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SUMMARY

Electricity sector is the largest CO, emitter and water user in China’s industrial
sectors. The low-carbon transition of China’s electricity sector reduces its cooling
water consumption. Here we firstly quantify CO, emission and virtual water
embodied in electricity trade with Quasi-Input-Output model. Then, we analyze
the impacts of energy substitution, efficiency improvement, and electricity trade
on water-saving co-benefits of CO, reduction with the differences between the
baseline scenario and counterfactual scenario. Results show that the low-carbon
transition contributes to water-saving in China’s electricity sector. Virtual water
and embodied CO, have relatively decoupled from electricity trade since 2012.
Water-saving (+10.4% yr ') outweighed CO, reduction (+8.4% yr ") through en-
ergy substitution and efficiency improvement in the ‘new normal’ stage. Our
work emphasizes the need to integrate water-saving co-benefits of CO, reduc-
tion into electricity system planning and highlights the challenges to facilitate co-
ordinated development of the electricity-water nexus in China.

INTRODUCTION

Electricity sector is the largest CO, emitter, accounting for ~50% of the global CO, emissions from fuel
combustion in 2017." China’s electricity sector has undergone a pronounced low-carbon transition since
2012.% This rapid decarbonization is vital for achieving China’s carbon neutrality target by 2060.° Mean-
while, the coal-based thermal power generation requires large volumes of water for cooling purposes in
China.” The thermal power generation is thirsty for water, especially in the arid northwestern regions
where large coal mines are located.””” Water scarcity has become one of the important environmental con-
straints for deploying thermal power plants in catchments under high water stress.'%'" In this context,
achieving water-saving co-benefits when reducing CO, emissions could be a win-win strategy to cope
with multiple challenges facing China’s electricity sector.

A pronounced decarbonization of China’s electricity sector has begun since 2012.” The substitution of non-
fossil electricity for thermal power could reduce water consumption and CO, emission per unit of electricity
production.”'? In addition, China produces electricity with less input of water resource and fossil fuel per
unit of electricity output because of efficiency improvement.”® Notably, China has an unequal spatial dis-
tribution of electricity production and consumption. Western regions have less electricity demand, and
they export excess electricity to satisfy the growing electricity demand of eastern regions. Thus, eastern
regions reduce local CO, emission and water use at the expense of increasing that in western regions
through electricity trade. Meanwhile, the electricity trade from low water (CO5) intensity regions to high wa-
ter (CO,) intensity regions could achieve water-saving co-benefits of CO, reduction (see Figures 4 and
5).""17 As a result, the large-scale interregional electricity trade changes the virtual water and embodied
CO; in grid-connected regions because of their differences in water (CO,) intensity of electricity produc-
tion (see Figures 3, 4, and 5).718-23 Overall, energy substitution, efficiency improvement, and electricity
trade have reduced the water consumption and CO, emission per unit of electricity output and achieved
water-saving co-benefits of CO, reduction in China’s electricity sector (see Figures 1, 2, and 4).%'%13

The water consumption and CO; emission of electricity production within the local jurisdictional boundaries
refer to the production-based accounting.”**> However, not all electricity production is consumed locally, a
part of it is traded through electric grids to supply electricity for other regions. In comparison, water con-
sumption and CO, emission embodied in purchased electricity driven by the local economic activities
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Figure 1. The changes in water consumption and CO, emission per unit of electricity production

and household demands represent the consumption-based accounting.”*?® Consumption-based account-
ing method attributes a part of electricity producer’s environmental impacts to their final consumers.”® Thus,
consumption-based accounting method reveals the actual environmental impacts associated with the local
economic growth and reflects the dynamics of energy-water nexus in China's electricity sector.””~** Overall,
water consumption and CO, emission of electricity production differ from those of purchased electricity
because of the regional differences in fuel mix, efficiency level, and electricity trade among regions.”** In
addition, direct electricity trade method could estimate the resource flow between two regions, but it ig-
nores the complexity of electricity trade network within China.’*** The environmental-extended input-
output analysis calculates the water consumption (CO;, emission) embodied in the total supply chain,
whereas the Quasi-Input-Output model could quantify the water consumption (CO, emission) embodied
in electricity trade by considering higher-order electricity transfers in a multi-connected electricity network
among regions within China.”****’ To capture the characteristics of electricity trade network, we adopt the
Quasi-Input-Output model (QIO) to quantify the virtual water and CO, emission embodied in interregional

electricity trade and extend environmental protection responsibilities among regions.* ~?

Previous studies employed production- and consumption-based methods to account virtual water and CO,
emission.”*™> However, the existing studies do not evaluate water-saving co-benefits of CO, reduction in
China’s electricity sector. Notably, hypothetical scenario could be used to quantify the net effects of socioeco-
nomic activities (such as international trade and energy policy) on water consumption and CO, emission.***’ In
this study, we quantify the impacts of energy substitution, efficiency improvement, and electricity trade on water-
saving co-benefits of CO, reduction with the differences in water consumption (CO, emission) between the
baseline scenario and counterfactual (hypothetical) scenario during financial crisis stage (from 2008 to 2012)
and ‘new normal’ stage (from 2012 to 2017), respectively (see Figure ST and STAR Methods)."®'? Investigating
water-saving co-benefits of CO, reduction could help policymakers to understand the impacts of electricity sec-
tor's decarbonization on its water consumption, reveal the energy-water nexus within electricity network,
develop targeted strategies in alleviating water stress, and shed light on consumption-side actions to promote
water-saving co-benefits of CO, reduction toward China’s 2060 carbon neutrality target.

RESULTS

The coal-fired electricity accounts for 68% of China’s total electricity production.* The coal-based thermal
power generation consumes a large amount of cooling water and emits a lot of CO, emissions. Notably,
non-fossil energy substitution and efficiency improvement could reduce both water consumption and
CO; emission per unit of electricity production and contribute to water-saving co-benefits of CO, reduc-
tion in China’s electricity sector.” As a result, the national average CO, intensity of electricity production
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Figure 2. Water-saving co-benefits of CO, reduction through energy substitution and efficiency improvement
(A) Annual average water saving and CO; reduction during 2008-2012, (B) annual average water saving and CO, reduction
during 2012-2017.

Note: The positive value indicates the excessive CO, emission and water consumption, whereas the negative value
indicates the CO; reduction and water saving in Figures 2 and 4.

has decreased from 7.3 tonCO,/10*%kWh in 2008 to 7.1 tonCO,/10%kWh in 2012 and 5.7 tonCO,/10*%kWh in
2017. Meanwhile, the national average water consumption intensity of electricity production slightly
increased from 10.06 m*/10°kWh in 2008 to 10.07 m*/10°kWh in 2012 but decreased to 9.2 m*/10*kWh in
2017 (see Figure 1). We found that the decline in water consumption (CO, emission) intensity of electricity
production in the 'new normal’ stage outweighs that of financial crisis stage. In addition, electricity trade
could also contribute to water-saving and CO, reduction. The interregional electricity trade from low water
(CO,) intensity provinces to high water (CO5) intensity provinces could achieve water-saving co-benefits of
CO; reduction (see Figure 4, Tables S1 and S2). For example, provinces in group 1 (with higher resource
intensity level) outsourcing electricity to group 3 (with lower resource intensity level) could achieve wa-
ter-saving co-benefits of CO, reduction (see Figure 1). Overall, energy substitution, efficiency improve-
ment, and electricity trade together contributed to water-saving co-benefits of CO, reduction in China’s
30 provincial electricity sector (see Figures 1, 2, and 4).

Water-saving co-benefits of co, reduction through energy substitution and efficiency
improvement

Figure 2 shows the impacts of energy substitution and efficiency improvement on water-saving co-benefits
of CO, reduction in provincial electricity sectors.”® 30 provinces are divided into four groups according to
water-saving and CO, reduction. From 2008 to 2012, 16 provinces reduced their shares of thermal power
and 19 (14) provinces reduced CO, (water) intensity of electricity production in Figure 1. Energy substitution
and efficiency improvement reduced CO, emission by 99 Mt yr~' but increased water consumption by
9.9%10°m*yr~" in this period (see Figure 2A). Specifically, 8 provinces in group 1 increased both CO, emis-
sion and water consumption (for example, Guangxi and Xinjiang). Seven provinces in group 2 could reduce
CO, emission but increase water consumption (for example, Henan and Zhejiang). 3 provinces in group 4
could save water consumption but increase CO, emission, namely, Jiangsu, Anhui, and Inner Mongolia.
Notably, 12 provinces in group 3 achieved water-saving co-benefits of CO, reduction in electricity sector
(for example, Yunnan and Shandong). From 2012 to 2017, 24 provinces reduced their shares of thermal po-
wer. 30 (24) provinces reduced CO; (water) intensity of electricity production in Figure 1. Energy substitu-
tion and efficiency improvement reduced CO, emission by 716 Mt yr~" and achieved water-saving by 461
million m®yr="in this period. Specifically, 5 provinces reduced CO, emission but increased water consump-
tion (for example, Hubei and Henan). The remaining 25 provinces achieved water-saving co-benefits of CO,
reduction from 2012 to 2017 (for example, Xinjiang and Inner Mongolia). Compared with financial crisis
stage (from 2008 to 2012), more provinces reduced their shares of thermal power which contributed to
the water saving and CO; reduction in the ‘new normal’ stage (from 2012 to 2017). Overall, energy substi-
tution and efficiency improvement have achieved pronounced water-saving co-benefits of CO, reduction
since 2012.

iScience 26, 106035, February 17, 2023 3
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Figure 3. Virtual water and CO, emission embodied in electricity trade in 2008, 2012, and 2017
(A-C) Electricity trade, (D-F)embodied CO, emission, and (G-l)virtual water. Note: The full names of 30 provinces are
shown in Table S1.

Water consumption and co, emission embodied in electricity trade

The construction of large-scale ultra-high voltage power transmission lines accelerates interregional electricity
trade within China.”** The large-scale electricity trade alleviates the electricity shortage and contributes to the
exchanges of virtual water and embodied CO, among grid-connected regions within China.”' =" The inter-pro-
vincial electricity trade increased from 485 TWh in 2008 to 727 TWhin 2012 and 1129 TWhin 2017, by 12.5% yr™"
and 11.1%yr~" in each period, respectively. Inner Mongolia is one of the nine clusters of large coal-fired power
plants and the important cluster of wind power plants with the maximum electricity outflow in the study
period.”> In 2008, Inner Mongolia exported electricity to Hebei (30% of Inner Mongolia’s total electricity
flow), Liaoning (8.6%), and Heilongjiang (2.3%), respectively. In contrast, Guangdong is the maximum electricity
inflow region. Guangdong's electricity demand driven by its rapid economic growth is satisfied by outsourcing
electricity to Guizhou (8.9% of Guangdong's total electricity flow), Yunnan (4.9%), and Guangxi (4.5%), respec-
tively. In 2012 (2017), Hebei (Guangdong) had the maximum electricity inflow.

The interregional electricity trade has changed the network of virtual water and embodied CO, emission
within China (see Figure 3D-3l and Figure S4). The CO, emission embodied in electricity trade increased
from 315 Mt in 2008 to 482 Mt in 2012 and 521 Mt in 2017, by 13.3% yr~" and 1.6% yr~', respectively. Results
show that the growth rate of embodied CO, emission (+1.6% yr‘1) is slower than that of electricity trade
(+11.1% yr™") in the ‘new normal’ stage.” Figures 3G-3l show that virtual water increased from

4 iScience 26, 106035, February 17, 2023
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Figure 4. Water-saving co-benefits of CO, reduction through electricity trade
(A) Annual average water saving and CO; reduction during 2008-2012, (B) annual average water saving and CO, reduction
during 2012-2017.

405 million m® in 2008 to 612 million m® in 2012 and 753 million m* in 2017, increasing by 12.8% yr~" and
4.6%yr~", respectively. Overall, the growth rate of virtual water and embodied CO, has slowed down since
2012. Virtual water (+4.6% yr~') and embodied CO, (+1.6% yr~") relatively decoupled from electricity trade
(+11.1% yr™") through energy substitution, efficiency improvement, and electricity trade in ‘new normal’
stage. The top 5 and bottom 5 provinces with virtual water and CO, emission embodied in electricity trade
are shown in Figure S3 (see Note S2).

Water-saving co-benefits of co, reduction through electricity trade

The first number in parentheses is CO, reduction and the second is water-saving through electricity trade
(see Figure 4). The largest water source of electricity production is surface water, accounting for 67.8%
(69.3%) in that of electricity trade (production). Moreover, groundwater, municipal wastewater, and mine
water account for 17.9%, 12%, and 2.3% in that of electricity trade, respectively; 16.2%, 12.7%, and 1.7%
in that of electricity production, respectively (see Figures 3, S2, and S4).

The annual average growth rate of virtual water embodied in electricity trade has slowed down since 2012.
Compared with the annual growth rate in financial crisis stage, the biggest decline is surface water (—10.3%
yr 1), followed by mine water (—7.4% yr™"), municipal wastewater (—=5.7% yr~ "), and groundwater (—3%yr~")
in the 'new normal’ stage (see Figure S4). Notably, groundwater is the second largest water source in elec-
tricity production and plays a central role in sustaining ecosystem.®” However, groundwater has the least
decline rate (3% yr~") in the four sources. Mine water has the smallest share of water consumption in elec-
tricity production (1.5%) but achieves a pronounced decline (—7.4% yr’w) in the 'new normal’ stage.

Figure 4 shows the water-saving co-benefits of CO, reduction through electricity trade. Outsourcing electricity
to regions with lower water (CO,) intensity of electricity could reduce the local water consumption (CO, emis-
sion), vice versa. Compared with the counterfactual scenario, provinces in group 1 (3) consumed more (less) wa-
ter and emitted more (less) CO, emission. The increase in water consumption (CO, emission) in group 1 out-
weighs the water saving (CO; reduction) in group 3 through electricity trade (see Figure 4A). As a result,
electricity trade increased water consumption (CO, emission) by 37 million m3 (27 M1 yr’1 between 2008
and 2012. In contrast, we found pronounced water-saving co-benefits of CO, reduction through electricity
trade between 2012 and 2017 (see Figure 4B). The water saving (CO, reduction) in group 3 outweighs the in-
crease in water consumption (CO, emission) in group 1 (see Figure 4B). On the one hand, electricity trade
contributed to water-saving (—21 million m®) and CO, reduction (—13 Mt) yr’1 in the 'new normal’ stage. On
the other hand, electricity trade increased by 11.1% yr~", but water saving (CO, reduction) decreased by
2.8% yr~' (3.5% yr~") between 2012 and 2017 and water saving and CO, reduction absolutely decoupled
from electricity trade. Compared Figure 4B with Figure 4A, we found that more provinces have achieved wa-
ter-saving co-benefits of CO, reduction in group 3 since 2012. 17 provinces reduced both water consumption
and CO; emission through electricity trade in group 3 (see Figure 4B). As a result, water saving (CO5 reduction)
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Figure 5. Water consumption in electricity production, purchased electricity, and counterfactual scenario
(A) Surface water, (B) ground water, (C) mine water, and (D) municipal wastewater.

increased by 157% (148%) in the 'new normal’ stage compared to that of financial crisis stage. Overall, more
electricity is transferred from low water (CO,) intensity provinces to high water (CO,) intensity provinces. Mean-
while, more provinces have achieved water-saving co-benefits of CO, reduction since 2012.

Four sources of water-saving through electricity trade

The water consumption of electricity production (solid line) and purchased electricity (color-filled bar chart)
in the baseline scenario are shown in Figures 5A-5D. In counterfactual scenario (black dotted line), we as-
sume that there are no changes in interregional electricity trade in the study period. The number in paren-
theses is the annual average water-saving through electricity trade in study period. Overall, electricity trade
benefited water-saving for surface water (=339%10° m3), groundwater (=95%10° m3), municipal waste-
water (—65%10° m3), and mine water (—8x10% m3) in China’s electricity sector. Our results reveal diverse
changes in virtual water consumption between electricity production and purchased electricity (see Fig-
ures 5 and S4). Here, we used the differences in virtual water consumption between the baseline scenario
and counterfactual scenario to investigate the impacts of electricity trade on water-saving for each province
in Figures 5A-5D. Compared with the counterfactual scenario (black dotted line), we find that electricity
trade might increase or reduce virtual water consumption at province level (see Figure 5). Guizhou
increased surface water of electricity production, whereas Jiangsu and Hebei saved surface water from
both electricity production and purchased electricity through electricity trade (see Figure 5). Surface water
is the biggest cooling water source for thermal power generation in China (see Figure S2). Xinjiang, Beijing,
and Tianjin saved surface water by purchased electricity by 31%, 18%, and 10%, respectively. Groundwater
is also widely used for cooling needs in several provinces (for example, Hebei, Shanxi, and Inner Mongolia).
Yunnan, Guizhou, and Xinjiang saved ground water by 54%, 48%, and 31%, respectively. In contrast,
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Zhejiang, Sichuan, and Hunan increased ground water by 161%, 55%, and 31%, respectively. Mine water is
used in Hebei, Inner Mongolia, Liaoning, Jiangsu, and Shandong provinces. Yunnan, Guizhou, and Fujian
saved mine water by 54%, 49%, and 40%, respectively. In contrast, Xinjiang, Sichuan, and Chongging
increased mine water through electricity trade by 118%, 60%, and 36%, respectively. Concerning municipal
wastewater, Yunnan, Guizhou, and Fujian saved municipal wastewater by 54%, 48%, and 33%, respectively.
In contrast, Sichuan, Hunan, and Zhejiang increased municipal wastewater by 51%, 34%, and 15%, respec-
tively. Overall, water-saving outweighs the increase in water consumption from four sources through elec-
tricity trade in China.

DISCUSSION

The electricity sector is the largest water consumer and CO; emitter in China’s industrial sector. The low-
carbon transition of China’s coal-dominated electricity system has reduced CO, emission and achieved wa-
ter-saving co-benefits. Building on previous efforts to assess electricity related water consumption and CO,
emission, we highlight the impacts of energy substitution, efficiency improvement, and electricity trade on
water-saving co-benefits of CO, reduction in China’s electricity sector.’”>°

First, the rapid expansion of coal, hydro, wind, solar PV, and nuclear power plants have changed the energy
mix in China’s electricity sector since 2008.°%°” The technological advancement of newly built high effi-
ciency units and the phase out of low efficiency units have improved the efficiency level of electricity pro-
duction. Thus, energy substitution combined with efficiency improvement contributed to CO, reduction
and achieved water-saving co-benefits in China’s electricity sector.

Second, the large-scale long-distance ultra-high voltage power transmission grids alleviate the regional elec-
tricity shortages (see Figure 3).>*°® Moreover, electricity trade reduces water consumption in developed re-
gions (for example, Jiangsu and Beijing) at the expense of increasing water consumption in less developed re-
gions (for example, Shanxi and Jilin) (see Figure 3 and Table S1). Notably, the substitution of low water (CO5)
intensity of electricity for high water (CO,) intensity of electricity could achieve water-saving co-benefits of CO,
reduction through electricity trade among grid-connected regions within China (see Figures 1 and 4).

Overall, energy substitution and efficiency improvement combined with electricity trade contribute to wa-
ter-saving co-benefits of CO, reduction in China’s electricity sector. In the context of global climate
change, water-saving co-benefits of CO, reduction could alleviate water scarcity risks of thermal power
generation in high water-stressed regions in China.

Conclusions

The water resource shortage and excessive CO, emission are important climate risks and constraints for
thermal power generation in China.®®"® Despite the small share of water-saving in each province's total
water consumption, water-saving co-benefits of CO, reduction are still meaningful for the operation of
thermal power plants in high-water stressed catchments (for example, the catchments in Xinjiang and
the middle reach of the Yellow River Basin). Thus, we should redistribute and reschedule the operation
plan of thermal power plants in these high-water stressed regions.

The energy substitution, efficiency improvement, and electricity trade have accelerated the low-carbon
transition of China’s electricity sector and achieved water-saving co-benefits of CO, reduction. In this pa-
per, we compared the water consumption and CO, emission of electricity production (purchased elec-
tricity) in the baseline scenario with that of the counterfactual scenario to show the differentiated impacts
of the energy substitution, efficiency improvement, and electricity trade on water-saving co-benefits of CO,
reduction in 30 provincial electricity sectors.

The magnitude of decline in the average CO; intensity outweighs that of the average water intensity (see
Figure 1). In the 'new normal’ stage, water-saving (+10.4% yr’1) outweighed CO; reduction (+8.4% yr’1)
through energy substitution and efficiency improvement. In contrast, CO, reduction (—3.5% yr~") out-
weighed water-saving (—2.8% yr~") through electricity trade. Our results show that provinces in group 3
have achieved water-saving co-benefits of CO, reduction but not for other groups (see Figures 2 and 4).
Meanwhile, more provinces transferred from group 1 to group 3 and achieved water-saving co-benefits
of CO, reduction through energy substitution, efficiency improvement, and electricity trade in ‘'new normal’
stage (see Figures 2 and 4). Results show that most of the water saving is from surface water, followed by
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ground water, municipal wastewater, and mine water through electricity trade (See Figure 5). Thus, energy
policymakers should address water-saving problems when making electricity system plans in the future.
This study could help policymakers to identify strategic opportunities to emphasize water-saving co-ben-
efits of CO, reduction toward China’s 2060 carbon neutrality target.

Limitations of the study

The water-saving (CO; reduction) through electricity trade is determined by the differences in water (CO,)
intensity of electricity among 30 provinces. In a high penetration of renewables scenario, the shrinking wa-
ter (COy) intensity gaps might limit water-saving co-benefits of CO, reduction to a large extent in the
future. We account water consumption from thermal power generation by the method proposed by
Zhang.”® However, water consumption from solar photovoltaic and wind power was not included in this
study because of their relatively small shares in total electricity production (~6.5% in 2017) and the lower
water intensity (~0.6L/kWh).** Natural evaporation of water in hydropower plants was also excluded
from this study.®>** Notably, the adoption of air-cooling and seawater-cooling technologies could reduce
the freshwater consumption in the electricity sector. However, we do not investigate the changes in cooling
technologies in greater detail because of their limited impacts.®®
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited data

Fossil fuel data of thermal power generation

Emission factor

Interregional electricity trade data

Water consumption database

National Bureau of Statistics

Shan, Y. et al.®®
Liu, Z. et al.®’

CHINA ELECTRICITY COUNCIL**
Zhang, C. et al.”®

http://www.stats.gov.cn/

https://www.nature.com/articles/s41597-020-0393-y

https://www.nature.com/articles/nature14677
https://www.cec.org.cn/

https://pubs.acs.org/doi/10.1021/acs.est.5b05374

Software and algorithms

Excel Microsoft https://www.microsoft.com
R software Bell Laboratories https://www.r-project.org/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Prof. Chao Zhang (chao_zhang@tongji.edu.cn).

Materials availability

This study did not generate new materials.

Data and code availability

All data generated in this paper are available from the lead contact on reasonable request.
This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request, or Dandan Zhao (dandan.zhao@aalto.fi) and Xu Peng (jokexutj@163.com).

METHOD DETAILS

Decoupling method

To describe the decarbonizing relationship between the water consumption (CO, emission) and
electricity trade, we adopted the OECD’s decoupling method to measure the relative changes in
water consumption (CO, emission) to the changes in electricity trade.®’*” Relative decoupling means
the growth rate of water consumption (CO, emission) is slower than the electricity trade, while
absolute decoupling occurs when electricity trade grows but water consumption (CO, emission)

decreases®®’!
Cb — C? Eb _ E?
ing i N j j i
Decoupling index = < G )/( = )

where C;is the CO, emission (water consumption) of electricity in power grid i; E; is the electricity trade level
in power grid i.

(Equation 1)

Quasi-Input-Output model
Electricity transmission among regions is shown as electricity balance Equation 2.

f; = Pi+ztji = C;+Zt,'j
J j

(Equation 2)
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where f; is the total electricity flow in power grid i; p; is the electricity production; ¢; is the electricity con-
sumption; t; is the electricity transmission from power grid i to j.

To capture the share of interregional resource flow in power grids, we define direct outflow coefficient ma-
trix B of electricity trade as followings:

ti2 tin
O ? s ?
ST R tn
B=f T=|4 f (Equation 3)
tn_‘l tn(n—‘l)
f A

The total CO, emission (water consumption) embodied in a connected power grid is shown as
followings:

mf = mP+m'B (Equation 4)

where mfis the total resource consumption in electricity network, and mP is resource consumption of elec-
tricity production. The total outflow coefficient matrix G of electricity network (quasi-Ghosh inverse matrix)
is defined as followings:

G=(-B)"" (Equation 5)
where the element of matrix G is the total electricity flow in grid j induced by one unit of electricity produc-
tion from grid i:

mf = mP(Il — B)"" = mPG (Equation 6)

To capture the embodied virtual water (CO, emission) of purchased electricity, the share of power grid i's
electricity consumption in its total electricity flow B is calculated by followings:

B = 3?1 (Equation 7)
m¢ = mPGB*® (Equation 8)

where m€is the embodied virtual water (CO, emission) of purchased electricity.

It is worth noting that the QIO model is the limit of iterative method's result. The virtual water (CO, emis-
sion) per unit of purchased electricity ef is shown as followings:

-1
ef = mff (Equation 9)
Direct water consumption (CO, emission) per unit of electricity production ef® is shown as followings:

~—1

ef’ = mPp (Equation 10)

We calculate the inflow (m™°%) and outflow (m°Ut°%) of virtual water (CO, emission) embodied in elec-
tricity trade by disaggregating Equation 8.

Water-saving co-benefits of CO, reduction
Decomposition analysis could be used to quantify the driving factors of water consumption (CO, emis-
sion).”>’® Here we used Quasi-Input-Output model combined with structural decomposition analysis
(SDA) to quantify the impacts of energy substitution, efficiency improvement, and electricity trade on
the water-saving co-benefits of CO, reduction in China’s electricity sector. The water consumption (CO,
emission) embodied in purchased electricity is shown in Equation 11.
c P c P h; c .
mf = mfGBf = (m" /h;) - <E> p;-Gi-Bf = e -e-e3-e465 (Equation 11)
i

where m°® is the water consumption (CO, emission) embodied in region i's electricity consumption; h; is
the thermal generation; e; is the water consumption (CO, emission) intensity of thermal power generation
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(efficiency level); ez is the share of thermal power generation (energy mix); esis the total electricity produc-
tion; ey is the interregional electricity exchange; and es is the electricity consumption.

Equation 11 can be rewritten as Equation 12.
mf = mfGBf = (m" /p,) - p;- (Gi-Bf) = di-dz-ds (Equation 12)

where d; is the aggregated effect of energy substitution and efficiency improvement; d; is the electricity
production; and dj is the electricity trade effect which includes electricity exchange and electricity
consumption.

We use the differences in water consumption (CO, emission) between the baseline scenario and counter-
factual scenario to represent the impacts of energy substitution, efficiency improvement, and electricity
trade on the water-saving co-benefits of CO, reduction. Specifically, water saving or CO, reduction
(Vm®) is calculated by Equation 13:

vm® = VD1 +VD2 +VD3 = Ad1 'dz'dg + d1 'Adz'd3 + d‘\ 'dz'Ad3 (Equation 13)
1 .
VD1 = Adq . dz . d3 = i . (d1T — d1t)'(dzt . d3t + d2T . d3T) (Equatlon 14)
1 .
VD3 = d1 . dz . Adg = E . (d“ . dZt + d1T . dZT)'(dBT — d3f) (Equatlon 15)
VDZ = d1 'Adz'd3 =0 (Equation 16)

where VD; is the annual average water saving (CO, reduction) due to energy substitution and efficiency
improvement from time tto time T. The VD; is the annual average water saving (CO; reduction) due to elec-
tricity trade from time t to time T. Notably, VD, is zero because the increase in electricity production does
not benefit water saving or CO; reduction.

Water-saving co-benefits of CO, reduction through energy substitution and efficiency
improvement

Energy substitution and efficiency improvement could benefit the water saving and CO; reduction of elec-
tricity production.” The changes in water consumption (CO, emission) per unit of electricity production
from time tto T are calculated as followings:

Aeff = eff — eff = dir — di, (Equation 17)

In the counterfactual scenario, we assume that region i produces electricity without the changes in energy
mix and efficiency level in study period. The annual average water-saving co-benefits of CO, reduction
through energy substitution and efficiency improvement are shown as Equation 18:

VD, = % AefP-(dy - da; + dar - dar) (Equation 18)
r=(eff —eff)/[eff (T —1t)] (Equation 19)

where r is the annual water-saving (CO, reduction) rate through energy substitution and efficiency
improvement.

Water-saving co-benefits of CO, reduction through electricity trade

The interregional electricity trade contributes to the water-saving co-benefits of CO; reduction in China's

electricity sector. In the counterfactual scenario, we assume that region i produces electricity without the

changes in interregional electricity trade. The impacts of electricity trade on water-saving co-benefits of

CO; reduction are shown as Equation 20.

1 1
VD; = 5 (cit - doe + it - dar) - (Gir - BT — Gy - B) = 5 (mf + mf)-(Gir - B — G - BY)

(Equation 20)
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r'=1-(Gr By — G- Bg) 1" /[I- (G- By) - 1" (T — )] (Equation 21)

where mP is the water consumption (CO, emission) of electricity production. I matrix is 1Xn matrix and all
elements are one. r* is the annual water-saving (CO; reduction) rate through electricity trade. The positive
value of VD indicates the water consumption and CO, emission are more than they might otherwise be
thought and has a lower intensity level than that of its connected power grids, vice versa. The VD is deter-
mined by the resource intensity gap between the local production and the weighted level of power grid-
connected regions and the amounts of electricity exchange.
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