuel's
impact on water has shown that biofuel negatively influences
both water consumption and water pollution.

® [mpact on biodiversity: The overwhelming majority of the
selected studies have shown that biofuel development will
occupy space, as well as damage land and water, thereby
destroying their biodiversity.

Table 2 depicts the literature summary of biofuel's ecological
effects.

Second, this paper analyzes the socioeconomic effects of biofuel
development, focusing on three aspects: impact on income and
employment, food security, and economic costs. There also
remains controversy regarding the impacts of biofuel on economy
and society.

® Impact on income and employment: On the one hand, biofuel
development improves farmers’ income in the short term,
mobilizes them to grow food, and provides them with
employment opportunities. On the other hand, some evidence
shows that the positive effect of biofuel is limited and unstable.

® Impact on food security: From food supply and food accessi-
bility perspectives, researchers have been debating biofuel's
impact on food security. Some people believe that biofuel pro-
duction increases the competition between feedstocks and food
production for land, water and labor, and biofuel development
would lower households’ purchasing power through decreasing
households’ income and increasing food prices. By contrast,
other people hold views that biofuel will not reduce food pro-
duction, but generate income, and increase food accessibility.

e Economic costs: Most of the selected studies have shown that
the economic costs of biofuel depend on technology and
feedstock.

The review results are summarized as Table 3.
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Table 2
Literature summary of ecological effects.

Positive impact Negative impact It depends N.A.
Renewability [15-20,3] [21,22,26] [23-25] [11,12,2,13,14]
Cleanliness [27-31,37-41] [32-36,41,42,44,45] [43,46]
Water Resource [47,25,48-51] [52]
Biodiversity [60] [55,54,56,25,58,31,59] [53] [57]

*[41]: On the one hand, biofuels could reduce particulate matter (Positive impact). On the other hand, biofuels had negative impacts on NOy emissions (Negative impact).

Table 3
Literature summary of socioeconomic effects.

Positive impact Negative impact It depends N.A.
Income and Employment [61,28,62,25,63-67] [68,69]
Food Security [4,9,62,77,84-88,96-100] [76-79,82,83,72,89-94] [36,95,101-103] [70,71,73-75,80,81]
Economic Cost [19,106,107] [105] [4,108-120] [104]

*Although [4,9,62,84-86,96] in “Positive Impact” of “Food Security” did not prove there existed positive effect, but they indicated that the negative impact on food security

was not observed.

*[77]: On the one hand, biofuels increased farmers’ income (positive impact), on the other hand, biofuels resulted in Negative Impact: Biofuels resulted in a decrease in

cultivation areas and yields.

Table 4
Contrasting features of SSM and DSM.
Source: [122,123].

SSM DSM
Principle Deciding supply according to Deciding demand
demand according to supply
Objective Increasing supply Controlling and mana-
ging demand
Means (1) Alternative energy: Develop- (1) Improving energy use
ing new energy efficiency
(2) Alternative trade: Importing (2) Economical use
energy and transferring of energy
industry
Decision- Top-down Bottom-up
making

Because various biofuels, methods, scenarios are studied in the
literature, it is unrealistic report results quantitatively in summary
table. Therefore, we classify literature by their results about bio-
fuel's ecological or socioeconomic effects. It is helpful to have a
clear idea about the debates on biofuels.

5.2. Discussion on the policy of developing biofuel

Obviously, there remains uncertainty and controversy regard-
ing the ecological effects and the socioeconomic effects of biofuel
development in existing studies, so we have a cautious attitude
toward the energy policy that use biofuel development as an
important method of resolving the energy crisis and climate
change in developing countries.

Energy management can be categorized into supply side
management (SSM) and demand side management (DSM). SSM
influences energy producers to ensure sufficient supply of energy
and to focus the solutions of the supply and demand contradiction
on the supply side. The primary form of SSM is alternative energy
and alternative trade. Alternative energy primarily refers to seek-
ing alternative energy to achieve diversification of energy use;
alternative trade is primarily conducted in two ways: importing
energy and transferring industries [121]. In general, under energy
constraints, DSM comprehensively employs economic, legal,
technical and other measures to regulate users’ behavior, to
improve the efficiency of energy use and to reduce dependence on
energy-intensive industries. Specific features of SSM and DSM that
contrast with one another are shown in Table 4.

Biofuel is an alternative energy, so therefore developing biofuel
to solve the problem of shortages in the fossil energy supply is one
approach of SSM. SSM has been widely used in many countries
because its feature of energy management can quickly and effec-
tively satisfy the energy needs of energy-intensive industries in
the short term. However, SSM is not a long-term management
tool: developing biofuel to compensate for the lack of fossil energy
supply has obvious limitations.

First, energy management that uses biofuel as an alternative
energy is often uncertain: it cannot guarantee an effective energy
supply. Affected by regional climate, soil, water and other natural
conditions, along with natural endowments, the stability and sus-
tainability of the biofuel supply largely depends on uncontrollable
natural factors.

Second, the use of biofuel as an alternative energy cannot meet
people's expectations, and there are diversified issues related to
biofuel development that involve the environment, resources,
society and the economy. In this paper, based on the analysis of
both the ecological effects and the socioeconomic effects of biofuel
development, biofuel development has many uncertainties. Its
renewability, cleanliness, resource and environmental friendliness
are not as positive as people expect. Moreover, because of the
fragility and complexity of the energy market, the impact of bio-
fuel industry on farmers' income and employment is unstable, and
it may pose a threat to global food security, depending on global
grains output.

Third, SSM's primary method of decision-making is top-down
because it is "deciding supply according to demand." Accordingly,
the supply amount is likely to go awry in the absence of an
understanding of real energy needs. In particular, because supply-
side managers often ignore the possibility of saving energy, they
tend to overestimate actual demand. For example, since China's
"Eleventh Five-Year" plan, the state has promulgated the
"Renewable Energy Law", the "Long-term Development Plan of
Renewable Energy", the "Twelfth Five-Year Plan of National Energy
Technology", the "Twelfth Five-Year Special Plan of Biofuel Tech-
nology Development,” and other regulations and policies, but
biofuel development has long been hobbled. More than half of
China's biofuel electricity generation companies are in a state of
semi-shutdown.

Fourth, SSM such as biofuel development constitutes an
extensive management approach to meeting energy needs. This
approach would encourage all industries to consume energy
without scruples, which is not conducive to creating a mechanism



X. Ji, X. Long / Renewable and Sustainable Energy Reviews 61 (2016) 41-52 49

to promote energy-intensive industries’ use of institutional and
technological innovation to improve their energy efficiency. It is
key to be aware that if energy demand is not controlled, all
resources will be limited, and we will eventually transform from a
situation of relative scarcity to one of absolute scarcity. Because
renewability of alternative energy such as biofuel is affected by
many factors, it will ultimately reach the supply limit. If energy
supply depends on imports, on the one hand, the importing
country will experience a huge financial burden over a long per-
iod, and on the other hand, the country will risk having its econ-
omy restricted by the international energy market.

6. Conclusions and energy policy recommendations
6.1. Conclusions

This paper aims at providing a comprehensive literature review
of biofuels from the perspectives of ecological and socioeconomic
effects. We searched for and selected relevant literature, and
eventually there are 124 pieces of material discussed in this paper,
which have covered most important studies in the area.

There remains uncertainty and controversy regarding biofuel's
impacts on environment, society and economy. Although biofuel is
considered as a renewable and clean energy, it is still questioned
regarding its impacts on energy use, pollutants emission, water
and biodiversity. Moreover, although biofuel may has positive
impacts on income and employment, many researchers think that
biofuel influences food security negatively. Besides, its economic
cost is likely to be the barrier to its promotion.

Accordingly, we think it is helpful to be cautious toward biofuel
development, especially for developing countries. As a supply side
management strategy, biofuel production seems to be a second
choice as supply side management has disadvantages when
compared with demand side management.

6.2. Energy policy recommendations

Biofuel development is a systematic project. Based on the
conclusions of this paper, biofuel development as an energy
strategy is not a universal method of solving the energy crisis.
States should develop rational policies toward biofuel develop-
ment, assess those policies systematically according to their own
merits, adjust measures to local conditions, and make decisions
both calmly and carefully.

® First, make full use of “marginal land” and mixed crop systems
to grow energy crops. Use saline, wasteland and fallow fields
together with other unutilized or underutilized lands that are
unsuitable for food production but that can support energy
crops with high resistance. Plant energy crops that have a lower
demand for water and organic soil contents.

® Base biofuel production primarily on raw materials of non-food
energy, such as straw and manure, to avoid the impact of
excessive development on food security. In the current situation
of global biofuel development and utilization, many countries
primarily produce food-based fuel ethanol and rapeseed-based
biodiesel, and biofuel electricity generation primarily requires
straw, forestry processing waste, manure, etc. as raw materials.
This is a development path worth promoting.

e Strengthen the balance and the combination of farming indus-
try and cultivation industry. The raw materials of biofuel derive
not only from agriculture and forestry but also from animal
husbandry. A virtuous ecosystem circle can be achieved
according to the basic ecological principles of material recycling
and energy flow, along with combining farming and cultivation.

e Taking into account the geographical dispersion of biofuel
resources, the use of biofuel has not formed into a scale that
involves low equipment-utilization levels. Therefore, enter-
prises’ layouts should be combined with the regional distribu-
tion of agricultural regions, measures should be adjusted
measures to local conditions, and scientific planning of the
biofuel development region should be performed.

® To reduce market risks to enterprises and farmers caused by
biofuel, on the one hand it is important to further improve
biofuel's market mechanism. On the other hand the government
should establish a quota system and other supportive and
incentive mechanisms to protect the basic interests of both
small and medium enterprises (SMEs) and farmers.

Even with various advantages of biofuel development, we
recommend countries to be cautious. Against the background of
the energy supply shortage, SSM is not the optimal energy strat-
egy. Blindly pursuing alternative energy is only “robbing Peter to
pay Paul”. It will eventually lead to another energy crisis in the
long term and could lead to a series of economic and political
crisis. Unlike SSM, DSM is a type of intensive management that
operates in accordance with the principle of “deciding demand
according to supply”. In addition, it is a type of energy manage-
ment that by improving the efficiency of energy use, reduces
dependence on energy-intensive industries, thus conserving
energy, which can effectively prevent many issues created by SSM,
such as those related to the social and economic environments.
DSM represents a long-term plan to manage the energy crisis.

Therefore, we recommend that policymakers should integrate
economic, administrative and technical approaches, gradually
transform from SSM to DSM, and implement future energy stra-
tegies over the long term.

® Economic instruments: Economic methods involve the
immediate and underlying impetus of adjusting energy
demands. Energy consumption behavior should be adjusted
using prices, taxes and other economic levers, prompting
industries to improve their energy use efficiency and progres-
sively rationalizing energy consumption.

® Administrative measures: For some industries with excess
capacity or high energy-consumption and high emissions,
monitor their energy consumption processes, supplemented
by administrative tools such as fixed consumption. Compared
to economic methods, administrative tools are simple and easy
to implement and can have significant short-term results.
However, they require the government to strengthen and
improve its regulatory mechanisms; otherwise, such results
will be difficult to maintain.

® Technical methods: In the long term, technical methods are
fundamental to improving the efficiency of energy development
and enterprise productivity. Achieving upgraded industrial and
export structures through technological advances and reducing
the dependence of economic development on energy is DSM's
fundamental goal.

However, technical methods require investment, which is lar-
gely subject to market and institutional environment. In general,
companies are reluctant to engage in technological innovation,
and it is only through subsidies or enforcement or market forces
engineered by the government that technological transformation
can be effected. Therefore, economic instruments, administrative
measures and technical methods must be combined to effectively
implement DSM.

Developing countries are confronted by additional challenges
related to DSM. For many developing countries, energy-intensive
industries are an important support for economic growth. Blindly
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eliminating or limiting them will inevitably lead to an inadequate
supply of key industrial products that provide national economic
lifelines, directly influencing all aspects of national development.
Therefore, developing countries cannot achieve an energy man-
agement transition from SSM to DSM overnight. Instead, they
must combine mandatory measures with induced measures for
institutional change. In practice, the government may provide
opportunities for profit, prompting stakeholders to pursue new
opportunities. According to the implementation effect of induced
institutional change, mandatory institutional change can be gra-
dually achieved from the point to the surface, constantly sum-
marizing and searching for norms.

Overall, economic growth's strong demand for energy will
continue. If SSM means are the only ones adopted, there will be
many energy, environmental, economic and societal crises in the
near future. Therefore, even if SSM meets current requirements for
economic growth, all countries’ national energy strategies should
be based on a longer-term future. DSM compensates for SSM's
shortcoming through the approach of "deciding demand according
to supply” to promote industries’ self-renovation, which can not
only solve energy problems effectively but also improve the effi-
ciency of production, thus injecting long-term momentum for
economic growth.
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