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HIGHLIGHTS

e 16% of China’s power water consumption was transferred via transmission.

e Power transmission reduces water withdrawal but increases consumption in China.
o The virtual water transfer varies greatly through the year and peaks in August.

e Water stress is shifted to the west, with Shanghai as one of the beneficiaries.
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Modern energy systems use large amounts of water for electric power production. This has important impacts on
future water management and energy system planning decisions. In this study, we quantify the physical water
use of power production and virtual water transfer via power transmission between Chinese provinces using the
information on 5408 electricity-generating units and interprovincial power transmission. We show that China’s
power production withdrew 62.7 billion m® of freshwater in 2017, of which 13 billion m® was consumed (i.e. not
returned to the original water basin but lost via evaporation, etc.). A large volume of freshwater was virtually
traded through the transmission system. Overall, 6.2 billion m® of freshwater withdrawal and 2.1 billion m® of
water consumption was traded. Nationally, power transmission reduced freshwater withdrawal but increased
consumption in China because, compared to the east, the west generally has a larger water consumption factor
but a lower withdrawal factor. Water stress was more equally distributed across provinces through power
transmission. We find large seasonal variations in inter-regional virtual water consumption transfer, with an
August peak. While the Yangtze River basin and downstream of the Yellow River basin have abundant water
relative to other basins, the many power plants located along the two rivers aggravate local water stress. These
dynamics will become increasingly important for policymakers and energy planners as China undergoes climatic

changes and a rapid energy transition.

1. Introduction

Global electricity demand grew 4% in 2018 and is already a major
driver for water stress worldwide [1,2]. Meanwhile, climate change and
water shortages have increased the sensitivity of power systems to water
availability [3], raising both research and policy concerns [4]. In 2017,
26% of global electric power was produced by China [2], with thermal
and hydropower the main contributors. Both technologies depend on
water resources and satisfying this requirement is a key component of
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energy security [5,6]. Specifically, China accounts for 29% and 28% of
the world’s thermal power and hydropower production, respectively
[7]. An assessment of the water use of the two energy technologies in
China is important for understanding the global energy-water nexus.
Across China’s border regions, especially in the South and Southwest,
power production may have impacts on transboundary water resources,
for instance across the Lancang Mekong river basin [8], depending on
what choices are made for electricity generation and cooling as these
regions develop further. The operations of hydropower dams in the
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mainstem on the Lancang Mekong Basin have effects on the downstream
water flows, generally reducing the flow during the wet season and
increasing it during the dry season [9]. Another example of trans-
boundary water resources originating in China is the Brahmaputra
River, which directly flows through three countries: China, India, and
Bangladesh, and is an important water source for the domestic and
agricultural practices in these countries [10,11]. Since the river flows
through some highly disputed areas, the potential for riparian conflicts
of interest over water resources development is significant [12]. In
China’s recently released (November 2020) China’s national develop-
ment plan, more water resources of the Brahmaputra River will be used
for hydropower generation [13]. The type of hydropower plant (i.e. run-
of-river or running with reservoirs [5]) will determine the impacts of
power generation on the water availability of downstream users inside
and outside of China. As the world’s largest carbon dioxide (CO3)
emitter [14], China promises to make efforts to be carbon neutral before
2060 [15]. This is likely to entail the large-scale use of carbon capture
and storage (CCS) which requires additional water resources [16]. This
may be used both in the power sector (which comprises 50% of China’s
emissions) and in the development of negative emission technologies
[17,18]. For the regions that lack sufficient water resources to meet the
additional water demands of CCS, the adoption of CCS can exacerbate
the vulnerability of power plants to water scarcity. A spatially explicit
mapping of power plants’ water use is essential to the trade-offs between
CO emissions reduction and water scarcity mitigation for China and the
world.

Water use is typically split into two forms: withdrawal and con-
sumption [19]. The former reflects the volume of water diverted from a
water source for use, all or part of which may be returned (but generally
at a lower quality), while the latter refers to the volume of water not
returned to the water body due to evaporation, transpiration or incor-
poration into products, i.e. water consumed always reduces the
remaining water quantity [20,21]. The cooling requirement of thermal
power production needs a significant amount of water [5,22,23]. There
are three common cooling types: 1) once-through cooling, requiring
large amounts of water withdrawal and directly returning most of that
water to its source; 2) closed-loop (wet tower) cooling in which some of
the water is consumed through evaporation (it withdraws less but con-
sumes more than once-through cooling); and 3) air cooling using air-
cooled condensers for steam cooling, which avoids evaporative water
losses [24]. Power plants with closed-loop cooling technology are large
water consumers, while plants with once-through cooling technology
are leading water withdrawers [25-29]. Previous studies showed that
57.6 billion m® of freshwater was withdrawn for thermal power pro-
duction in China in 2015 [30], approximately 9.4% of the national total
water withdrawal in that year [31]. Estimates for the annual freshwater
consumption of thermal power production in China range from 3.8 to
5.7 billion m? [30,32,33], largely depending on the assumed water
consumption factors. Hydropower was not considered in these studies
but consumes large amounts of water through reservoir evaporation [5].
Hydropower can be water-intensive depending on the reservoir area and
local evaporation rate [6,34]. Previous research indicates a wide range
for hydropower water use, from negative values (due to reservoir water
storage increasing availability downstream) to more than 115000 m>
MWh ™! [35]. In China specifically, Liu et al. showed hydropower water
use ranges of 13 to 15244 m3MWh ! [36]. Zhu et al. [37] and Liao et al.
[32] estimated that 11.5 to 14.6 billion m® of freshwater was consumed
for hydropower production in China in 2010. However, they used water
consumption factors at subnational or provincial levels, neglecting dif-
ferences in evaporation across individual reservoirs.

A further complication to understanding power-related water
dependence is that different power plants may use different types of
water resources. Four types of water can be discerned: surface water,
groundwater, reclaimed water, and seawater. Depending on the tech-
nology installed, thermal power plants have the potential to use all four
water resources, whereas hydropower uses surface water only. Without
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distinguishing these water uses, studies omit important factors for esti-
mating freshwater security. For instance, in contrast to Zhu et al. [37]
where the freshwater consumption of thermal power was not reported
separately (and which found 10.2 billion m® of water consumed in China
in 2010), Liao et al. [32] focused on freshwater and found that around
3.8 billion m® was consumed in that year.

Water is used for power production and then transmitted, virtually,
across the power transmission network. Chini et al. studied the virtual
water flows of the US electric grid, finding freshwater transfer of 11.2
billion m® in 2016 [38]. In China, around 13.7% of total national elec-
tricity was transported inter-provincially via transmission in 2011 [39],
growing to 16% in 2017 [40]. This implies an increasing amount of
water withdrawal and consumption which is serving other provinces as
where withdrawal or consumption takes place. The volume of virtual
water transfer via transmission has already raised concerns in China
[41,42]. He et al. assessed China’s virtual water transfer at the subna-
tional level, finding that virtual water transfer accounted for 9% of the
total water consumption for electricity generation in 2016 [43]. Zhang
et al. showed that the volume of virtual water transfer increased by a
factor of 1.5 between 2006 and 2016 (however, hydropower was not
considered) [44]. Zhang et al. used national average water intensities
and showed that virtual water in electricity transmission increased five-
fold between 2005 and 2014 [45]. Zhu et al. [46] analyzed virtual water
transfers of the West-East Electricity Transmission project in China and
found that 2.4 billion m® of virtual water was transmitted eastward in
2017. Previous studies have shown 1.4 billion m® of water consumption
transfer through electricity transmission among China’s six subnational
regions in 2012 [47], and 6.3 billion m® of withdrawal transfer between
China’s provinces in 2014 [41]. Wang et al. [42] looked at the impacts of
electricity transmissions on water scarcity at the river basin level rather
than provinces, and calculated changes in the water-stressed popula-
tion. Our work differs from these previous studies as follows. We
explicitly differentiate between withdrawal and consumption, and types
of cooling water used (in which particularly the differentiation between
fresh and seawater is essential). Further, previous studies did not
examine the seasonal variations in water transfer.

Virtual water transfer via power exports could reduce overall water
withdrawal and consumption for power generation in China if the
exporting region has higher water productivity or availability than the
importing region [41]. Conversely, in the opposite situation power
transmission may have negative impacts on water use. These dynamics
are rarely quantified. An identical amount of water consumption may
result in different impacts on exporting or importing regions with
different levels of water stress [48]. Zhang et al. [49] tried to link power-
related water transfer and regional water stress for China, but this study
had limitations that it was based on water use factors from studies on the
US and did not differentiate between types of water resources. Zhang
et al. [50] quantified the impact of the spatial distribution of power
generation on water consumption at a provincial level in China, indi-
cating that transferring part of power generation tasks away from water-
deficient areas could have significant impacts on the mitigation of water
scarcity. However, more detailed technical causes of water use and
transfer could not be deeply analyzed since it was not conducted at the
plant level.

We compiled a state-of-the-art database of over 5,000 power-
generating units and a model of the Chinese power transmission
network. We investigated the water use of power plants and virtual
water transfer by power transmission. Water consumption and water
withdrawal are differentiated for a better understanding of water use.
Water types (surface water, groundwater, reclaimed water, and
seawater) are also distinguished in the assessment. The extensive in-
ventory of plant information allows for a detailed analysis of the drivers
of spatio-temporal variations in water use and transfer. Besides, we
presented the impact of power production and transmission on provin-
cial water stress using a metric of ‘power-related water use to avail-
ability’ (UTA,), which is the ratio of power-related water use to regional
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water availability. Meanwhile, a counterfactual scenario was set to
assess the counterfactual UTA,;, that would be at stake if the province
would fully generate its own power, and make a comparison to the
actual UTA,, related to power consumption in a province. The difference
between actual and counterfactual UTA,, represents the contribution of
power transmission in terms of increasing or ameliorating water stress
[51]. This work represents a significant improvement to the under-
standing of the energy-water nexus across China at multiple spatial
scales and water resource levels. This work also provides a template for
similar analyses in other nations.

2. Materials and methods
2.1. Materials

Power: we include coal, gas, biomass, geothermal, nuclear and hy-
dropower. Thermal plant information included: plant name, installed
capacity, the beginning year of operation, unit type, location, operation
status, cooling system, and monthly electricity generation. Hydropower
information included: plant name, installed capacity, year of operation
start, location, operation status, reservoir area, and electricity genera-
tion. Data were sourced from the Global Coal Plant Tracker [7], World
Electric Power Plants Database [52], GRanD v1.3 [53] and Liu et al.
[36]. For the cooling system of thermal power plants, we used Google
satellite imagery cross-checked with information from the China Elec-
tricity Council [54]. We collected the installed capacity of each plant
and used the monthly provincial capacity factor to estimate the elec-
tricity generation of each plant. The provincial capacity factor was
calculated by dividing the provincial power production by provincial
installed capacity. Both provincial power production and installed ca-
pacity are provincially available data, obtained from the Chinese Na-
tional Bureau of Statistics [55] and China electric power yearbook [56]
respectively. The compiled database covered 96%, 75%, 50% and 23%
of the national installed capacity for coal, nuclear, hydropower and gas
power plants, respectively. In total, 5408 power production units were
included. The information of these units was used to assess the provin-
cial power-related water use factors and total water use.

Transmission: The power transmission data in 2017 were obtained
from the China Electricity Council [40]. These data are mostly reported
in the form of province-to-province transmission. A small amount of
transmission data are from provinces to the subnational grid. We
disaggregate them into the province-to-province transmissions based on
actual electricity transmission lines [39,57]. Monthly provincial power
transfers were obtained from the Professional Knowledge Service Sys-
tem for Energy [58]. The provinces are shown in Fig. A.1a.

Water consumption and withdrawal: We use China-specific water
withdrawal and consumption factors for power plants. Specifically,
water use factors of most coal power units were obtained from the Na-
tional Energy Efficiency Benchmarking Competition [54]. We also ob-
tained data for other power units from the inventory compiled in our
previous study [5]. Finally, some once-through cooling water with-
drawals were obtained from Zhang et al. [30], who used the monitoring
data of withdrawals for some plants with once-through cooling systems
in the Yangtze River basin (The nine river basins are shown in
Fig. A.1b). A once-through cooling system is a technically simple sys-
tem, which requires large amounts of water withdrawal and directly
returns most of that water to its source. In a closed-loop (wet tower)
cooling system, water goes through a cooling tower where some of the
water is consumed through evaporation. Closed-loop cooling generally
withdraws less but consume more water than once-through cooling. An
air cooling system uses air-cooled condensers for steam cooling and can
avoid evaporative water losses [24]. The water type was obtained from
the China Electricity Council [54] and the Power Industry Statistical
Information System [59]. For hydropower, water use was determined by
the evaporation factor and reservoir area. The reservoir evaporation
factor for each month was extracted from the Noah Land Surface Model

Applied Energy 286 (2021) 116493

[60]. Water consumption and withdrawal within basins were obtained
from the World Resources Institute Aqueduct database [61] and
adjusted for the year 2017 using China’s water use data from the Na-
tional Bureau of Statistics [31]. The provincial available water,
comprising both surface water and groundwater supply, was obtained
from the Water Resources Bulletin [62]. Appendix A discusses in more
detail how we build our database with these data sources above and
presents more specific information on each power plant. Two assump-
tions were made for water use assessment: that the water use factors of
thermal power plants and the reservoir area of hydropower plants were
assumed to be constant throughout the year.

2.2. Methods

The modeling schematic is shown in Fig. 1. We outline each step in
detail below but provide a brief overview here. First, we use individual
plant data to estimate regional water use factors. We then combine this
with data on regional power production and regional power trans-
mission, and we can assess regional water use and virtual water trans-
fers. Finally, we examine the impacts of the electric power system on
water stress.

2.2.1. Calculating the water use of power production

A bottom-up approach was used, discerning six power production
technologies: coal, gas, biomass, geothermal, nuclear and hydropower.
Wind and photovoltaic power technology were not included because
they consume negligible water. Four types of water resources were
considered: surface water, groundwater, reclaimed water and seawater.
Water use was specified as water consumption and water withdrawal.
The water use of power production can be estimated in several steps.

The first step is to estimate water use at the plant level, beginning
with thermal power:

WU; = F;+PP; (@)

In which, WU; denotes the water use of power plant i (m®); F; denotes
the water use factor of power plant i (m®/MWh); PP; denotes the power
production of power plant i (MWh). The water use of hydropower plants
is calculated as follows:

WU; = E;+A;+n;+-1000 (2)

In which, E; denotes the evaporation factor at the site of hydropower
plant i (mm/month); A; denotes the reservoir area of hydropower plant i
(kmz); n; is a dimensionless parameter to allocate the water use of a
reservoir to hydropower plant i, determined by the economic values of
the different purposes of the reservoir [36]. The water withdrawal of
hydropower is assumed to be equal to water consumption, i.e. the sur-
face water evaporated from the reservoir.

The power production for each plant is calculated as:

RPP,,,.

PP, =
CP,,

* CPr.e.i (3)
Where RPPy,,. denotes the provincial power production using
technology e in region r in month m (MWh); CP;,. denotes the provincial
installed capacity using technology e in region r (MW); CP;.; denotes the
installed capacity of plant i with technology e in region r (MW). Equation
(3) implies an assumption that in each province the power production
for each plant is proportional to the installed capacity of this plant. This
assumption is made based on the small differences in the capacity factor
across plants according to the information (described in Table A.1) on
the capacity factor of 1111 electricity-generating units in 28 provinces.
The third step is to calculate water use at the regional level:

WUm.r,e.s.u = ZWUm,r,e..s,u.i (4)

Where WU, .. s, denotes the regional water use of power production
from the power plants in the database we complied (rn3) in month m,



Y. Jin et al.

Applied Energy 286 (2021) 116493

Plant water use

Plant power production

A 4

Regional water use
factors

Regional power
production

Regional water use

\4

Power transmission

Regional virtual water
export via power
transmission (VW)

Regional water savings
due to power
transmission (WS)

Regional water loss
(WL)= VW-WS

\ 4

Regional water stress changes due to
power transmission = WL/WA

Regional water
availability (WA)

A

Fig. 1. Flow chart of the calculation process.

region r, for power production technology e; water resource type s; water
use type, i.e. water consumption vs. water withdrawal is given by u. The
power production of plants in the database is aggregated to the regional
level using:

PPpre =) PPyei )

In which, PPy, .. denotes the power production using technology e in
region r in month m from the power plants in the database we complied
(MWh); e is categorized into three types: hydropower, nuclear, and other
thermal power (not six types due to data limitations on the availability
of power production).

Then, the regional water use factor of each power-generating tech-
nology (WUF) can be obtained by dividing the total water use of plants
by their total power production in the region.

WUm.r.E, S,U

WUF 150 =
o PP e

(6)

Where, WUFy, 1. s, denotes the quantity of water of type s consumed/
withdrawn per unit of power production from technology e in region r in
month m (m3/MWh). The regional water use (RWU) of power produc-
tion can now be obtained:

RWU, 5 =Y RWUp o0 = Y WUF g0 RPPy @)

Where, RWUy,;,5, gives the quantity of water of type s consumed/
withdrawn for power production in region r in the year 2017 (m>);
RWUp, 1,5, gives the quantity of water of type s consumed/withdrawn for
power production in region r in month m (m®). The regional water use
factor of power production can be obtained for assessing the virtual
water transfer via power transmission:

RPP,,, .
RPP,,,

RWUF yp0 = > WUF et ®

Here, RWUFp, s, denotes the quantity of water of type s consumed/

withdrawn per unit of power production in region r in month m (m3/
MWh); RPP,, - denotes the total power production in region r in month m
(MWh).

RPP,,
RPP,,

RWUFy‘r.s,u = ZWUFMJ‘.(’,.‘,M. (9)

Where RWUFy, .5, denotes the quantity of water of type s consumed/
withdrawn per unit of power production in region r in the year 2017
(m>); RPP),; denotes the total power production in region r in the year
2017 (MWh).

2.2.2. Calculating virtual water transfer via power transmission
The virtual water transfer across regions can be estimated by:

VWijsu = RWUF, ;50 PTi; o

Where VW;; s, denotes the virtual water exported from region i to j
through power transmission (m>); RWUF,,; s, denotes the quantity of
water of type s consumed/withdrawn per unit of power production in
region i in the year 2017 (m®/MWh); PT;; denotes the yearly power
transmission from region i to j (MWh). Power importing regions save
water, which can be estimated by using a counterfactual where a region
does not import power but satisfies the local demand by producing
power itself using the expression:

WS;u = RWUF, ;> PT;; an
Where WS;;, denotes the water-saving in region j by importing

power (m®). The impact of power transmission on regional water use can
now be estimated:

Whisu =3 VWiisu = WS a2
In which WL;;, denotes the water loss in region j due to power

transmission (m>). A negative value of WL; s, indicates that in region j
the water-saving achieved by importing power is larger than the water
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export by exporting power, thus region j saves water through power
transmission; a positive value of WL;, indicates that there is water loss
in region j.

2.2.3. Assessing the impact of the power system on water stress

Power production is a large water user, but its impact on water use
differs across regions due to the differences in power-generating tech-
nologies. Also, regional water use already differs across the country. The
proportion of the power-related water use to the total water use is
estimated at the basin level using:

_ Z,’ WUb,u.i

WPy, = 13
b, WO 13)

Where WPy, denotes the proportion of the power-related water use
to the total water use in basin b; WUy, ,,; denotes the water use of power
plant i within basin b m>); WUy, denotes the total water use of basin b
(m®). To assess the changes in water stress caused by power trans-
mission, we use the above counterfactual method. The indicator use-to-
availability (UTAp), which is the ratio of power-related water use to
regionally available water resources [33], was used to assess the impact
of power transmission on regional water resources. Specifically, both
water consumption and water withdrawal were considered, i.e. we
calculated both CTA, (consumption-to-availability) and WTA, (with-
drawal-to-availability) using:

O S
Legend (10°m?) ~v™~,

@ Surface water  ()101 - 43

© Groundwater 226-100 o
@ Reclaimed water o 3 - 25 '
@ Seawater -0-2 "

Consumption (108 m3) _.

I 22 - 100 v

71101 - 400 ~E : .
1771401 - 870 Pl
I 871 - 1150 oo

2 Legend (10°m3) B
‘\‘é//’ ¥ 1001 - 1801

7 Withdrawal (108 m3)
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RWU
PCTA, = —— 14
T4 ="y (14)
RWU — WL
TA, = ———— 1
CCTA, Wi (15)
DCTA, = CCTA, — PCTA, (16

Where PCTA,, denotes the CTA, driven by the present power system;
CCTA, denotes the counterfactual CTA, without power transmission;
DCTA,, denotes the CTA, decrease induced by power transmission, a
positive value means provincial CTA, is reduced via power transmission;
RWU denotes the provincial water consumption for power production;
WL denotes the water consumption increased by power transmission
(eq.12); WA denotes the provincial water availability. WTA, is calcu-
lated analogously.

3. Results

3.1. Water use characteristics at the plant and national level

In 2017, 14.6 billion m® of water resources were consumed for power
production in China, comprising of 12.8 billion m? surface water, 0.23
billion m® groundwater, 0.27 billion m® reclaimed water and 1.25
billion m

% seawater. Hydropower was responsible for 68% of the surface

> 101 - 1000
> 11-100
- 0-10
/‘ﬂ:":\
| P
o ey S

r 3 I é

ope— N il s

Il 23 - 200

[ 1201-1000
[11001 - 5000
I 5001 - 22424 SR

Fig. 2. Water consumption (a, ¢) and water withdrawal (b, d) of power at the plant and province level in China in 2017. For more details of plants’ location, water

use and power output, see Appendix B.
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water consumed by power generation. Power plants using groundwater
and reclaimed water are generally situated in northern China (Fig. 2a).
In northwestern China, both direct and indirect air-cooling systems are
commonly used to save water. There are many power plants with closed-
loop cooling systems located downstream of the Yellow River basin,
which increases local water consumption. All nuclear power plants in
China are located along the coastline and use seawater for cooling. Coal
power plants comprise 4 billion m of freshwater consumption in 2017.

With respect to total water withdrawals (as opposed to consump-
tion), power production in China withdrew 62.7 billion m® of fresh-
water, which amounts to approximately 10% of the national total for all
sectors in 2017. In this study, we define freshwater as surface water and
groundwater [62]. Compared to other regions, water withdrawal in
southeastern China is much larger due to the preponderance of once-
through cooling systems at generation units, cooling systems that
require larger water withdrawals. Many of these once-through plants are
in the Yangtze river basin (Fig. 2b) and aggravate local water compe-
tition (Fig. A.2). There are heterogeneities in freshwater use of power
production across plants. 80% of power production withdrew just 10%
of the total water for power in China whereas the remaining 20%
withdrew 90%. Large water withdrawers are hydropower with large
reservoirs and thermal power plants with once-through cooling systems.

Power-related water use differs widely across provinces (Fig. 2c-d).

400

200

o

-200

-400

Water consumption export (106 m3) Q
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The top three freshwater consumers are Hunan (1.2 billion m3), Hubei
(0.9 billion m®), and Guangdong (0.9 billion m®). Hunan province is the
largest freshwater consumer due to the high water consumption factor of
hydropower. The top three freshwater withdrawers are Jiangsu (22.4
billion m3), Shanghai (5.8 billion ms), and Anhui (5.4 billion m3).
Jiangsu sees the largest freshwater withdrawal due to its large-scale
power production and wide use of once-through cooling systems. In
terms of monthly figures, July sees the largest consumption and with-
drawal in Hunan (147 million m3) and Jiangsu (2261 million m3),
respectively. Groundwater is mainly consumed in water-scarce regions:
Hebei (65 million rn3), Shandong (62 million m3), and Inner Mongolia
(25 million m®). Reclaimed water is mainly used in the northern regions:
Liaoning (65 million rn3), Hebei (36 million m3), and Beijing (35 million
m®). Seawater is used in coastal provinces such as Jiangsu, Guangdong,
and Zhejiang. From the perspective of power type, hydropower domi-
nates surface water consumption (9 billion m3), while thermal power
dominates surface water withdrawal (52 billion m3). The descriptive
statistics of electricity-generating units by region are shown in
Table A.2.

3.2. Power transmission transfers freshwater across provinces

Provinces export virtual water by exporting power and import virtual

Il Surface water B Groundwater [lllReclaimed water [lllSeawater
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Fig. 3. Net exports of water consumption (a) and water withdrawal (b) across provinces in China in 2017.

negative values designate net water import.
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water by importing power (Fig. 3). As the largest electricity importer,
Guangdong sees a virtual inflow of 0.58 billion m® in water consump-
tion, mainly by importing hydropower from Yunnan. Large volumes of
water withdrawals are exported from Anhui, where once-through
cooling systems are used for thermal power, to Jiangsu (0.55 billion
m®) and Zhejiang (0.7 billion m®) provinces. Liaoning and Guangdong
export large amounts of virtual seawater used for nuclear power plants.
Focusing on freshwater, power transmission accounts for total virtual
water withdrawal and consumption of 6.2 and 2.1 billion m®, respec-
tively. Compared with the counterfactual scenario with no interpro-
vincial power transmission, power transmission reduced national
freshwater withdrawal by 10.1 billion m® but increased consumption by
0.21 billion m?® in 2017 (Table A.3). These counterintuitive results are
caused by the differences in electricity technologies and cooling systems
between western and eastern regions. As shown in Fig. 4a-b, in Ningxia,
Sichuan and Yunnan provinces, power production is much larger than
local power demand and more than 35% of power-related water use is
exported to other provinces via power export. The proportion is less than
5% for 11 provinces, most of which are in the developed Southeastern
and Northern regions with high power demand.

Large seasonal variations exist in inter-regional water transfer
(Fig. 4). Specifically, both consumption and withdrawal transfer peaked
in August. There are two causes: first, large amounts of electricity were
transferred from southwest to south and east in summer due to the high
power demand of cooling, especially in economically developed regions,
such as Guangdong, Shanghai, Jiangsu, Zhejiang, and Beijing. In the
peak month of August, 19% of the national electric power is transferred
across provinces, 5% larger than in February. Second, higher tempera-
tures during the summer cause higher evaporation, leading to higher
water exports from hydropower plants in the southwest and central
provinces. Specifically, the median provincial water consumption factor
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of hydropower varies significantly throughout the year, with 3,355 and
21,133 m®/GWh in February and August respectively. In the peak
month, the largest exporter and importer of water consumption are
Yunnan (43 million m3) and Guangdong (76 million m3), while the
largest exporter and importer of water withdrawal are Anhui (126
million ms) and Jiangsu (147 million m3). The water export of the
central region, which does not exhibit the typical peak in August, is
determined by Hubei province. There is a trough in the water export of
the central region in August because of the decrease in power export in
Hubei province from 10.7 TWh in July to 8.4 TWh in August.

Nationally, seasonal virtual water consumption transfer is domi-
nated by hydropower, while withdrawal transfer is dominated by ther-
mal power (Fig. A.3). Yunnan, Sichuan and Hubei are large virtual
water exporters via hydropower, exporting between 264 and 329
million m® each. The top 3 transmission corridors of hydropower-related
virtual water consumption transfer are Yunnan to Guangdong (277
million m3), Guizhou to Guangdong (99 million m3), and Sichuan to
Zhejiang (79 million m3) (Fig. A.4). Inner Mongolia, Anhui and Guizhou
are large virtual water exporters via thermal power, exporting between
71 and 94 million m® each. The top 3 transmission corridors for thermal
power-related virtual water consumption transfer are Guizhou to
Guangdong (55 million m®), Anhui to Zhejiang (43 million m®), and
Anhui to Jiangsu (34 million m3) (Fig. A.5). There are considerable
flows of virtual water withdrawal among Anhui, Jiangsu, Shanghai, and
Zhejiang provinces, mainly due to the use of once-through cooling sys-
tems for thermal power. Since these provinces are within the eastern
region, their withdrawal transfers do not involve the other six regions.
The east and south are net water importers throughout the year.
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Fig. 4. Interprovincial transfer of freshwater consumption (a) and freshwater withdrawal (b). The colours show the proportions of provincial water consumption and
withdrawal of power production that are exported respectively. Monthly net transfer of freshwater consumption (c) and freshwater withdrawal (d) via power
transmission in China in 2017. A positive value means virtual water export in a region is larger than import. Provinces are classified into seven regions as in Cai et al.

[63]. The transfers of all water types are provided in Appendix B.
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3.3. The impacts of the power system on water stress

Power-related virtual water transfer through transmission networks
changes provincial water stress for both freshwater consumption
(Fig. 5a) and withdrawal (Fig. 5b). We define the water stress in terms of
the consumption-to-availability (CTA) ratio and the withdrawal-to-
availability ratio (WTA). Power transmission exacerbates issues when
the CTA or WTA is larger than in the counterfactual scenario. Overall,
water stress was more equally distributed through power transmission.
The relative standard deviations of provincial CTA (from 130% to 127%)
and WTA (from 186% to 136%) decreased through power transmission.
Yunnan province sees the largest increase in CTA with 2.2%, mainly due
to hydropower exports. In terms of WTA, power transmission appears to
be an effective way to help reduce pressures in regions such as Shanghai,
Jiangsu, and Chongqing, where WTA reduces 46%, 7%, and 5%
respectively. If Shanghai were to satisfy its power demand itself, the
freshwater demand for power production would exceed the total current
water supply, unless it were to shift to cooling systems with a lower
water intensity or that use more seawater. Anhui province contributed
to the water stress alleviation in the above regions, with a WTA increase
of 4.2%.

The environmental impact of power production depends on both
provincial water consumption and water scarcity. Provinces are classi-
fied into four categories according to provincial water consumption and
water stress index (WSI) (Fig. A.6). The provincial WSI is assessed in this
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study according to Scherer et al. [64] using annual withdrawal data, and
a WSI of 0.5 defines the threshold between medium and high water
scarcity [65,66]. For water consumption, the median value (373 million
m®) is used as the line between medium and high water consumption.
There is large heterogeneity in water scarcity across provinces. Shan-
dong, Xinjiang, Liaoning supply large amounts of freshwater for power
production even though they face severe water scarcity. Hunan and
Hubei have low water stress despite large amounts of power-related
freshwater consumption.

4. Discussion

4.1. Trends in water use and transfers of virtual water through the power
system

Several recent trends are particularly important for the electric
power system and its water use in China. First, the volume of freshwater
withdrawal for thermoelectric cooling has decreased since 2011 due to
increasing numbers of air-cooled and seawater cooled units [30,67]. As
once-through cooling systems are being phased out and replaced with
more efficient systems in terms of water withdrawal [68], the total
withdrawal for power production is expected to continually decrease.
Meanwhile, since air cooling systems are increasingly used for new
plants and there is no significant increase of closed-loop cooling plants,
thermal power plants will very likely also reduce water consumption per
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unit of electricity production in the future. In any case, water con-
sumption is mainly driven by hydropower plants and is hard to reduce
given that annual reservoir areas do not change greatly. While this study
focuses on annual water scarcity, there may be large seasonal variations,
and the impact of hydropower on water scarcity is often alleviated by
storing water in the wet season and releasing it in the dry season [6].
Second, although thermal power and hydropower still dominate power
production, renewables and their low water-intensity are expanding
quickly, especially wind power and photovoltaic (PV), with increases in
capacity of 12.4% and 34% in 2018, respectively [69]. Due to reduced
costs and decreased power curtailments, the expansion of wind and PV
in western and northern China is expected to reduce local water export
and alleviate local water stress [70]. Nuclear power is also growing, but
will not put pressure on freshwater resources as only seawater is used.

Third, despite the rapid expansion of low water-intensity technolo-
gies, there are still large uncertainties in total water use in the future due
to the growth of China’s power demand. Coal power and hydropower
generation increased by 5.3% and 3.2% in 2018 respectively [69,71].
Also, increasing hydropower production is crowding out thermal power
in many provinces, especially Yunnan, Zhejiang, Fujian, Hunan, and
Guangdong [72], which would increase water consumption. Fourth, as
part of air pollution mitigation, China began the construction of twelve
long-distance power transmission lines in 2014 [73]. These lines trans-
mit inland electricity eastwards to coastal areas [74]. Ten lines carry
mainly hydropower and coal electricity, with the other two carrying
both coal and wind power [41]. Among the twelve lines, there are eight
ultra-high voltage, all completed at the end of 2017 [56]. Nationally,
these lines are contributing to an increase in interprovincial water
transfer. The power transmission of the transmission corridor from
Yunnan to Guangdong has increased rapidly (Fig. A.7) and virtual water
transfer is expected to continue increasing. The transmission corridor
between Guizhou and Guangdong is the largest for both hydropower-
and thermal power-related virtual water transfer because of its large
amount of power production and transmission of both energy types.

Last, in recent years China has been paying more attention to
groundwater resources and has banned its use in new power plants and
units in the northern water-deficient areas since 2004 [68,75].
Combining our results with Liao et al. [76], we see that although
groundwater is still consumed for power production in the Huang-Huai-
Hai area of northern China, the volume consumed is significantly
decreasing. In the coming years reclaimed and surface water will sub-
stitute groundwater in many areas of northern China due to stricter
regulations on water use and the completion of the ‘South-to-North
Water Diversion’ project. Currently, the freshwater requirement is high
in some coastal regions such as Jiangsu, Shanghai, and Guangdong.
However, seawater use is expected to increase in these regions with the
development of seawater treatment projects encouraged by the gov-
ernment [77,78]. Although hydropower is the largest water consumer
among all energy technologies previous studies and government reports
usually neglect the technology.

4.2. Comparison with previous studies

Our estimates show that in 2017 the freshwater consumption for the
cooling of thermal power was 4.3 billion m?, falling within the range of
published values [30,32,33]. This study also examines the detailed
technical causes of water use. 54% of the coal-power units are equipped
with closed-loop cooling systems, resulting in a high level of water
consumption. As for freshwater withdrawal, Zhang et al. [30,33] found
68 billion m® in 2010 and 57 billion m® in 2015 for thermal power. Our
estimates suggest that this was further reduced to 52 billion m® by 2017.
The capacity factor is a key variable in water use assessment but has
been seldom indicated in previous studies. We show that both the me-
dian and average capacity factor of coal power units are 70% in China in
2017. Zhu et al. [37] and Liao et al. [32] estimated the water con-
sumption of China’s hydropower production, indicating water
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consumption between 11.5 and 14.6 billion m® in 2010. Both studies
were conducted at the regional level using national or provincial aver-
aged water consumption factors for assessments but did not consider the
differences in the reservoir area and evaporation rate across regions.
This study is based on plant-specific data, including evaporation factors.
The results show the large differences in the water consumption factors
of hydropower across provinces, demonstrating the importance of the
high spatial detail.

Liao et al. [41] indicated that power transmission could save 20.1
billion m® of water withdrawals nationally in 2014 due to differences in
water productivity in exporting and importing provinces, but water re-
sources were not specified. Our study distinguishes water types and we
show that power transmission saved 33 billion m® of water withdrawal
in 2017, but 69% is seawater, which would not reduce regional fresh-
water stress. The technical details show that in the western power-
exporting provinces, such as Guizhou, Sichuan and Yunnan, hydro-
power and the thermal power plants with closed-loop cooling systems
are commonly adopted, whereas the eastern power-importing prov-
inces, such as Shanghai, Jiangsu and Anhui, have more plants with once-
through cooling systems. Compared to the east, the west generally has a
larger water consumption factor but a lower withdrawal factor. Power
generation that consumes large amounts of water is often transmitted
from west to east [42], consequently reducing water withdrawal but
increasing water consumption nationally. Zhang et al. [39] estimated
virtual water transfers through interprovincial power transmission,
finding 0.6 billion m® of water consumption was transferred in 2011.
However, water consumption of hydropower was not included, which is
crucial in some province-relationships, e.g. from Yunnan province to
Guangdong province. Interprovincial power transmission was 1.6 times
higher in 2017 than in 2011 [39,40], which is also a contributor to the
increase of water transfer. Besides, previous studies were on a yearly
resolution, while our results show the variations in monthly water
transfer.

Thermal power production accounts for 45% of total water with-
drawal in the US [79] and 43% of total freshwater withdrawal in Europe
[80]. This is explained by the wide use of once-through cooling systems
using freshwater across the US and Europe [81]. In contrast, China’s
total power production is responsible for only 10% of national fresh-
water withdrawals. Though power plants with once-through cooling
systems in China account for 21% of all plants, only 48% of them use
freshwater. Furthermore, the relatively high water withdrawal in the US
and Europe may be a result of strict temperature regulations since power
plants have to withdraw more water for heat discharge in order to keep
the cooling water temperature under limits [82,83], whereas China has
only vague guidelines on water temperature [84]. It is important to note
that low withdrawal does not mean low consumption. China withdraws
much less freshwater for annual thermal power production (54 billion
m?) than the US (230 billion m®) but sees higher consumption (4.3
billion m* compared to 4 billion m? in the US) [79]. Previous research
showed that seasonal variation has a significant influence on power
demand for many countries (e.g. India, Algeria, and Germany) [85-87].
This influence can result in variations in power-related water use and
virtual water transfer. Moreover, the seasonal variations in virtual water
transfer differ across regions. Electricity and virtual water transfer peak
in the winter (due to heating demands) in Europe [88], whereas they
peak in the summer in China (due to cooling demands). For countries
like China and Brazil, wind and solar power are concentrated in some
subnational regions [89,90]. Improving the interconnection of elec-
tricity transmission across these regions not only reduces energy
curtailment but can also conserve water resources.

4.3. Limitations and implications
Although we examined a large database, we were unable to include

all power plants. Since 50% of hydropower plants were covered and the
average water use factor of them was applied for other unknown plants,
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there would be uncertainty in the total water use estimate for hydro-
power. However, since we separately calculated the water use of ther-
mal power and hydropower, the results did not have a bias in the water
use of hydropower in the power mix. In China, coal, hydropower and
nuclear power dominate power production, while gas power plants ac-
count for less than 5% of the total in 2017 (and oil power accounts for
only 0.05% so it is not included due to data limitation) [56]. For future
global research, efforts are needed to compile a more complete database
of power plants. We estimated the power production of individual plants
based on installed capacity per plant and the monthly provincial power
production data. Precise information on the actual power production at
the plant level would allow for more detailed insights. The water use
factor of thermal plants was assumed to be constant throughout the year
yet plants often have higher water requirements in summer than in
winter due to lower thermodynamic efficiencies [5,82]. The reservoir
area of hydropower plants was also assumed to be constant throughout
the year. Both assumptions would lead to an underestimation of the
seasonal variations in power-related water use. Our database covers
80% of the total installed capacity of thermal, nuclear, and hydropower
in China. Considering the water demand for power and the current
coverage of capacity, efforts are needed to include more gas and hy-
dropower plants in the future. For a better understanding of power-
related water use, we suggest power data at a higher spatio-temporal
resolution should be provided by power suppliers, such as capacity
factor and monthly power production at the plant level, and more
detailed province-to-province power transmissions.

The electric power system poses threats to water stress in some re-
gions. There are several ways to reduce the dependence of power system
on freshwater: first, we can reduce the water demand of power by
developing photovoltaics and wind power, using air cooling systems,
replacing coal with gas, and improving the capacity factor of hydro-
power; second, more seawater and reclaimed water should be used for
cooling. Third, we can improve power transmission from low water-
scarce to high water-scarce regions. By improving the inter-
connectivity of electricity grids, capacity in high water-scarce regions
can be downsized and less affected by freshwater scarcity. A quantitative
analysis is out of scope for this paper. Our study provides an interna-
tional perspective in terms of the application of methods and results.
First, the methods can be applied to other nations if sufficient data on
power production and water use are available. Specifically, in this study,
the electric power system is examined from two perspectives: power
production and power transmission. The method of assessing water use
for power production we present here can be applied to other nations if
plant data are available, particularly the cooling type of thermal power
plants and the reservoir area of hydropower plants. For nations where
plants’ water use is not available, the methods of studying the power
transmission on water stress can still be applied by using national water
use factors, though it would entail increased uncertainties. Second, our
results for China, as one of the major energy users worldwide, can be
used as an important part of a database of global energy-related water
use and thus support further analyses of global water use and transfer.
Third, the general implications of our study also apply to other coun-
tries, e.g. related to the risk to increase water stress through power
transmission, the trade-offs between water withdrawal and consumption
changes, and the differences between technologies.

5. Conclusions

This study assessed the water use of power production in China for
numerous renewable and non-renewable power-generating units, from
the perspective of both water consumption and withdrawal. Water
sources (surface water, groundwater, reclaimed water, and seawater)
are distinguished in the assessment. Based on the results, we also
examined the seasonal shift in water stress caused by power trans-
mission. The following conclusions are drawn:

China’s power production withdrew 62.7 billion m® of freshwater in
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2017, of which 13 billion m® was consumed. There are large heteroge-
neities in the water use of power production across plants. Hydropower
plants with large reservoirs are large freshwater consumers whereas
thermal power plants with once-through cooling systems are large
freshwater withdrawers.

Water stress was more equally distributed across provinces through
power transmission. Nationally, power transmission reduced freshwater
withdrawal but increased consumption in China because, compared to
the east, the west generally has a larger water consumption factor but a
lower withdrawal factor. Power-related water transfer varied greatly
throughout the year, with an August peak due to the high cooling de-
mands in the east and high reservoir evaporation in the southwest.

CRediT authorship contribution statement

Yi Jin: Conceptualization, Methodology, Formal analysis, Data
curation, Visualization, Writing - original draft. Paul Behrens:
Conceptualization, Writing - review & editing, Supervision. Arnold
Tukker: Writing - review & editing. Laura Scherer: Conceptualization,
Data curation, Writing - review & editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by the China Scholarship Council (grant no.
201806440027).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.apenergy.2021.116493.

References

[1] Chu S, Majumdar A. Opportunities and challenges for a sustainable energy future.
Nature 2012;488:294.

International Energy Agency. Key World Energy Statistics, https://webstore.iea.
org/download/direct/2831?fileName=Key_World_Energy_Statistics_2019.pdf;
2019 [accessed 27 November 2019].

van Vliet MTH, Florke M, Wada Y. Quality matters for water scarcity. Nat Geosci
2017;10:800.

Behrens P, van Vliet MTH, Nanninga T, Walsh B, Rodrigues JFD. Climate change
and the vulnerability of electricity generation to water stress in the European
Union. Nat Energy 2017;2:17114.

Jin Y, Behrens P, Tukker A, Scherer L. Water use of electricity technologies: A
global meta-analysis. Renew Sustain Energy Rev 2019;115:109391.

Scherer L, Pfister S. Global water footprint assessment of hydropower. Renew
Energy 2016;99:711-20.

CoalSwarm. Global Coal Plant Tracker, https://endcoal.org/global-coal-plant-
tracker/; [accessed 13 March 2020].

Li D, Zhao J, Govindaraju RS. Water benefits sharing under transboundary
cooperation in the Lancang-Mekong River Basin. J Hydrol 2019;577:123989.
Mekong Basin 2017.

Xu R, Hu H, Tian F, Li C, Khan MYA. Projected climate change impacts on future
streamflow of the Yarlung Tsangpo-Brahmaputra River. Glob Planet Change 2019;
175:144-59.

Samaranayake N, Limaye S, Wuthnow J. Water Resource Competition in the
Brahmaputra River Basin: China, India, and Bangladesh; 2016. https://www.cna.
org/cna_files/pdf/CNA-Brahmaputra-Study-2016.pdf.

Yang YCE, Wi S, Ray PA, Brown CM, Khalil AF. The future nexus of the
Brahmaputra River Basin: Climate, water, energy and food trajectories. Glob
Environ Change 2016;37:16-30.

The state council of the People’s Republic of China. The CPC Central Committee’s
proposals for formulating the 14th Five-Year Plan (2021-2025) for National
Economic and Social Development and the Long-Range Objectives Through the
Year 2035. 2020.

Yang Y, Qu S, Cai B, Liang S, Wang Z, Wang J, et al. Mapping global carbon
footprint in China. Nat Commun 2020;11:2237.

[2]

[3

=

[4]

[5]
[6]
[71
[81

[91

[10]

[11]

[12]

[13]

[14]


https://doi.org/10.1016/j.apenergy.2021.116493
https://doi.org/10.1016/j.apenergy.2021.116493
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0005
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0005
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0015
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0015
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0020
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0020
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0020
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0025
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0025
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0030
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0030
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0040
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0040
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0045
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0050
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0050
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0050
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0060
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0060
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0060
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0070
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0070

Y. Jin et al.

[15]

[16]
[17]
[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]
[27]

[28]

[29]

[30]
[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Ministry of Ecology and Environment of the People’s Republic of China. The speech
made by Xi Jinping at the UN Biodiversity Summit. 2020. p. http://www.mee.gov.
cn/ywdt/szyw/202010/t20201001_801885.shtml.

Rosa L, Reimer JA, Went MS, D’Odorico P. Hydrological limits to carbon capture
and storage. Nat Sustain 2020.

Poyry Group. The impacts of China’s commitment to achieve carbon neutrality.
2020.

Mallapaty S. How China could be carbon neutral by mid-century. Nature 2020;
482-3.

Lee U, Han J, Elgowainy A, Wang M. Regional water consumption for hydro and
thermal electricity generation in the United States. Appl Energy 2018;210:661-72.
Macknick J, Newmark R, Heath G, Hallett KC. Operational water consumption and
withdrawal factors for electricity generating technologies: a review of existing
literature. Environ Res Lett 2012;7:045802.

Hofste RS, Kuzma SW, Sutanudjaja EH. AQUEDUCT 3.0: Updated decision-relevant
global water risk indicators. Washington, DC: World Resources Institute; 2019.
Nouri N, Balali F, Nasiri A, Seifoddini H, Otieno W. Water withdrawal and
consumption reduction for electrical energy generation systems. Appl Energy 2019;
248:196-206.

Gao X, Zhao Y, Lu S, Chen Q, An T, Han X, et al. Impact of coal power production
on sustainable water resources management in the coal-fired power energy bases of
Northern China. Appl Energy 2019;250:821-33.

Zhang X, Liu J, Tang Y, Zhao X, Yang H, Gerbens-Leenes PW, et al. China’s coal-
fired power plants impose pressure on water resources. J Clean Prod 2017;161:
1171-9.

Ali B. The cost of conserved water for coal power generation with carbon capture
and storage in Alberta. Canada. Energy Convers Manag 2018;158:387-99.

Ali B, Kumar A. Development of life cycle water-demand coefficients for coal-based
power generation technologies. Energy Convers Manag 2015;90:247-60.

Diehl TH, Harris MA. Withdrawal and Consumption of Water by Thermoelectric
Power Plants in the United States, 2010. Geological Survey: U.S; 2014.

Peer RAM, Sanders KT. Characterizing cooling water source and usage patterns
across US thermoelectric power plants: a comprehensive assessment of self-
reported cooling water data. Environ Res Lett 2016;11:124030.

Sharma N, Mahapatra SS. A preliminary analysis of increase in water use with
carbon capture and storage for Indian coal-fired power plants. Environ Technol
Innov 2018;9:51-62.

Zhang C, Zhong L, Wang J. Decoupling between water use and thermoelectric
power generation growth in China. Nat Energy 2018;3:792-9.

National Bureau of Statistics of China. Water Supply and Water Use, http://data.
stats.gov.cn; 2019 [accessed 15 November 2019].

Liao X, Zhao X, Hall JW, Guan D. Categorising virtual water transfers through
China’s electric power sector. Appl Energy 2018;226:252-60.

Zhang C, Zhong L, Fu X, Wang J, Wu Z. Revealing Water Stress by the Thermal
Power Industry in China Based on a High Spatial Resolution Water Withdrawal and
Consumption Inventory. Environ Sci Technol 2016;50:1642-52.

Hogeboom RJ, Knook L, Hoekstra AY. The blue water footprint of the world’s
artificial reservoirs for hydroelectricity, irrigation, residential and industrial water
supply, flood protection, fishing and recreation. Adv Water Resour 2018;113:
285-94.

Bakken TH, Killingtveit A, Alfredsen K. The Water Footprint of Hydropower
Production—State of the Art and Methodological Challenges. Glob Challenges
2017;1:1600018.

Liu J, Zhao D, Gerbens-Leenes PW, Guan D. China’s rising hydropower demand
challenges water sector. Sci Rep 2015;5:11446.

Zhu X, Guo R, Chen B, Zhang J, Hayat T, Alsaedi A. Embodiment of virtual water of
power generation in the electric power system in China. Appl Energy 2015;151:
345-54.

Chini CM, Djehdian LA, Lubega WN, Stillwell AS. Virtual water transfers of the US
electric grid. Nat Energy 2018;3:1115-23.

Zhang C, Zhong L, Liang S, Sanders KT, Wang J, Xu M. Virtual scarce water
embodied in inter-provincial electricity transmission in China. Appl Energy 2017;
187:438-48.

Beijing 2018.

Liao X, Chai L, Jiang Y, Ji J, Zhao X. Inter-provincial electricity transmissions’ co-
benefit of national water savings in China. J Clean Prod 2019;229:350-7.

Wang C, Wang R, Hertwich E, Liu Y, Tong F. Water scarcity risks mitigated or
aggravated by the inter-regional electricity transmission across China. Appl Energy
2019;238:413-22.

He G, Zhao Y, Jiang S, Zhu Y, Li H, Wang L. Impact of virtual water transfer among
electric sub-grids on China’s water sustainable developments in 2016, 2030, and
2050. J Clean Prod 2019;239:118056.

Zhang C, He G, Zhang Q, Liang S, Zipper SC, Guo R, et al. The evolution of virtual
water flows in China’s electricity transmission network and its driving forces.

J Clean Prod 2020;242:118336.

Zhang Y, Hou S, Chen S, Long H, Liu J, Wang J. Tracking flows and network
dynamics of virtual water in electricity transmission across China. Renew Sustain
Energy Rev 2020;110475.

Zhu Y, Ke J, Wang J, Liu H, Jiang S, Blum H, et al. Water transfer and losses
embodied in the West-East electricity transmission project in China. Appl Energy
2020;275:115152.

Guo R, Zhu X, Chen B, Yue Y. Ecological network analysis of the virtual water
network within China’s electric power system during 2007-2012. Appl Energy
2016;168:110-21.

11

[48]

[49]

[50]

[51]

[52]

[53]

[54]
[55]
[56]
[57]
[58]
[59]
[60]

[61]

[62]
[63]
[64]
[65]

[66]

[67]

[68]
[69]

[70]

[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]

[82]

[83]

[84]
[85]

Applied Energy 286 (2021) 116493

Liao X, Zhao X, Liu W, Li R, Wang X, Wang W, et al. Comparing water footprint and
water scarcity footprint of energy demand in China’s six megacities. Appl Energy
2020;269:115137.

Zhang Y, Fang J, Wang S, Yao H. Energy-water nexus in electricity trade network:
A case study of interprovincial electricity trade in China. Appl Energy 2020;257:
113685.

Zhang Y, Wang J, Zhang L, Liu J, Zheng H, Fang J, et al. Optimization of China’s
electric power sector targeting water stress and carbon emissions. Appl Energy
2020;271:115221.

Zhao X, Liu J, Liu Q, Tillotson MR, Guan D, Hubacek K. Physical and virtual water
transfers for regional water stress alleviation in China. Proc Natl Acad Sci 2015;
112:1031.

Utility Data Institute, Platts Energy InfoStore. World Electric Power Plants
Database, http://platts.com; 2018.

Lehner B, Liermann CR, Revenga C, Vorosmarty C, Fekete B, Crouzet P, et al. High-
resolution mapping of the world’s reservoirs and dams for sustainable river-flow
management. Front Ecol Environ 2011;9:494-502.

China Electricity Council. Materials of national energy efficiency benchmarking
competition for thermal power units. Beijing; 2018.

National Bureau of Statistics of China. Regional power production, http://data.
stats.gov.cn; 2019.

Editorial Board of China Power Yearbook. China Electric Power Yearbook. Beijing:
China Electric Power Press; 2018.

Qu S, Liang S, Xu M. CO2 Emissions Embodied in Interprovincial Electricity
Transmissions in China. Environ Sci Technol 2017;51:10893-902.

Professional Knowledge Service System for Energy. Inter-provincial power
transmission, http://energy.ckcest.cn/; 2019.

China Electricity Council. Power Industry Statistical Information System, http://
www.cec.org.cn/; 2019.

Earthdata. FLDAS Noah Land Surface Model L4 Global Monthly Anomaly 0.1 x 0.1
degree, https://earthdata.nasa.gov/; 2017.

Gassert F, Luck M, Landis M, Reig P, Shiao T. Aqueduct Global Maps 2.1:
Constructing Decision-Relevant Global Water Risk Indicators. Washington DC:
World Resources Institute; 2014.

Ministry of Water Resources of the People’s Republic of China. Water Resources
Bulletin of China in 2017. Beijing; 2018.

Cai B, Zhang W, Hubacek K, Feng K, Li Z, Liu Y, et al. Drivers of virtual water flows
on regional water scarcity in China. J Clean Prod 2019;207:1112-22.

Scherer L, Pfister S. Dealing with uncertainty in water scarcity footprints. Environ
Res Lett 2016;11:054008.

Huang J, Ridoutt BG, Sun Z, Lan K, Thorp KR, Wang X, et al. Balancing food
production within the planetary water boundary. J Clean Prod 2020;253:119900.
Pfister S, Bayer P. Monthly water stress: spatially and temporally explicit
consumptive water footprint of global crop production. J Clean Prod 2014;73:
52-62.

Zhou F, Bo Y, Ciais P, Dumas P, Tang Q, Wang X, et al. Deceleration of China’s
human water use and its key drivers. Proc Natl Acad Sci USA 2020;117:7702-11.
Beijing 2004.

National Energy Administration. Introduction to the grid-connected operation of
renewable energy in 2018. Beijing; 2019.

Sharifzadeh M, Hien RKT, Shah N. China’s roadmap to low-carbon electricity and
water: Disentangling greenhouse gas (GHG) emissions from electricity-water nexus
via renewable wind and solar power generation, and carbon capture and storage.
Appl Energy 2019;235:31-42.

International Energy Agency. Global Energy & CO2 Status Report, https://www.
iea.org/; 2019.

Beijing 2019.

National Energy Administration. List of Twelve Electricity Transmission Corridors
for Air Pollution Control to Be Approved by the National Energy Administration.
Beijing; 2014.

Peng W, Yuan JH, Zhao Y, Lin MY, Zhang Q, Victor DG, et al. Air quality and
climate benefits of long-distance electricity transmission in China. Environ Res Lett
2017;12:10.

Jing-Jin-Ji Industrial Water-saving Action Plan. Beijing 2019.

Liao X, Hall JW, Eyre N. Water use in China’s thermoelectric power sector. Glob
Environ Chang 2016;41:142-52.

National Development and Reform Commission. China’s 13th Five-Year Plan for
seawater utilization. 2016.

Ministry of Natural Resources. National report on seawater utilization in 2017:
2018.

Department of Energy. Transforming the Nation’s Electricity System: The Second
Installment of the Quadrennial Energy Review, https://www.energy.gov/; 2017.
EUREAU. EUREAU Statistics Overview on Water and Wastewater in Europe.
Brussels 2009.

Vassolo S, Doll P. Global-scale gridded estimates of thermoelectric power and
manufacturing water use. Water Resour Res 2005;41.

van Vliet MTH, Yearsley JR, Ludwig F, Vogele S, Lettenmaier DP, Kabat P.
Vulnerability of US and European electricity supply to climate change. Nat Clim
Chang 2012;2:676.

Peer RAM, Grubert E, Sanders KT. A regional assessment of the water embedded in
the US electricity system. Environ Res Lett 2019;14:084014.

Beijing 2002.

Chabouni N, Belarbi Y, Benhassine W. Electricity load dynamics, temperature and
seasonality Nexus in Algeria. Energy 2020;200:117513.


http://refhub.elsevier.com/S0306-2619(21)00054-4/h0080
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0080
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0090
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0090
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0095
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0095
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0100
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0100
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0100
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0105
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0105
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0110
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0110
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0110
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0115
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0115
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0115
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0120
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0120
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0120
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0125
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0125
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0130
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0130
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0135
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0135
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0140
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0140
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0140
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0145
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0145
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0145
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0150
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0150
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0160
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0160
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0165
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0165
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0165
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0170
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0170
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0170
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0170
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0175
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0175
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0175
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0180
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0180
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0185
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0185
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0185
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0190
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0190
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0195
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0195
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0195
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0200
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0205
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0205
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0210
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0210
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0210
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0215
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0215
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0215
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0220
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0220
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0220
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0225
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0225
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0225
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0230
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0230
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0230
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0235
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0235
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0235
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0240
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0240
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0240
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0245
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0245
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0245
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0250
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0250
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0250
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0255
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0255
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0255
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0265
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0265
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0265
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0280
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0280
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0285
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0285
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0305
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0305
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0305
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0315
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0315
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0320
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0320
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0325
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0325
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0330
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0330
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0330
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0335
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0335
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0340
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0350
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0350
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0350
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0350
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0360
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0370
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0370
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0370
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0375
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0380
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0380
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0390
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0390
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0400
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0400
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0405
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0405
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0410
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0410
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0410
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0415
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0415
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0420
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0425
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0425

Y. Jin et al.

[86] Conevska A, Urpelainen J. Weathering electricity demand? Seasonal variation in
electricity consumption among off-grid households in rural India. Energy Res
Social Sci 2020;65:101444.

[87]1 Do LPC, Lin K-H, Molndr P. Electricity consumption modelling: A case of Germany.
Econ Model 2016;55:92-101.

[88] Chini CM, Stillwell AS. The changing virtual water trade network of the European
electric grid. Appl Energy 2020;260:114151.

12

Applied Energy 286 (2021) 116493

[89] Ferraz de Andrade Santos JA, de Jong P, Alves da Costa C, Torres EA. Combining
wind and solar energy sources: Potential for hybrid power generation in Brazil.
Utilities Policy 2020;67:101084.

[90] Zhang Q, Chen W. Modeling China’s interprovincial electricity transmission under
low carbon transition. Appl Energy 2020;279:115571.


http://refhub.elsevier.com/S0306-2619(21)00054-4/h0430
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0430
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0430
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0435
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0435
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0440
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0440
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0450
http://refhub.elsevier.com/S0306-2619(21)00054-4/h0450

	The energy-water nexus of China’s interprovincial and seasonal electric power transmission
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods
	2.2.1 Calculating the water use of power production
	2.2.2 Calculating virtual water transfer via power transmission
	2.2.3 Assessing the impact of the power system on water stress


	3 Results
	3.1 Water use characteristics at the plant and national level
	3.2 Power transmission transfers freshwater across provinces
	3.3 The impacts of the power system on water stress

	4 Discussion
	4.1 Trends in water use and transfers of virtual water through the power system
	4.2 Comparison with previous studies
	4.3 Limitations and implications

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


