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Abstract
Energy security for the EU is a priority of the EuropeanCommission. Although both blue and green
water resources are increasingly scarce, the EU currently does not explicitly account forwater resource
use in its energy related policies. Here we quantify the freshwater resources required to produce the
different energy sources in the EU, bymeans of thewater footprint (WF) concept.We conduct the
most geographically detailed consumptiveWF assessment for the EU to date, based on the newest
spatial databases of energy sources.We calculate that fossil fuels and nuclear energy aremoderate
water users (136–627m3/terajoules (m3 TJ–1)). Of the renewable energy sources, wood, reservoir
hydropower andfirst generation biofuels require largewater amounts (9114–137 624m3 TJ–1). The
mostwater efficient are solar, wind, geothermal and run-of-river hydropower (1–117m3 TJ–1). For
the EU territory for the year 2015, our geographically detailed assessment results in aWFof energy
production fromdomestic water resources of 198 km3, or 1068 litres per person per day. TheWFof
energy consumption is larger as the EU is to a high level dependent on imports for its energy supply,
amounting to 242 km3 per year, or 1301 litres per person per day. TheWFof energy productionwithin
the 281 EU statisticalNUTS-2 (Nomenclature of Territorial Units for Statistics) regions shows
spatially heterogeneous values. Different energy sources produced and consumed in the EUcontribute
to and are produced under average annual andmonthly bluewater stress and greenwater scarcity. The
amount of production underWS is especially high during summermonths. Imported energy sources
are also partly produced underWS, revealing risks to EU energy security due to externalisation. For
the EU, to decarbonise and increase the share of renewables of its energy supply, it needs to formulate
policies that take thewater use of energy sources into account. In doing so, the spatial and temporal
characteristics of water use andwater stress should particularly be considered.

1. Introduction

In 2015, energy consumption in the European Union
(EU) amounted to 1184 million tonnes of oil equiva-
lent (Mtoe), whereas primary energy production was
779 Mtoe (figure S1 is available online at stacks.iop.
org/ERL/14/104016/mmedia) [1]. The EU’s energy
sector is heavily dependent on fossil fuels, nuclear
energy and imports. Therefore, one of the European
Commission’s priorities is the Energy Union strategy
[2], which focuses on boosting energy security,

creating a fully integrated internal energy market,
improving energy efficiency, reducing greenhouse gas
(GHG) emissions and increasing the use of renewable
energy. To that purpose, the EU has agreed upon a
series of intermediate targets, including increasing the
share of renewable energy infinal energy consumption
to 20% by 2020 and 27% in 2030 [3]. The 2050 long-
term strategy calls for a climate-neutral Europe by
2050 [3].

The EU energy sector is responsible for many
environmental pressures, the latter being resource use
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and pollution [4, 5]. Themost obvious one is the emis-
sion of GHGs, mostly CO2. In 2015, the EU emitted
4461 million tonnes (Mt) CO2-equivalent, of which
3371 Mt CO2-equivalent related to energy [6].
Induced climate change has many impacts, including
in the EU [7–9]. Another important pressure, the use
of water resources, is generally not considered when
formulating energy related policies [2, 3, 10, 11].

Due to human freshwater use in different economic
activities, both blue (surface and groundwater) and
green (soil moisture) water resources are scarce
[4, 12, 13]. Blue water refers to water in rivers, lakes and
aquifers. Green water is the soil water held in the unsa-
turated zone, formed by precipitation and available to
plants. These resources are essential for food security
[14–18], energy security [19–21], water security and the
environment [22]. Interactions and trade-offs between
these sectors are referred to as the water-energy-food-
ecosystem (WEFE) nexus [22], a framework which is
increasingly acknowledged by different institutions as
important for policymaking [23, 24].

A vast body of literature on the interactions
between the water and energy systems exists, dealing
with water quantity, water quality and/or climate
change, among others [25–28]. The water footprint
(WF) of energy has been analysed for specific world
regions [19, 29]. This includes a first assessment
of the WF of production of Europe, not the EU, by
Mekonnen et al [19], based on geographically coarse
data, while excluding the WF of energy consumption
as well as specific energy sources like biofuels. A com-
prehensive, geographically detailed assessment of the
consumptive WF of energy production as well as con-
sumption of the EU, including all energy sources and
based on the newest developed databases, to a level of
detail required as input to guide EU policies, has never
been done before.Here we close this knowledge gap.

We calculate the water footprint (WF) of EU
energy production and consumption for the year
2015, based upon a geographically detailed quantifica-
tion of theWF of different energy sources, using newly
developed databases and analyses. The WF is a pres-
sure indicator, which quantifies consumptive (green
plus blue) water use along a supply chain [30]. We use
three stages in our assessment—(1) fuel supply or
energy production, which includes oil refining; (2)
construction and (3) operation or power generation—
with the first two as supply chain stages. First, we cal-
culate WF unit amounts for the different energy sour-
ces inside and outside the EU, expressed as (m3 TJ–1).
For production within the EU, the WF unit amounts
are based on detailed data within 281 so-called NUTS
(Nomenclature of Territorial Units for Statistics) 2
level statistical regions [31], based on newly developed
geographical databases of energy production such as
the JRC-power plants database [32]. Second, we assess
the WF of production of the EU energy sector and the
WF of energy consumption in the EU. The former
quantifies the WF of energy production from

domestic water resources. The latter quantifies theWF
related to energy consumption fromdomestic and for-
eign water resources, as a significant part of energy
consumed in the EU is imported. We account only for
freshwater, not saline or brackish water. We use blue
and greenWF components in our analysis.

2.Methodology

For energy production and consumption in the EU
and its 28 member states, we use as reference year
2015, as included in the EU energy reference scenario
[33, 34]. This scenario has been crosschecked and
validated by EU member states and is publically
available. It is calibrated by means of EUROSTAT
statistics.

With respect to the WF of the EU energy sector, a
differentiation needs to be made between the WF of
EU domestic energy production and the WF of EU
energy consumption. The first relates to the energy
produced within the EU, the second refers to the
energy consumed in the EU. The WF of EU domestic
energy production thus relates to consumptive water
use (green and blue) along the supply chain of the
energy sector for energy production within the EU
area. It quantifies the direct and indirect water con-
sumption of domestic freshwater resources. The WF
of EU energy consumption, on the other hand, quanti-
fies the total volume of freshwater consumed along the
supply chain to produce the energy consumed by the
inhabitants of the EU. It is the sum of direct and indir-
ect water use of domestic and foreign water resources
through domestic consumption. It equals the WF of
energy production plus virtual water imports (virtual
water associated with import) but minus virtual water
exports (virtual water associated with export). Import
and export data of the different energy sources are
obtained fromEUROSTAT [35–37].

The three stages we assess in the energy production
chain are: (1) fuel supply or energy production;
(2) construction; (3) operation or energy power
generation.

To compute the WF of energy production in the
EU, we use geographically detailed databases on
energy production, including the newly developed
JRC-Power Plants Database [32], the JRC-Coal Mines
Database [38] and Rystad Energy UCube [39]. Unit
WF values are assembled from different data sources
[19, 20, 40–45], with a differentiation between specific
types of energy production and power plant technolo-
gies (e.g. tower steam, one-through steam or pond
steam cooling for nuclear power plants). WF amounts
are computed per location according to the technol-
ogy used, then aggregated toNUTS-2 level and in a fol-
lowing stage summed to EU level. A detailed
description of this methodology can also be found in a
recent JRC report [46].
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For energy sources that are imported, national
average WF unit quantities per energy source of the
country of origin are used as well as imported quan-
tities. As an example, for maize bioethanol imported
from the US, the national average US values blue
WF 6m3 GJ−1 and greenWF 52m3 GJ−1 [42] are used
for the imported quantity.

An overview of all databases used, is presented in
table 1. A detailed description of the methodology per
energy source can be found in the SI.

We only account for fresh water (hence only on-
shore activities), not for brackish water (such as in
estuaries) or sea water (along the coast or off shore
activities). We are able to distinguish between these
types of water resource due to the use of geographically
detailed databases on energy production, which
account for this information. As an example, seaside
nuclear power plants generally use seawater, as in the
UK, Sweden and Finland (figure 4). Brackish water
from the Scheldt river is used by the nuclear power
plant of Doel near Antwerp in Belgium, and is there-
fore not included in theWF accounting (figure 4).

3. Results

3.1. EU level
We calculate for fossil fuels and nuclear energy average
unitWF amounts that range from 136 m3 TJ−1 for gas,
over 249 m3 TJ−1 for oil up to 572 m3 TJ−1 for coal
and lignite. Nuclear energy has an average WF of
627 m3 TJ−1 (figure 1).

Substantially larger average unit WF amounts are
calculated for the renewable energy sources reservoir
hydropower (9114 m3 TJ−1, due to evaporative losses
of water from reservoirs), as well as the biomass
resources wood (61 762 m3 TJ–1), 1st generation bioe-
thanol (61 032 m3 TJ−1) and 1st generation biodiesel
(137 624 m3 TJ−1). These biomass resources have a
large green water component. Biofuels also have a
large blueWF component from the production phase,
due to irrigation. Based on economic allocation, the
WF of reservoir hydropower only quantifies blue
water consumption for power generation, and not for
other reservoir water uses like irrigation or recreation
[40]. Similarly, the WF of wood only quantifies con-
sumptive water use for wood production, not for other
ecosystem services [20].

Themost water efficient in terms of water resource
use are the renewable energy sources solar
(117 m3 TJ−1), geothermal (35 m3 TJ−1), wind
(1 m3 TJ−1) and run-of-river hydropower (1 m3 TJ−1).

The total annual WF of energy production in the
EU amounts to 198.2 km3, the WF of energy con-
sumption to 241.5 km3 (figure 2 and supplementary
table S7). Green water dominates with 93% these total
amounts, due to the biomass energy sources wood and
1st generation biofuels. Wood accounts for about two
thirds of the total WF of production and

consumption, 1st generation biofuels for about 20%–

30%. Energy consumption WF amounts are larger
than energy production WF amounts for these three
energy sources, as the EU net imports them. Especially
for biodiesel, the net import compared to domestic
production is high, with a green and blue WF of pro-
duction of 34.4 km3 respectively 0.9 km3 compared to
a green and blue WF of consumption of 64.2 km3

respectively 1.0 km3 (supplementary tables S1, S2 and
S7). Imported rapeseed from Australia and Ukraine
as well as imported palm oil from Indonesia and
Malaysia account for the bulk of total WF import
amounts. For wood and bioethanol, the proportion of
domestic production in the WF of energy consump-
tion is higher, as the EU is less dependent on import
for these energy sources. For wood, the green and blue
WF of production are 145.1 km3 respectively 2.0 km3,
compared to a green and blue WF of consumption of
154.1 km3 respectively 2.3 km3 (figure 2, supplemen-
tary tables S5 and S7). About 50% of wood import ori-
ginates from the USA, Russia and Canada. For
bioethanol, the green and blue WF of production are
4.7 km3 respectively 3.7 km3, compared to a green and
blue WF of consumption of 6.8 km3 respectively
0.8 km3 (figure 2, supplementary tables S3, S4 and S7).

The total blue WF, 13.9 km3 for the WF of energy
production and 16.4 km3 for the WF of energy con-
sumption, represents 7% of the total WF of energy
production and consumption (figure 2 and supple-
mentary table S7). Renewables account for the largest
share of the blue WF, that is 74.1% for the WF of
energy production and 67.8% for the WF of energy
consumption. The remaining share is for fossil and
nuclear energy. With 6.76 km3, the WF of reservoir
hydropower has the largest blue WF. Electricity from
biomass accounts with 0.28 km3 for 2.0% and 1.7% of
the blue WF of energy production respectively con-
sumption. The renewable energy sources solar, wind,
geothermal and run-of-river hydropower account
combined with a blue WF of 0.02 km3 and 0.06 km3

for only 2.0% and 1.7% of the blue WF of energy pro-
duction respectively consumption.

Due to high reliance on imports for fossil fuels, the
WF of energy consumption is higher than the WF of
energy production for solids (2.67 km3 respectively
1.94 km3) and oil (1.03 km3 respectively 0.20 km3). For
gas, the difference is neglectible. Also nuclear energy
showswith 1.40 km3 respectively 1.26 km3 a difference
between production and consumption, because 98.4%
of uranium used in the EU is extracted outside of its
territory.

3.2. NUTS-2 level
The EU energy sector unit and total WF numbers are
based upon detailed geographical databases and ana-
lyses, as e.g. shown for the blue WF of solids produc-
tion and solid-fired power plants (figure 3). A blueWF
of solids production is only located in 32 of 281

3

Environ. Res. Lett. 14 (2019) 104016



NUTS2-regions, concentrated in the middle and east-
ern EU, with five German (Köln,Münster, Düsseldorf,
Brandenburg and Dresden), two Polish (Śląskie and
Lódzkie) and two Czech (Moravskoslezsko and Sever-
ozápad)NUTS2-regions amongst the ten regions with
the highest WF (table S8). A blue WF of solid-fired
power plants is spread more over the EU, in 81 of 281
NUTS2-regions. Four German (Köln, Düsseldorf,
Brandenburg and Arnsberg) and three Polish (Śląskie,
Lódzkie and Mazowieckie) are amongst the ten
NUTS-2 regionswith the highestWF.

A blueWF of nuclear energy operation is only loca-
ted in 28 of 281 NUTS2-regions (figure 4 and table S8).
Nuclear energy is produced in 46 of 281NUTS2-regions
however, but in many regions seawater or brackish
water is used for cooling, which do not account for a
WF.ThefiveNUTS2-regionswith the highestWFare all
located in France (Centre, Rhône-Alpes, Champagne-
Ardenne, Lorraine, Poitou-Charentes) (figure 4(b)).
Schwaben inGermanyhas the sixthhighestWF.

Other detailed spatially distributed maps (NUTS2
level) for the blue WF of production for different

Table 1.Overview of databases used in the study.

Data and resulting statistics

Supply chain

stage (1, 2, 3) Data source

Energy production and consumption

in the EU and itsmember states,

year 2015

EU energy reference scenario [33, 34]

Import and export data of different

energy sources

EUROSTAT [35–37]

WFof fossil fuels: solids (coal, peat, oil
shale)

1 CoalMinesDatabase [38]; unitWF values frommultiple sources [43–45]

2 Mekonnen et al [19]
3 JRC-Power PlantsDatabase [32];WFunit amounts fromMacknick et al [45]

WFof fossil fuels: oil 1 oil production database Rystad EnergyUCube [39];Worldwide Refinery

Survey [47]; unitWF amounts fromMacknick et al [45]
2 Mekonnen et al [19]
3 JRC-Power PlantsDatabase [32];WFunit amounts fromMacknick et al [45]

WFof fossil fuels: gas 1 Location and characteristics of gas fields fromRystad EnergyUCube [39];
unitWF amounts fromMacknick et al [45].

2 Mekonnen et al [19]
3 JRC-Power PlantsDatabase [32] andWFunit amounts fromMacknick et al

[45]
WFof nuclear energy 1 Meldrum et al [44]

2 Mekonnen et al [19]
3 JRC-Power PlantsDatabase [32];WFunit amounts fromMacknick et al [45]

WFof renewable energy: reservoir

hydropower and run-of-river

(ROR) hydropower

2 Mekonnen et al [19]

3 Reservoir hydropower fromHogeboom et al [40]
WFof renewable energy: wind and

solar

2,3 Mekonnen et al [19]

WFof renewable energy: geothermal 2 Mekonnen et al [19]
3 EGESGeothermalMarket Report [48] for characteristics and location;WF

unit amounts fromMacknick et al [45]
WFof renewable energy: 1st

generation biofuels

1 Biodiesel and bioethanol production and consumption statistics for the EU

fromEUROSTAT [49] and the EUAgricultural Outlook report ofDG

AGRI [50]; Feedstocks and their origin derived fromdifferent data sources

[49–51]. Country of origin of imported feedstocks aswell as bioethanol

and biodiesel from a combination of EUROSTATdatabases [35–37];
average EU feedstock specificWF amounts from an international database

[41, 42]; biofuel processing unitWF from [43]
2 Mekonnen et al [19]

WFof renewable energy: wood 1 Detailed description ofmethodology to compute theWFof energy from

wood for the EUby Schyns andVanham [52], based upon Schyns et al [20]
2,3 Mekonnen et al [19]

WFof renewable energy: electricity

frombiomass

3 JRC-EU-TIMESmodel [53];WFunit amounts fromMacnick et al [45]

BlueWS aswell as location and

production (Tonnes) crops
Mekonnen andHoekstra [54] and [42]

Greenwater scarcity Schyns et al [13]
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energy sources with a total lower amount as compared
to solids and nuclear energy, are included in the SI:
Supplementary figures S2 and S3 for oil production
and refinery; S4 for oil-fired power plants; S5 and S6
for gas production and gas-fired power plants; S7 for
geothermal power plants and S8 for biomass/waste
power plants. Table S8 provides all these data on
NUTS2 level, as well as on country and EU level. For
wood national WF of production amounts are pre-
sented in table S5. These graphs and tables show sub-
stantial differences in proportional production of
energy sources and relatedWFs amongst countries.

4.Discussion

4.1.WEFE sectors
With respect to the EU population, the WF of
production and consumption of the energy sector
amount to 1068 litres per person per day (l/cap/d)
respectively 1301 l/cap/d (figure 5). These amounts
are substantially higher than theWFof thewater sector
for municipal water supply (23 l/cap/d) [55], the
consumptive part of municipal water withdrawal. In
other words, the water required for energy use by EU
citizens is much higher than the water they use at

Figure 1.Average blue and greenWF related to energy production in the EU (m3 TJ–1). Note that the scale is logarithmic. The values in
the table show the three stages in the energy production chain: (1) fuel supply or energy production; (2) construction; (3) operation or
energy power generation. The blue bars show the blueWF, the green bars the greenWF.
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home. However, these amounts are considerably lower
than the WF of a third pillar of the WEFE nexus, the
food sector. TheWFof production and consumption of
the food sector amount to 2521 l/cap/d respectively
3687 l/cap/d (figure 5). The sum of these three sectors
leads to an EUWF of production and consumption of

3612 l/cap/d respectively 5,011 l/cap/d. When only
considering the blue WF, these amounts are 296
respectively 391 l/cap/d. This quantification accounts
for the WF of the EU energy sector, not the energy
embedded in imported or exported products. Both
perspectives are relevant for theWEFEnexus.

Figure 2.The annual absoluteWF of energy production (a) and consumption (b) in the EU, in km3 for the year 2015. The left part
shows the green and blueWF (in colours green respectively blue), with proportions equal to amounts. The right part shows the
different components of the blueWF, againwith proportions equal to amounts. The differentiation between the groups renewables
on the one hand and fossil and nuclear on the other hand is shown.

Figure 3.BlueWFof solids production (left) and solids-fired power plants (right)(third stage—operations or energy transformation)
in EUNUTS-2 regions. Only freshwater is accounted for. Total amount 828 (left) and 1106 (right)millionm3 yr−1. Location of power
plants as in the newly developed JRC-Power PlantsDatabase [32].

6

Environ. Res. Lett. 14 (2019) 104016



4.2. Blue and greenwater scarcity
Competition for blue and green water resources
between these three sectors and the environment as
well as between different users within these sectors,
has led to widespread water scarcity both in the EU
and regions the EU imports products from [54].

Blue water stress [56] quantifies the ratio between
water use and environmentally available water, the lat-
ter being total water availability minus environmental
flows. In the SDG framework, this value is monitored
with indicator 6.4.2 [57]. When environmental flows

are not met any more, this leads to serious disruptions
in important ecosystem services [28, 57, 58].

As the WF quantifies consumptive water use, rela-
ted WS needs to be computed with consumptive use,
as e.g. done in the global study of Mekonnen and
Hoekstra [54]. In the EU, the Water Exploitation
Index plus (WEI+) is often used to compute WS for
consumptive water use. WS differs both spatially and
temporally [57].

Attributing the globalWS raster data (5*5 arcMin-
utes) of Mekonnen and Hoekstra [54] to the NUTS2

Figure 4.BlueWFof nuclear power plants (third stage—operations or energy transformation) in EUNUTS-2 regions. Only
freshwater is accounted for. Total amount 1207millionm3 yr−1. Location of power plants as in the newly developed JRC-Power
PlantsDatabase [32].

Figure 5.WFof production and consumption of the EU in litres per person per day, for thewater, food and energy sectors, for
(a) green and blueWF and (b) blueWF. All values are consumptive water uses. For theWFof production, ‘edible crop products’
include feed for livestock and aquaculture products, ‘livestock and fish and seafood products’ refers to theWF for grazing, livestock
drinking water aswell as aquaculture freshwater pond evaporation. For theWFof consumption, ‘edible crop products’ refers to food
products for direct human consumption.
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regions of the EU, shows average annual WS (values
exceeding 1) in many Mediterranean regions
(figure 6(a)). In some regions, severe WS (WS=>2)
is observed. In August (figure 6(b)), monthly WS
values are generally the highest of all months through-
out the EU, andWS extends through large parts of the
EU territory. The production of nuclear and fossil
energy sources contributes to and occurs under WS
(figure 6(c)). Regarding annual average WS, 18% of
nuclear energy production (operation, blue WF
1207× 106 m3, table S7) contributes to and occurs
under WS. The values are 2% for solids fuel supply
(WF 828× 106 m3), 6% for solids operation (WF
1106× 106 m3), 0% for gas fuel supply (WF 0.2×
106 m3), 13% for gas operation (WF 204× 106 m3),
13% for oil fuel supply (WF 171× 106 m3) and 7% for
oil operation (WF 4× 106 m3). The highest monthly
proportions under WS are observed during summer:
34% for nuclear energy in September, 20% for solids
fuel supply in August, 26% for solids operation in
August, 5% for gas fuel supply in August, 36% for gas
operation in August, 38% for oil fuel supply in August
and 17% for oil operation in August. The lowest
monthly proportions are observed in winter, respec-
tively: 2% in January, 0% in January, 2% in January,

0% during 10 months, 2% in January, 5% in January
and 25 from January to April. Different energy sources
contribute to and occur under different levels ofWS in
a spatial very heterogeneous way, as displayed during
August (figure 6(d)). The highest total amount of
energy production under WS during August occurs
for oil energy fuel supply (19 681 ktoe), of which
12 895 ktoe under severe WS. About 2000 ktoe of
nuclear energy operation and solid energy production
occur under WS, whereas for solid energy operation
and gas production the amounts are about 1500 ktoe.
For nuclear energy operation e.g. WS occurs in Span-
ish (severe WS) and French (moderate to severe WS)
NUTS 2 regions, as well as the Romanian Sud-Est
region (severe WS) and the Belgian Province of Liège
(moderate WS). For solids production, WS occurs in
German (moderate WS), Greek (severe WS), Spanish
(severe WS), Italian (severe WS) and UK (significant
WS) NUTS regions. For solids operation, WS occurs
in Bulgarian (moderate to severe WS), German (mod-
erate to severe WS), Greek (severe WS), Spanish
(severe WS), French (severe WS), Hungarian (moder-
ate WS), Italian (severe WS), Dutch (moderate to
severe WS), Portuguese (severe WS) and UK (moder-
ate to significantWS)NUTS regions.

Figure 6.BlueWSof nuclear and fossil energy sources in EUNUTS 2 regions, with (a)map average annualWS; (b)mapAugustWS;
(c)%energy production (fuel supply and operation) in all NUTS 2 regions under average annual (red line) as well asminimumand
maximummonthly (black lines)WS (WS>1; F=Fuel supply; O=Operation). As an example, for nuclearO, 18% is produced
under annual averageWS, whereas aminimumproduction undermonthlyWSoccurs in January (2%) and amaximumproduction
undermonthlyWS in September (34%); (d) cumulative energy production in ktoe (fuel supply and operation)under different levels
ofWS inAugust for individual NUTS2 regions.
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Biofuel production accounts for high blue and
green WF amounts, both in the EU and from regions
the EU imports biofuels from. It also contributes to
and occurs under blue WS in a spatially and tempo-
rally heterogeneous way. As an example, irrigated
maize, for which bioethanol accounts for a blueWF of
311× 106m3 (table S3), is predominately grown in the
Mediterranean region as well as in France, Portugal
and Romania (figures 7(a) and (b)). Total annual EU
maize production in 2000 was 55 million tonnes, with
a related blue WF of 5.9 km3 yr−1 and a green WF of
35 km3 yr−1 [42, 55], of which 24 million tonnes was
to some extent irrigated. Irrigated maize contributing
to and produced under local annual average WS
(figures 7(a) and (c), WS>1) amounts to 9 million
tonnes, of which 4 million tonnes under severe WS
(WS>2). During the summer season (figures 7(b)
and (d)) the highest amounts of local WS conditions
are observed. In August, 16 million tonnes are pro-
duced under WS, of which 13 million tonnes under
severe WS. During other months and especially win-
ter, the proportion of maize under WS is lower. Also
other biofuel feedstock is partly produced under WS,
such as rapeseed or soybeans.

Also ethanol from irrigated maize and biodiesel
from irrigated soybeans imported to the EU (table S4),
contribute to and are produced under local WS, as is
the case for the USA (figure 8). Significant parts of irri-
gated maize and soybean in the USA contribute to and
are produced under different levels of WS, violating
environmental flows and accounting for groundwater
depletion such as in theOgallala aquifer [16]. Of a total
annual irrigated production of 54 million tonnes of
maize, 46 million tonnes are produced under WS, of
which 39 million tonnes under severe WS. For soy-
beans, 6 million tonnes are produced under WS, of
which 2 million under severe WS. Monthly WS can
show even higher amounts.WS is not accounted for in
the sustainability assessment of biofuels [10], as shown
in a new recognition by the Commission stating tech-
nical requirements to be met by US soybeans in order
to be used in biofuels in the EU [11]. In other words,
relying on the import of energy resources produced
under WS, could have negative effects on EU energy
security.

The Commission already indicated that biofuels,
bioliquids and biomass fuels produced from food and
feed crops should gradually be phased out and
replaced by advanced biofuels, including notably

Figure 7.Bluewater stress [56] in grid cells (5*5 min)where irrigatedmaize is produced in the EU, based upon different data sources
[42, 54]. (a)Annual average (average of 12monthly values) blueWS; (b) blueWS inAugust; (c) the cumulative production (million
tonnes) of all irrigatedmaize according to local annual averageWS conditions Irrigatedmaize contributing to and produced under
localWS amounts to 9million tonnes, of which 4million tonnes under severeWS; (d) the cumulative production (million tonnes) of
all irrigatedmaize according to localWS conditions of eachmonth of the year. The colour scaling ofWS in (a), (b) and (c) is identical.
The figures (a) and (b) only show grid cells where the production of irrigatedmaize exceeds 500 tonnes yr−1 in a cell [42]. These cells
account for a production of 22million tonnes. Thefigures (c) and (d) account for all irrigatedmaize (in total 24million tonnes).
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cellulosic ethanol and diesel and algal fuels, as well as
renewable electricity based fuels, as highlighted in the
recent directive COM(2018)2001 [10]. The water
intensity of these advanced biofuels should however
also be accounted for. As an example, algae show sub-
stantial unit WF amounts [59], which depend on fac-
tors such as technology (open pond, closed
photobioreactors), water source used (freshwater,
brackish, saline water), operation with and without
recycling or algal species.

Greenwater is a scarce resource too, and thus there
are limits to the human appropriation of green water
resources [13]. We have shown that the WF of the EU
energy sector is largely related to green water use, to
produce energy from wood and biofuels. The green
WF of energy fromwood sources is for 94% located in
the EU, but more than half on this internal WF is in
member states that have less than 20% of sustainably
available green water flows left to potentially allocate
to biomass production [52]. Particularly in the
Netherlands, Germany, Denmark, UK, Belgium,
Greece, Czech Republic, and Portugal, practically all
green water resources are already in use, occasionally
at the cost of green water flows earmarked for nature
[13]. Regarding biofuel crops, large green WFs are

associated with rapeseed produced in the EU,
Germany in particular, and palm oil imports from
predominantly Indonesia and Malaysia. The large-
scale conversion of previously set-aside grasslands to
rapeseed fields [60], is an example of the competition
over green water resources in Germany. In Indonesia
andMalaysia, that competition displays through palm
oil plantations invading forested lands with a large
greenwater availability [61, 62].

This shows that the choice which renewables to
promote, is essential to alleviateWS andmaintain eco-
systems and their services. Recent summer droughts
and heatwaves, such as in 2003, 2006, 2015 and 2018,
which will only become more frequent due to climate
change [63], have already led to water being a limiting
resource for energy production throughout the EU.
Low water levels and high temperatures, experienced
throughout many rivers in Europe like the Rhine or
the Rhone, forced thermal power plants to reduce
their output or shut down completely [64]. Reduced
agricultural outputs can decrease biofuel production.
Forest fires as experienced in Sweden in 2018 can
decrease fuel wood yields. Policies on future energy
investments therefore need to consider which renew-
ables have lowunitWF amounts.

Figure 8. Irrigatedmaize (a), (b) and soybeans (c), (d) contributing to and produced under blueWS in theUSA, based upon different
data sources [42, 54], showing (left) annual average (average of 12monthly values)WS stress levels in locations where crops are
irrigated (grid cells where>100 tonnes of irrigated crop per area) and (right) the cumulative production (million tonnes) of irrigated
crop according to annual averageWS conditions.
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4.3. Comparisonwith other studies
A limited amount of WF studies related to the energy
sector in the EU have been conducted. Most notably,
Mekonnen et al [19] quantified for Europe (not the
EU), aWF of energy production of 84 km3 yr−1 (green
and blueWF), whereas we calculate 198 km3 yr−1. For
solids we compute 1.9 km3 yr−1, Mekonnen et al
3.2 km3 yr−1. For nuclear the values are 1.3 km3 yr−1

respectively 2.9 km3 yr−1; for gas 0.2 km3 yr−1 respec-
tively 2.1 km3 yr−1 and for oil 0.2 km3 yr−1 respec-
tively 0.3 km3 yr−1. Our assessment is based upon
much more detailed energy and water statistics, new
databases and new spatially distributed assessments.
For wood we used the spatially distributed assessment
of Schyns et al of 2017 [20] whereas Mekonnen et al
[19] used much older, spatially coarse assessments
such as vanOel andHoekstra of 2011 [65].We also use
detailed wood for energy statistics for EU countries.
This results in our assessment in aWF for energy wood
production of 147 km3 yr−1, whereas Mekonnen et al
compute 33 km3 yr−1. For hydropower, we also use
the newest spatially distributed analysis of Hogeboom
et al [40] published in 2018, whereas Mekonnen et al
use much older assessments. We compute a WF of
reservoir hydropower production of 7 km3 yr−1 for
the EU, whereas Mekonnen et al compute 42 km3 for
Europe. We account for evaporation related to other
reservoir uses, Mekonnen et al do not. We account for
1st generation biofuels, Mekonnen et al do not. We
calculate the WF of energy consumption, accounting
for energy imports and exports. Mekonnen et al
do not.

Another study that touches on the WF of the EU
energy sector is Serrano et al [66], who quantify the
green, blue, and grey WF of the EU27. These authors
use an environmentally extended MRIO analysis,
whereas we use a bottom‐up approach. In their analy-
sis they provide WF quantities for different sectors,
but this does not include the energy sector as such. Lat-
ter is not identified between different sectors in their
database. Nor do they provide results per energy
source. Also, Serrano et al [66] use national average
WF unit values, opposed to the detailed spatial assess-
mentwhich is the basis for our analysis.

4.4. Uncertainties
The estimated WF of various energy sources in this
study have associated uncertainty, but theirmagnitude
and relative proportions seem credible compared to a
previous, coarser global assessment byMekonnen et al
[19].

In absolute terms, uncertainty in the total WF of
the EU energy sector is mostly governed by uncertain-
ties in the data on energy production and consump-
tion per source (EU energy reference scenario, refs),
and the unit WF (m3 TJ–1) of the sources contributing
the largest share to this total: wood and biofuels. The
data from the EU energy reference scenario are the

outcomes of amodel framework, calibrated by EURO-
STAT data. Although eachmodelling effort is inherent
to uncertainties, the outcomes of the EU energy refer-
ence scenario have been crosschecked and validated by
EUmember states. UnitWF amounts also have uncer-
tainties, but as we use detailed geographically explicit
databases, with particular information on character-
istics, uncertainty will be smaller than e.g. Mekonnen
et al [19].

Uncertainties in the unit WF of wood can be sig-
nificant and are mainly related to the fraction of total
forest water use that is allocated to wood production
versus other ecosystem services (based on efforts to
valuate ecosystem services [56]), and geographically-
explicit data on the forest area used for wood produc-
tion (for details see [20, 52]). The unit WF estimates
for biofuels find their roots in the WF per unit of crop
as estimated by Mekonnen and Hoekstra [41, 42], for
which uncertainties can be up to±20% [41].

WS amounts as used in this study are obtained
fromMekonnen andHoekstra [54], a modelling study
which itself uses different input data. One important
uncertainty factor is the choice of definition of envir-
onmental flows [57], set at 80% of the natural runoff.
A choice of different environmental flows can result in
substantially differentWS amounts.

4.5. Futurework
In our study, we addressed water quantity in the form
of water consumption, not water abstraction [57]. We
did not address water quality. The energy system has
however an important impact on water quality,
especially on the temperature of receiving water
bodies. In addition, the production of certain energy
sources also contributes to water pollution, such as
nutrient pollution for 1st generation biofuels. A
detailed geographical assessment of the influence of
the EU energy system on water pollution requires
further research. The grey WF [67] could also be used
for this, although some authors explicitly choose not
toworkwith this indicator [68].

5. Conclusions

The European Union, a global player, currently does
not explicitly account for water resource use in its
energy related policies. We therefore conduct a first-
time, comprehensive and spatially distributed analysis
of theWF of production as well as consumption of the
EU energy sector. We use new databases with detailed
spatial information.

Our analysis shows that the unit WF per produced
energy amount for the renewables wood, 1st genera-
tion biofuels and reservoir hydropower is very high,
whereas the amount for the renewables wind, solar,
geothermal and run-of-river hydropower is low.

We quantify the absolute WF amounts for the
energy produced and consumed in the EU, and
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compare these with the water security and food sec-
tors. Energy production has a WF of 1068 litres per
person per day (l/cap/d), energy consumption a WF
of 1301 l/cap/d. By far the largest part of these
amounts is accountable to green water and a smaller
part to blue water. Reservoir hydropower, wood and
1st generation biodiesel and bioethanol, with their
very large unit WF amounts, are responsible for the
largest fraction in the totalWF of production and con-
sumption of the EU energy sector. Solar, wind, geo-
thermal and run-of-river hydropower, with their
small unit WF amounts, are responsible for a small
fraction in the total WF of production and consump-
tion of the EU energy sector.

For the three sectors combined, the WF of con-
sumption of an average EU citizen is 5011 l/cap/d.
Municipal water supply accounts for less than 1% of
this amount, energy consumption for 26%. In other
words, it requires much more water to produce the
energy EU citizens consume, compared to the water
they use at home.

We show that WF amounts for each energy
resource are spatially distributed in a heterogeneous
way over the 281 NUTS2 regions of the EU. We also
show that different energy sources are produced under
blue WS and green water scarcity, both within the EU
and outside the EU, in regions where the EU imports
from. The fraction of energy quantities produced
under WS differs whether computing average annual
WS or monthlyWS, with summer months accounting
for the highest fractions. Policies that promote further
externalisation of energy sources through imported
biofuels or wood, could result in higher energy inse-
curity as they are often produced under water scarcity
conditions. We recommend for introducing water-
related criteria such as the water footprint, in long-
term energy policies, to allow for a proper trade-off
between decarbonisation goals and water sustain-
ability, which relate to different SDGs.

We believe it is essential that researchers, stake-
holders and policy makers working on climate change
in the EU become aware of the results of our analysis,
which provides the first comprehensive WF assess-
ment to a level of detail required to inform EU policy
making.
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