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Concerns over energy security and climate change stimulate developments towards renewable energy.
Transport is expected to switch from fossil fuel use to the use of fuel mixtures with a larger fraction of
biofuels, e.g. bio-ethanol and biodiesel. Growing biomass for biofuels requires water, a scarce resource.
Existing scenarios on freshwater use usually consider changes in food and livestock production, and
industrial and domestic activities. This research assesses global water use changes related to increasing
biofuel use for road transport in 2030 and evaluates the potential contribution to water scarcity. To
investigate water demand changes related to a transition to biofuels in road transport, the study
combines data from water footprint (WF) analyses with information from the IEA APS energy scenario
for 2030. It includes ﬁrst-generation biofuels, bio-ethanol from sugar cane, sugar beet, sweet sorghum,
wheat and maize, and biodiesel from soybean, rapeseed, jatropha and oil palm. Under the IEA APS
scenario, the global biofuel WF will increase more than tenfold in the period 2005–2030. The USA, China
and Brazil together will contribute half of the global biofuel WF. In many countries, blue biofuel WFs
signiﬁcantly contribute to blue water scarcity. The research provides a ﬁrst exploration of the potential
contribution of transport biofuel use to blue water scarcity. In 2030, the global blue biofuel WF might
have grown to 5.5% of the totally available blue water for humans, causing extra pressure on fresh water
resources. When biofuel use continues to expand after 2030, countries should therefore consider the
water factor when investigating the extent to which biofuels can satisfy future transport energy demand.
ß 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
In the 21st century, important global issues include diminishing
non-renewable energy resources, CO2 emissions, food security and
water scarcity. The need to ﬁnd more efﬁcient, cleaner and
sustainable fuels drives transitions in the energy sector. The use of
bioenergy, such as biofuels for transport, is seen as an alternative
with many of these characteristics. With the largest share of all
renewables (IEA, 2006), bioenergy has a prominent role in energy
scenarios. Bioenergy includes the ﬁrst-generation biofuels, which
are based on the starch, sugar or oil fraction in the crop and secondgeneration bioenergy, which is based on the cellulosic fraction of
crops or other biomass (e.g. wastes). Biomass production, however,
is the greatest global water consumer (e.g. Berndes, 2002; De
Fraiture et al., 2008; Varis, 2007; Hoekstra & Chapagain, 2008).
Numerous studies have investigated the potential of biomass for
bioenergy in the light of land availability, agricultural technology,
biodiversity and economic development (e.g. Fischer & Schrattenholzer, 2001; Berndes et al., 2003; Hoogwijk et al., 2003; Smeets
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et al., 2007; Dornburg et al., 2008; Fischer et al., 2009). The
competition between crops for food or energy purposes, as well as
the carbon dioxide neutrality of bioenergy have received much
attention. Much attention has also been paid to the risks of
depending on fossil and nuclear fuels (e.g. Sørenson, 1991; IPCC,
2008b), giving an impulse to the development of renewables, such
as energy from wind, water, sunlight and biomass. The IPCC
expects a robust mix of energy sources, including fossil, renewable
and nuclear energy, combined with improved end-use efﬁciency to
meet the growing demand for energy services (Sims et al., 2007).
There are few studies that analyze the impact of bioenergy on the
water system. Research on water use of crops for bioenergy exists
(e.g. Chiu et al., 2009; Dominguez-Faus et al., 2009; GerbensLeenes et al., 2009a), as does research about regional water
systems and stresses exerted on them (UNESCO, 2006; IPCC,
2008a). Scenarios on the use of water resources (e.g. Alcamo et al.,
2003) consider changes in food and livestock production, industry
and domestic activity. However, all our activities can be associated
with the consumption of water, including a shift to greater
bioenergy use.
To gain insight in what the future may look like, scenarios based
on assumptions about driving forces and the relations between
them are an useful instrument. Disagreement on the number of
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forces and their exact effects results in the construction of
alternative scenarios. There are several energy scenarios regarding
the contribution of renewables. Generally, it is expected that in
2030 biomass will have the largest share of all renewables (IEA,
2006; World Energy Council, 2007; IPCC, 2008b; Shell, 2008).
Especially in the transport sector, there is great interest in biofuels,
such as bio-ethanol and biodiesel (we use the term biofuels
exclusively for liquid fuels derived from biomass that can be used
for transport purposes. Some studies use the term more broadly to
cover all types of fuels derived from biomass used in different
sectors). Many governments believe that biofuels can replace
substantial volumes of imported oil with (indigenously produced)
renewable biofuels and that they will play a key role in diversifying
the sources of energy supply in the coming decades (IEA, 2006). All
energy scenarios indicate an absolute increase of total energy
demand (US Department of Energy, 2010; IEA, 2006). The increased
energy demand will be supplied by increased fossil fuel supply,
especially coal, and additional supply of renewables, dominated by
biomass. The scenarios cover different periods, for example the
Alternative Policy Scenario (APS) of the International Energy
Agency (IEA) gives a projection for the period 2008–2030 (IEA,
2006), while for example the IIASA/WEC scenarios (Nakicenovic
et al., 1998) cover the period 1990–2100. The ﬁrst study that was
done into the relationship between water availability and future
biomass use concluded that large-scale bioenergy production in
2100 doubles global evapotranspiration from cropland compared
to 1990 (Berndes, 2002). That study also found that the leading
energy scenarios did not take water into account when estimating
future biomass use. Gerbens-Leenes et al. (2009b) have shown that
the WF of energy from biomass is nearly 70 to 700 times larger
than that of fossil fuels. A recent study (Gerbens-Leenes and
Hoekstra, 2011) assessed the water footprint of biofuel based
transport showing large differences among WFs of different
transport modes. That study also assessed the additional water
requirement of the European transport sector related to the EU
policy target to replace 10% of transport fuels by renewables in
2020. Based on energy use in 2005 and smallest WFs for biofuels
per country, i.e. the use of the most favourable crop for ethanol, the
EU water footprint would increase by 10%. Future research should
take restrictions from water availability and competing demand
for water into account (Berndes, 2002, 2008). In order to better
understand the relation between various commodities that we use
and underlying water requirements, Hoekstra (2003) has introduced the concept of the ‘water footprint’ (WF), referring to the
direct and indirect water use over the entire supply chain
(Hoekstra et al., 2011). The WF methodology provides a useful
tool to investigate the relationship between human activities and
water consumption.
To supply a country with sufﬁcient energy and to decrease
carbon dioxide emissions to comply to international agreements,
countries need to make decisions on the selection of energy
carriers. For example, China aims to produce the majority of
renewable electricity in 2030 from hydropower (US Department of
Energy, 2010). The European Union aims to replace 10% of
transport fuels by renewables (biofuels, electricity from biomass,
wind, solar energy and/or hydrogen) in 2020 (European Commission and Renewable Energies, 2009). This also requires a choice on
which renewable energy source to apply. A choice for bioenergy
does not require large system changes, because it can easily be
stored, co-ﬁred in electricity plants or applied in the form of
biofuels in the transport sector. The European transport sector is
dominated by road transport (European Environment Agency,
2010) that can easily shift to biofuels without large system
changes. A shift to electricity or hydrogen, however, would mean a
change of the system requiring large efforts. To support policy to
make the right decisions, it is needed to analyse the energy
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scenarios more closely to estimate if the projections for biomass
supply are possible from a water perspective. Berndes (2002) has
shown that global evapotranspiration from energy crops will
increase, especially between 2030 and 2100. In western societies,
road transport contributes about one third to total energy use (IEA,
2006). This great energy use, in combination with the introduction
of biofuels with large WFs in the transport sector, asks for insight in
the effects of biofuel introduction on freshwater resources and
hence on the plausibility of some leading energy scenarios.
This research assesses the possibilities from a water perspective
for the global introduction of presently available ﬁrst-generation
biofuels as an energy source for an important sector of the
economy, transport, for the year 2030. The objective of this
research is to assess the change in water footprints (WFs) related to
the adoption of biofuels for road transport in 2030 for the main
regions and ten largest biofuel consuming countries and to
evaluate the potential contribution to freshwater scarcity in the
light of increasing competition among economic sectors. Research
questions are: (i) what is the change in the blue and green WF
related to the adoption of biofuels for road transport? (ii) Does the
change in the blue WF of biofuels for road transport lead to
increased blue water scarcity in the top-ten biofuel consuming
countries? To answer question (i), we formulated the following
subquestions: Which biofuels will be used for road transport in
2030? Which feedstocks will be used to produce these biofuels?
How much water is needed for the production of these feedstocks?
To answer question (ii), we formulated the following subquestions: how much blue water is available for biofuels in the top-ten
biofuel consuming countries? Is the available volume of blue water
exceeded as a result of the WF of the 2030 biofuel consumption?
Are the top-ten biofuel consuming countries likely to experience
blue water scarcity due to the consumption of biofuels in 2030?
We provide information on how a transition to more biofuels in
road transport will translate in increased water consumption and
on the impact of the WF of biofuels in road transport on fresh water
resources. The study builds on earlier research on the relation
between energy and water (e.g. Gerbens-Leenes et al., 2009a,b,c;
Gerbens-Leenes and Hoekstra, 2011) and extends earlier research
into the WF for transport based on existing energy use and most
favourable crop choice to future energy use in 2030 and most likely
crop choice, giving an indication where fresh water scarcity might
occur. It aims to raise awareness on the water scarcity issue, as well
as provide insight into options for change. Earlier research has
shown that water requirements for bioenergy will increase,
especially between 2030 and 2100 (Berndes, 2002). This research
focuses on part of the bioenergy demand, biofuels for transport, in
the year 2030 when bioenergy use is still relatively small. For
policy, it is important to know the sustainability impacts of speciﬁc
choices related to changes in the transportation sector. A choice
could be to stimulate changes in the transport system itself and
promote, for example, biking, public transport or electric cars with
smaller energy use and water footprints per passenger kilometer
(Gerbens-Leenes and Hoekstra, 2011). Another choice could be to
increase efﬁciency in agriculture decreasing water footprints per
unit of biofuel or stimulate the introduction of second generation
biofuels from wastes. Results of this study give insight where water
scarcity might occur and can support policy decisions in which
direction to make investments for renewable energy and system
changes.
2. The water footprint
Major threats to the world’s freshwater ecosystems include the
key issues water abstraction, water pollution, and the physical
modiﬁcation of water bodies (e.g. dams, draining of wetlands)
(L’vovich and White, 1990). The water footprint (WF) is an
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indicator of freshwater appropriation that includes direct and
indirect water use along product supply chains (Hoekstra, 2003;
Hoekstra and Chapagain, 2008; Hoekstra et al., 2011). The WF is a
multi-dimensional indicator, giving water consumption volumes
by source and polluted volumes by type of pollution. The tool
distinguishes between green, blue and grey water and in this way
gives a comprehensive and complete overview of freshwater use
and pollution. The green WF refers to the rainwater consumed; the
blue WF refers to surface and groundwater volumes consumed
(evaporated) as a result of the production of a good. The grey WF of
a product refers to the volume of freshwater required to assimilate
the load of pollutants based on existing ambient water quality
standards. It has appeared to be instrumental in analyzing water
use along supply chains and in identifying hotspots and priority
areas for action.
WF studies serve two discourses in water resources management. First, data on WFs of products, consumers and producers
inform about sustainable, equitable and efﬁcient freshwater use and
allocation. Freshwater is scarce; its annual availability is limited. It is
relevant to know who receives which portion and how water is
allocated over various purposes. We included the green WF of
biofuels, because WF accounts show water allocation in volumetric
terms. Rainwater used for biofuels cannot be utilised for food.
Second, WF accounts help to estimate local environmental, social
and economic impacts. In this study, we include an environmental
impact assessment by comparing the blue WF component to
available runoff minus environmental ﬂow requirements.
Recently, Galli et al. (2011) have identiﬁed four weaknesses of
the WF: (i) the WF only tracks human demand on freshwater; (ii)
the WF relies on local data that are often unavailable; (iii) although
uncertainty is signiﬁcant, there are no uncertainty studies; and (iv)
grey water assessments are not based on measurements. In
addition, from the life cycle assessment community, it has been
suggested to multiply each blue WF component by a water-stress
index in order to get a measure of local environmental impact and
to neglect green WFs, because impacts would be negligible (Pﬁster
et al., 2009). From a water resources point of view, however, the
main issue is the allocation of scarce freshwater resources, which is
essentially about the allocation of limitedly available blue and
green water volumes, so that a weighted water footprint index
would be little meaningful. Therefore we follow the standard
methodology as deﬁned in Hoekstra et al. (2011) and nowadays
widely adopted in water management studies (e.g. Chapagain and
Hoekstra, 2007; Chapagain and Orr, 2009; Ercin et al., 2011; Fader
et al., 2011; Feng et al., 2011; Mekonnen and Hoekstra, 2011;
Romaguera et al., 2010). However, we focused on water
consumption by looking at both green and blue WFs and excluded
the pollution-related grey WF from this study.
3. Method
3.1. Biofuels for road transport in energy scenarios
The International Energy Agency (IEA) is an intergovernmental
organisation giving energy policy advises to its twenty eight
member countries and information on global energy trends in
energy scenarios (IEA, 2006). These scenarios provide data about
Step 1:
Select
scenario and
determine
biofuel
demand

Step 2:
Determine type
of biomass
feedstock

Step 3:
Determine blue &
green crop water
consumption

energy use in a large number of regions and individual countries
and contain information on different energy and transport fuel
types. The Alternative Policy Scenario (APS), for example, gives a
bioenergy share of 11% in global energy consumption, which is
about the average value provided in other scenarios (Lienden van
et al., 2008). Developments in the global energy sector between
2006 and 2009 are reﬂected well by the APS storyline. For example,
the implementation of policy plans by many governments
concerning energy security, efﬁciency and carbon dioxide emissions (e.g. the European Union Greenhouse Gas Emission Trading
Scheme).
For the assessment of the WF of biofuels for road transport in
2030, we selected an energy scenario according to the following
criteria: (i) the scenario contains all the necessary data for the
calculations; (ii) it is geographically explicit; and (iii) it includes
information about fuel types. For these reasons, we selected the
APS of the IEA. Where data on individual countries were lacking,
we complemented the dataset by data from regional scenarios that
share a similar storyline. For countries in Europe (EU27), we used
the RSAT-CDM scenario, the European Commission proposal with
clean development mechanisms (CDM) and without renewable
energy sources (RES) trading (Capros et al., 2008). Key assumptions
about policy implementation, technological development and
energy efﬁciency in the region are similar to the ones underlying
the APS and trends in energy consumption are also alike. For
countries excluded in these scenarios, we estimated the 2030
biofuel consumption either by looking at planned future production capacity (e.g. by private initiatives) or by extrapolation from
demand in base-year 2005. In the latter case, the total regional
biofuel consumption in 2030, as projected by a scenario, is ascribed
to the country according to the share it had in total biofuel
consumption in 2005. We obtained consumption data from the IEA
(2006), Eurostat (2009) and USDA FAS (2006a,b,c, 2007a,b,
2008a,b,c, 2009a,b).
3.2. Calculation of the biofuel water footprint
We assessed national biofuel WFs and analysed the transition to
biofuel in the road transport sector per country, distinguishing
between two types of biofuels: bio-ethanol and biodiesel. We
assessed crop feedstock choice for each biofuel per country and
linked this to water footprints (m3/GJ), enabling the translation
from biofuel consumption to water consumption (i.e. the annual
national green and blue WF of biofuel). For the top-ten biofuel
consuming countries, we compared the blue WF to blue water
availability, making a balance of fresh water resources and uses,
enabling the determination of the blue water volume available for
bioenergy. The comparison allows a measure of water scarcity to
be established corresponding to the expected biofuel consumption
in 2030. Fig. 1 shows the six steps of the method.
3.2.1. Step 1: determine biofuel demand
The APS gives bioenergy demand for different purposes, such as
transport, electricity, heat, industry, agriculture and residential
services. We focused on transport biofuel use of motorised road
vehicles. The World Energy Outlook (IEA, 2006) provides data
about biofuel consumption according to the APS and gives energy
Step 4:
Calculate blue
and green WF
of biofuels

Fig. 1. Six steps of the research methodology.

Step 5:
Determine blue
water
availability and
other uses

Step 6:
Blue
water scarcity
yes/no?

P.W. Gerbens-Leenes et al. / Global Environmental Change 22 (2012) 764–775

Sugar crops
Sugar cane
Sugar beet
Sweet sorghum

Fermentation and distillation

Starch crops
Maize
Wheat

Saccharification, fermentation, distillation

Oil crops
Rapeseed
Soybean
Oil Palm
Jatropha

Extraction and esterification

767

Bio-ethanol

Biodiesel

Fig. 2. Crops, conversion processes, and ﬁnal energy carriers considered in this study.

balance tables for the main regions and six countries (USA, Japan,
Russia, China, India and Brazil). It gives energy demand for the
years 1990, 2004, 2015 and 2030 categorised in sectors, for
example, for transport. However, the type of biofuel (i.e. biodiesel
and/or bio-ethanol) is not speciﬁed in these tables. We distinguished between bio-ethanol and biodiesel using information and
sector outlooks from the IEA (2004, 2006), the USDA FAS
(2006a,b,c, 2007a,b, 2008a,b,c, 2009a,b), Dufey (2006), Eurostat
(2009), Kleindorfer and Öktem (2007), Biofuels International
(2007), EmBio (2008) and Capros et al. (2008).
The RSAT-CDM scenario (Capros et al., 2008) provides energy
balances for twenty seven European countries, containing
transport energy demand for different transport modes for
1990–2030: public road transport, private cars and motorcycles,
trucks, rail, aviation and inland navigation. We considered public
road transport, private cars, motorcycles and trucks. The RSATCDM scenario also provides an indicator for the expected national
biofuel shares of transport diesel and gasoline. By multiplying the
total diesel and gasoline consumption in 2030 with the projected
2030 biofuel share, we estimated total volumes of biodiesel and
bio-ethanol demand per country in 2030.
3.2.2. Step 2: determine type of biomass feedstock
For bio-ethanol and biodiesel, we considered the dominant,
ﬁrst-generation feedstocks. For bio-ethanol, these are sugar cane,
sugar beet, sweet sorghum, maize and wheat. For biodiesel,
rapeseed, soybean, oil palm and jatropha. Fig. 2 gives an overview
of the crops and their conversion into biofuels. We obtained data
on crop choice per country from Dufey (2006), USDA FAS
(2006a,b,c), FAO (2009a), Konrad (2006), BioWanze (2008),
Breyerová (2007), Kautola et al. (in press), SEI (2004), NOVEM
(2003), Müllerová & Mikulı́k (2007), Biofuels Platform (2009), Içöz
et al. (2008), Kleindorfer and Öktem (2007), BBN (2008), Ministry
of Agriculture Latvia (2006), NV Consultants (2007), Reuters
(2006), ENERO (2005), Vassilieva (in press) and Solsten (1991). If
information about national crop choice is unavailable, we assumed
the country uses the same crops as its neighbours. We assumed
that in 2030 countries still rely on the same crops they used for
bioenergy in base-year 2005 and that they are self-sufﬁcient in
their biofuel production.
3.2.3. Step 3: determine blue and green crop water consumption
We derived data on WFs of biofuels from Gerbens-Leenes et al.
(2008). For the countries not covered in that study, we ﬁrst
calculated crop water requirements (CWRs) using the same
approach. We determined national crop growing locations using
Agro-MAPS (FAO, 2009c). If no data were available, we assumed
that the crop location is in the area with most agricultural activity
in Google Earth aerial images. If unsure, we chose the country
capital. For each location, we selected a representative weather

station from CLIMWAT 2.0 (FAO, 2009d). Based on the climatic
data, we estimated crop planting dates using data from Chapagain
& Hoekstra (2004). The information is used as input for the
CROPWAT 4.3 model.
In Malaysia, Indonesia, Thailand and the Philippines, oil palm
(Elaeis guineensis) is the sole feedstock for biodiesel production
with the Tenera variety commonly used, because of superior oil
yields (Gerritsma & Wessel, 1997; Poku, 2002). Palm oil is obtained
from the fruit of the oil palm. The fruit contains two oil-rich
components: the kernel (nut) and the mesocarp (pulp) that
surrounds it. Although both oils are distinct in their chemical and
physical properties, they can both be used for biofuel (Bora et al.,
2003). In addition, we calculated the CWR of oil palm.
3.2.4. Step 4: calculate blue and green WF of biofuel
We calculated the WFc of crop c in country z (m3/ton) based on
the CWR (m3/ha) and crop yield Y (ton/ha):
WFc ðzÞ ¼

CWRðzÞ
Y c ðzÞ

(1)

We assumed that CWRs are actually met. For the WF of
biodiesel from oil palm and the WF of biofuels in countries
excluded in Gerbens-Leenes et al. (2008, 2009a), we obtained crop
yields from Chapagain & Hoekstra (2004) and the FAO (2009e). We
calculated blue WFs based on blue CWRs (i.e. irrigation requirements) and green WFs as the minimum of the total CWR and
effective precipitation. Dividing the WFc (z) by the amount of
biofuel (in energy terms) obtained from the sugar, starch or oil
fraction Ec (GJ/ton) results in the biofuel WFe (m3/GJ):
WFe ðzÞ ¼

WFc ðzÞ
Ec

(2)

Table 1 shows energy contents of different crops as assumed in
this study. It also shows that oil palm has a relatively high biodiesel
yield of 16.3 MJ per kilogram of oil palm fruit.
To calculate the annual green and blue biofuel WF for road
transport in country z (km3/year), we combined data on WFs per
unit of bioenergy (m3/GJ) with annual biofuel consumption (GJ/
year) per country and feedstock:
2
3
#
"
5
4
X
X
ai ðzÞWF e;i ðzÞ EðzÞ þ 4 b j ðzÞWF e; j ðzÞ5DðzÞ
(3)
WFðzÞ ¼
i¼1

j¼1

where E is the annual ethanol consumption; D the annual biodiesel
consumption; ai the ratio of ethanol from crop i to total ethanol
consumption; and bj the ratio of biodiesel from crop j to total
biodiesel consumption. The numerator i refers to: (1) sugar cane,
(2) sugar beet, (3) sweet sorghum, (4) maize and (5) wheat; j refers
to: (1) rapeseed, (2) soybean, (3) oil palm and (4) Jatropha.

P.W. Gerbens-Leenes et al. / Global Environmental Change 22 (2012) 764–775

768
Table 1
Bio-energy provided by energy crops.
Crop

Wheat
Maize
Sorghum
Sugar beet
Sugarcane
Soybean
Rapeseed
Oil Palm fruit
Jatropha
a
b

Energy content
Bio-ethanol
(GJ/ton fresh weight crop)

Biodiesel
(GJ/ton fresh weight crop)

10.2a
10.0a
10.0a
2.6a
2.3a
–
–
–
–

6.4a
11.7a
16.3b
12.8a

Gerbens-Leenes et al. (2009a).
Calculated in this study.

3.2.5. Step 5: determine blue water availability and other uses
Internal renewable fresh water resources (IRWR in km3/year)
indicate the amount of surface runoff and groundwater recharge
generated within a country. The volume of blue water available for
humans (WAblue) is equal to the IRWR minus the so-called
‘environmental ﬂow requirements’ (EFR). Flows entering a country
from neighbouring countries are external renewable water
resources, ERWR. To calculate volumes of blue water available
for blue biofuel WFs, we made a supply and demand balance for the
ten main producing countries using data from AQUASTAT (FAO,
2008). To prevent double counting, we excluded ERWR.
Since the 1970s, the environmental ﬂow science community
has put efforts in making standards for environmental ﬂow
protection. The recent publication of the ‘Ecological Limits of
Hydrologic Alteration (ELOHA)’, proposed by the leading experts in
this ﬁeld, gives a framework for assessing environmental ﬂow
requirements (Poff et al., 2010). The method is not applied for most
rivers yet, so that a simpliﬁed approach is needed. Recent
publications, Richter et al. (2011) and Hoekstra et al. (2011),
propose a presumptive standard for EFRs of 80% of runoff. We
adopted this precautionary default EFR of 80%, so that 20% of the
IRWR is available for human use. We ignored future change in
water supply and derived long-term average IRWR data from
AQUASTAT, assuming that these will not change signiﬁcantly in the
coming years.
Research in the beginning of the 21st century has shown that
climate change will lead to shifts in the spatial and temporal
patterns of precipitation (IPCC, 2001; Lehner et al., 2001). The
absolute numbers and locations of people affected by climate
change and climate policy vary considerably between climate
model patterns, however. Recently, Arnell et al. (2011) have shown
that by the 2050s, a ‘Mitigation scenario’ avoids between 16% and
30% of the change in runoff under a ‘Reference scenario’. However,
at the same time, the Mitigation scenario also reduces the positive
impacts of climate change on water scarcity in other areas. Sulser
et al. (2010) show that climate change causes irrigation water
demand increase. We recognise that climate change may lead to
shifts in global precipitation patterns, affecting the IRWRs, but this
fell outside the scope of this research.
To put results in a context, we compared the estimated blue WF
of biofuels with water withdrawals of industry, households and
agriculture. We obtained data from AQUASTAT. Future changes in
blue water withdrawals are incorporated in this study based on
Alcamo et al. (2003). That study has estimated water withdrawals
by all sectors for 200 countries in 2025, 2055 and 2075 based on
changes in population, economy and technology according to the
A2 and B2 IPCC scenarios (IPCC, 2000). The B2 scenario emphasises
environmental values and assumes substantially lower emissions
in the future, which matches the intentions behind the Alternative

Policy Scenario. Climate change was also considered in their
numbers (reﬂected in irrigation requirements), using two different
climate models (HadCM3 and ECHAM4). The HadCM3 climate
model results in a slightly higher total global irrigation requirement, but regional differences are not very large. We adopted the
results from the B2 scenario and the HadCM3 model combination.
Linear interpolation between 2025 and 2055 is done to determine
the expected water withdrawals for 2030.
3.2.6. Step 6: determine blue water scarcity
For road transport, we explored water scarcity for the ten main
bio-ethanol and biodiesel producing countries. We limited the
study to scarcity of blue water resources because knowledge
about green water demands in other sectors (e.g. related to green
urban or industrial areas, or to forestry) and in the environment is
poor. The evaluation of blue water scarcity creates awareness and
can help to make an informed choice about changes in the energy
system that have an impact on water resources. We included the
contribution of the blue biofuel WF in country z in the blue water
withdrawals in the other sectors (i.e. industry, domestic and
agriculture) and compared the withdrawals with available
internal renewable blue water and environmental ﬂows. We
recognise that the estimated blue WF of biofuels will be smaller
than the total water withdrawal that will be necessary (because
the blue WF measures consumptive water use, which is generally
smaller than the total water withdrawal due to return ﬂows).
Therefore, adding the blue WF of biofuels to the water withdrawals for other purposes underestimates the increase in water
withdrawals.
4. Results
4.1. Biofuel consumption
In 2005, bio-ethanol contributed 5% to the total bioenergy
production and biodiesel 1% (IEA, 2006). In 2030 under the IEA APS
scenario, bio-ethanol contributes 7% and biodiesel 3% to total
bioenergy demand, increasing the relative share of biodiesel.
Figs. 3 and 4 show the ten countries with the largest bio-ethanol
and biodiesel consumption in 2030.
In North America, the USA is the largest consumer of bioethanol (1500 PJ) and biodiesel (250 PJ). In Europe, Germany
(225 PJ), Italy (215 PJ), France (170 PJ) and the United Kingdom
(150 PJ) consume most bio-ethanol; France (180 PJ), Italy (120 PJ),
Germany (110 PJ), Spain (90 PJ) and the United Kingdom (85 PJ) the
most biodiesel. Countries in the Paciﬁc region just fall outside the
top-ten for both fuels. In Asia, China has the largest bio-ethanol
demand (360 PJ); Malaysia (350 PJ) has the largest demand for
biodiesel. The Middle East consumes little biofuels. In Africa, most
bio-ethanol is consumed by South Africa (150 PJ). In Latin America,
Brazil, the world’s second bio-ethanol consumer (820 PJ), also
shows a large consumption of biodiesel (140 PJ). For the
production of biodiesel, North and South America and Asia use
predominantly soybean; Europe, the Former USSR and Australia
mainly rapeseed. In the dryer regions, jatropha is commonly used
and around the equator (158) oil palm. For bio-ethanol, Latin
America, Africa and Asia use sugar cane, Europe and the former USSR
mainly sugar beet and wheat, North America and the Paciﬁc region
maize.
4.2. The biofuel water footprint
Larger biofuel consumption causes increasing WFs. Figs. 5 and 6
display the change in annual green and blue WFs for bio-ethanol
and biodiesel per region between 2005 and 2030 under the IEA APS
scenario.
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Fig. 3. Top-ten of bio-ethanol consumers in 2030 under the IEA APS scenario.

In all regions, the WF increase is a combined effect of the growth
of the transport sector and the greater biofuel share in transport
fuels. The WF of biodiesel consumption is largest in Europe, the WF
of bio-ethanol in North America. The order of regions according to
their WF size is equivalent to their ranking in biofuel consumption.
However, some interesting differences appear when comparing
the relative sizes of biofuel consumption and WF. For example, in
2030 biodiesel consumption in Europe and North America
constitute approximately 42% and 13% of the world total
consumption. Corresponding WFs, however, represent 31% and
23% of the world total biodiesel WF. In other words, the biodiesel
WF of North America is relatively large compared to the European
one. Other differences are the relative magnitudes of the green and
blue WFs in each region.
The production of crops for biodiesel in Latin America, the
Middle East and Africa depends greatly on blue water and
relatively little on green water. Fig. 6 shows that Developing Asia,
Africa, the former USSR and Balkans depend relatively strongly on
blue water for bio-ethanol crops. Globally, under the IEA APS
scenario, the blue biofuels WF represent 48% (466 km3/year) of the
total biofuel WF in 2030 (968 km3/year). In 2005 its share was 45%
(42 km3/year) of the total WF (93 km3/year).

Fig. 7 gives the top-ten country ranking according to the annual
blue biofuel WF in 2030 under the IEA APS scenario. It shows, for
example, that China and France have relatively large blue biodiesel
WFs. Fig. 8 shows the top-ten green biofuel WFs in 2030.
Some countries depend more on blue water and others on
green. For both blue and green biofuel WFs, the USA, China and
Brazil have the largest WFs. In 2030, they account for half the
global biofuel WF. The crop types for biofuel, in combination with
different growing conditions, cause differences in annual biofuel
WFs. The USA uses soybean for biodiesel, Europe rapeseed. The WF
(in m3/GJ) of biodiesel from USA soybean is much larger than that
of European rapeseed, because it requires relatively large amounts
of irrigation in combination with smaller biodiesel yields per unit
of crop.
4.3. Biofuels and blue water scarcity
The increase of biofuel use for transport has consequences for
national water resources. Globally, under the IEA APS scenario, we
expect the blue biofuel WF to rise from 0.5% of the available blue
water in 2005 to 5.5% in 2030. Fig. 9 puts the projected blue WFs of
biofuels for the four largest biofuel consuming countries – India,
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Fig. 4. Top-ten of biodiesel consumers in 2030 under the IEA APS scenario.
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Fig. 5. Change in water footprint of bio-ethanol consumption in road transport between 2005 and 2030 under the IEA APS scenario.

the USA, China and Brazil – in the context of blue water availability
and blue water withdrawals for other purposes.
Available internal renewable blue water is largest in Brazil.
Here, the withdrawals in 2030 are much smaller than available

water. China has less available water than Brazil, while withdrawals are larger. In 2030, withdrawals exceed available water,
mainly withdrawals for agriculture (without biofuels), households
and industry. Withdrawals for biofuels are relatively small. In the

Fig. 6. Change in water footprint of biodiesel consumption in road transport between 2005 and 2030 under the IEA APS scenario.

Fig. 7. Ranking of countries according to their annual blue biofuel water footprint in 2030 under the IEA APS scenario.
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Fig. 8. Ranking of countries according to their annual green biofuel water footprint in 2030 under the IEA APS scenario.

USA, withdrawals are dominated by industry and agriculture
(without biofuels), withdrawals for households are relatively
small. In 2030, the USA withdraws all its available water. In India,
withdrawals are dominated by agricultural water, water for
biofuels is small. Water withdrawals in the country exceed
available resources by far.
Fig. 10 shows a comparison between national blue water
demands and availability in 2030 for the top six largest biofuel
consuming countries after the USA, China, Brazil and India. These
countries are: South Africa, Pakistan, Germany, Spain, France and
Italy.
All six countries have withdrawals that exceed available water
resources and use environmental ﬂows. Especially withdrawals in
Pakistan are large and are mainly dominated by agriculture. Blue
water demands will likely exceed the available internal blue water
resources by about 28 times, causing a high degree of water
scarcity. Pakistan uses more water than internally available,
applying external renewable water resources that were excluded
in this study to prevent double counting. However, the WF of
biofuels contributes only 4% to total water demand. All countries,
except Pakistan, have a substantial water withdrawal for biofuels
contributing to overextraction. In Europe, especially in Italy,
France, Spain and Germany, the biofuel WF will contribute
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Environmental flow

India
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Industrial withdrawal
Domestic withdrawal
Agricultural
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Blue biofuel WF

USA
Withdrawal

signiﬁcantly to water scarcity, but also in South Africa the biofuel
WF will take a large share.
5. Discussion
5.1. Scenarios
We based our results on compiled scenario data, with the APS
(IEA, 2006) as the base scenario, which we supplemented by
similar region-speciﬁc scenarios and extrapolated historic data.
The fact remains that these results are merely based on a particular
view of the future. Although this is a reasonable, established
projection, it does not mean that the future will actually unfold this
way. These results should merely be used to get an idea of what the
consequences might be if we will follow the storyline of the
scenarios. It should also be noted that the scenarios we used in this
research reﬂect an average biofuel transition. The biomass
amounts projected in the scenarios, however, are very similar
across different scenarios. For example, the IEA gives 69 EJ for
biomass used in 2030 in the reference scenario and 71 EJ for the
APS; for Shell, the average of the Scramble and Blueprints scenario
is 75.5 EJ; the WEC gives values of 57, 77, 102, 59 and 65 (average
74 EJ). Greenpeace gives an average for 2030 of 74.5 of the
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Fig. 9. Comparison of blue water demands under the IEA APS scenario and available
internal renewable blue water resources in the four largest biofuel consuming
countries.
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Fig. 10. Comparison of blue water demands under the IEA APS scenario and
available internal renewable blue water resources in South Africa, Pakistan,
Germany, Spain, France and Italy.
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reference (66) and revolution scenario (83). The average of the IPCC
A1 (85) and B2 (61) is also 73 EJ. The greenest scenarios, e.g. the
Greenpeace revolution scenario (Greenpeace, 2008) and EREC AIP
(104 EJ) (EREC, 2007), are ‘greener’ and project a larger contribution of biofuels. In the Greenpeace scenario, the blue biofuel WF in
2030 is 17% larger than the 2030 biofuel WF as projected in this
study for the IEA APS scenario. In the EREC AIP scenario, this it
would be 46% larger, while the Shell blueprints scenario would
result in a 17% smaller water footprint.
The same goes for the data we used for the water balances.
Future water withdrawals are based on one particular scenario and
model, and although obtained from a reliable, renowned source
(Alcamo et al., 2003), they remain just one interpretation of the
future. Furthermore, no account is taken of possible changes in
temperature and precipitation due to climate change. Another
point for discussion is the assumption that the blue water used for
agriculture as taken from Alcamo et al. (2003) is solely applied for
the production of crops for food, feed and seed. According to the
FAO food balance sheets, the quantity of crop used for other
purposes besides food, feed and seed (e.g. biofuels) is relatively
small. In the USA, for example, the amount of maize used for other
purposes, mainly bio-ethanol, constitutes only 3% of the total
domestic maize production (FAO, 2009b). We assumed that the
agricultural water demand projections for 2030 based on Alcamo
et al. (2003) exclude the increase of water use in agriculture for
producing biofuels.
Internationally, there is a growing awareness of the sustainability issues related to the increased use of biofuels. For example,
the European Union outlined sustainability criteria for biofuels in
the European Renewable Energy Directive (European Parliament
and the council of the European Union, 2009). These criteria now
enter into national laws. The criteria, however, focus on nature
protection and on greenhouse gas savings and exclude water.
Water is mentioned in the Dutch Cramer criteria for biofuels that
state that competition for water should be avoided and include an
indicator that aims to improve the quantity and quality of surface
and groundwater (Cramer, 2007). Industry in the Netherlands has
recently adopted these criteria. Water footprint research has
recently formulated criteria for the sustainable use of freshwater
that are related to the geographic context and the characteristics of
the production process itself (Hoekstra et al., 2011). A WF is
unsustainable when the process is located in a so termed hotspot, a
catchment where during a certain period of the year the total WF is
unsustainable. For the evaluation of hotspots, it is assumed that
environmental ﬂow requirements are 80% of available water.
When more water is withdrawn, this will affect nature. Agriculture
can reduce green WFs by increasing the land productivity, blue
WFs can be reduced by more efﬁcient irrigation or the selection of
other crops. We have shown the large differences in WFs among
countries and among crops. Taking the water sustainability criteria
into account might have an effect on the likelihood of the dominant
energy scenarios being realised.
5.2. Use of average data
Spatial and temporal variability in water supply are not
reﬂected in the water availability data. We used annual and
country-average supply and demand data. Generally, both water
demand and availability vary strongly throughout the year, with
demands often greatest when availability is smallest, which means
that the full potential of available fresh water cannot be used.
Besides, water demand and availability patterns generally vary
within countries, which can lead to mismatches that do not show
in aggregated country comparisons. Furthermore, we only
considered the water resources generated within a country, not
the external ﬂows. For these reasons, actual water availability in a

particular country, e.g. in Pakistan, may deviate from the ﬁgures
presented in this study.
5.3. Environmental ﬂow requirements
The statements about blue water scarcity are very sensitive to
the amount of ﬂow allocated to the environment. We assumed a
precautionary default EFR of 80% of IRWR for all countries,
representing a threshold for potential concern. The actual EFR in a
country may deviate. A further limitation is that we did not analyse
green water scarcity. It is yet difﬁcult to estimate green EFR
(Hoekstra et al., 2011) and projections of future green water
demands by other sectors are not available. It should nonetheless
be realised that the green WF of biofuels would also have a
signiﬁcant impact on future water allocations. Moreover, we
excluded the grey biofuel WF, i.e. the amount of water needed to
assimilate pollution to an accepted standard. The reason is that the
available data were not satisfactory for global coverage. GerbensLeenes et al. (2009c) have calculated the grey bio-ethanol WF on a
smaller scale and found that the grey WF constitutes a minor part
of the total WF, on average about 10%. Thus, the biofuel WF could
be about 10% greater than presented in this study.
5.4. Assumptions and uncertainties
The study has been based on the assumption that agricultural
yields and water footprints of crops in m3/kg remain constant. This
is not necessarily true. On the one hand, the necessary expansion of
agricultural lands may result in a move into marginal lands with
lower yield potential, but on the other hand, over a period of 25
years, yields may increase as a result of improving farming
practices. Further, in assessing water footprints it was assumed
that crop water requirements are always met, which is not
necessarily the case and therefore gives an overestimate of water
consumption, in particular blue water consumption. The results
from this study could be improved by considering actual irrigation
patterns and estimates at a higher spatial resolution as was
recently shown by Mekonnen and Hoekstra (2010, 2011). Further,
we did not take changes in crop choice into account. Changes in
crop choice, new crop varieties or new agricultural technology may
make it possible to get the same yields with less irrigation, or
higher yields using the same amount of water. Switching to more
water-efﬁcient crops will also have an effect on the WF. For
example, the blue WF of biodiesel from soybean in the US is about
200 m3/GJ, the blue WF of biodiesel from rapeseed in Germany
only 50 m3/GJ.
The study has assumed that all biofuels derive from ﬁrstgeneration biofuels, which are based on the starch, sugar or oil
fraction in the crop. Water footprints of second-generation crops,
which are based on the cellulosic fraction of crops or other biomass,
are much lower then the water footprints of ﬁrst-generation biofuels
(Gerbens-Leenes et al., 2009a). Depending on the speed with which
second-generation biofuels will become economically feasible and
replace ﬁrst-generation biofuels, this will lower the total WF related
to biofuels. Moreover, countries may choose to use waste oils, ﬁsh
oils or algae to produce biodiesel, produce biogas, or apply electricity
from wind or sun for transport. These developments will all have an
effect on the annual WF of biofuels.
Finally, the research explores a self-sufﬁciency scenario
regarding biofuels. A recent IPCC report shows that at present
international trade in biofuels is still small, about 6–9% of total
biofuels (IPCC, 2011). When countries start importing, they
generate an external WF. The size depends on the production
circumstances in the exporting countries. Only Brazil has sufﬁcient
available water resources to meet its targets for 2030. The other
three large producers, the USA, India and China all suffer water
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shortages. In the top-ten of large biofuel producers, Pakistan shows
extreme water stress. Italy and France have sufﬁcient water, if no
biofuels are grown. South Africa, Spain and Germany even have
water shortage without biofuel production (although the picture
for Germany is a bit distorted by the exclusion of external water
resources in the estimate of water availability). In South Africa the
greatest withdrawals are for agriculture, including biofuels, in
Spain for agriculture and in Germany for industry. This could
indicate that it is unlikely that these countries will produce their
own biofuels, as we principally assumed. In this way, we show that
water forms a constraint for the leading energy scenarios and that
the biomass needs to be produced in the water abundant countries,
e.g. in Canada, Russia or in Brazil.
6. Conclusions
Energy scenarios project an increase in biofuel consumption in
the future. The APS scenario of the IEA shows a biomass energy use
of 71 EJ in 2030, compared to 69 EJ for the IEA reference scenario. In
2030, under the IEA APS scenario, bio-ethanol contributes to 7%
and biodiesel to 3% of total bioenergy demand, increasing the
relative share of biodiesel. Europe and North America continue to
play an important role, but towards 2030 Developing Asia catches
up and becomes the second largest biodiesel consumer in the
world. The ten countries that contribute most to global biodiesel
consumption in 2030 are: Malaysia, the USA, France, China, Brazil,
Italy, Germany, Spain, the UK and Indonesia. The ten countries that
will consume most bio-ethanol are: the USA, Brazil, China,
Germany, Italy, India, France, the UK, Pakistan and South Africa.
The transition to biofuels requires the production of more crops.
Depending on the location, countries chose different crops. For
biodiesel, North America and northern Asia predominantly grow
soybean. In the tropical regions of Latin America and southern Asia,
farmers grow palm oil; in Europe, the former USSR and Balkans and
the Paciﬁc region rapeseed. In the dryer regions, farmers
commonly choose jatropha. For bio-ethanol, farmers in Latin
America, Africa and Asia often use sugar cane; in Europe and the
former USSR mainly sugar beet and wheat, and in North America
and the Paciﬁc region maize.
The production of crops for bioenergy involves large fresh water
demands. Crops use precipitation stored in the soil (green water)
and irrigation water (blue water). Depending on the location and
growing conditions, the crop water requirements and yields vary
signiﬁcantly, resulting in different biofuel WFs per country.
Overall, the transition to biofuels will lead to a larger WF for the
global transport sector. Under the IEA APS scenario, it is expected
that the global annual biofuel WF will increase more than tenfold,
from about 90 km3/year in 2005 to 970 km3/year in 2030. In 2030,
the USA, China and Brazil contribute most, together half of the
global biofuel WF. These ﬁndings are derived from the no-trade
assumption. When countries start importing, they generate an
external WF. The size depends on the production circumstances in
the exporting countries. Under the IEA APS scenario, the blue
biofuel WF is expected to represent 48% of the total biofuel WF in
2030. On a global level, the blue biofuel WF is expected to grow to
5.5% of the total available blue water for humans in 2030, thus
causing extra pressure on our fresh water resources.
Several studies have analysed biofuel scenarios in the context of
land availability, food production, biodiversity and the carbon
dioxide balance. We have looked at the scenarios for 2030, when
bioenergy use is still relatively small compared to 2100, from a
water perspective. We show the repercussion of extensive biofuel
consumption on our fresh water resources and advocate that
countries should consider the water factor thoroughly when
investigating the extent to which biofuels can satisfy the future
energy demand in the transport sector. Energy transitions will only
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improve our standards of living and productivity if all impacts are
taken into account.
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Kleindorfer, P.R., Öktem, Ü.G., 2007. Economic and Business Challenges for Biodiesel
Production in Turkey. Wharton School of University of Pennsylvania, USA.
Konrad, A., 2006. Bioethanol production for fuel use in Austria. Research Institute
for Managing Sustainability – on behalf of the Austrian Ministry of Agriculture,
Forestry, Environment and Water Management.
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