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Abstract Today, traditional biomass contributes 75% to total bioenergy use, but the
share of modern biomass, e.g., for biofuels or electricity, increases. Bioenergy derives
from first (food crops), second (energy crops or agricultural residues) and third (algae)
generation feedstocks. There is an ongoing debate about the competition between
energy and food crops. Energy crops do not compete with food directly, but indirect-
ly, using the same natural resources like freshwater. Instead of food or energy crops,
crop residues can also be used for bioenergy supply. This paper uses the water
footprint (WF) concept and compares WFs of first, second and third generation
bioenergy (m3/GJ). Next, it compares WFs of future bioenergy demand based on
different bioenergy feedstocks. WFs of energy from residues is smallest, WFs of
energy crops largest. Bioenergy from algae has the largest blue WF (surface and
groundwater). From a resource-use perspective, environmental impacts of green WFs
(precipitation) are smaller than impacts of blue WFs. If bioenergy production rises,
impacts on freshwater also go up. Increased production of first generation biofuels
and energy crops contributes to global water scarcity. Third generation bioenergy,
substantially increases the global blue WF. Comparing feedstocks in the IEA 450
scenario shows that all feedstocks, except residues, generate WFs larger than the
global WF over the period 1996–2005. Technology to convert residues into bioenergy
is developing, e.g., thermochemical or biochemical conversions. There is large poten-
tial for residues, but new possibilities to convert residues into bioenergy need to be
explored, combined with possible residue use elsewhere.

Keywords Water footprint . Bioenergy. First, second and third generation biofeedstocks

Environ. Process. (2018) 5 (Suppl 1):S167–S180
https://doi.org/10.1007/s40710-018-0311-x

* P. W. Gerbens-Leenes
p.w.leenes@rug.nl

1 Center for Energy and Environmental Studies, Faculty of Science and Engineering, University of
Groningen, Nijenborg 6, 9747 AGGroningen, The Netherlands

http://crossmark.crossref.org/dialog/?doi=10.1007/s40710-018-0311-x&domain=pdf
mailto:p.w.leenes@rug.nl


1 Introduction

To decrease carbon dioxide emissions, biomass feedstocks for bioenergy seem a good
alternative to replace fossil fuels. In 2014, the world energy demand was 574 EJ of which
biomass provided 59 EJ and other renewables, i.e., hydropower, wind, geothermal and solar
energy, another 21 EJ (IEA 2016). With a contribution of 10% to total energy demand in 2014,
biomass provided the largest share of all renewables. The two categories of biomass for energy
are traditional biomass and modern biomass. Traditional biomass comprises wood, charcoal,
crop residues and animal dung, and is mainly used for heating purposes (IEA 2012).
Traditional biomass is applied in various ways, mainly in developing countries, primarily for
cooking and heating. Traditional biomass has many disadvantages. Often, women burn the
biomass in open fires and small stoves with very low efficiencies, generating smoke that might
cause health problems, while wood gathering causes overexploitation of forests (Fritsche and
Iriartre 2014). Modern biomass for energy includes food crops, energy crops, crop residues, or
algae, for example. The supply of traditional biomass to the total bioenergy supply is around
75% and modern biomass contributes another 25% (Fritsche and Iriartre 2014). Energy
scenarios indicate a larger contribution of bioenergy to the total energy supply in the future
(IEA 2016). Modern biomass will probably increase its share of the bioenergy supply. Modern
biomass is produced in agricultural systems, including forestry, and requires freshwater for the
growth of crops, trees and algae.

Freshwater is a scarce resource, because most of the world’s water is saltwater and only
2.6% is freshwater, of which the largest part is stored in ice (Speidel et al. 1988). Agriculture,
industry and domestic supply, with different quality standards for freshwater, are the main
users. In 2000, agriculture accounted for 70% of total water withdrawals, industry for 20% and
domestic withdrawals for 10% (Shiklomanov 2000). Humans influence surface water distri-
bution, for example by building hydropower dams (Pekel et al. 2016), water storage for
irrigation in agriculture, or flood control. The impacts of agriculture on freshwater availability
are very large, because that sector uses the largest amounts of freshwater.

Freshwater is an important resource to generate energy, for example to cool power plants,
but especially to produce bioenergy carriers that need freshwater in the agricultural stage
(Gerbens-Leenes et al. 2009; IEA 2012). Several studies have investigated the relationship
between energy supply and water consumption. Davies et al. (2013) made an integrated
assessment of global and regional water demands for electricity generation in 2095. They
showed the large water consumption of the electricity sector for cooling purposes. In 2005,
water consumption for global electricity generation (without hydropower) was between 18 and
36 Gm3, and rising with increased electricity generation to 40 to 100 Gm3 in 2040. Hejazi et al.
(2014) have made an inventory of water consumption for different sectors in 2005 and an
analysis of water consumption for different scenarios towards 2050 and 2095. They showed
that in 2005 water consumption for electricity generation was 76 Gm3, rising to 117 to 161
Gm3 in 2050. Agricultural water consumption in 2005 (blue water) was 1023 Gm3 and
increased to 1920 to 2584 Gm3 in 2050. In their analysis, though, Hejazi et al. (2014) did
not distinguish between freshwater for food crops and energy crops and did not include water
consumption related to residue use. The International Energy Agency (IEA) World Energy
Outlook 2016 (IEA 2016) indicates the importance of freshwater for energy supply. It shows
that between 2014 and 2040 water consumption for energy will increase from 48 Gm3 to over
75 Gm3 mainly due to a larger use of biofuels. Other studies calculated the specific water
footprints (WFs) of bioenergy carriers. Gerbens-Leenes et al. (2014) calculated the WFs of
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bioenergy from algae. Mathioudakis et al. (2017) calculated the WFs of second generation
bioenergy (m3/GJ) indicating the large differences among bioenergy carriers. The 2016 World
Energy Outlook energy scenarios show an increase of total energy use, in combination with an
increase of the share of renewables, especially of bioenergy (IEA 2016). The IEA has
developed three different energy scenarios for 2040 with different energy mixes, all indicating
an increase of total energy demand (IEA 2016). These scenarios are the ‘Current policies
scenario’ (annual bioenergy use 77 EJ), the ‘New policies scenario’ (annual bioenergy use 79 EJ)
and the ‘450 scenario’ (annual bioenergy use 97 EJ). Bioenergy that derives from biomass needs
large amounts of water in agriculture and forestry. Mekonnen et al. (2016) have estimated the
consumptive water footprint (WF) of electricity and heat based on the four scenarios of the IEA,
showing that the scenario including the largest share of bioenergy also has the largest WF due to
the application of firewood and hydropower with large WFs per unit of energy.

A tool to quantify the amounts of freshwater needed for the production of goods and
services, to calculate direct and indirect freshwater consumption and to assess the impact on
water scarcity is the water footprint (WF) concept (Hoekstra et al. 2011). The tool is an
indicator of freshwater use and defines direct and indirect water use along product supply
chains. 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 or incorporated into the product) 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
(Hoekstra et al. 2011). In general, a specific focus on the blue and grey WFs is warranted,
because for blue water, i.e., groundwater and surface water, water needs in agriculture compete
with other human freshwater needs, like freshwater needs of municipalities (e.g., household
water use) and industry.

Biomass forms the basis for the production of bioenergy carriers. For example, for
transportation, the biofuels bioethanol or biodiesel are used. Biomass can also be used in a
power plant to generate electricity and heat, or only heat when burned in a stove. Bioenergy
includes the so-called first, second and third generation bioenergy (Gerbens-Leenes et al.
2014). First generation bioenergy is bioenergy produced from food crops. However, when
crops are used to produce energy, the crops can no longer be applied for food purposes and a
competition takes place. Second generation bioenergy uses energy crops or agricultural
residues as a feedstock. Energy crops produced for bioenergy do not compete directly with
food, but indirectly over natural resource inputs, like freshwater. Crop residues are agricultural
leftovers, for example stems that are not edible, that might be an alternative for feed or energy
crops. Third generation bioenergy is defined here as bioenergy from algae. The studies into the
water consumption of future electricity supply (Davies et al. 2013; Hejazi et al. 2014; IEA
2016; Mekonnen et al. 2016) showed the large freshwater consumption increase that can be
expected in the coming decades, is due to, among other things, larger bioenergy shares. Those
studies did not make a distinction among different types of bioenergy, however. Gerbens-
Leenes et al. (2014) assessed the specific WF of algae and made an analysis of a scenario in
which EU road transport would use biofuel from algae. The pressure on water resources would
go up. Mathioudakis et al. (2017) have given an overview of the WF of different energy
carriers with a focus on energy carriers from residues and energy crops, showing the large
differences in WFs per unit of energy.
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The aim of this paper is to present an overview of water footprints (WFs) of first, second
and third generation bioenergy (m3 per GJ) from earlier studies and to show the consequences
of a large scale introduction of different types of modern bioenergy in the global energy system
on water resources for 2040. The main research questions are:

& What is the average global consumptive (green, blue and grey) WF of first, second and
third generation bioenergy types per unit of energy?

& What is the consumptiveWF of the IEA 450 scenario for 2040 using first, second and third
generation bioenergy types?

The next section, Section 2 gives background information on biomass and technologies to
convert biomass into bioenergy. Section 3 shows the method and data sources applied in this
study. Section 4 gives the main results. Section 5 provides a discussion on the limitations of the
study. Finally, Section 6 concludes the main findings. This paper is based on earlier research
into the WFs of first, second and third generation bioenergy (Gerbens-Leenes 2017). It
compares WFs of different feedstocks from these earlier studies and the consequences for
water if these feedstocks are to be applied on a global scale in the near future.

2 Biomass and Conversion Technologies

Biomass shows different categories of organic, non-fossilized materials, including not only
products from agriculture and forestry, e.g., crops and wood, agricultural and forestry residues,
and organic byproducts, such as manure, microbial biomass, but also industrial and household
organic waste (FAO 2006). The main biomass applications are food (e.g., wheat and rice),
materials (e.g., cotton and wood), fertilization (e.g., manure and crop residues), and energy
(e.g., sugarcane and miscanthus). Energy crops are defined as crops grown specifically for
producing energy (Cleveland and Morris 2005). The crops are annual and perennial species
cultivated to produce solid, gaseous or liquid energy feedstocks (El Bassam 2010). Examples
of energy crop categories are: (i) sugar-producing crops, e.g., sugar beet, sugarcane and sweet
sorghum; (ii) crops rich in starch, e.g., barley, cassava, maize, potato and rye; (iii) vegetable
oil-containing crops, e.g., palm oil, rapeseed, soy, sunflower and jatropha; (iv) fast-growing
reed and grass plants (sometimes called ‘energy crops’), e.g., miscanthus; and (v) short rotation
wood, e.g., poplar, eucalyptus and willow (Cleveland and Morris 2005; De Jong and van
Ommen 2014).

Farmers grow crops to produce an economic yield. They grow cereals to produce grains and
potatoes to produce tubers. They grow vegetables for their leaves or stems. The growth of
these organs though, requires the preceding growth of complete plants with stems and foliage.
The difference between the total biomass production and the economic yield is the crop residue
(rest fraction). In general, crop yields generate products, byproducts and residues. Bioenergy
produced from the crop yield of food crops is called first generation bioenergy (Fischer et al.
2009). For example, maize is the feedstock for bioethanol. The rest fraction is non-edible
biomass, often lignocellulosic biomass such as woody or fibrous biomass composed of
cellulose, hemicellulose and lignin. These components can be transformed into more simple
organic molecules (Mood et al. 2013). If the residues are used for bioenergy, the energy is
called second generation bioenergy (Mood et al. 2013). For example, when sugar cane is
grown, the yield, the cane, can be applied for food or used as feedstock for the production of
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first-generation biofuel. Cane molasses and bagasse, byproducts of sugar cane processing, can
be used to produce second-generation bioenergy. In general, crop residues are a bulky material
that cannot easily be transported globally (Ekşioğlu et al. 2010). Crop residues are also applied
in agriculture to improve soil quality, so that not all crop residues are available for bioenergy
(Karlen et al. 1994; Kumar and Goh 1999). When crop residues are applied for energy
purposes, they gain added economic value (Gallagher et al. 2003; Koopmans and Koppejan
1997).

Fig. 1 shows the energy conversion pathways of second generation biomass into second
generation bio-energy (source: Mathioudakis et al. 2017). There are two main conversion
pathways for biomass: thermochemical and biochemical conversion. Thermochemical conver-
sion includes: (i) combustion, (ii) torrefaction, (iii) gasification, and (iv) pyrolysis. Biochem-
ical conversion includes fermentation. Biomass combustion is the chemical reaction of
biomass and oxygen, giving bioenergy and oxidation products (Stevens and Brown 2011).
Combustion is an exothermic process converting chemical energy to heat (Abuelnuor et al.
2014). Torrefaction is a thermochemical biomass conversion process in which biomass is
slowly heated at temperatures of 200 to 300 °C in an inert or limited oxygen environment,
resulting in the degradation of hemicellulose, while maximizing mass and bioenergy yield
(Basu 2013). Torrefied biomass for energy purposes shows the characteristics of raw biomass
and charcoal (Chen 2015).

Pyrolysis is the thermochemical conversion of biomass in a low oxygen environment at
temperatures between 300 and 400 °C. The conversion decomposes the biomass and generates
heat, volatile gases, pyrolysis oil and solid carbon (Basu 2013). Pyrolysis oil has a relatively
large oxygen content, larger than straight vegetable oil extracted from an oilseed crop like palm
oil. The energy content of pyrolysis oil is smaller than the energy content of first generation
oils (IEA 2007). Gasification is the thermochemical conversion of biomass to a gaseous
product with a usable heating value, generating synthesis gas, syngas, consisting of hydrogen
and carbon monoxide (Higman and Van der Burgt 2011). Gasification occurs at temperatures
above 700 °C (Hansen 2006). All bioenergy feedstocks mentioned above can be applied to
generate electricity. In that case, a power generator needs to be combined with any of the
previously mentioned conversion pathways.

Fig. 1 Energy conversion pathways of second generation biomass into second generation bio-energy (source:
Mathioudakis et al. 2017)
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In the process of biochemical conversion, bacteria or enzymes break down biomass
molecules into smaller molecules that are easier to apply for bioenergy (Basu 2013). Examples
are fermentation and anaerobic digestion. Fermentation converts biomass into sugars, using
acids or enzymes, and ferments the biomass using yeasts to produce bio-ethanol (Basu 2013).
In anaerobic digestion, biomass is degraded naturally under the absence of oxygen to biogas
(Sawatdeenarunat et al. 2015).

When energy carriers are converted into other energy carriers, losses occur. Energy
conversion efficiency shows how efficient one energy carrier is converted into another, and
is defined as the energy output over the energy input (IEA 2008). Examples of energy
efficiencies are: sugar cane combustion (0.611) (Mbohwa 2006); corn stover gasification
(0.85) (Carpenter et al. 2010); and soybean straw combustion (0.73) (Repic et al. 2010).

3 Method and Data

Globally, there are only six crops relevant for biofuel production. These crops are sugar cane,
maize, cassava, oil palm, rape and soybean (Fischer et al. 2009). Together, these crops use 22%
of the globally available arable land area or 338 million hectares of agricultural land. Only a
small part of these crops, grown on 1.6% of the total cultivated land area, is applied for
biofuels. Figure 2 shows the production chain of bioenergy. The biomass that forms the input
for bioenergy includes food crops, residues from food crops, wood and other crops grown for
energy purposes, such as miscanthus. Food crops, such as sugar cane, generate the so-called
first generation bioenergy. The residues of food crops are the input for the so-called second
generation bioenergy. The energy crops also generate second generation bioenergy. Algae
form the input for third generation bioenergy. Bioenergy not only includes biofuels such as
ethanol and biodiesel but also electricity and heat.

For the overview of the WF of first, second and third generation bioenergy types, the study
derived global average data on WFs of first generation biofuels from Mekonnen and Hoekstra

Biomass 

Residue
Crop yield 

Extraction yield

Second generation biofuel 

Food crop 

Energy crop 

First generation biofuel 

Algae 

Residue 

Third generation biofuel 

Electricity 

Heat 

Second generation 
bioenergy 

Fig. 2 Production chain bioenergy generating first, second and third generation biofuels and bioenergy
(electricity and heat) (source: Gerbens-Leenes 2017)
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(2010). The most important crops that form the feedstock for bioethanol were included: sugar
beet, sugar cane, potato, cassava, maize, barley, rye, paddy rice and wheat, as well as the main
crops for biodiesel: palm oil, rapeseed and soybean. For second generation bioenergy, the
study included residues from sugar beet, soybean, sugar cane, cassava, maize, wheat, paddy
rice and rapeseed, as well as the energy crop miscanthus and the wood types pine and
eucalyptus. Data on second generation bioenergy were derived from the study of
Mathioudakis et al. (2017) into the WF of second generation bioenergy. This study also
included the WF of firewood. The study derived data from Mekonnen et al. (2015). For third
generation bioenergy, i.e., bioenergy from algae, the study derived data on WFs of algae
energy from Gerbens-Leenes et al. (2014). Figure 2 shows the production chain of bioenergy
generating first, second and third generation biofuels and bioenergy (electricity and heat).

The International Energy Agency developed three scenarios for energy use in 2040,
the current policies scenario, the new policies scenario and the 450 scenario. The 450
scenario has the largest bioenergy use of 97 EJ per year (IEA 2016). To estimate the
WF of future biomass use for bioenergy, the study calculated the global water
consumption related to bioenergy use in 2040 based on the IEA scenario with the
largest bioenergy share. For the estimation, the study combined bioenergy use accord-
ing to the 450 scenario with average data on the WFs of first, second and third
generation bioenergy. The total WF (WFtotal, m

3/y) is estimated as:

WFtotal ¼ ∑
s

E �WF s½ �ð Þ ð1Þ

where E is the bioenergy demand (GJ/y) of the 450 scenario, and WF[s] the average WF per
unit of bioenergy produced from bioenergy sources (m3/GJ). The study took data on WFs of
first generation biofuels fromMekonnen and Hoekstra (2010), data on second generation from
Mathioudakis et al. (2017) and data on WFs of third generation biofuels from Gerbens-Leenes
et al. (2014). Next, the study compared the results with the global average WF between 1996
and 2005. The study derived data on the global average WF from Hoekstra and Mekonnen
(2012).

4 Results

Fig. 3 shows global average water footprints (WFs) of first generation biofuels produced using
different crops, i.e., sugar beet, sugar cane, potato, cassava, maize, barley, rye, paddy rice and
wheat for bioethanol (in m3 per GJ bioethanol) and palm oil, rapeseed and soybean for
biodiesel (in m3 per GJ biodiesel). The green WF, i.e., water from precipitation, dominates
all WFs. Bioethanol from sugar cane, paddy rice and wheat has relatively large blue WFs, i.e.,
water from irrigation. Ethanol from potato and biodiesel from rapeseed has relatively large
grey WFs. In general, the WFs of biodiesel are larger than the WFs of bioethanol. Figure 3
shows that for bioethanol, total WFs range between 50 and 180 m3 per GJ, and for biodiesel,
total WFs range between 150 and 350 m3 per GJ.

Fig. 4 shows the WF of second generation biofuels from residues in m3 per GJ (bioethanol
(E) and biodiesel (B)). Similar to the results of the first generation biofuels, the green WF
dominates the WFs. Ethanol from sugar beet shows the smallest total WF, ethanol from
rapeseed has the largest total WF. When the green, blue and grey WFs shown in Fig. 4 are
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compared to the WFs shown in Fig. 3, the WFs for second generation biofuel from residues are
much smaller than WFs of first generation biofuels. The total average WF of bioethanol and
biodiesel from sugar beet residue, for example, is 7 times smaller than bioethanol from sugar
beet using fermentation of sugar.

Fig. 5 shows the WF of second generation biofuel, bioethanol, biodiesel and heat, from the
energy crops miscanthus, eucalyptus, pine and firewood (m3 per GJ). These energy crops are
not irrigated and it is assumed that no fertilizer is applied. Therefore, biofuels generated from
energy crops only have a green WF, and no blue or grey WF. Figure 5 shows that especially
the WF of bioethanol or biodiesel from pine is large, almost 500 m3 per GJ for ethanol and
200 m3 per GJ for biodiesel. The green WF of heat from firewood is relatively small, between
19 and 100 m3 per GJ, with an average value of 60 m3 per GJ.

Fig. 6 gives an overview of the average green, blue and grey WFs of biofuels from
agricultural residues, algae, food crops and energy crops shown in Figs. 3-5. The green WF
dominates the WFs of first and second generation biofuels produced from food crops and
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agricultural residues, while the blue and grey WFs are relatively small. The second generation
biofuels from energy crops only have a green WF, while third generation biofuels from algae
only have a blue WF and no green and grey WF. Figure 6 shows that the WFs of biofuels from
residues are the smallest. The greenWF of biofuel from energy crops is much larger than green
WFs of the other biofuels. For biofuels from algae, the blue WF is the largest.

Fig. 7 shows an estimate of the global green, blue and grey WFs of bioenergy using
different feedstocks, i.e., first generation food crops, second generation residues, second
generation energy crops and third generation feedstock from algae, when the IEA New
Policies Scenario for 2040 would be implemented. Figure 7 also shows the global average
WF for the period 1996–2005 that includes total WFs for agricultural, industrial and domestic
uses. Between 1996 and 2005, the global average WF was 9087 Gm3 per year, of which 74%
was green, 11% blue and 15% grey. 92% of this WF was related to agriculture. Crops require
7400 Gm3 per year and pasture 900 Gm3 per year (Hoekstra and Mekonnen 2012). Part of the
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crops is applied for energy purposes, for example, sugar cane in Brazil is partly used as a
feedstock for ethanol. The figure also shows that if food or energy crops are applied for
bioenergy, the WF for bioenergy in 2040 will exceed the global average WF for the period
1996–2005. If algae are applied as a feedstock for bioenergy, this might put large pressure on
blue water resources. In that case, the blue WF is 3.5 times larger than the global average blue
WF for the period 1996–2005.

In many regions of the world, water was already a scarce resource between 1996 and 2005.
With the introduction of bioenergy in the IEA 450 scenario, the WF of bioenergy will exceed
the global average WF from the end of the 20th and the beginning of the twenty-first century.
When energy crops are applied, the green WF will exceed the average global green WF. For
the third generation bioenergy, especially the blue WF might be problematic. The only option
would be to use residues for bioenergy.

5 Discussion

& This study aimed to present an overview of average water footprints (WFs) of first, second
and third generation bioenergy per unit of energy and to show the consequences of the
global application of these types of bioenergy on freshwater resources for 2040. A simple
average may hide the large WF variation within the different generation biofuels, but
the differences among the first, second and third generation feedstocks are so large that
the results give insight into the choice of a specific type of feedstock on freshwater
consumption. It is emphasized, though, that the results are based on average numbers
from earlier studies and that only one scenario with a large bioenergy use is applied.
Therefore, the results should not be interpreted at face value, but as tools that give
insight in the system and that provide information on the large differences among the
feedstocks for bioenergy.

& For the comparison of green, blue and grey bioenergy WFs, the study derived data onWFs
of bioenergy from existing studies. When more detailed data become available, the WFs
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may also change. Although uncertainty exists, the use of these data for the analysis of
the IEA 450 scenario for 2040 with a large bioenergy use of 97 GJ shows the direction
of the changes in WFs that can be expected if bioenergy is applied at a large scale. The
study also shows that there are large differences among the energy feedstocks. The
WFs of first generation feedstocks are much larger than WFs of second generation
feedstocks from residues. Moreover, this WF contains not only a green component, but
also a blue WF component related to irrigation and a grey one related to pollution. The
WFs of second generation energy crops, like wood or miscanthus, are relatively large.
However, they only contain the green component. The data for the third generation
feedstocks, algae, have been based on a limited number of studies. Although other
research might show more sustainable options to produce algae, the WF of algae
feedstock is based on the application of blue water that has a larger impact on water
scarcity than green water.

& The study applied the IEA 450 scenario with a relatively large bioenergy share (bioenergy
use 97 EJ). The other two IEA scenarios, the current policies scenario (bioenergy use 77
EJ) and the new policies scenario (bioenergy use 79 EJ) will have smaller total WFs. A
freshwater constraint for bioenergy production may make the current policies scenario and
the new policies scenario more realistic than the IEA 450 scenario. The paper shows that a
large contribution of modern bioenergy to the energy mix in 2040 based on food or energy
crops exceeds the present global water footprint. If algae are applied as a feedstock, the
present blue WF is exceeded. Only the application of crop residues is favorable in terms of
water footprints. The large WFs of algae feedstocks (blue WF) or energy crops (green
WFs) or the competition between crops for food and crops for energy might cause
feedback mechanisms, decreasing bioenergy production. Future energy mixes might also
change due to factors like shale gas development, larger implementation of wind or solar
energy, changes in population characteristics or differences between reality in 2040 and the
scenario outcomes.

& The results indicate that the IEA 450 scenario, in which modern bioenergy is supplied by
crop residues, has the smallest WFs. However, nowadays residues are, among other things,
applied for animal feed or to improve agricultural soil health. The organic matter concen-
tration of a soil depends on the balance between input and output of organic matter. Input
is applied in the form of crop residues, manure or compost; output in the form of yields, or
losses of organic matter by oxidation. The soil organic matter concentration develops over
a long period of time (Franzluebbers 2015). Using residues for energy purposes, therefore,
might harm soil organic matter contents, and thus soil quality and agricultural outputs.
Second generation feedstocks from energy crops do not have these drawbacks
(Franzluebbers 2015).

& The study took the WFs of the residues from Mathioudakis et al. (2017) who calculated
WFs of residues based on data on WFs of crops from Mekonnen and Hoekstra (2010) and
reallocated WFs over the crop yield and the crop residue. This means that the total WF for
agriculture does not increase, if total production remains the same. From this point of view,
the scenario using residues is possible from a water perspective. However, the scenario
depends on the availability of residues and the possibility to convert them into bioenergy.
Monforti et al. (2013) have shown the enormous amounts of residues from agricultural
crops available for energy purposes, but there are still technical challenges for their
conversion into bioenergy. Moreover, it is uncertain whether all these residues are avail-
able for energy purposes.
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6 Conclusions

This study gives an overview of average water footprints (WFs) of first, second and third
generation bioenergy per unit of energy, and shows the consequences of the global application
of these types of bioenergy on water resources for 2040. The results provide information on the
large differences among the WFs of the different feedstocks for bioenergy, and the conse-
quences if applied in future energy mixes. This study gives an overview of the average green,
blue and grey WFs of first, second and third generation bioenergy based on existing data from
literature. It shows that residues are the most favourable bioenergy feedstocks in terms of water
use. The total WF does not increase when residues are applied for energy purposes, because
WFs are reallocated over the crop and the residue part. However, it is not certain whether these
residues are available for bioenergy, because at present residues are also applied for animal
feed or to improve the organic matter content in agricultural soils. When crops are grown
specifically for energy, food crops or energy crops, the WFs are large. Food crops have a
green, blue and grey WF, while WFs of energy crops, such as miscanthus, are dominated by a
green WF. If modern bioenergy is applied on a large scale in future energy mixes, as proposed
in the 450 IEA scenario for 2040, WFs will go up and the WF of bioenergy will even exceed
the present global WF that includes water consumption in agriculture, industry and domestic
services. In many river basins, water scarcity is happening already. The rising production of
food crops for bioenergy purposes probably increases water scarcity. Bioenergy crops to
supply bioenergy have a large green water footprint. A scenario based on energy crops as a
feedstock also exceeds the present global green WF. For the third generation feedstock, algae,
the blue WF exceeds the present blue WF. Using energy crops or algae for large-scale energy
supply might not be realistic from a water perspective. Crop residue use for energy does not
increase the WF, because all water was already allocated to the crops and the assessment has
been based on a WF reallocation. More research is needed to assess whether crop residues are
available on a large scale to be converted into energy feedstocks.
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