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Abstract With a Multi-Regional Input-Output model,
this study quantifies global final energy demands’ grey
water footprint (GWF) based on the latest available data. In
2009, 9.10 km3 of freshwater was required to dilute the
pollutants generated along the life-cycle supply chain of
global energy final demands to concentrations permitted by
relevant environmental regulations. On a national level,
final energy demands in China, USA, India, Japan, and
Brazil required the largest GWF of 1.45, 1.19, 0.79, 0.51,
and 0.45 km3 respectively, while European countries have
the highest energy demands GWF per capita. From the
producer perspective, the largest GWF was generated in
BRIC countries, i.e., Russia (1.54 km3), China (1.35 km3),
India (0.92 km3) and Brazil (0.56 km3) to support global
final energy demands. Because of global trading activities,
a country or region’s final energy demands also give rise to
water pollutants beyond its territorial boundaries. Cyprus,
Greece, Luxembourg, and Malta almost entirely rely on
foreign water resources to dilute water pollutants generated
to meet their final energy demands. Energy demands in
BRIC countries have the least dependency on external
water resources. On a global average, 56.9% of GWF for
energy demands was generated beyond national bound-
aries. Energy demands in the global north are inducing
water pollutions in the global south.

Keywords water-energy nexus, water pollution, water
footprint, multi-regional input-output analysis

1 Introduction

Reliable energy provision is critical to human society’s

development and prosperity (Nerini et al., 2018). During
the last two decades, energy productions’ impacts and
dependencies on water resources have gained increasing
recognitions among the academic community and policy
makers (Gleick, 1994; Vassolo and Doll, 2005; Marsh,
2008; Rio Carrillo and Frei, 2009). International Energy
Agency estimated that energy production accounted for
15% of the global water withdrawal in 2010, at
583 billion m3 (IEA, 2012).
A large amount of scholarly work has thus been done to

quantify the water uses for energy productions, both
directly for on-site processes and indirectly as upstream
inputs, at various geographical locations (Fthenakis and
Kim, 2010; Macknick et al., 2012; Pan et al., 2012;
Meldrum et al., 2013; Liao et al., 2016). Spang et al. (2014)
reviewed the existing literature and compared energy
production’s water uses in over 150 countries. Mielke et al.
(2010) concluded that energy production consumes 27% of
the US society’s total water consumption, only second to
the Agriculture sector. Cai et al. (2014) calculated that
water withdrawal for energy production in China has
increased from 8.98 BCM in 2000 to 28.78 BCM in 2011,
and is projected to further grow by 77% by 2030.
Besides water quantity, energy production, especially

fossil fuel extraction, discharges a significant amount of
water pollutants (Mishra et al., 2008), which receives far
less attention so far. Various water pollutants, such as
Chemical Oxygen Demand (COD) and petroleum, are
generated along the life cycle of energy productions, at
coal mines for example. Zhang and Anadon (2013)
calculated that energy production in China discharge
8.3% of the national wastewater. However, crucial
information such as wastewater concentrations and water
pollutant types were all unknown. Studies looking at the
energy sector’s impacts on water quality are still lacking.
Water footprint is an indicator of comprehensive water
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use along the supply chain that not only looks at the direct
water use, but also indirect water uses (Hoekstra et al.,
2011). Water footprint has three components: green water
that refers to water precipitated and stored in the soil; blue
water includes water resources from river systems and
groundwater aquifers and gray water. To investigate the
energy sector’s impact on water quality, gray water
footprint is a useful indicator that has been widely used
(Chapagain et al., 2006; Hoekstra et al., 2011), which is
defined as the total gray water that is required throughout
the life-cycle supply chain to meet energy demands, for
instance, from coal extraction to thermoelectric power
productions. It therefore provides a framework that unifies
the comparison between water quantity and water quality.
Not only the on-site water pollution, but also the indirect
water pollution is included in the GWF accounting
framework. Moreover, GWF also enables comparison
between different types of pollutants of different concen-
trations into different conditions of water bodies in
different geographical locations. Therefore GWF is a
useful indicator that can be used in spatial analyses
(Pellicer-Martínez and Martínez-Paz, 2016).
Many scholars have adopted GWF to quantify different

anthropogenic systems’ impacts on water quality on
different geographical scales. On the local scale, Serrano
et al. (2016) quantified the virtual gray water flows within
the European countries; Wang et al. (2013) quantified the
textile industry’s gray water footprint in China; Cai et al.
(2017) quantified Mainland China’s gray water footprint
and concluded that gray water footprint has been
historically overlooked. They also found out that petro-
leum processing and coking contributed to around 7% of
Mainland China’s total grey water footprint. Zeng et al.
(2013) used grey water footprint to assess quality-driven
water scarcities in Beijing and other regional and local
studies have also been done in other locations (Zhi et al.,
2015; Pellicer-Martínez and Martínez-Paz, 2016). On the
global scale, most studies on grey water footprint have
been focused on agricultural sectors. For example, Liu et
al. (2017) quantified the GWF of global maize production
while Chapagain et al. (2006) quantified that of global
cotton consumption. Regarding the energy sector, its
global water footprint studies have only focused on the
blue water component. For example, Gerbens-Leenes et al.
(2009) investigated the blue water footprint of different
types of bioenergy from 12 crops globally; Mekonnen and
Hoekstra (2012) shed light on the blue water footprint of
hydropower productions. Mekonnen et al. (2015) con-
ducted a global assessment of the consumptive (blue)
water footprint of electricity and heat while Holland et al.
(2015) investigated the blue water footprint of global
energy demands from a global trade perspective. Against
this backdrop, few studies have quantified the grey water
footprint (GWF) that is required to fulfill the final energy
demands on a global scale.
Furthermore, as energy products can be traded across

territorial boundaries, GWF embodied in the traded
products can also be transferred among countries and
regions accordingly. In doing so, countries and regions can
outsource their water pollution in order to meet their own
energy needs (Zhang et al., 2011; Zhao et al., 2015; Zhao
et al., 2016), which imposes pressure on quality-induced
water stresses in the pollution importing countries. This
study also quantifies such inter-national pollution out-
sourcings for energy demands, indicated by GWF
transfers, with a widely used consumption-based model,
i.e., Multi-Regional Input-Output (MRIO).

2 Method and data

2.1 Method

MRIO has been widely used to examine the life cycle
environmental requirements or impact of a given sector’s
final demands (Liang et al., 2007; Wiedmann, 2009; Zhao
et al., 2015). For an economy of country r, the total output
xr (in vector form) is produced for intermediate inputs
between different sectors and final consumption by
households, governments, and so forth. The intermediate
inputs include domestic purchase Zrr and the sum of
international purchase by different countries s (export from
country r to s), Σs≠rZ

rs. Likewise, there are domestic
purchases yrr and international purchases Σs≠rZ

rs for final
consumption. Hence, the total output xr is the sum of
intermediate and final consumption.

xr ¼ Zrr þ Σs≠rZ
rs þ yrr þ Σs≠ry

rs: (1)

We assume that bilateral trades between countries are all
directed toward final consumption (Peters and Hertwich,
2008), thus the international trade of intermediate
consumption is assigned to the international trade of final
consumption. Accordingly, Σs≠ry

rs is replaced by
Σs≠re

rs ¼ Σs≠rZ
rs þ yrs, where Σs≠re

rs represents the
international purchase of final consumption.

xr ¼ Zrr þ yrr þ Σs≠re
rs: (2)

According to Leontief (1941), the technical coefficient
A ¼ Z=x equals the intermediate inputs of each sector per
unit of their output. Equation (2) can be expressed as:

xr ¼ Arrxr þ yrr þ Σs≠re
rs, (3)

xr ¼ ðI –ArrÞ – 1ðyrr þ Σs≠re
rsÞ: (4)

To study the grey water footprint for the final
consumption of all sectors in region r, first we introduce
mr, the vector of total gray water footprint, including both
direct and indirect gray water use, to produce a unit of final
consumption using water resources from country r.

mr ¼ drðI –ArrÞ – 1, (5)

202 Front. Earth Sci. 2020, 14(1): 201–208



where mr is the gray water footprint intensity embodied in
every unit of final consumption while dr ¼ wr=xr is the
vector of direct gray water use intensity of country r that
represents the direct gray water use per unit of output in
each sector.
There are two categories of GWF of country r. First,

water pollutants are discharged in region r and require
physical water to dilute. This part of gray water constitutes
grey water footprint for both local consumption
(GWFrs ¼ mr�yrr and exports (GWFrs ¼ mr�Σs≠re

rs.
Secondly, GWF for country r’s imports can be expressed
as: GWFsr ¼ Σs≠rm

s�esr, where ms ¼ dsðI –AssÞ – 1.
To better illustrate the process of quantifying GWF in

the energy sectors, we suppose there is a two-country
economy, country r and country s. let there be three
producing sectors (1, 2, 3) in both country r and country s.
While we suppose sector 2 is the energy sector. The results
of GWF can be shown as followed.

GWF ¼ GWFrr GWFrs

GWFsr GWFss

( )
, (6)

where GWFrr¼drðI –ArrÞ – 1f rr, GWFss¼dsðI –AssÞ – 1f ss,
GWFrs ¼ drðI –ArrÞ – 1ers, and GWFsr ¼ dsðI –AssÞ – 1esr.
Equation (6) can be further shown with sector details.

GWF ¼

GWFrr11 GWFrr12 GWFrr13 GWFrs11 GWFrs12 GWFrs13

GWFrr21 GWFrr22 GWFrr23 GWFrs21 GWFrs22 GWFrs23

GWFrr31 GWFrr32 GWFrr33 GWFrs31 GWFrs32 GWFrs33

GWFsr11 GWFsr12 GWFsr13 GWFss11 GWFss12 GWFss13

GWFsr21 GWFsr22 GWFsr23 GWFss21 GWFss22 GWFss23

GWFsr31 GWFsr32 GWFsr33 GWFss31 GWFss32 GWFss33

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;
: (7)

For country r, the life-cycle GWF of its energy sector
can be shown as Eq. (8):

GWFr2 ¼ GWFrr12 þ GWFrr22 þ GWFrr32 þ GWFsr12

þ GWFsr22 þ GWFsr32, (8)

where GWFr2 is the life-cycle GWF of country or region r’s
sector 2, i.e., energy sector in this case.

2.2 Data and treatment

World input-output table in 2009 can be obtained from The
World Input-Output Database (WIOD). In WIOD, grey
water uses for 35 national sectors are both calculated and
compiled based on Mekonnen and Hoekstra’s extensive
work (Mekonnen and Hoekstra, 2010a, 2010b, 2011a,
2011b) (Detailed sector classification can be found in
Supplementary Information). The water use data were
derived from the multi-year average. Data from 2009 are
used as the latest available grey water information. The
database covers 39 countries/regions including 27 EU
countries and 12 non-EU countries/regions, i.e., Australia,
Brazil, Canada, China, India, Indonesia, Japan, South
Korea, Mexico, Russia, Turkey, and USA. The rest of the
world is aggregated into a single region RoW (Rest of the
World). Among all the 35 sectors, final demands of three
sectors are energy-related, i.e., ‘mining and quarrying’,
‘coke, refined petroleum and nuclear’ and ‘electricity, gas
and water supply’. Due to data unavailability, we are not
able to disaggregate ‘electricity, gas and water supply’ to
more detailed sectors. However, this study constitutes the
first attempt quantifying the life-cycle water pollution by

global energy demands whose results lay foundation for
further studies upon required data are available.

3 Results

3.1 Global energy demands’ GWF

In 2009, global final energy demands GWF amounted to
9.01 km3, which is to say 9.01 km3 of freshwater was
required to dilute all the water pollutants produced
throughout the life-cycle processes to meet the global
energy needs.
It can be seen from Fig. 1, besides USA and Japan, GWF

of final energy demands was the highest among BRIC
countries in 2009, i.e., Brazil (0.45 km3), Russia (0.30
km3), India (0.79 km3) and China (1.45 km3). This maybe
correlated to lax regulations in developing countries
compared to the developed ones. Large amounts of GWF
were also generated by final energy demands in the USA
(1.19 km3) and Japan (0.51 km3), which can be explained
by their citizens’ more affluent living standards. It should
be noted that the aggregated GWF of energy demands of
the Rest of the World was still slightly below that of China,
at 1.41 km3.
Malta’s final energy demands generated the lowest

GWFs at 0.50 �106 m3 in 2009, followed by Luxem-
bourg (1.74 �106 m3), Cyprus (3.32 �106 m3), Estonia
(4.06 �106 m3) and Slovenia (6.73 �106 m3).
To consider the equality among different societies, it is

important to also look at the per capita value of final
energy demands’ GWF. When population is taken into
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consideration, the pattern reversed significantly. It can be
seen from Fig. 1 that countries in Europe and North
America have the largest GWF for final energy
demands per capita. The top 5 countries were Lithuania
(12.72 m3/capita), the Netherlands (9.68 m3/capita), Fin-
land (8.91 m3/capita), Canada (7.96 m3/capita) and
Hungary (6.64 m3/capita). On the contrary, developing
countries with large populations ranked among the bottom.
The bottom 5 countries were Indonesia (0.24 m3/capita),
Mexico (0.37 m3/capita), Turkey (0.61 m3/capita), India
(0.65 m3/capita), and China (1.09 m3/capita).

3.2 Sectoral distributions by both origin and destination

Three economic sectors in the WIOD are considered
related to energy provisions in this study: ‘mining and
quarrying (MQ)’, ‘coke, refined petroleum and nuclear fuel
(CPN)’ and ‘electricity, gas and water supply (EGW)’.
Globally, MQ required the largest GWF at 4.80 km3

in 2009 while EGW required the least amount of GWF
(1.93 km3). Final demands in the CPN sector required
2.37 km3 of GWF.
The upper diagram in Fig. 2 demonstrates different

countries’ energy demands GWF in the three sectors. From
the consumer perspective, MQ, CPN, and EGW respec-
tively required the largest amount of GWF in USA
(768.94 �106 m3), India (371.54 �106 m3) and China
(598.89 �106 m3).
From the producer perspective, to support global energy

demands, the largest amount of GWF was generated in
BRIC countries for all three energy sectors. For global
demands in MG, 1.03, 0.45 and 0.22 km3 of GWF was
generated in Russia, China and India respectively. CPN

demands generated 0.50, 0.43, and 0.29 km3 of GWF in
India, Brazil, and Russia (followed by 0.26 km3 in China).
The top 3 countries generating the largest GWF for global
EGW were China (0.63 km3), Russia (0.21 km3), and India
(0.20 km3).

3.3 External GWF of national energy demands and
corresponding GWF transfers

Through importing energy products, countries and regions
can outsource their water pollution to other places and thus
give rise to water-quality-induced water stresses beyond
their territorial boundaries. According to our quantification
as demonstrated in Fig. 3, a few small European countries,
i.e., Cyprus, Greece, Luxembourg, and Malta, completely
depended on other countries to assimilate water pollutants
discharged to meet their energy demands, so did many
other developed countries and regions in Europe and Asia
(South Korea and Japan). India and Brazil had external
GWF smaller than 20%, thus they were more self-
sufficient than any other country.
However, looking at the absolute values, USA, China,

Japan, Italy, and South Korea outsourced the largest
amounts of GWF to other countries (731.24, 528.30,
469.76, 342.26, and 288.43 �106 m3). Three East Asian
countries stand out in this category. Unsurprisingly, even
though Cyprus, Luxembourg, and Malta completely
depended on external GWF, the absolute amounts of the
GWF generated to meet their final energy demands were
quite small, at 3.32, 1.73, and 0.50 �106 m3.
When we look at the specific GWF transfers between

countries as in Fig. 4, it is surprising to find that, except for
the USA outsourcing 100.20 �106 m3 of GWF to its

Fig. 1 National (per capita) Energy Demands GWF.
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neighboring country Canada, the other top five GWF
transfers were all transferred from Russia, to Italy (148.46
�106 m3), Germany (92.78 �106 m3), France (85.89 �106

m3), and China (72.91�106 m3). In other words, those four
countries all outsourced pollutants that required significant
volumes of freshwater in Russia to assimilate. Such results
can be explained given Russia’s position as the world’s
leading energy exporter.

4 Discussion and conclusions

4.1 Discussion

Ensuring energy and clean water for all have been
identified as two sustainable development goals (SDG2
and SDG6) by the United Nations (United Nations, 2015).
However, at times, achieving these two may be at odds
with each other (Nerini et al., 2018). While water
consumption for energy production has been brought to
the forefront of policy and scientific discussions, it is
important to also look at the water quality degradation
induced by the energy sector.
According to our quantification, three BRIC countries

(China, India, and Brazil) and two of the world’s largest

economies (USA and Japan) generated the largest GWFs
to meet their final energy demands. It can be explained by
either their relatively large energy demands (USA and
Japan) or lax in related environmental regulations (BRIC
countries). However, China and India both ranked very
low in terms of per capita energy demands GWF. Countries
in Europe, i.e., Lithuania, Netherlands, Finland, required
the largest per capita GWF for their energy demands.
Populous countries like India and China require large
amounts of GWF for their final energy demands due to
their significantly larger populations. Looking at the per
capita values addresses inter-country development inequal-
ities and the different affluent levels of people’s living
standards.
Due to global trading activities, energy demands in one

country/region led to water pollution beyond its bound-
aries. Over half (56.9%) of the global GWF for energy
demands, at 5.18 km3, were used for trading activities.
USA, China, and Japan, the world three largest economies,
have outsourced the largest amounts of water pollution to
other countries for their respective energy demands,
requiring external GWF of 731.24, 528.30, and 469.76
�106 m3. On the contrary, BRIC countries, Russia, China,
India, and Brazil, together with Canada were the top 5
GWF exporters. 1244.93, 424.56, 263.51, 187.83, and

Fig. 2 Sectoral distribution of energy demands GWF by destination and origin country/region.
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170.59 �106 m3 of GWF was generated in Russia, China,
India, Canada, and Brazil, respectively, to support energy
demands beyond their boundaries. Especially in develop-
ing countries, environmental regulations are relatively
loose. It is important for those countries to recognize such
environmental externalities and factor them into the prices
of traded energy products. Holland et al. (2015) quantified
that 18.31 km3 of freshwater is consumed annually for

global energy demands. We estimated that approximately
another 10 km3 is needed for the dilution of the water
pollutants discharged throughout the life cycle of those
energy demands.
Although GWF is a useful indicator that unifies water

quality and quantity indicators and enables the comparison
of different water pollutants (Pellicer-Martínez and
Martínez-Paz, 2016), it should be noted that significant

Fig. 3 External GWF for national energy demands.

Fig. 4 International GWF transfers for final energy demands.
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uncertainties exist in terms of GWF accounting. First,
GWF accounting varies substantially due to different
selection criteria of water quality standards as well as water
pollutants (Mekonnen and Hoekstra, 2015). Moreover,
estimating GWF often uses a single pollutant, nitrogen in
most cases, but other pollutants in the discharged waste-
water might need larger amount of freshwater to dilute (Liu
et al., 2017). Lastly, validation of GWF accountings is
difficult since direct measurement is not possible (Liu et
al., 2012). Therefore findings of international Grey Water
footprint studies should be interpreted qualitatively rather
than quantitatively. Another limitation of this work is the
relatively coarse sector classification in the WIOD
database and we did not disaggregate the three energy-
related sectors due to data paucity, especially on a global
level. Nonetheless, this study marks the first study which
quantifies global energy demand’s impact on water quality.
Finally, although 2009 is the latest year for which global
gray water use data are available, future research should be
carried out upon more updated data becoming available.

4.2 Conclusions

With a Multi-Regional Input-Output model, we for the first
time quantify water degradation induced by global energy
demands using the indicator grey water footprint (GWF).
According to our quantifications, global energy demands
in 2009 have generated water pollutants that needed
9.1 km3 of freshwater to assimilate to permissible
concentrations in the environment. The largest GWF was
generated in BRIC countries to support global final energy
demands. Because of global trading activities, on a global
average, 56.9% of GWF for energy demands was
generated beyond national boundaries. Energy demands
in the global north are inducing water pollutions in the
global south.

Appendix Detailed sectoral classification
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