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HIGHLIGHTS

® The water scarcity risks propagated by inter-basin electricity transmission were unequally-distributed.
e Around 10% of the national population would be potentially exposed to higher water scarcity level.
o Thermal power significantly aggravated the water scarcity, especially in southern part of China.

ARTICLE INFO ABSTRACT

Traditionally, around 34-38% of China’s population resides in places experiencing high water scarcity for at
least one month a year. However, the risk of water scarcity may be further exacerbated by inter-regional
electricity transmission, due to the mismatch between the electricity-receiving population living in water-
abundant areas and the water scarcity experienced in the electricity-exporting region. Using detailed thermal/
hydro- power plants data and water scarcity index at the water basin scale, this study systematically quantified
this additional water scarcity risk across China. The affected population, i.e. those living in basins under lower
water scarcity but needing electricity generated in basins with higher water scarcity, was estimated to be 134
million, or 10% of the total population in China. Among this, over 60 million people were considered as highly-
affected population (i.e. people who live in no/low stress basins rely on electricity generated in severe/extreme
scarcity basins), the majority of whom lived in Southern China. This leads to a 12% increase in water-stressed
population if the proposed transmission projects were implemented. On the other hand, more people, i.e., 285
million, would benefit from the inter-regional electricity transmissions. They relied on the electricity generated
from basins under lower water scarcity. It is found that intra-grid’s thermal electricity transmission was less
effective in mitigating the water scarcity than the hydroelectricity. It determined that the southern part of China
faced worse environmental performance in coordinating its water endowment with the electricity generation
because of its use of electricity from water stressed basins rather than from the water sufficient basins.
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1. Introduction mitigated by importing virtual water, i.e. water embodied in products

and goods traded from other regions [4,5]. Reduced water consumption

The economy and human welfare are increasingly threatened by
water scarcity in many places of the world [1-3]. Over the past decades,
the population facing water scarcity increased from 14% to 58%
worldwide [2]. Meanwhile, a growing body of empirical studies high-
lighted that interregional trade of products and services may effectively
reduce water consumption and thus water scarcity levels at various
scales. That is, a region’s water demand and water scarcity risk may be
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and improved scarcity level at the global scale have been attributed to
the increased production efficiency achieved through sectoral specia-
lization and international trade [4,6,7]

However, both the risks of water scarcity and the mitigation effects
of interregional trade were assessed from a territorial perspective. That
is, water scarcity of a region scales up (down) as the region’s water
demand increases (decreases), e.g. due to virtual water trade. Most

Received 4 May 2018; Received in revised form 22 August 2018; Accepted 17 January 2019

Available online 22 January 2019
0306-2619/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2019.01.120
https://doi.org/10.1016/j.apenergy.2019.01.120
mailto:yi.liu@tsinghua.edu.cn
https://doi.org/10.1016/j.apenergy.2019.01.120
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2019.01.120&domain=pdf

C. Wang et al.

recently, these propositions are challenged for neglecting the potential
risks experienced in the exporting regions, such as water scarcity, po-
litical instability, regulatory changes, and natural disasters, which
could be propagated to the importing regions along with the com-
modities being traded [8]. These impacts are particularly pertinent if
production of the commodity features high specialization, regional
concentration, and low substitutability, such as electricity [9].

As such, this study investigates how inter-regional electricity
transmission, i.e. the interregional trade of electricity, affects the risks
of water scarcity across mainland China. This investigation is especially
pertinent considering China’s critical development needs and emerging
constraints related to water, energy, and their interactions. From the
territorial perspective, 443-525 million people or 34-38% of the total
population in China live with high water scarcity [10-12], partially due
to the highly variable water availability across time and space [1,13].
To meet the growing energy consumption [14,15], electricity genera-
tion facilities play a critical role in water consumption and thus scar-
city. Electricity generation is the largest direct water consumer among
all industries, accounting for 37% of the country’s industrial freshwater
consumption in 2014 [16]. Virtual water embodied in electricity ac-
counted for 11% of the total virtual water trade within China [17].
Considering the net physical water transfer and virtual water flows
associated with the inter-provincial trade of all products, water scarcity
in 12 provinces was mitigated as net importers while 11 already water-
stressed provinces were further worsened as net exporters [18].

Yet, how water scarcity risks are propagated from electricity ex-
porters to importers through the ever-growing electricity grid in China
is unknown. The electricity grid system in mainland China is comprised
by 7 sub-regional grids, which are operated by two national-level state-
owned enterprises and one local state-owned enterprise [19,20]. Pre-
viously, studies identified the mismatch between electricity generation
and water availability in China at province level [19,21-24]. The top
three virtual scarce water exporters through electricity are all water-
stressed provinces; the electricity transmission lines currently under
construction will likely enlarge the scale of scarce water outflows from
these regions [19]. Therefore, people living in water-abundant areas
could be exposed to higher water scarcity risks due to their reliance on
the electricity transmitted from these water-scarce regions. That is,
more than the 34-38% of the national total population (the traditional
understanding of water scarcity) [10-12] could be threatened by water
scarcity. However, there might also cause that consumers living in
water-stressed regions may benefit from using electricity transmitted
from water-abundant regions. Currently, there is a knowledge gap of
the uncounted water scarcity threatened or benefited population due to
the electricity transmission. Moreover, considering the great spatial
differentiations of the population and water scarcity, high resolution
analysis is urgently needed. Further, distinguishing the water scarcity
mitigation or aggravation brought by the thermal power from the hy-
dropower (the major electricity generation types) would shed lights on
an integrated management of water and energy.

The rest of the paper is organized as follows. In the next section, we
describe the method and data sources of our analysis. At the basin scale,
we model the flows of electricity and virtual water, as well as the direct
and propagated water scarcity risks. Our model is based on up-to-date,
high-resolution datasets of annual anthropogenic water use in 1630
water basins (97% of the land area in mainland China) and electricity
generation of 782 power plants. Both thermoelectric (coal-fired power,
gas-fired power, nuclear, etc.) and hydroelectric power plants are
considered in our model. Together, they accounted for about 80% of the
electricity generation in China in 2014 [25]. Since detailed information
on electricity transmission is unavailable, we model the electricity
transmission between basins based on assumptions detailed below. In
Section III, we present our results, discussing the water scarcity effects
induced by electricity transmission across mainland China, as well as
the different effects of thermal electricity or hydroelectricity. In Section
IV, we conclude the paper by presenting the most relevant insights for
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infrastructure planning, water scarcity mitigation in China, and direc-
tions for future research.

2. Methodology

At the basin scale, we model the generation, consumption, and
transmission of electricity, the virtual water embodied in electricity
transmission, as well as the direct and propagated water scarcity risks
across mainland China. Based on the basin delineations in [26], 1630
basins covering 97% of the land area in mainland China are included in
our model. Fig. 1 provides a schematic overview of the modeling pro-
cess and key variables, using a simple case of three basins within the
same transmission grid.

Based on the relative comparison between electricity generation
(EG) and electricity consumption (EC) in each basin, we classify three
possible outcomes: (1) EG = EC (e.g. Basin 1 in Fig. 1), defined as an
electricity-balanced basin; (2) EG < EC (e.g. Basin 2 in Fig. 1), defined
as an electricity-deficient basin; and (3) EG > EC (e.g. Basin 3 in
Fig. 1), defined as an electricity-surplus basin. Accordingly, electricity
surplus of a basin is defined as the extra electricity after satisfying the
electricity consumption in a surplus basin (e.g. EG-EC in Basin 3). The
electricity surplus is transmitted to electricity-deficient basins (e.g.
Basin 2). In other words, electricity transmission redistributes elec-
tricity between electricity-deficient basins and electricity-surplus basins
to some extent. The cross-region transmission (which Basin 2 imports
from Basin 1, then exports to Basin 3) is not accounted in this study, due
to the fact that less than 1% of the total electricity generation is cross-
region transmitted [27].

Depending on the direct water scarcity level of the electricity-defi-
cient, importing basins relative to that of the electricity-surplus, ex-
porting basins (i.e., WSgeficient VS WSsurpius), €lectricity transmission may
alter the water scarcity risks conventionally assessed for the electricity-
deficient basins, specifically:

Water scarcity risk is aggravated (WSgeficiens < WSsurpius): PeOple
are indirectly exposed to higher water scarcity levels since (a fraction
of) the electricity they use is generated in basins with higher scarcity
levels; we refer to those people as affected population.

Water scarcity risk is mitigated (WSgcficiens > WSsurpius): PeOple are
indirectly exposed to lower water scarcity levels since (a fraction of) the
electricity they use is generated in basins with lower water scarcity; we
refer to those people as benefited population.

2.1. Modeling electricity transmission

2.1.1. Electricity generation at the plant and basin level

We collect plant-level electricity generation data from a variety of
sources and harmonize them into a comprehensive and coherent da-
taset. The sources provide electricity generation in 2014 (the latest data
available) by: (1) 1048 large coal-fired power plants with installed
capacity > 100 MW (a total net electricity generation of 2253 TWh)
[28]; (2) 97 Circulating-Fluidized-Bed-Boiler (CFB)! units with installed
capacity > 25 MW (a total net electricity generation of 103 TWh) [29];
(3) 314 thermoelectric power plants with installed capacity > 100 MW
(a total net electricity generation of 2377 TWh) [30]; and (4) 217 hy-
dropower plants with installed capacity > 50 MW (a total electricity
generation of 661 TWh) [30]. We merge the CFB units to the power
plants they belong to. If the same power plant is included in more than
one data sources, we only preserve the one with the highest estimation
of electricity generation. This results in 565 unique thermal power
plants in total. The thermal power plants and the hydropower plants
included in our study accounted for more than 76% and 62% of the
total thermal power and hydropower generated in China in 2014,

! Girculating-Fluidized-Bed-Boiler (CFB) is a relatively new and developing
technology for coal combustion to achieve lower emission of pollutants.
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Fig. 1. A schematic overview of the modeling processes. Notes: EG represents electricity generation, EC represents electricity consumpti.

respectively [25]. We then geocode the power plants using Google
Earth [31] and Baidu API [32] and spatially match them to basins in a
Geographic Information System (ArcGIS) [33]. The compiled dataset
consists of each power plant’s name, geographic location, installed ca-
pacity, and generation and cooling type (see Supporting Information
(SI) Table S1).

2.1.2. Electricity consumption at the basin level

We obtain annual electricity consumption in 2014 at the province
level from the Energy Statistical Yearbook [34] and the population data
of mainland China from National Bureau of Statistics [35] at the county
and province levels in 2010 (which was the latest national census). By
spatially matching the areas of the 2751 counties to those of the 1630
basins in ArcGIS, we obtain the population estimation at the basin level.
For each province, we obtain a unique electricity consumption level, i.e.
per capita electricity consumption, by dividing the annual electricity
consumption and population of that province. After spatially matching
the areas of the provinces with the areas of the basins, we multiply the
basin-level population with the corresponding province-level per capita
electricity consumption to obtain the electricity consumption at the
basin level.

2.1.3. Electricity generation within each grid

The electricity grids are classified into 7 sub-regional grids (i.e.
Northeast China, North China, Northwest China, Central China, East
China, South China, and Tibet, see SI, Fig. S1). We spatially match the
areas of the basins with the areas of the sub-regional grids in the ArcGIS
to determine which grid the basin belongs to (see SI Fig. S2). If a basin
falls into more than one grids, we place it with the grid where the
geometric center of that basin falls. We obtain the electricity generation
of each sub-regional grid by adding up the basin-level electricity gen-
eration within the same grid. In the following analysis, we exclude
Tibet due the data availability issues. Therefore, only six sub-regional
girds are included.

2.1.4. Electricity balance and transmission within each grid

Constrained by data availability, our dataset only covers 80% of the
total electricity generation in mainland China. To our best knowledge,
more comprehensive plant-level electricity generation dataset or de-
tailed electricity transmission data are not available. We thus make two
assumptions:

Assumption 1:. Within each of six sub-regional grids, the electricity
generation accounted in our dataset equals electricity consumption. Thus,
the basin-level electricity consumption of each grid is adjusted by multiplying
the ratio of total electricity generation accounted to total -electricity
consumption reported for each grid.

Assumption 2:. Within each grid, electricity surplus from surplus basins is
well mixed and transmitted to deficient basins (as illustrated in Fig. 1).

Inter-grid electricity transmission in China is minimal, i.e. 272 bil-
lion kWh, or 6% of the total electricity generation in 2011 [19].

According to Qu et al. [27], the difference between the real gird’s
electricity consumption and generation is less than + 9% [27]. Besides,
there are complex political, economic, and social factors that govern
intra/inter-grid transmissions [36,37], which are beyond the scope of
our study. Due to the reasons aforementioned, the Assumption 1 is
made. The implications of Assumption 2 were tested in [9], which
modeled monthly basin-level electricity transmission within regional
grids in the United States. Their results were found to be robust to the
assumption.

2.2. Quantifying water scarcity at the basin level

Water availability to population ratio (AP) and water withdrawal to
availability ratio (WTA) [2] are two widely-adopted water scarcity in-
dicators (WSI) [38]. Considering the growing importance of inter-basin
water transfers in sustaining anthropogenic water needs, especially in
the virtual form, we quantify the water scarcity directly experienced at
the basin level using the WTA, see Eq. (1). We include the AP-based
results in the SI.

WA,

WTA =
(@)
where WW;: water withdrawal of basin i, m®/yr; WA;: water availability
of basin i, m*/yr.

We use WW; and WA; estimated in [26]. Consistent with previous
studies [10,18,39], the direct water scarcity level of basin i is cate-
gorized as “no scarcity”, “low scarcity”, “moderate scarcity”, “severe
scarcity”, or “extreme scarcity” depending on the value of WTA; in the
range of 0-0.1, 0.1-0.2, 0.2-0.4, 0.4-1.0, or > 1.0, respectively.

2.3. Quantifying population affected or benefited from electricity
transmission

2.3.1. Affected population

We use affected population and benefited population to quantify the
aggravated or mitigated water scarcity risks owing to electricity
transmission. Intuitively, the affected population (benefited population)
are those who live in electricity-deficient basins with lower (higher)
direct water scarcity but consume electricity generated in basins with
higher (lower) direct water scarcity. Basin i is electricity-deficient if its
electricity consumption (EC;) is larger than its electricity generation
(EG)y, and we quantify the electricity deficiency rate (Def;) as:

Def, = (EC; — EGy)/EC; 2)

According to Assumption 2 in Section 2.1.4, within each grid j, elec-
tricity outflows from the surplus basins are well mixed and transmitted
to the electricity-deficient basins. For the electricity-deficient basin i
with water scarcity level n, if it is receiving electricity from electricity-
sufficient basin k with water scarcity level m higher than n
(EGk,m — ECy,m), then this electricity outflow is be defined as the water-
stressed electricity outflow. By summarizing the water-stressed
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electricity outflows within the grid j, the total water-stressed electricity
transmitted to basin i is be calculated (3] (EGk, , — ECk ). Dividing the
total water-stressed electricity outflow by the total the electricity out-
flows of grid j (i.e. the sum of the electricity surplus from basin h
whatever the scarcity level is) (EG, — ECp), we will get the ration
(Out;; ), which is the fraction of electricity outflows generated in
higher stressed basins transmitting the basin i (see Eq. (3)).

D (EGim — ECem)! ), (EG, — ECy)

Outi,j,n (3)

Identifying the thermal electricity from the surplus electricity would
result in the thermal electricity outflow rate (Outiermarijn) (See Eq. (4)).

Z (EGthcrmal,k,m - EClhermal,k,m)/ Z (EGh - Ech)

Out[hcrmal,iJ,n

4

Therefore, the affected population of grid j (AP;) could be estimated
based on the population of deficient basin i (Pop;), deficiency rate (Def;)
and electricity outflow rate (Out;,) (see Eq. (5)).

AP = 2 Pop; X Def, X Out;j (5)

The affected population because of thermal electricity transmission of
grid j (APwermarj) could be estimated based on the population of defi-
cient basin i (Pop;), deficiency rate (Def;) and thermal electricity outflow
rate (OUt[hennal,i,j,n) (See Eq (6))

ABhermal,j = Z POpi X Defi X Outthermal,i,j,n 6)

Among the affected population, the highly-affected population are
those living in basins under no/low direct water scarcity (water scarcity
level q) but relying on electricity transmitted from surplus basin with
severe scarcity/extreme scarcity level p (EGgx, — ECsxp). The elec-
tricity outflows (Out;;,) would then be adjusted as Eq. (7):

Outyjjg = D, (EGsip — ECyip) Y, (EGy — ECy) %)
The highly affected population (HAP;) would be calculated as Eq. (8).

HAP, = z Pop; X Def, X Oulyjq (8)

Similarly, the adjusted thermal electricity outflows (Outmermats,ijq)
would be calculated as Eq. (9):

Outthermal,s,ij,q = z (EGthermal,s,k,p - Eclhermal,s,k,p)/ z (EGh - Ech) (9)

The highly-affected population because of the thermal electricity
transmission (HAPnermarj) Was estimated Eq. (10).

HABhermal,j = Z POPi X Defi‘ X Outthermal,s,i,j,q (10)

2.3.2. Benefited population

The benefited population are those who live in electricity-deficient
basins with higher water scarcity and consume electricity generated in
basins with lower water scarcity. Benefited population by thermal
power are estimated by identifying the transmitted electricity generated
from basins with lower water scarcity level.

The electricity outflow rate of grid j (Out; ;) is calculated based on
the electricity surplus basin k with lower water scarcity level n
(EGi,n — ECy,,) than basin i divided by the electricity surplus from basin
h whatever the scarcity level is (EG, — ECp) (see Eq. (11)).

Out'j,u =Y. (EGeyn — ECin)/ Y, (EGy — ECy) an

Therefore, the benefited population of grid j (BP;,) could be estimated
based on the population of deficient basin i (Pop;), deficiency rate (Def;)
and electricity outflow rate (Out;;,,’,) (see Eq. (12)).

BP = Z Pop; X Def, X Out';j (12)

Identifying the thermal electricity from the surplus electricity would
denote the thermal electricity outflow rate (Out’mermaijm) (See Eq.

(13).
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Out'thermal,ij,m = E (EGthermal,k,n - Eclhermal,k,n)/ Z (EGh - Ech) (]3)
The benefited population because of thermal electricity transmission of
grid j (BPgermarj) could be estimated based on the population of defi-
cient basin i (Pop;), deficiency rate (Def;) and thermal electricity outflow
rate (Out’pmermatijn) (see Eq. (14)).

BBhermalJ = Z POPi X Def;" X Out'thermal,j,n 14

3. Results
3.1. Regional heterogeneity in the water scarcity of power generation

Annual electricity generation in 565 power plants and water scar-
city of 1630 basins across mainland China are mapped in SI Fig. S3. In
2014, around 63% thermal power plants were located in more water
stressed basins (WSI = 0.2). This mismatch between thermal electricity
generation, especially coal-fired power plants, and water availability
may reflect the high environmental pressures in highly populated areas
and also be a result of political (e.g. energy self-sufficiency [40]) and/or
economic (e.g. the “West to East Electricity Transmission” project [41])
decision making.

We find socioeconomic activities are more susceptible to the threat
of drought on power supply within electrical grids that are more water-
stressed, i.e. in the North China, Northeast China, and South China
grids. As shown in Fig. 2, within those grids, 99.7%, 84%, and 8% of
population lived in more water stressed basins (WSI = 0.2), while
100%, 89%, and 16% of electricity was supplied from there, respec-
tively. Considering the electricity transmission across basin boundaries,
a majority of the most water stressed basins (WSI > 1) in the North
China, Northeast China, and Northwest China grids were net power
provider, with 70%, 26%, 52% net electricity inflows, respectively.

In contrast, in the East China grid, 15% of population lived in basins
under extreme water scarcity, while 9% less of the electricity was
generated there; 20% of population lived in basins under no water
stress, while 5% of more of the electricity was generated there.

For now, the conclusion of the Central China grid is mixed. For the
basins with extreme water scarcity, it took up to 16% of the population
and 24% of the electricity generation. This indicates that it aggravated
its water scarcity. However, the population of the no water stressed
basins was 33%, while the electricity generation was 55%. This in-
dicates that it was trying to mitigate the water scarcity problem.

The thermal electricity and hydroelectricity outflows of each grid
are illustrated by the filled bars in Fig. 3. It should be noted that per-
centages of the thermal electricity outflows from more water stressed
basins (WTA = 0.2) were greater than those of the thermal electricity
generation from water stressed basins (i.e. the dashed blank bars in red
in Fig. 3, set as the benchmarks) in the East China and South China
grids, i.e. 68% > 67% and 22% > 16%. This indicates that these two
grids were consuming their scant water resource to generate and
transmit thermal electricity to water sufficient basins.

However, the Central China and South China grids, whose hydro-
electricity generation accounted for nearly 40% (see Fig. 3 and SI Table
S3), were experiencing completely different electricity transmission
patterns. Different from the South China grid, Central China gird re-
lieved or at least not to worsen its own water scarcity problem. This
could be inferred by the two facts: (1) it had smaller portion of trans-
mitted thermal electricity from more water stressed basins (WTA = 0.2)
(i.e. 15%) than its own benchmark (i.e. 28%); (2) it has greater portion
of transmitted hydroelectricity than that of the generated hydroelec-
tricity, which was regarded to be less water intensive than thermal
power [42].
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Fig. 2. Relative share of electricity/population among all basins of each grid. Notes: (a): The gray bars represent the electricity generation structure, which was the
portion of electricity generated in the basins with given level of water scarcity to the total electricity generation of each grid; (b): The red bars represent the electricity
demand structure, which was the portion of electricity consumed in the basins with given level of water scarcity to the total electricity consumption (generation) of
each grid; (c): The black bars represent the population structure, which was the portion of the population who lived in same level of water scarcity basin to the total
population of that grid; (d): The green dots represent the electricity transmitted from the basins with given level of water scarcity to the total electricity transmission
of each grid; (e): The red dots represent the deficient electricity (i.e. electricity gap) of the basins with given level of water scarcity to the total electricity transmission
of each gird. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.2. Large power plants aggravated the water scarcity

An analysis focused on the large power plants helps reveal the major
water scarcity implications of electricity generation and transmission.
In 2014, 153 (27%) thermal power plants generated around 50% of the
total thermal electricity. These plants are concentrated in severely- and
extremely- stressed basins, especially in the North China and Northwest
China grids (detailed in SI Table S10). Around 70% of the total hy-
droelectricity was generated by 28 hydropower plants (13% of the
hydropower plants) in 2014. These large hydropower plants are located
in the Central China, South China, Northwest China grids (see Fig. 4,
detailed in SI Table S11). The largest and second largest dams, i.e. the
Three Gorges Dam and Xiluodu Dam, are located in no stress basins in
the Central China and South China grids, respectively, contributing to
15% and 8% of hydro electricity generation. It should be noted that a
large hydropower plant, Xiaolangdi Dam with 1% of hydro-electricity
generation, is located in a basin with extreme scarcity in the Central
China grid. These large hydropower plants in the Central China and
South China grids accounted for 77% and 76% of the grids’ total hy-
droelectricity generation.

Naturally, larger power plants are more likely to transmit electricity
beyond the basin boundary. There were 147 (81%) large power plants
located in the electricity sufficient basins, among which 93 large power
plants were located in the more water stressed basins (WTA = 0.2).
Among the 58%, 83%, and 47% of the large thermal power plants lo-
cated in the electricity sufficient basins of the East China, Central China,
and South China grids were from the more water stressed basins, re-
spectively. It could lead to the aforementioned fact, that the East China
and South China grids aggravated their water scarcity problems by
consuming the scant water to generate electricity for the purpose of
supporting the socioeconomic activities of the water abundant basins
via electricity transmission.

However, the distribution of the large thermal power plants of the
Central China grid tells a different story from the distribution of the
total electricity outflows of that grid (see Figs. 2 and 3). This might
because that the large thermal power plants only accounted for the 31%
of the total thermal electricity generation of the Central China grid. The
distribution of these power plants would be a good representative of the
total thermal electricity outflows. The large power plants would have
greater influence on the water scarcity due to the high water-intensity
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Fig. 3. Electricity outflows of each grid. Notes: (a): The filled bar chars are the electricity outflows of each grid. The dark orange bars represent the thermal electricity
outflows generated from more water stressed basins (WTA = 0.2), and the light orange bars represent the thermal electricity outflows generated from less water
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stressed basins (WTA = 0.2). The brown dashed bars represent the thermal electricity generated from the less water stressed basins (WTA < 0.2). These two dashed
bars are used as the benchmarks.

requirement. electricity transmitted from other basins, respectively, in the North
As the North China, Northeast China and Northwest China grids China, Northeast China, East China, Central China, South China, and
barely have basins with less water scarcity, no further discussions Northwest China grids.

would be made about the spatial distribution of the large power plants

of these three grids in this section.
3.3.1. Affected population

Given the concept of affected people, there were around 134 million

3.3. Population relying on electricity transmission people using electricity generated in basins with higher level of water
scarcity, accounting for 10% of the national population (see Table 1).

Within each electrical grid, an average of 106 (39%), 62 (51%), 118 45 million of those affected population were from the South China grid.
(44%), 150 (49%), 115 (47%), and 59 (62%) million people rely on In comparison, this additional water scarcity threat caused by
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Fig. 4. Large power plants. Notes: (a): The criteria for defining large thermal power plants is that generating 50% of the total thermal electricity. This results in 27%
of the thermal power plants, generating a minimum of 6.8 TWh/yr; (b): The criteria for defining large hydropower plants is that these plants should be among the
13% of the plants that generate 70% of the total hydroelectricity, among which the smallest thermal power plant was 5.8 TWh/yr; (c): The colors represent different
grids; (d): The Y-axis represents the electricity balance of each basin. A positive number means generation was larger than consumption, in other words, these basins
would transmit their electricity to other basins. A negative number means generation was smaller than consumption. (e): Each dot represents one power plant. The
box dots refer to the thermal power plants, and the circle dots refer to hydropower plants; (f): The size of the circle or box dots represents the electricity generation of
the power plants; (g): The hollow dot represents that the large power plant locates in the less water stressed basins (WTA < 0.2), and the filled dot represents that
the large power plant locates in the more water stressed basins (WTA = 0.2).
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Table 1
Population relying on electricity transmission.

Population relying on total Population relying on thermal

electricity electricity
Affected Benefited Affected Benefited
population population population population
(%) (million) (%) (million) (%) (million) (%) (million)
North China 2% (5) 11% (31) 2% (5) 11% (30)
Northeast 15% (17) 24% (29) 14% (17) 24% (28)
China
East China 10% (24) 24% (58) 10% (24) 24% (57)
Central China 7% (23) 25% (87) 6% (22) 7% (25)
South China 18% (45) 10% (24) 15% (37) 4% (9)
Northwest 22% (21) 22% (21) 21% (20) 13% (12)
China

Notes: (a): The percentage number is the relative value of the affected (bene-
fited) population to the grid’s total population; (b): The number in brackets is
the absolute value of the affected (benefited) population.

electricity transmission was less severe in the drought-prone North and
East China grids. In the South China grid, the implications of hydro-
power are more considerable, which lead to nearly 9 million less po-
pulation being exposed by the water scarcity due to the electricity
transmission.

3.3.2. Highly-affected population

Nearly half of the affected population were highly-affected, which
were people living in basins of minimal direct water scarcity
(WSI < 0.2) but consuming electricity generated in highly-stressed
basins (WSI = 0.4). As such, 61 million people or 4.6% of total popu-
lation were indirectly exposed to high water scarcity threat through
electricity supply. This number accounted for 12% of the population
living with minimal direct water scarcity and about 9% of the popu-
lation affected by high water scarcity directly (see Table 2). The ma-
jority of the highly-affected people (59%) were located in the South and
Central China grids (see Fig. 5). In the North China grid, up to 81% of
the population living with minimal direct water scarcity were suscep-
tible to impact of high water scarcity in electricity producing basins.

The absolute value of the difference between the affected and
highly-affected population was 73 million at the national level (see
Tables 1 and 2). At the grid level, the East China, Central China, South
China and Northwest China grids showed significant differences be-
tween these two accounts, i.e. 15, 10, 22, and 14 million, respectively.
This means the highly-affected population would be 63%, 43%, 49%,
and 67% less than the affected population. In other words, a great
amount of population would not be exposed to the serious water scar-
city problems. Therefore, the larger this percentage was, the better
adaption the grid has been made. For the South China grid, the decrease
ratio was quite low. This was consistent with the previous discussion
about the performances of these two grids from the view of electricity/
population structure, electricity transmission, and large power plants’
distribution. For the Central China grid, although 84% of the electricity
outflows were from no water stress basins, there still remained 15% of

Table 2
Distribution of highly-affected population among 6 grids.
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electricity outflows generated in the basins with extreme water scarcity
(see Fig. 2). This was in agreement with the discussion of the large
power plants’ contribution to the water scarcity in previous section.
Moreover, 56% of the deficient electricity (i.e. electricity gap) were
demanded by the population from no/low water stressed basins (the
basis of calculating the highly-affected population). However, the North
China grid had the largest decrease ratio, i.e. 80% (from 5 million to 1
million). This is mainly due to the fact that only 0.3% of this grid’s
population lived in the no/low stressed basins.

Comparing the highly-affected population by electricity transmis-
sion and thermal electricity transmission, it was clear that almost all the
basins had the same level of highly-affected population, except the one
basin in Central China grid (see SI Fig. S11). This suggests that the
hydropower transmission did not have significant influence on the
highly-affected population at the basin level. This was consistent with
the results as shown in Fig. 3 that most of the surplus electricity were
dominated by thermal power, except for the Central China and South
China grids. However, as the hydroelectricity outflows were mainly
generated in the basins with less water scarcity (WTA < 0.2), this
would not contribute to the highly-affected population accounting.

3.3.3. Benefited population

In total, 249 million or 161 million people benefited from the
electricity or thermal electricity transmission, by using electricity gen-
erated in basins of lower water scarcity level (see Table 1). These es-
timates are much higher than those of the (highly-) affected population,
especially in the drought-prone North, Northeast, East, and Central
China grids. Our results indicate that the current electricity generation
and transmission pattern in these grids had overall mitigated the im-
pacts of water scarcity. However, for the South China grid, the affected
population was larger than the benefited population. This is because
that the South China grid was relatively water abundant, which could
lead to the population living in water stressed basins (the basis of cal-
culating the benefited population) far less than the population living in
water sufficient basins (the basis of calculating the affected population)
(see Fig. 6 and SI Fig. S12). For the Northwest China grid, the affected
population and benefited population were similar.

Comparing the estimates of benefited population due to total elec-
tricity transmission vs. thermal electricity transmission only, we find
hydropower made a considerable contribution to the benefited popu-
lation in the Central, South, and Northwest China grids (see Fig. 6 and
SI Fig. S12). This could be explained by the fact hydroelectricity played
a significant role in the electricity outflows in these grids (see Fig. 3).
Take the Central China grid, which had the largest difference between
the two accounts, as an example. The benefited population would de-
crease 71% (i.e. 62 million) when only accounting for thermal elec-
tricity. More importantly, this difference was result of the large hy-
dropower plants (especially, the Three Gorges Dam) located in the
basins with minimal water scarcity.

Further, 109 million people living with considerable direct water
scarcity (WSI = 0.2) relied on electricity generated in the basins with
minimal scarcity. This means that 44% of the benefited population
would be unlikely to suffer from water scarcity thanks to the electricity

Highly-affected population because of
electricity transmission (million)

Highly-affected population because of
thermal electricity transmission (million)

Population living in basins with
low/no scarcity (million)

Population living in basins with
severe/extreme scarcity (million)

North China 1 1
Northeast China 8 8
East China 9

Central China 13 13
South China 23 23
Northwest China 7 7
Total 61 60

1 262
19 83
68 134
195 100
225 16
16 67
528 662
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Fig. 5. Highly-affected population caused by electricity transmission.

transmission from the low/no scarcity basins, while the remaining 56%
would still be exposed to the water scarcity problem even they were
using electricity generated from lower water scarcity basins than they
physically lived in.

3.4. Water scarcity mitigated or aggravated by the electricity transmission

From the perspective of population influenced by the electricity
transmission, the water scarcity level of South China was aggravated as
it had the largest affected population and the smallest benefited po-
pulation among the 6 girds. While, the North, Northeast, East, and
Central China mitigated their water scarcity risk by relocating the

electricity generation and transmission. Comparing the water stress
imposed by the thermal power and hydropower, it is found that the
hydropower was more effective in mitigating the water scarcity level
owing to its significant contribution to the benefited population and
little impact on the (highly-) affected population. Better allocation of
the thermal power plants, especially in the southern part of China,
would be desired to mitigate the water scarcity risk.

Attention should also be payed to the population who received
electricity generated in the basins with the same water scarcity level as
the places they physical lived in (see SI Table S12). This means they
were making no improvement on relieving the water scarcity problem.
Especially, nearly 66% of these people in the North China grid were
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living in basins with extreme scarcity. Given the fact of the distribution
of water scarcity of the North China grid (see Fig. 2 and SI Fig. S3), the
reallocation of power plants would have limited contribution to miti-
gate the water scarcity. Therefore, even though these places were
abundant in coals [43], the vulnerability of thermal power to water
scarcity [21,23] suggested the low possibility of installing new or re-
allocating the thermal power plant there. Developing less water-in-
tensive electricity, such as wind power [23,44], would be a more sui-
table solution. Moreover, the comprehensive evaluation of the long
distance transmissions (e.g. “West to East Electricity Transmission”
project and “North to South coal transportation” projects) from the
water-energy nexus and the associated social impact would be needed.

4. Discussion

Previous studies showed that the contradiction between water en-
dowment and thermal electricity in northern part of China when
comparing with southern part of China [23,45,46]. This study quanti-
fies this conflict at the basin level, a much higher spatial resolution. The
results show that although the North China and Northeast China grids
suffered more severe water scarcity, they were more capable to mitigate
this conflict by locating their thermal power in less water stressed ba-
sins. It was also found that thermal electricity generation in the South
China grid, which was usually regarded as being abundant in water,
would cause pressure on local water resources as the status-quo. It was
inconsistent electricity spatially distribution with the water resource.
Moreover, when considering the cooling type for thermal electricity
generation, the once-through cooling type in southern part of China
would exacerbate local water scarcity [22].

Overall, the population relying on inter-grid transmission was esti-
mated to be 609 million, accounting for 47% of national population.
The highly-affected population, affected population and benefited po-
pulation were 61, 134 and 249 million, respectively, accounting for 5%,
10% and 19% of the national total. If the monthly power plant’s gen-
eration data and WSI data were available, these population would be
even greater when adopting the calculation based on people living in
water stressed places at least 1 month per year (0.9 billion in China
[11). This gave new insight into addressing the water scarcity issue: at
least 12% more population should be regarded as being threatened by
water scarcity, considering the fact that around 443 [11], 525 [12] or
661 million (this study) (34% or 38% or 50% of the national popula-
tion) were living in severe/extreme water shortage regions.

The dataset in this study was an acceptable representative (the total
electricity generation and the electricity generation structure (thermal/
hydro power generation)) for most of the grids except for the Northwest
China grid (detailed comparison was provided in SI Fig. S4 and Table
S2). The mismatch between the dataset and statistics in the Northwest
China grid might not have significant influence on the highly-affected
population, as most of the basins there faced severe or extreme scarcity
(see SI Fig.S3) and only 16% of its population were living in no/low
stress basins (see SI Table S4). This mismatch could influence the ab-
solute value of the affected/benefited population in Northwest China.
Yet, considering the fact that its population were only 9% of the na-
tional total population, the affected/benefited population would not be
significantly influenced at the national level.

This new understanding of water scarcity threatened population
was estimated to be from the southern part of China, where were
considered as water abundant on the basis of traditional understanding.
This contrary distribution of the water stressed population under two
understandings was validated in the similar research conducted in U.S.
[9], in which the water abundant eastern U.S. was identified as exposed
to additional water scarcity due to the electricity transmission. The
affected population and benefited population were estimated to be 58
million and 72 million for U.S. for at least one month a year [9]. The
contrast of these two kinds of population was less significant than that
of China (i.e. 134 million and 249 million). However, this contrast was
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less remarkable for the affected/benefited population caused by the
thermal electricity transmission. This means that China made better
effort in alleviating the water scarcity by the hydroelectricity than the
thermal power. This is also true from the perspective of virtual water
flows, i.e. China’s major thermal power producing provinces in the west
had the largest volumes of net virtual water outflows when all types of
electricity generation were considered [19].

This study regards hydropower as less water-intensive than the
thermal power. However, there are some arguments surrounding this
issue. For example, evaporation during hydropower generation ranged
significantly, depending on the study [47,48], and the other purposes
(e.g. flood control, irrigation, etc.) of hydropower could influence the
water-intensity accounting of electricity generation [49-51]. Besides,
the ecological impact of hydropower [52] might be a major concern
when considering the feasibility of building new dams. As such, the 6%
of the hydropower generation in China, which was from basins with
moderate to extreme water scarcity level (especially in Central China)
(c.f. SI Table S3), might impose extra pressure on local water scarcity.
The assumption in this study would be important in determining the
fairness of the electricity generation structure of each grid.

5. Conclusion

Bringing up the concepts of (highly-) affected/benefited population
due to thermal/hydro- electricity transmission gives insights into the
social influence of electricity transmission within grids. This could help
understand the relationship between water scarcity and electricity
generation at the basin level.

In this study, we downscale the electricity consumption, grids, and
water scarcity from the province or city level to the basin level, and
aggregate the population and electricity generation from county level
or plant level to basin level. From the perspective of the water scarcity
structure of electricity generation, the North China, Northeast China,
and Northwest China grids had better environmental performance be-
cause the power plants in these regions were in less water-stressed
basins than their own water resource endowment. The results identify a
number of basins which consumed their scant water resource to
transmit thermal electricity to deficient basins in the North China,
Northeast China, East China, South China, and Northwest China girds.
As a result, 61 or 60 million people (4.6% or 4.5% of the national po-
pulation) would be exposed to water scarcity due to electricity or
thermal electricity transmission. These people were mostly based in the
South China and Central China grids. However, the population who
relied on electricity transmission was 10 times larger (609 million) and
mainly came from the Central China grid. About 134 or 124 million
people, accounting for 10.2% or 9.5% of the national population, were
causing unfairness or worsening the water scarcity problem in basins
with higher water scarcity level than themselves by electricity or
thermal electricity transmission, most of which were living in the South
China grid. On the other hand, there were 249 million or 161 million
people benefited from the electricity or thermal electricity transmis-
sion. Based on our analysis, though the hydropower generated around
17% of the total electricity, thermal power was still the dominate
driving force in terms of (highly-) affected population, and was worse in
mitigating the water scarcity. Better allocation of the thermal power
plants (especially in the southern part of China) with further con-
sideration of the water endowment and electricity demand would
contribute to the relief of water scarcity pressure.

A few further efforts would be desired. First, the more complete
power plants dataset would lead the results to be more accurate by
making up the missing electricity generation in some basins.
Meanwhile, analyzing the freshwater withdrawal and consumption by
distinguishing the cooling type and water resource of each power plant
would give more detailed information about the conflict between
electricity generation and water resources. Second, the mismatch of
water scarcity indicators in 2011 and the dataset in 2014 could lead to
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deviation of the results. Third, the uncertainty coming from the
methods of re-scaling the various datasets from different levels to the
basin level could lead to systematic errors. Besides, using the provincial
per capital electricity consumption (due to data limitation) to estimate
the high-resolution basin level electricity consumption would result in
the deviation and uncertainty of the results. Fourth, the assumptions of
the inter/intra-grid’s electricity transmission could lead to a dis-
turbance in the (highly-) affected/benefited population. Without access
to detailed transmission data at city or basin level, the intra-grid’s
surplus electricity was considered to have to same possibility to the
deficient basins. Though electricity transmission at the province level
were available, the geographical mismatch of the provinces and basins
and the incomplete cover rate of electricity generation of the dataset in
this study still limited the usability of this province-based electricity
transmission information. However, it could be inferred that the
(highly-)affected population would be underestimated without con-
sideration of the inter-grid electricity transmission. A basin-level input-
output data for electricity transmission could be expected to carry out
the accounting of electricity transmission between grids.
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