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H I G H L I G H T S

• We analyzed virtual water transfers of the WEET project in China.

• We propose the virtual water transfer loss and water substitution ratio metrics.

• A total of 2.4 km3 of virtual water was transmitted eastward in China in 2017.

• The water footprint of the WEET project may double by 2030.

• Water resources sustainability is affected by energy developments in western China.
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A B S T R A C T

Electricity is an important output of the global energy system. Large amounts of water can be consumed in the
process of producing electricity. This article focuses on how that water is virtually transferred from power-
generating regions to electricity-consuming areas. We propose two metrics, i.e., water substitution ratio and virtual
water transfer loss, to assess the efficiency of water use for power generation and virtual transmission of water
through the power transmission system, respectively. These metrics are used to estimate the effects of the
West–East Electricity Transmission project in China on the water resources used in power-generating regions.
Results show that the electricity delivered by the project increased from 228 TWh in 2008 to 683 TWh in 2017.
With the construction of wind and solar energy projects, the growth rate of virtual water was slightly slower than
that of the electricity transmitted. In 2017, 2.4 km3 of virtual water was transmitted eastward. The corre-
sponding virtual water transfer loss throughout the transmission system was approximately 100 million m3. We
estimate that the virtual water footprint of the project will exceed 4.4 km3 by 2030, which may affect the
sustainability of water resources and the ecological environment in western regions of China.

1. Introduction

Energy and water have a close relationship and are highly code-
pendent. Water is directly or indirectly required for most types of en-
ergy exploitation and conversion [1], whereas energy is essential for
water extraction, processing and utilization. These interactions have
gradually attracted worldwide research attention and are termed the
water–energy nexus [2]. Intensive human activity has been exerting in-
creased pressure on the natural water system, as water is increasingly
flowing into the social water cycle [3]. Electricity is an important
component of the global energy system, accounting for approximately

40% of the global primary energy consumption [4]. Economic devel-
opment, population growth and innovations that lead to increased
electrification indicate a rapid and sustained growth of global elec-
tricity demand [5]. With the rapid increase in electricity demand, de-
mand for water will also significantly increase in some regions and
challenge their progress toward sustainable development [6].

China’s energy production and consumption have been growing
rapidly owing to the country’s extensive economic growth and urba-
nization. In 2017, China’s energy consumption increased by more than
3%, a growth rate much higher than the global average [7]. In 2019,
the International Energy Agency projected that developing economies,
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especially China, will account for the largest share of global electricity
demand growth in the future [8]. In China, the distribution of energy
resources is uneven and does not match the spatial distribution of en-
ergy demand [9]. While coal reserves are primarily distributed in the
western and northern regions, with 69% of coal resources concentrated
in three northwestern provinces—Shanxi, Shaanxi, and Inner Mon-
golia—and 70% of hydropower resources located in the southwest
owing to abundant rainfall there [7], the majority of energy demand is
concentrated in the economically developed eastern coastal areas,
where few natural energy resources are available. Therefore, large
amounts of coal have been transported to eastern areas to generate
power, aggravating environmental problems in areas already afflicted
by haze pollution [10].

In 2001, China officially launched the West–East Electricity
Transmission (WEET) project to reduce demand for coal and alleviate
negative environmental impacts in the eastern coastal areas [11]. The
project aimed to utilize China’s coal and water resources in the
Northeast, Northwest, and Southwest regions to generate electricity and
transmit it to the eastern coastal areas. Existing research has evaluated
the energy [12], economic [13], societal [14] and environmental effects
[15] of this project. However, considering the water required by the
energy industry, the question of whether China will have sufficient
water resources to sustain its energy development has gradually be-
come a priority for researchers and policymakers [16].

A significant volume of water is required to produce power. In ad-
dition, the extraction of fossil energy sources, such as coal [17] and oil
[18], consumes large amounts of water and generates large volumes of
contaminated wastewater [19], causing damage to water systems [20].
Accordingly, many studies devoted to water constraints in energy
production have been conducted [21]. According to Spang et al. [22],
about 52 km3 of fresh water is consumed annually for global energy
production. From a lifecycle perspective, water is required at all stages
of the generation process, including the manufacture of electricity-
generating equipment, the construction and operation of energy facil-
ities, and the fuel supply chain [23]. As a generally accepted indicator
of water use, water footprint provides a basis for quantifying the impact
of human activities on water resources associated with a given product
[24]. Mekonnen et al. [25] estimated that the global annual con-
sumptive water footprint of electricity and heat is 378 km3. Some
scholars have focused on regional or national electricity water foot-
prints, especially in the United States [26] and China [27]. Fulton and
Cooley [28], for instance, found that the water required for energy
production in California increased by 260% between 1990 and 2012.
China’s water demand for energy production is also increasing [29].
Virtual water is another relevant indicator related to the effects on water
resources associated with a product and expresses the water embodied
in a product that is transferred across regions as the product circulates
or is traded [30].Based on their analysis of virtual water transfers as-
sociated with the U.S. power grid, Chini et al. [31] found that in 2016,
11.2 km3 of water was transferred through electricity transmission. Gao
et al. [32] found that a large volume of virtual water embodied in en-
ergy products was transferred from the water-scarce northern and
western areas to the relatively water-rich, southeastern areas of China.
Liao et al. [33] found that nearly half of the power sector’s water use
was virtually transferred across provinces in this manner. Because of
physical water scarcity and increased water transfer, water-dependent
sectors may experience economic losses as their water scarcity risk in-
creases [34]. The risk of water shortage faced by energy-exporting areas
has attracted the attention of researchers. Wang et al. [16] quantified
the water scarcity risk arising from China’s interregional electricity
transmission and the population affected by it. Meanwhile, Zhang et al.
[35] investigated the evolution of virtual water embodied in electricity
transmission from western to eastern regions. These studies focused
mainly on the water footprint of thermal power generation, neglecting
the fact that hydropower plants, owing to evaporation in reservoirs,
may have a larger water footprint than thermal plants [36]. A deeper

understanding of the water footprint of hydropower plants and its
transfer along with the footprint of other power generation sources and
their transfer throughout the power grid is therefore necessary. This is
particularly important in the case of China owing to existing and
planned large-scale transregional power transmission projects. In ad-
dition, while water footprint has mainly been used as a tool for quan-
tifying water use associated with a product or service, there are few
studies on the efficiency of virtual water transfer. Note that making
water footprint and virtual water transfer useful in water resource
management is still an open problem worthy of consideration [37].

This paper focuses on elucidating the manner and efficiency of the
transfer of the water footprint of the power sector across regions as the
power generated in one region is transmitted to other regions. Herein,
we introduce a method for assessing virtual water transfer and effi-
ciency within power transmission networks. The method builds on in-
depth studies of various theoretical approaches proposed to estimate
water footprint and virtual water. The goal is to assess the virtual water
transfer and efficiency of the WEET project in China. The remainder of
this paper is structured as follows: Section 2 presents the concepts on
which this study relies, particularly the virtual water transfer loss and the
water substitution ratio (and difference), which are introduced in this
paper; Section 3 describes the data used and their sources; Section 4
presents our results on the water footprint, virtual water transfer loss,
and water substitution ratio of the WEET project in 2008 and 2017, as
well as a projection of the virtual water transfer of the project in 2030;
Section 5 discusses the findings; finally, Section 6 summarizes the
findings and suggests possible areas of future research.

2. Methods

2.1. Water footprint

Almost all goods and services (directly or indirectly) use water, and
the corresponding water footprint quantifies the amount of water used
to produce and use them [24]. Industrial production, especially some
types of electric power generation, requires significant amounts of
water. Virtual water is embodied in the electricity supplied throughout
the entire electricity supply chain, from power generation to trans-
mission, distribution, and the final consumption of the electricity pro-
duced. Estimating the water footprint of power generation is therefore
necessary for assessing the virtual water transferred and lost in a power
transmission network.

According to the Water Footprint Network (WFN) [24], water
footprint can be classified into green, blue, and grey. Green refers to the
consumption of rainwater and is associated specifically with water used
in agriculture; blue refers to the consumption of surface and ground-
water; and grey refers to the water required to assimilate pollutant load
according to water quality standards. Water is not only used directly in
a production process but is also associated with the production and
supply of the raw materials used therein [38]. To evaluate the total
consumption and virtual transmission of freshwater resources by the
WEET project, this study relies on estimates of both direct and indirect
blue water footprints of electricity production.

2.2. Dualistic natural–social water cycle and the water substitution ratio

Water not only supports the ecological and environmental systems
but also the socioeconomic development of human society. The in-
tensification of human activity has caused profound changes in the
natural water cycle [39]. This includes the interference that water in-
take has on surface and groundwater flow, the interconnected water
network formed by artificial excavation, and the discharge of sewage
into natural water systems [40]. In particular, the increasing demand
for food and energy and the intensification of some industrial processes
has increased demand for water [41]. Wang et al. [3] developed the
dualistic natural–social water cycle theory to describe and study the
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complex interactions between the natural and social water cycles. Ac-
cording to their theory, the water footprint and virtual water transfers
through physical products or processes (e.g., electricity transmission)
can be considered a part of the social water cycle, as shown in Fig. 1.

By importing products instead of making them locally, the import
area reduces local water consumption and virtually moves the pressure
on water resources to the export areas. Because of technological and
geographical differences, the water intensity of a certain production
process may significantly vary across regions. Using the concept of
water footprint and virtual water transfer, we can evaluate the impacts
of cross-regional trade from the perspective of water-resource utiliza-
tion efficiency. Inspired by the dualistic natural–social water cycle
theory, we define two metrics to express the efficiency with which one
type of product (herein, electricity) is produced by a producer in one
location (referred to as the sender) to substitute the same type of pro-
duct made and consumed locally in another location (referred to as the
receiver).

Let cR be the amount of product P used by receiver R that can be
substituted by an amount cS ≥ cR of the same product P produced by
sender S and transferred from S to R:

= = −c c η c ϕ· ·(1 )R S S R S S R, , (1)

where ϕS R, ( ⩽ ⩽ϕ0 1S R, ) is the transfer loss rate of product P from
sender S to receiver R, and = −η ϕ(1 )S R S R, , ( ⩽ ⩽η0 1S R, ) is the effi-
ciency of transferring product P from sender S to receiver R. We define
the water substitution ratio (μP

w( )) and water substitution difference (dP
w( )),

both related to sender S making product P to substitute its production
by receiver R, as follows:

= = = =
−

μ w
w

q c
q c

q
q η

q
q ϕ

·
· · ·(1 )P

w S

R

S S

R R

S

R S R

S

R S R

( )

, , (2)

= − = − = −

= − −

d w w q c q c c q q η

c q q ϕ

· · ( · )

[ ·(1 )]
P

w
S R S S R R S S R R S

S S R S R

( )
,

, (3)

where wS is the water footprint from the production of an amount cS of
P by sender S and qS is the water footprint per unit of P produced by
sender S; wR is the theoretical water footprint from a hypothetical
production of an amount cR of P by receiver R and qR is the theoretical
water footprint per unit of P hypothetically produced by receiver R, if R
needs to make P locally instead of importing it from S. Note that owing
to the technological and geographical differences in the production of
P , qS can be smaller, equal to, or greater than qR, which indicates that
the water intensity of product P produced by sender S is lower, equal to,
or higher than that of product P hypothetically produced by receiver R,
respectively.

The water substitution difference dP
w( ) represents the difference be-

tween the water footprint from the production of an amount cS of P by S
and the theoretical water footprint from a hypothetical local production
of an amount cR of P by R. Note that the water substitution ratio μP

w( )

and water substitution difference dP
w( ) satisfy the following relation-

ships:
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The relationships in (4) indicate that the water footprint embodied
in P produced by S and transferred to be consumed in R can be re-
spectively smaller, equal to, or larger than the theoretical water foot-
print of P hypothetically produced by R. In each of these cases, the sign
of the water substitution difference and, correspondingly, whether the
water substitution ratio is lower or greater than 1, will depend on two
effects that are embedded in equation (2). The first effect is the relative
per-unit water footprint of P when it is produced in S and in R (q q/S R);
the second is the relative amount of P that needs to be produced if it is
produced in S or in R (c c/S R). When the water substitution difference is
lower than zero, it is more attractive, from the perspective of water
consumption, to produce P in S and transfer it to R rather than produce

Fig. 1. Water transfer and losses embodied in electricity transmission.
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it in R. This will happen when the per-unit water footprint of P pro-
duced in S is lower than in R ( <q qS R) and the loss rate of the transfer
process from S to R is not large enough to outweigh the gains from the
difference between the two per-unit water footprints. When the water
substitution difference is zero, it is indifferent, from the perspective of
water consumption, to produce P in either S or R. This may happen
when the per-unit water footprints are the same in S and R ( =q qS R)
and there are no losses when P is transferred from S to R ( =c cS R,

=ϕ 0S R, ), or when the gains from having a lower per-unit water foot-
print in S compared to R is outweighed by the loss rate of the transfer
process. Finally, when the water substitution difference is greater than
zero, it is less attractive to produce P in S than in R, again, from the
perspective of water consumption. This will happen when the per-unit
water footprint of P produced in S is greater than in R ( >q qS R), or
when the gains from having the per-unit water footprint of P produced
in S lower than or equal to the per-unit water footprint of P produced in
R ( ⩽q qS R) are outweighed by a large loss rate in the process of
transferring P from S to R.

2.3. Virtual water transfer and loss over electricity transmission

In addition to the metrics introduced above, we introduce the fol-
lowing formal descriptions of virtual water transfer and loss across the
electricity transmission process.

Assume that there are m senders and n receivers in the electricity
transmission network. The water footprint of the electricity generated
by sender i (i = 1,2,…,m) is expressed as follows:

∑= ×w q ci
j

i j i j, ,
(5)

where wi is the water footprint (m3) of the electricity generated by
sender i; ci,j is the amount of electricity generated by sender i (kWh)
from power plant j, which can be a thermal, hydro, wind, or solar power
plant; and qi,j is the water footprint per unit of electricity (m3/kWh)
generated by sender i from power plant j.

Let = ⋯w w wW [ , , , ]m
T

1 2 be a vector of water footprints, where wi,
the water footprint of the electricity generated by sender i, is as defined
above. In addition, let = ⋯r r rR [ , , , ]n

T
1 2 be a vector of the virtual water

received by the n receivers, and = ⋯l l lL [ , , , ]n
T

1 2 be a vector of losses of
virtual water during the transfer process to the n receivers. The

following constraint should be observed:
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Let us further define:

=R A WR
T (7)

and

=L A WL
T (8)

where

= ° −× × ×a ϕA J[ ] ( [ ] )R ij m n m n ij m n (9)

is the virtual water delivery matrix,

= °× ×a ϕA [ ] [ ]L ij m n ij m n (10)

is the virtual water transfer loss matrix, and

=ϕ f p h( , )ij ij ij (11)

In equations (9)–(11) above, aij is a non-negative coefficient re-
presenting transfer from sender i to receiver j, with ∑ =a 1

j
ij ; ×Jm n is an

all-ones matrix; ϕij ( ⩽ ⩽ϕ0 1ij ) is the loss rate of electricity transmis-
sion from i to j that can be estimated as a function of pij and hij, where

⩾p 0ij is the transmission power (GW) from i to j and ⩾h 0ij is the
transmission distance (km) from i to j.

3. Data

Three groups of data were utilized herein: power generation by
power plant and electricity trade between provinces; water consump-
tion for power generation by power plant; and interregional power
exchange and transmission data. Electricity production and trade data
are derived from the China Energy Statistical Yearbook, published by
the National Bureau of Statistics of China [7]. Interprovincial electricity
transmission data were obtained from a compilation of statistical data
from the China Electricity Council [42].

Fig. 2. China’s regional power grids, major power plants, and the transmission lines of the WEET project.
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3.1. The WEET project

The WEET project includes the construction of dams and hydro-
electric power plants, thermal power plants, and electricity transfer
routes. There are three major transfer routes, mainly structured ac-
cording to the power supply and receiving areas of China’s regional
power grids (Fig. 2), i.e., the North (N), Northeast (NE), East (E),
Central (C), Northwest (NW), Southwest (SW), and Southern (S) grids.
The administrative areas included in each regional power grid are
shown in Fig. 2. Among them are the Liaoning, Jilin, and Heilongjiang
provinces, as well as the power grid in Eastern Inner Mongolia, all of
which are part of the Northeast China grid. Although the power grid in
Western Inner Mongolia is owned by the Inner Mongolia Autonomous
Region, herein, it is considered part of the North China grid.

The north route of the WEET project includes thermal, solar, and
wind power from the Northwest, as well as thermal power from Shanxi
and Inner Mongolia. The power from this route is transmitted to the
North China grid and then mainly sent to the Beijing, Tianjin, Hebei,
and Shandong provinces. The middle route includes electricity gener-
ated in Northwest and Central China for the Central and East China
grids, including the hydropower generated from the Three Gorges Dam
and the tributaries of the Yangtze River. The south route includes
thermal power and hydropower from Yunnan and Guizhou, which are
transmitted to the southern regions of China, including Guangdong,
Guangxi, the Hong Kong Special Administration Region (SAR), and
Macao SAR.

In 2017, the WEET project’s transmission capacity reached 229.1
GW with the north, middle, and south routes contributing 79.7, 106.6,
and 42.8 GW, respectively. The cumulative power transmitted by the
WEET project was approximately 6.6 PWh. Nineteen transmission lines,
with a total transmission capacity of 133.6 GW, use high-voltage, direct
current transmission and ultra-high voltage (UHV) transmission tech-
nology. In 2018, the National Energy Administration of China indicated
that several major projects for power transmission will be launched in
the early 2020s [43]. It is estimated that by 2030, West-to-East elec-
tricity transfer will reach 540 GW [44]. This study uses the years 2008
and 2017 as references to analyze the impact of the WEET project on
water resources over the past decade.

Part of the WEET project is point-to-point direct power transfer. For
these transfers, we collected power generation and water consumption
data of the main power projects, including 50 hydro, thermal, wind,
and solar power plants (see Fig. 2 for the main power plants). In total,
the installed capacity of these power plants is 170 GW. The other part of
electricity transfer refers to conventional grid-connected suppliers, with
a variety of power sources and consumers. For the latter part of the
electricity transferred by the WEET project, we relied on provincial
power structure data from the China Energy Statistical Yearbook.

3.2. Water footprint of power generation

The water footprint of thermal power generation varies greatly
across power plants owing to technical differences. In addition to the
per plant data previously mentioned, the unit water footprint of
thermal power considered herein refers to the average water footprint
of different cooling technologies from Zhang et al.’s water consumption
inventory of thermoelectric power plants in China [45]. For the grid-
connected part of power transmission, we rely on the provincial
average water footprints from our previous research on the lifecycle
water footprint of coal-fired power generation [9].

Hydropower plant dams retain water in large areas and lead to in-
creased evaporation and loss of water resources. Hydropower footprint
is not only affected by geographical climate and reservoir surface area
but also the installed capacity of hydropower plants [36]. Large var-
iations of water footprint have been reported by different hydropower
plants [46]. The unit water footprint of hydropower plants herein refers
to the per plant water footprint of 209 power plants in 10 major river
basins in China estimated by Liu et al.[36]. While wind and solar power
require no direct use of water to generate power, according to Me-
konnen et al. [25], the global average lifecycle (including indirect uses
of water) water footprint for solar and wind energy production are 0.18
and 7.2 × 10−4 m3/MWh, respectively. Table 1 summarizes the water
footprint per unit of energy for different energy sources of electricity
production.

3.3. Future electricity transmission scenarios

In addition to historical power generation and transmission data, we
defined scenarios of future electricity transmission based on the power
sector development pattern projected by Zhou et al. [44] and on the
structure projected by Yao et al. [47] for future renewable energy de-
velopment. Based on Zhou et al.’s projections [44], in 2030, about 40%
of the electricity generated in China’s western regions will be delivered
to the eastern regions, with the transmission capacity from West to East
reaching 441 GW and the annual power transmission reaching 1889
TWh. Concerning renewable sources, we rely on the China clean energy
development policy [48] to define three clean-energy growth scenarios
(Table 2): low-growth (Low Clean); moderate-growth (Moderate
Clean); and high-growth (High Clean). The shares of wind and solar
power in the total power generated in the Low, Moderate and High
Clean scenarios are 12%, 24%, and 36%, respectively. Total annual
power transmission was assumed to be the same in the three clean-
energy growth scenarios.

The water footprints per unit of energy in 2030 are projected to be
the same as those presented in Table 1. Considering advances in water-
saving technologies, we used the lower value for thermal power plants
in Table 1 as the water footprint per unit of energy of newly constructed
thermal power plants.

3.4. China’s power generation and interregional power exchange

In 2017, the total national power generation was 6.5 PWh, an in-
crease of 88% over the total power generated in 2008. The development
of thermal power generation in China has slowed down since 2013, in
contrast to the boom in renewable energy development. Nevertheless,
thermal power generation remains the main electricity source in China

Table 1
Water footprint per unit of electricity generation by energy source.

Energy source Water footprint per unit of
electricity generation (m3/MWh)

Reference

Thermal power 1.81–4.97 Zhang et al. [45], Zhu
et al. [9]

Hydropower 0.04–15257 Liu et al. [36]
Solar (Photovoltaics) 0.18 Mekonnen et al. [25]
Wind 7.2 × 10−4 Mekonnen et al. [25]

Note: (1) In addition to per plant data, the unit water footprint of thermal
power also refers to the average water footprint of different cooling technolo-
gies for thermoelectric power plants in China; (2) the unit water footprint of
hydropower plants refers to the per plant water footprint of 209 hydropower
plants in 10 major river basins in China.

Table 2
Energy structure scenarios for the WEET project in 2030.

Scenario Thermal power Hydropower Wind power Solar power

Low Clean 60% 28% 7% 5%
Moderate Clean 48% 28% 14% 10%
High Clean 36% 28% 21% 15%
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and accounted for 71% of the total electricity generated in 2017.
Compared with 2008, thermal power generation has increased by 66%.
Meanwhile, the development of cleaner energy sources, such as hy-
dropower and nuclear power plants, has increased by 1.1 and 2.6 times,
respectively. Compared with other energy sources, wind power has
developed the most rapidly. China’s wind power generation reached
295 TWh in 2017, an increase of 21.6 times over the wind power
generated in 2008.

China’s power generation capacity and electricity demand have
grown unevenly. The growth of power generation exhibits strong re-
gionality and is defined by regional power demand and the availability
of power generation resources (Fig. 3). Energy-rich regions have wit-
nessed the fastest growth in power generation. Over the past decade,
power generation in the energy-resource-rich Southwest and Northwest
regions has increased by 120% and 190%, respectively. In Northeast
and Central China, which are regions with less energy resources, the
increase in power generation was smaller, at only 57% and 49%, re-
spectively, in a decade. With the continuous development of the WEET
project, the volume of interprovincial power exchange is expected to
continue to grow. In 2017, China’s interprovincial power transmission
almost tripled over the previous decade, reaching 1130 TWh.

4. Results

4.1. Water footprint and virtual water transfer losses of the WEET project

In 2008, the power transmission capacity from West to East reached
63.2 GW and 228.1 TWh of electricity was transmitted from the western
regions to the eastern. The north, middle, and south routes transported
86.3, 50.4, and 91.4 TWh of electricity, respectively.

The electricity over the north route was mainly transported from
Shanxi, Inner Mongolia, Liaoning to Hebei Province, and then for-
warded to Beijing and Tianjin. Electricity sent by Shanxi and Inner
Mongolia accounted for 71% and 22% of the north route, respectively.
As shown in Fig. 4(a), the electricity transported along this route was
mainly thermally generated, and the total water footprint was 172.6
million m3.

In 2008, electricity from hydropower transported from Hubei to
Shanghai, Jiangsu, and Jiangxi accounted for 85% of the power trans-
mitted by the middle route. The water footprint of the electricity
transferred by the middle route to central China was approximately
317.8 million m3. The south route mainly includes the transmission
lines from Guizhou, Yunnan, and Hubei to Guangxi and Guangdong.
The power generated in this part of the WEET project was from a mix of
hydropower and thermal power, with an annual water footprint of
about 413.4 million m3. In 2008, a total water footprint of 903.8 mil-
lion m3 was transferred from West to East. The average transmission-
line loss of the WEET project in 2008 was about 2.6%. Because of the
power loss over transmission, the annual virtual water transfer loss was

29.2 million m3.
With the implementation of several UHV projects, the power

transmission capacity from the western to eastern regions tripled in a
decade. As shown in Fig. 4(c), the project expanded westward. By 2017,
more provinces had joined the project, including Sichuan, Gansu, and
Xinjiang. The power transmission distance also increased significantly.
The national power transmission capacity from western to eastern re-
gions reached 221.1 GW by the end of 2017, and a total of 682.5 TWh
of electricity was transmitted to the eastern regions during that year.

The north route transported 240.9 TWh of electricity to North
China, an increase of 2.8 times over that of 2008. Inner Mongolia was
still the main exporter, accounting for 38% of the electricity transmis-
sion along the north route. Meanwhile, the electricity exports from
Shanxi, Liaoning, Ningxia, and Shaanxi also significantly increased.
Notably, Shanxi’s electricity transmission reached 67.5 TWh in 2017,
an increase of 260% compared with that in 2008. The rapid develop-
ment of wind and solar energy in the Northwest has changed the mix of
the power transported in terms of energy sources, whereas the pro-
portion of clean power carried by the north route increased sig-
nificantly. The annual water footprint of the electricity transported
along the north route was 276.1 million m3 in 2017.

In 2017, more hydropower was transported from Sichuan and Hubei
to the central and eastern regions. The two provinces exported 110.1
and 39.3 TWh of electricity, respectively, accounting for 47% and 17%
of the total power transmission of the middle route. In addition,
Xinjiang, Ningxia, and Shaanxi in the Northwest also began to transmit
thermal power and clean energy to Southwest and Central China. A
total of 7.8 million kWh of electricity was delivered from the
Northwest, accounting for 34% of the electricity received from the
middle route. The total water footprint of the middle route was
1.05 km3, of which, 91% was the hydropower water footprint.

Guangdong is the main importer along the south route. In 2017, a
total of 206.5 TWh of electricity was transmitted to Guangdong from
the Yunnan, Guizhou, Hubei, and Guangxi provinces. As a relay station,
Guangdong sent 17.1 TWh of electricity to Hong Kong SAR and Macau
SAR. The total water footprint of the south route was 1.07 km3, of
which 97% was the hydropower water footprint. Yunnan is one of the
major exporters of electricity on the south route. In recent years,
Yunnan’s clean energy, especially hydropower, has developed rapidly
and the construction of power transmission lines in the province was
the fastest in China. By the end of 2017, the maximum power trans-
mission capacity from Yunnan to the eastern regions reached 28.7 GW.
Moreover, the annual electricity transmission to the East was 125 TWh,
corresponding to 60% of the electricity transmitted by the south route
and was seven times the power transmitted in 2008.

The annual virtual water transferred by the WEET project totaled
2.4 km3 in 2017, an increase of 2.7 times over 2008. Note that the water
footprint growth was slower than power transmission during this
period. This was mainly due to changes in the mix of energy sources,
especially the rapid increase in wind and solar power with a much
smaller water footprint per unit of electricity than thermal and hy-
dropower. In addition, with upgraded technology, the water footprint
per unit of electricity of thermal power has also reduced.

In 2017, the average transmission-line loss of the WEET project was
about 3.7% and the annual virtual water transfer loss was 98.3 million
m3. The virtual water loss per unit of electricity increased from 128 m3/
GWh in 2008 to 144 m3/GWh in 2017. The transmission lines from
Sichuan to Shanghai had the largest virtual water loss, amounting to
425 m3/GWh. In addition, the unit water loss from Hubei and Sichuan
to Shanghai, Jiangsu, and Zhejiang exceeded 350 m3/GWh.
Consequently, the middle route had the largest virtual water transfer
loss among the three transmission routes, which we estimated to be
58.6 million m3 in 2017.

Fig. 3. China’s regional electricity generation and interprovincial power ex-
change in recent years.
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4.2. Water substitution ratio

With electricity transmission by the WEET project, water resources
and consumption in the electricity-exporting and importing regions
have been virtually redistributed. We analyzed the water substitution
difference and water substitution ratio of each transmission line of the
WEET project.

With the increased transmission of electricity across regions, the
self-produced power in electricity-importing areas is reduced and the
water resources of the importer are conserved. At the same time, water
consumption in the electricity-exporting areas increases. We analyzed
the water footprint of power generation in each region with and
without the WEET project. The regional water substitution differences

and water substitution ratios of different transmission lines are shown
in Fig. 5. As defined previously, water substitution difference represents
the difference between the water footprints of a power exporter and
importer, with the water footprint per unit of power generated being
influenced by both power plant type and water intensity. As shown in
Fig. 5, the transmission of electricity from Northwest to North, North-
west to Central, North to North, and Southwest to Central exhibits
negative water substitution differences. From the perspective of water
consumption, these negative water substitution differences suggest that
generating the power at the sender region may be more attractive than
at the receiver. However, the water substitution differences for the
transmission route from the Southwest and Central regions, where
electricity generation is dominated by hydropower, are positive. These

Fig. 4. Virtual water transfer and loss in the WEET project for 2008 and 2017.
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positive water substitution differences indicate that generating elec-
tricity at the sender region and transferring the electricity to the re-
ceiver consume more water than generating electricity at the receiver
region.

In 2008, transmission lines from the Northwest to the Central had
the lowest water substitution ratio, which we estimated as 0.62. This is
due to the lower water footprint per unit of thermal power in the
Northwest. With the construction of generation facilities based on clean
energy technologies, such as wind power and solar photovoltaic, the
water substitution ratio of these regions has further improved to 0.39,
and the water substitution difference from the Northwest to the Central
was negative 64 million m3 in 2017. In that same year, the water
substitution ratio of transmission lines from the north route (NW-N, N-

N, NE-N) was less than 0.65. Because of the difference between the
water footprints of hydropower in the Southwest and thermal power in
the Northwest, the water substitution ratio from the Northwest to the
Southwest was 0.16.

4.3. Projection of virtual water transfer through the WEET project in 2030

China’s economic development heavily relies on energy. The in-
crease in living standards also heralds an increase in electricity demand.
At the end of 2018, China's National Energy Administration announced
that it was starting to plan nine electricity transmission projects with a
total transmission capacity of 57 GW. It is estimated that by 2030,
power transmission from West to East will reach 441 GW, which is

Fig. 4. (continued)
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nearly double the transmission capacity in 2017.
The Southwest is rich in hydropower resources, and most ongoing

hydropower projects are located there. Because of the long design and
construction time of hydropower plants, the transmission capacity to
transfer the electricity to be generated by new hydropower plants was
set at the same value in our three clean-energy growth scenarios (28%
of the total power export). The projected output of hydropower plants is
about 557 TWh, with an estimated water footprint of 3.5 km3, which is
1.8 times the water footprint of hydropower plants in 2017.

For the Low Clean scenario, thermal power is the main energy
source of electricity, accounting for 60% of the total power transmis-
sion. China’s fossil energy is concentrated in the Northwest, where
much of the future thermal power generation capacity is expected to be
installed. Under the Low Clean scenario, the water footprint of thermal
power exported from the Northwest will reach 1.1 km3, which is 2.9
times higher than in 2017. For the Moderate- and High Clean scenarios,
where the shares of thermal power are equivalent to 80% and 60% of
the share in the Low Clean scenario, respectively, we estimated annual
water footprints of 1.0 and 0.8 km3, respectively, in 2030.

All the three scenarios assume the same amount of hydropower
transmission. Therefore, the difference in total water footprint mainly
emerges from the transmission of thermal power. As shown in Fig. 6,
the Low Clean scenario, dominated by thermal power, presents the
largest total water footprint among the three scenarios. More specifi-
cally, the annual water footprint of the Low Clean scenario is estimated
to reach 4.7 km3 in 2030, which is double the water footprint in 2017.

Compared to thermal power and hydropower, the unit water footprint
of wind power and solar energy is relatively small. Therefore, the total
water footprint decreases as wind and solar power increase. Under the
High Clean scenario, the total water footprint is estimated to reach
4.4 km3 in 2030, which is about 6% less than in the Low Clean scenario.

Based on the transmission line loss rate in 2017, we estimate that
the virtual water loss over the power transmission process in 2030 to be
between 181 (High Clean scenario) and 192 (Low Clean scenario)
million m3, which is nearly double that of the current virtual water loss.

5. Discussion

5.1. Impact of power delivery on the water resources and ecosystem in the
western regions

After decades of development, the WEET project has become an
indispensable power supplier for the eastern regions of China. In 2017,
the electricity delivered by the western regions of China accounted for
38.2% of the total electricity consumed in Beijing-Tianjin and Hebei
area, 34.6% in Guangdong, and 14.5% in Jiangsu-Zhejiang and
Shanghai area. The electricity transmitted from the western regions
accounts for 21.8% of their total power generation. It has contributed
significantly to the economic development of the western regions of
China.

However, the water resources in the western regions of China are
unevenly distributed. The Northwest is rich in fossil energy resources,
but short in water resources. The annual precipitation in most areas is
less than 200 mm, resulting in severe ecological vulnerability across
China. Large amounts of water are needed for energy exploitation and
power generation. We estimate that the current amount of virtual water
from the Northwest, embodied in the WEET project, is around 300
million m3 per year. Energy development in the region is seriously re-
stricted by the lack of abundant water resources, which will further
affect the ecological and environmental security of the region. The
Northwest is also rich in wind and solar energy resources. The unit
water footprint of wind and solar power is much smaller than that of
thermal power, and thus the transmission project can considerably re-
duce the total water consumption by transmitting more electricity
generated using wind and solar energy. The development of clean en-
ergy in the region may be an effective and better way to manage and
conserve water resources while retaining the region’s ability to export
energy.

As a renewable energy source, hydropower, which is abundant in
the Southwest, is generally more environmentally friendly than fossil
energy. However, the water footprint associated with evaporation from
reservoirs is larger than that of thermal power, a resource consumption
that cannot be ignored in the process of hydropower development. With
the continuous development of the WEET project, more electricity will

Fig. 5. Water substitution difference (a) and water substitution ratio (b) of the
WEET project in 2008 and 2017. The horizontal axis denotes electricity ex-
port–import regions: NW stands for Northwest; N for North; C for Central; E for
East; S for South; NE for Northeast; and SW for Southwest.

Fig. 6. Power transmission and water footprint from West to East in 2008,
2017, and 2030.
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be delivered to the eastern regions of China. In 2030, the water foot-
print of hydropower in the Southwest will probably double.
Hydropower not only leads to the transfer of large amounts of virtual
water but also changes the natural river flow, water depth, and flow
pattern, which have a cumulative impact on biodiversity and the eco-
logical environment [49]. More research is needed to balance hydro-
power development and ecological protection.

5.2. Water loss during power transmission

Energy loss in the form of heat is inevitable in transmission net-
works and is a burden in many developing countries [50]. Energy losses
can be estimated from complex nonlinear functions [51], and they exist
not only in transmission lines but also in transformer modulators and
substations. This study quantifies the water losses associated with
power transmission in the WEET project. As energy is lost during power
transmission, so (indirectly) is the water used to generate the lost
power. In 2017, the average water loss per unit of transmitted power for
the WEET project was 144 m3/GWh. In the increasingly complex power
grid, losses in transmission lines should be managed not only with
electric and economic goals but also to save water.

Transmission line losses are related to the operational and technical
characteristics of the electricity network [13]. We associated observed
losses in the main transmission lines of the WEET project with electric
current flows and the length of lines. Note that the same transmission
distance, losses may vary significantly owing to the operational and
technical characteristics of the lines. Taking the transmission line from
Sichuan to Shanghai as an example, when the annual average trans-
mission power increased from 1.7 to 3.7 GW, the transmission line
losses increased from 4.7% to 6.5%. Minimizing losses in transmission
lines and thus reducing the corresponding water losses could be a new
research focus for power transmission networks.

5.3. Data uncertainties and limitations

There are three main sources of data uncertainty embodied herein.
The first refers to the data used to express the water footprint per unit of
power generated. Although data on the water footprint per unit of
thermal power and hydropower generated are based on results from
research conducted on power plants in China, the corresponding data
for wind power and solar energy, owing to the lack of information
specific to power plants in China, are from research conducted at the
global level. However, as the water footprint per unit of solar power is
around 10 times smaller than that of thermal power, and wind presents
an even smaller water footprint, typically around 250 times smaller
than that of solar power, we believe that relying on global values for
those two water footprints has little impacts on our results.

The other sources of uncertainty are the complex parameters that
affect transmission line losses during power transmission. In fact,
transmission line losses vary according to the operating conditions of
the power network (e.g., load and node voltage) [52]. By relying on the
annual averages of transmission line losses, our results neglect the po-
tential variability of those losses. Further research exploring the effects
of that variability on water losses should be conducted to provide
seasonally or temporally adjusted water losses associated with power
transmission in the WEET project.

Finally, there are uncertainties in our assumptions of socioeconomic
development, future technologies, and policies, which were not fully
explored herein. While we simulated three scenarios with different le-
vels of penetration of clean energy, further research is needed to ex-
plore other sources of uncertainty that could affect our results, such as
alternative projections of economic development and their spatial dis-
tribution, reduced water footprint of thermal power plants, and in-
creased transmission efficiency in the WEET project.

6. Conclusion

During the last decade, China has experienced rapid changes in its
regional economy and electricity demand. The implementation of the
WEET project not only addresses electricity demand in the eastern
coastal areas of the country but also promotes the development of the
western regions. Compared with 2008, the electricity transmitted in
2017 from western to eastern regions has tripled, and along with the
increase in electricity transmission, a significant amount of water was
transferred to the eastern regions in the form of virtual water.

This paper presents estimates of the water footprint embodied in the
electricity transmitted by the WEET project. We introduce the concepts
of virtual water transfer loss and water substitution ratio (and differ-
ence) to express the productivity of the transmission process of the
project concerning water (direct and indirect) use. We found that in
2017, the virtual water transfer loss over the electricity transmission
process of the WEET project was approximately 100 million m3, about
four times that in 2008. With the socioeconomic development of the
eastern regions of China, the energy demand in these regions will
continue to increase. We estimate that in 2030, the water footprint of
the WEET project will exceed 4.4 km3, with a virtual water transfer loss
of nearly 200 million m3.

Our results also show that hydropower plants contribute a higher
water footprint per unit of power generated than thermal power, an
aspect usually neglected in similar studies. Wind and solar power have
smaller water footprints than hydro- and thermal power and increasing
their penetration in electricity-exporting regions can significantly re-
duce the total water footprint of the project in the future. The results
also show that with the projected increase in transmission distance and
power, the virtual water transfer losses through the transmission pro-
cess of the project also tend to increase. We note that improving the
efficiency of the transmission system is particularly important, not only
from electrical and economic perspectives but also as a means to con-
serve water resources in the electricity-exporting regions. Overall, the
study calls attention to the impacts that the WEET project has on water
resource sustainability and ecosystem stability in the western regions of
China. In addition, we suggest that the metrics introduced in this paper
should be considered when planning for new transmission lines in a
transregional electricity transmission project. Further research that re-
lies on these metrics can be developed to estimate virtual water trans-
fers and losses in other electricity transmission systems around the
world, leading to a better understanding of the water–energy inter-
dependencies in power transmission systems.
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