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Highlights 20 

⚫ Water related vulnerability of electricity production was dynamic during 2006-21 

2016. 22 

⚫ Water related vulnerability in four Chinese megacities was diverse. 23 

⚫ Tianjin had the highest water related vulnerability and water scarcity footprint. 24 

⚫ The external water scarcity footprint of Beijing was the largest, but decreasing. 25 

⚫ Changes in water related vulnerability may differ to water scarcity footprint. 26 

 27 

 28 
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Abstract  29 

Electricity demand in megacities may exert substantial stress on water resources, which is 30 

often expressed through the water scarcity footprint for electricity consumption (WSFE). 31 

Conversely, water scarcity may constrain electricity production, leading to increased 32 

vulnerability for megacities electricity production. The WSFE and the water related 33 

vulnerability of  electricity production reflect two aspects of  water-electricity conflict. This 34 

varies over time by both the amount and location of  electricity production. However, no 35 

studies have conducted time-series analysis to evaluate the trends of  these two indicators, 36 

both in terms of  severity and spatial characteristics. Our study focused on evaluating trends 37 

in water-electricity conflict both within and beyond megacity administrative boundaries. 38 

China’s four provincial-level megacities, i.e. Beijing, Tianjin, Shanghai and Chongqing, were 39 

chosen as case studies. The results show that water related vulnerability of  electricity 40 

production in Tianjin, Beijing, Shanghai and Chongqing was diverse and can be classified 41 

as extreme, severe, moderate and minor, respectively. Between 2006 and 2016, the WSFE 42 

of  Tianjin experienced an increasing trend, and its water related vulnerability of  electricity 43 

production remained at the highest level. Beijing’s WSFE has decreased, but its water 44 

related vulnerability of  electricity production has increased. These differing trends 45 

highlight the need for joint reductions to both WSFE and water related vulnerability of  46 

electricity production in mitigating water-electricity conflict. 47 

Keywords: water footprint, water scarcity footprint, water related vulnerability, electricity 48 

production 49 
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1. Introduction 50 

The scale and rate of  urbanization in China is unprecedented in human history and 51 

unparalleled around the world (United Nations Development Program (UNDP), 2013). 52 

Between 1950 and 2018, China’s urbanization rate increased from 13 % to 59.6 %, and is 53 

expected to further increase to 70 % by 2030 (World Bank, 2014). Currently, more than 20 54 

of  the world’s largest 100 cities are located in China (Satterthwaite, 2020). In parallel to 55 

rapid urbanization is increasing amounts and intensity of  electricity consumption. Between 56 

2006 and 2016, electricity consumption in China’s urban areas almost doubled from 57 

1354.04 TWh to 2657.70 TWh (National Bureau of  Statistic).  58 

The production of  electricity to meet urban demand requires huge amounts of  input 59 

water (Liao et al., 2019a). For example, electricity generation is the largest water consumer 60 

in the Detroit Metropolitan Area (Liang et al., 2019). Electricity production and the 61 

resulting water consumption to support urban electricity demand often happens beyond 62 

the city boundary (Feng et al., 2019; Bai, 2016). Comparing electricity production and use 63 

in 43 U.S. cities Cohen and Ramaswami (2014) found that 60% of  cities import more than 64 

half  their electricity, and nearly 80% rely on some level of  electricity imports. Ramaswami 65 

et al. (2017) also showed that Delhi produces just 24% of  the electricity it needs, and 66 

imports more than 45% from its neighboring states. This aggravates groundwater 67 

overexploitation for these states, leading to severe water shortages. According to Liao et al. 68 

(2019 b) electricity consumption in China’s two megalopolises, defined as adjacent regions 69 

of  heavily populated metropolitan cities i.e. the “Jing-Jin-Ji” and the Yangtze River Delta, 70 

rely heavily on water resources consumed elsewhere for electricity production. Taken 71 

together, these studies demonstrate cities are becoming more vulnerable to water scarcity 72 

in electricity production regions where is usually beyond the city boundary.  73 

Due to the large water requirement of  urban electricity generation, researchers and 74 

policy makers are increasingly concerned by urban water-electricity conflict (Behrens et al., 75 

2017), which lies in two aspects (Zheng et al., 2016). On the one hand, water consumption 76 
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from electricity generation may contribute to water scarcity, both within and beyond the 77 

city boundary. Such effects have recently been evaluated using the stress-weighted water 78 

consumption, i.e. water scarcity footprint (Zhang et al., 2017; Djehdian et al., 2019; Liao 79 

et al., 2020). On the other hand, water scarcity in electricity supply regions may constrain 80 

electricity demand of  cities which, in turn, will limit urban economic development. These 81 

effects have resulted in research into the vulnerability of  electricity production to water 82 

scarcity (Wang et al., 2019). Some studies have investigated the water related vulnerability 83 

of  electricity production based on water availability from a territorial perspective (van Vliet 84 

et al., 2016; Zheng et al., 2016; Behrens et al., 2017). Other studies have established 85 

frameworks to quantify both direct and indirect water related vulnerability for electricity 86 

production. Wang et al. (2017) used population as an indicator for the water related 87 

vulnerability for electricity production in the US. Their study found that 58 million people 88 

living in water-abundant areas are vulnerable to the electricity production demands of  89 

water-scarce regions, lasting for at least one month per year. Djehdian et al. (2019) 90 

constructed a metric, based on a hydro-economic vulnerability indicator and framework 91 

developed by Rushforth and Ruddell (2015), to quantify electricity consumption exposure 92 

to external water scarcity in 69 metropolitan areas of  the US. 93 

Such studies have provided snapshots of  water related vulnerability of  electricity 94 

generation in a specific timeframe. However, the source and amount of  electricity 95 

production that cities rely on is dynamic, which means both direct and indirect water 96 

related vulnerability are changing over time. Additionally, previous studies and their policy 97 

recommendations, have typically considered just one aspect of  the water-electricity conflict, 98 

ignoring the two different aspects may evolve in opposite directions. Temporal analysis 99 

thus allows for better understanding of  the dynamics of  water-electricity conflict. Hence, 100 

it is important to conduct time-series analysis to evaluate the changing trends of  water 101 

related vulnerability of  electricity production as well as water scarcity footprint for 102 

electricity consumption (WSFE) for cities both in terms of  severity and spatial 103 

characteristics.  104 
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Our study investigated the characteristics and trends in urban water-electricity conflict 105 

within and beyond the megacity boundary. China has four municipalities directly under 106 

central government administration, i.e. Beijing, Shanghai, Tianjin and Chongqing. These 107 

were chosen to evaluate their electricity consumption impacts on internal and external 108 

water resources, as well as the vulnerability of  electricity production to water scarcity both 109 

within their city areas and in other regions, between 2006 and 2016. To answer these 110 

questions, a unified framework was constructed to evaluate the trend of  the water footprint 111 

for electricity consumption, water scarcity footprint for electricity consumption, and water 112 

related vulnerability of  electricity production. These four municipalities were chosen 113 

because: (1) they are among the largest cities in China (top five), each with a population 114 

greater than 10 million, classifying them as megacities; (2) they are the only four provincial-115 

equivalent cities in China and therefore have financial and administrative autonomy so that 116 

they can adopt policy measures in response to emergent challenges; (3) they are the only 117 

four provincial-equivalent cities in China where energy and water statistics are readily 118 

available; and (4) the four municipalities represent a wide range of  social, economic and 119 

environmental characteristics, with Beijing and Tianjin located in the north China plain 120 

where freshwater resources are extremely scarce, and Shanghai and Chongqing located 121 

along the Yangtze River where water resources are abundant. Beijing, Tianjin and Shanghai 122 

are more economically advanced than Chongqing, the only municipality located in inland 123 

China.  124 

2. Methodology and data 125 

2.1 Evaluating water footprint for electricity consumption 126 

The water footprint quantifies the volume of  freshwater consumed in the production 127 

of  certain goods or services and consumed by a particular group of  people (Hoekstra et 128 

al., 2011; Liao et al. 2019). The water footprint for electricity consumption in city r is 129 

quantified according to equations (1) – (3) below: 130 

r r r
WFE IWFE EWFE= +      (1) 131 
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r r r
IWFE WFF EP=           (2) 132 

1

n

r s sr
EWFE WFF ET=        (3) 133 

Where r
WFE represents the total water footprint for electricity consumption in city r; 134 

r
IWFE and r

EWFE are the Internal Water Footprint for Electricity Consumption (IWFE) 135 

and the External Water Footprint for Electricity Consumption (EWFE) for city r, 136 

respectively; r
WFF and s

WFF represent the water footprint factor for electricity 137 

production, i.e. water footprint per unit of  electricity generated (m3/MWh), in city r and s; 138 

r
EP is the electricity produced within the municipal administrative boundary in city r, and139 

sr
ET  is the electricity consumption of  city r that is transmitted from province s to city r; 140 

there are n provinces in total which have transmitted electricity to city r.  141 

2.2 Evaluating water scarcity footprint for electricity consumption 142 

A volume of  water consumed in different places has a different impact based on the 143 

local water resource endowment (Zhao et al., 2018). It is thus important to consider water 144 

scarcity in the volumetric accounting of  water footprint (Ridoutt and Pfister, 2010; Zhang 145 

et al., 2020a). For this purpose, the water stress index (WSI), defined by Pfister et al. (2009), 146 

is used to adjust the volumetric water footprint into stress-weighted volumes of  water 147 

footprint. The WSI has been adapted from the water withdrawal-to-availability indicator 148 

by applying an S-curved logistic function to acquire continuous values between 0.01 and 1. 149 

Four levels of  water stress were classified in the WSI, i.e. Minor (0.01-0.09); Moderate 150 

(0.09-0.5); Severe (0.5-0.91); and Extreme (0.91-1). The WSI was calculated according to 151 

the following equation (4):       152 

*
6.4 (1/0.01 1)

1

(1 )
WTA

WSI

e
− −

=
+

            (4) 153 

Where WTA* is a modified water withdrawal-to-availability indicator considering 154 
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precipitation variability. 155 

The Water Scarcity Footprint for Electricity Consumption (WSFE) can thus be 156 

calculated by combining the WFE of  different cities/provinces with the corresponding 157 

WSI. The WSFE can be further divided into internal and external WSFE, which may be 158 

expressed by equations (5) – (7) below: 159 

r r r
WSFE IWSFE EWSFE+=                (5) 160 

r r r
IWSFE DWSI IWFE=                  (6) 161 

r s sr

s r
EWSFE DWSI VWF


=             (7) 162 

Where r
WSFE is the WSFE of  city r; r

IWSFE and r
EWSFE  represent internal and 163 

external WSFE of  city r respectively; r
DWSI and s

DWSI represent direct WSI in city r 164 

and province s; and sr
VWF is virtual water flow from province s to city r. 165 

2.2 Measuring the water related vulnerability of  electricity production 166 

Total water related vulnerability of  electricity production in city j can thus be 167 

quantified using equations (8) – (11) below: 168 

r r

r r

r r r

IWFE IWSFE
DV DWSI

EWFE IWFE WFE

 
=  = + 

        (8)169 

r r

r r

r r r

EWFE EWSFE
NV NWSI

EWFE IWFE WFE

 
=  = + 

         (9) 170 

r sr s

r

r srs r

s r

EWSFE VWF DWSI
NWSI

EWFE VWF





= = 

            (10) 171 

 r r r
TV DV NV= +                                (11) 172 

Where r
TV  represents Total Water Related Vulnerability of  Electricity Production in city 173 

r, which consists of  Direct Water Related Vulnerability of  Electricity Production ( r
DV ) 174 

and Indirect Water Related Vulnerability of  Electricity Production ( r
NV ). In a similar way 175 

to WSI, total water related vulnerability of  electricity production in a specific locality may 176 

also be classified by four levels, i.e. Minor (0.01-0.09), Moderate (0.09-0.5), Severe (0.5-177 
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0.91) and Extreme (0.91-1). 178 

2.3 Data 179 

China’s electricity transmission matrices between 2000 and 2016 were obtained from 180 

Zhang et al. (2020a). Zhang et al. (2020a) constructed China’s electricity transmission 181 

matrices among 30 mainland Chinese provinces, excluding Tibet due to data limitations. 182 

These were based on provincial electricity production and consumption data extracted 183 

from the China Electricity Yearbooks, and inter-provincial electricity transmission data 184 

from the Annual Compilation of  Power Industry Statistics. Water consumption data for 185 

thermoelectric power production by province and by fuel type are from Zhang et al. (2018), 186 

who developed a bottom-up time series water use inventory for China’s thermoelectric 187 

power plants which cover 99% of  national capacity. It should be note that the total 188 

electricity generation was not from coal-fired plants only, it also includes natural gas power 189 

and nuclear power. Since water consumption in coal-fired plant dominate the water 190 

consumption, we assume that all water consumption comes from coal-fired power 191 

following Zhang et al. (2020a). 192 

Zhang et al. (2020a) calculated the WSI of  1,120 catchments in China based on an 193 

approach proposed by Pfister et al. (2009). They defined a catchment as the minimum 194 

spatial area needed to quantify the WSI of  provinces. Hence, the provincial WSI is the 195 

result of  the sum of  the WSFE of  all catchments located in the province divided by the 196 

sum of  catchment WFE in the province. This may be expressed as follows: 197 

c cs

s

s c

WFE WSIWSFE
WSI

WFE WFE


= =


                       (12) 198 

Where c
WFE and c

WSI are the WFE and WSI of  catchment c belonging to province s. 199 

s
WFE , s

WSFE and s
WSI are the WFE, WSFE and WSI of  province s, respectively. The 200 

WSI of  the catchments was set constant during the 2006-2016 period, assuming that the 201 

WSI represents the average catchment water stress situation. However, the WSI of  the 202 

provinces was observed to change slightly due to changes in WFE of  catchments (see 203 
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Table A1). 204 

It should be noted there are other water scarcity indicators also in use, such as the 205 

AWARE indicator which was developed by the UNEP/SETAC Life Cycle Initiative 206 

(UNEP/SETAC, 2016). A comparison between the WSI and AWARE indicators is 207 

presented and discussed later on. The provincial AWARE values of  non-irrigation sectors 208 

were obtained from Boulay and Lenoir (2020). 209 

3. Results 210 

3.1 Trends in water footprint and water scarcity footprint of  electricity 211 

in the four megacities 212 

Between 2006 and 2016, the WFE in the four megacities contained in the study 213 

increased from 357.2 to 388.1 million m3, but comprised a decreasing share of  national 214 

total WFE, from 7.94% in 2006 to 6.57% in 2016 (Table A2). Meanwhile, the WSFE of  215 

the four megacities experienced a slight decrease, moving from 224.9 million m3 in 2006 216 

to 217.9 million m3 in 2016. This decadal change in the WFE for each megacity is illustrated 217 

in Fig.1. The WFE of  Chongqing almost doubled from 52.1 million m3 in 2006 to 96.1 218 

million m3 in 2016. It is noteworthy that the WFE for Chongqing plummeted in 2012, 219 

which is seen as a result of  government implementing blocked tariffs aimed at electricity 220 

demand management (National Energy Administration of  China, 2012). The WFE of  221 

Tianjin experienced an upward trend, increasing from 83 million m3 to 104 million m3 
222 

during the study period. The WFE of  Shanghai and Beijing experienced an overall 223 

decreasing trend. The WFE for Beijing experienced the largest decrease among the four 224 

megacities, decreasing from 118.9 million m3 in 2006 to 94.9 million m3 in 2016. Shanghai’s 225 

WFE decreased from 103 million m3 in 2006 to 78 million m3 in 2012, and subsequently 226 

increased to 93 million m3 by 2016.  227 

The lower curves in Fig.1 demonstrate the WSFE of  the four megacities. It can be 228 

seen that the WSFE occupied the largest share of  the WFE in Tianjin, followed by Beijing, 229 

Shanghai and Chongqing. In Shanghai, approximately half  of  the WFE was scarce, while 230 
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in Chongqing the WSFE was only 1.93 million m3/year on average during the 10-year study 231 

period. The WSFE of  Beijing, Tianjin, and Shanghai had similar trends to their WFE’s. 232 

The exception was Chongqing which, although the WFE displayed an increasing trend 233 

exceeding that of  Beijing and Shanghai in 2016, had a negligible WSFE. This means the 234 

large WFE observed for Chongqing only had a minor impact on water stress. 235 

Overall, the total internal WFE of  the four megacities was higher than the total 236 

external WFE, and the share of  internal WFE also increased during the study period. The 237 

city with the largest share of  external WFE was Beijing, comprising more than half  of  its 238 

WFE. External WFE made up smaller shares in the other three megacities, i.e. less than 239 

50% in Shanghai, about 20% in Tianjin and just over 10% in Chongqing. Compared to 240 

WFE, external WSFE occupied much smaller proportions in Shanghai (Fig. A1). This 241 

findings indicate Shanghai was suffering from more severe water scarcity than its imported 242 

electricity sources. In general, Beijing’s electricity consumption required the largest external 243 

WSFE, albeit with a decreasing trend from 53.35 million m³ in 2006 to 38.81 million m³ in 244 

2016. This was followed by Tianjin, which required between 11 and 17 million m3 WSFE 245 

for its electricity consumption. 246 

 247 
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Fig. 1. Trends of  water footprint for electricity consumption (WFE) and water 248 

scarcity footprint for electricity consumption (WSFE) in the four megacities. Bar 249 

charts show the percentage of  internal WFE versus external WFE. 250 

It can be seen from Fig. 2 that all four megacities experienced declines in their water 251 

footprint and water scarcity footprint factor, i.e. WFE and WSFE per unit of  electricity 252 

consumed (m3/MWh). Beijing experienced the steepest decline: in 2006, every MWh of  253 

electricity consumed required 1.95 m³ of  water footprint, of  which 1.58 m³ was defined as 254 

scarce. These numbers decreased markedly to 0.93 m³/ MWh for and 0.80 m³ MWh for 255 

water scarcity footprint factor by 2016. Chongqing and Shanghai experienced relatively 256 

shallow decreases in their water footprint factors for electricity consumption. Although 257 

the water footprint factor has decreased in all four megacities, the WFE has shown 258 

different trends. Whilst the WFE declined significantly in Beijing, it increased in both 259 

Tianjin and Chongqing and experienced a U-turn in Shanghai, i.e. decreased until 2013 260 

before increasing. These trends show that electricity consumption increases in Tianjin and 261 

Chongqing outpaced the water footprint factor decreases. In Shanghai, although electricity 262 

consumption had been increasing throughout the study period, the decrease in water 263 

footprint factor outpaced its electricity consumption increases between 2006 and 2013, 264 

with the trend then reversing. In terms of  per capita values, WFE per capita decreased 265 

substantially in Beijing, Tianjin and Shanghai from 7.43, 7.72 and 5.26 m³ per person in 266 

2006, to 4.37, 6.66 and 3.85 m³ per person in 2016, respectively (Fig. A2). The WSFE per 267 

capita in these three megacities also reduced accordingly. In contrast, the WFE per capita 268 

in Chongqing increased throughout the decadal study period, rising from 1.85 to 3.15 m³, 269 

albeit with negligible amounts of  WSFE. 270 
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 271 

Fig. 2. Water footprint and water scarcity footprint (m³) per unit of  electricity 272 

consumption (MWh) in the four megacities. 273 

3.2 Origins of  external water scarcity footprints for electricity in the 274 

four megacities 275 

The northern megacities, i.e. Beijing and Tianjin, showed a range of  patterns of  276 

external WSFE (locations and volumes) compared to their southern counterparts (Fig. 3). 277 

Specifically, the northern megacities required larger amounts of  external WSFE compared 278 

to the southern megacities. Southern megacities imported their external WSFE from more 279 

diversified sources, while megacities in the north tended to import their external WSFE 280 

from neighboring provinces. West Inner Mongolia is the primary external WFSE provider 281 

to both Beijing and Tianjin’s final electricity consumption (Fig. A3). For Beijing, over 74% 282 

of  its external WSFE (28.99 million m³) was imported from the West Inner Mongolian 283 

grid, and 24% (9.49 million m³) was from Shanxi. Tianjin has been importing external 284 

WSFE about 9 to 16 million m³ from West Inner Mongolia. Since 2013, this megacity has 285 

also imported electricity from Hebei province and this has resulted in more than 2 million 286 

m³ of  scarce water consumption in Hebei every year. It should be noted that both Shanxi 287 

and Hebei provinces are facing extreme water scarcity. 288 

Located in southern China, Shanghai and Chongqing required less external WSFE. 289 

Shanghai’s external WSFE decreased from about 16.00 million m³ in 2006 to 6.40 million 290 

m³ in 2013, before returning to 9.14 million m³ by 2016. Chongqing required the least 291 

external WSFE, ranging from 0.49 million m³ (2015) to 1.21 million m³ (2010). Overall, 292 
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Shanghai and Chongqing had a more diversified portfolio of  external WSFE sources for 293 

their electricity consumption. Whilst the majority of  Shanghai’s external WSFE came from 294 

Zhejiang and Jiangsu, accounting for 36.38% and 42.06% respectively, it also imported 295 

some WSFE from provinces in central China, such as Sichuan and Chongqing, and from 296 

the northwest, such as Xinjiang, Ningxia, Gansu and Shaanxi. Chongqing’s largest external 297 

WSFE was sourced from its neighboring province, Sichuan. It should be noted that, 298 

between 2010 and 2013, Chongqing imported some 0.21 million m³ to 0.29 million m³ 299 

WSFE from Shaanxi province where water scarcity is classed as severe. 300 

 301 

Fig. 3. External water scarcity footprint for electricity consumption (WSFE) in 2016: 302 

only volumes greater than 0.1 million m3 are shown 303 

3.3 The water related vulnerability of  electricity production in the four 304 

megacities 305 

Between 2006 and 2016, the water related vulnerability of  electricity production in 306 

Tianjin, Beijing, Shanghai and Chongqing was diverse, and may be classified as extreme, 307 
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severe, moderate and minor, respectively (Fig. 4). Different patterns were found for the 308 

two northern cities, i.e. Beijing and Tianjin, in terms of  their direct and indirect water 309 

related vulnerability. Indirect water related vulnerability comprised the largest share in 310 

Beijing, accounting for 47.6%-55.2% of  Beijing’s total water related vulnerability of  311 

electricity production. In contrast, the indirect water related vulnerability of  Tianjin 312 

comprised the smallest share, accounting for just 10.1%-19.2% of  total water related 313 

vulnerability of  electricity production. These findings indicate Beijing’s electricity 314 

consumption was more vulnerable to water scarcity beyond its administrative boundaries, 315 

while Tianjin’s vulnerability is mainly through exposure to water scarcity within its territory. 316 

Both Beijing and Tianjin had a direct WSI classified as extreme, which means relying on 317 

their own water supplies will bring extreme water related vulnerability of  electricity 318 

production to both megacities. However, the reliance of  Beijing on external WFE has 319 

helped to reduce its total water vulnerability classification to a lower level, i.e. severe. Less 320 

than that of  Beijing and Tianjin, Shanghai’s total water related vulnerability is, on average, 321 

greater than 0.4 which is considered moderate. Compared with the other three megacities, 322 

Chongqing’s electricity consumption faces the least water related vulnerability - less than 323 

0.04 (minor). This is attributed to Chongqing and its surrounding provinces abundant 324 

water endowments, and Chongqing’s relatively slower pace of  economic development 325 

requiring less electricity supply. Hence, Chongqing’s electricity consumption is unlikely to 326 

be disrupted by water shortage related problems in the foreseeable future.  327 

The changes of  direct and indirect water related vulnerability of  electricity production 328 

over time were also different for the four megacities. The water related vulnerability of  329 

Beijing has seen an increasing trend, with an increasing direct vulnerability but decreasing 330 

indirect vulnerability. In contrast, the water related vulnerability of  Shanghai has 331 

experienced a decreasing trend, mainly owning to the decrease in its indirect water related 332 

vulnerability. Meanwhile, the direct and indirect vulnerabilities of  Tianjin and Chongqing 333 

showed only a slight change. 334 
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 335 

Fig. 4. Changes of  direct and indirect water related vulnerability of  electricity 336 

production in the four megacities; where 0.01-0.09 (Minor), 0.09-0.5 (Moderate), 0.5-337 

0.91 (Severe) and 0.91-1 (Extreme). 338 

4. Discussion  339 

4.1 Comparison of  water related vulnerability for electricity 340 

consumption based on WSI and AWARE models 341 

In this study, the WSI was used as a water scarcity indicator to derive water related 342 

vulnerability in electricity consumption. However, different water scarcity indicators have 343 

been developed based on different conceptual frameworks and model structures and which 344 

may yield different water related vulnerability results (Ridoutt et al., 2018). We therefore 345 

compared the results of  water related vulnerability derived from two water scarcity 346 

indicators, namely the WSI applied in this study and the AWARE model. The AWARE 347 

model derives water scarcity indicators through evaluation of  the relative water remaining 348 

in a region once human consumption and water ecosystem requirements have been 349 
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subtracted from local renewable water availability (Boulay et al., 2017). As can be seen in 350 

Fig.5 using the AWARE indicator, water related vulnerability ranges from 0.1 to 100 with 351 

its absolute numbers much larger than the results derived from the WSI indictor. However, 352 

the general patterns of  the four megacities’ water related vulnerabilities for electricity 353 

consumption based on the AWARE indicator broadly agree with the results based on WSI, 354 

with Tianjin’s electricity consumption being exposed to the highest water related 355 

vulnerability, followed by Beijing, Shanghai and Chongqing.  356 

The largest difference between the two indicators was seen in Shanghai’s results. 357 

Using the AWARE indicator, Shanghai’s water related vulnerability became relatively 358 

smaller compared to that of  Beijing and Tianjin. Conversely, using WSI, Beijing’s and 359 

Tianjin’s water related vulnerability for electricity consumption was 1.98 and 2.11 times 360 

that of  Shanghai’s, respectively. However, these differences increase to 3.62 and 3.94 times 361 

using the AWARE indicator. The reason for this is because Shanghai’s indirect water related 362 

vulnerability has become smaller compared to that of  Beijing and Tianjin. Generally 363 

speaking, applying the two different indicators does not change the overall trend or pattern 364 

of  water related vulnerabilities faced by electricity consumption, especially for those cities 365 

experiencing extreme and severe water stress.  366 

 367 
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 368 

Fig.5. Water related vulnerability (upper panel) and indirect water related 369 

vulnerability (lower panel) of  electricity production in 2016, based on WSI and 370 

AWARE models. 371 

4.2 Varied trend between water scarcity footprint and water related 372 

vulnerability of  electricity production 373 

Existing research and recommendations usually focus on one aspect of  the water-374 

electricity conflict, implying that the other aspect of  this conflict will be solved 375 

simultaneously. Our study has emphasized the importance of  jointly investigating the 376 

temporal changes of  these two aspects. Two indicators, i.e. the WSFE and the water related 377 

vulnerability for electricity consumption were used to reflect the two aspects of  water-378 

electricity conflict. Whilst the WSFE indicates the impacts of  electricity consumption on 379 

water resources, water vulnerability indicates the extent that electricity consumption is 380 

vulnerable to water shortages. Our results show differing trends between these two 381 

indicators for Beijing and Tianjin, which have suffered both water scarcity and water related 382 

vulnerability for electricity consumption. For Beijing, a decreasing trend was found for its 383 

WSFE, but an increasing trend for its water related vulnerability. Tianjin’s water related 384 

vulnerability only shows a slight change, but its WSFE has experienced an increasing trend. 385 

Such differences indicate that the sole effort of  reducing one aspect of  water-electricity 386 

conflict cannot simultaneously guarantee the reduction of  the other aspect. Hence, policies 387 

should be oriented towards joint reduction in the impact of  electricity consumption on 388 

water scarcity as well as the water related vulnerability for megacity electricity consumption. 389 
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Effective policy measures may include decreasing water use intensity (Liang et al., 2019; 390 

Zhang et al., 2020b), setting a cap for urban electricity demand (Zhang et al., 2017), and 391 

shifting electricity sourcing from water scarce to more water abundant regions (Behrens et 392 

al., 2017; Liao et al., 2020). Policy makers should also consider combined measures and set 393 

priorities based not only on the water-electricity conflict in the considered megacity, but 394 

also the external source regions. 395 

4.3 Policy implications in mitigating water-electricity conflict for the 396 

studied megacities 397 

Our results showed different trends and characteristics of  the two aspects of  water-398 

electricity conflict in the four megacities. Comparing these differences amongst the 399 

megacities provides implications for urban policy makers worldwide to mitigating the 400 

water-electricity conflict for their own cities. Among the four megacities, Beijing and 401 

Tianjin, located in China’s arid and semi-arid northern regions, had a higher WSFE and 402 

higher levels of  water related vulnerability for their electricity consumption between 2006 403 

and 2016. This situation may be further explored, both within and beyond their megacity 404 

boundaries. Within the megacity boundaries, Beijing and Tianjin faced extreme water 405 

scarcity with their WSI ranging from 0.93-1 (Table A1). One of  the major differences 406 

between the two megacities was that Tianjin relied more on electricity generation within 407 

its boundary. Consequently, over 81% and 82% of  Tianjin’s WSFE and water related 408 

vulnerability, respectively, were due to internal consumption of  water for electricity 409 

generation (Fig. 4 and Fig. A1). For Beijing, internal water consumption contributed to less 410 

than 53% of  total WSFE and water related vulnerability. For Tianjin, the reliance on 411 

extremely scarce water resources within the city boundary was the major cause for its 412 

highest level of  water related vulnerability and the largest WSFE among the four megacities, 413 

hence requires urgent action in reducing its internal WSFE. In 2004, Beijing adopted a 414 

policy requiring all new coal-fired power plants to install air-cooling systems which have 415 

lower water requirements. This had the effect of  reducing Beijing’s water scarcity footprint 416 
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factor. Examining and comparing and the results of  Beijing and Tianjin, we suggest a 417 

similar approach be an immediate priority for Tianjin in reducing its water scarcity 418 

footprint factor. In 2016, if  Tianjin had the same water scarcity footprint factor as Beijing, 419 

the internal WSFE would be reduced by 23%, and the direct water related vulnerability of  420 

energy consumption would also decrease accordingly. 421 

Externally, these two cities have imported almost all electricity from water-scarce 422 

regions, i.e. Shanxi, Hebei and West Inner Mongolia. Since the 1970’s, China has built large-423 

scale inter-regional electricity transmission infrastructure systems, such as the “West-to-424 

East” electricity transmission project, to transmit electricity from either the coal-abundant 425 

northwest regions or the water-abundant southwest regions of  the country to the 426 

electricity load centers of  the east coast (Zhou, 2003). The northern corridor of  the West-427 

to-East transmission project conveys electricity from coal-abundant Shanxi and Inner 428 

Mongolia to the load centers of  Beijing and Tianjin. Consequently, water availability for 429 

coal-fired generation is rarely considered in China’s energy planning and development. For 430 

example, while Shanxi and Ningxia are already facing severe water scarcity constraints, 431 

China’s National Energy Administration initiated the construction of  a new long-distance 432 

electricity transmission line to transfer electricity generated from coal-firing in these 433 

provinces (National Energy Administration of  China (NEA, 2014). Our findings of  large 434 

indirect water related vulnerability for Beijing and Tianjin raise alarms for such policy 435 

decisions, as coal resources should not be the sole concern. Water endowments in 436 

electricity-exporting regions must also be considered in future policy formulations. 437 

Shanghai imports large amounts of  electricity from its two neighboring provinces, 438 

Jiangsu and Zhejiang. Although these provinces are all located on the Yangtze Delta and 439 

are therefore endowed with large amounts of  available water, they are ranked among the 440 

most developed and populated provinces in China whose large populations and economic 441 

activities have resulted in moderate water related vulnerability for Shanghai’s electricity 442 

consumption. Furthermore, water shortages such as drought events in the three Yangtze 443 

Delta provinces could lead to electricity supply disruption in Shanghai, further highlighting 444 
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the importance of  maintaining sufficient flows in the river. While China’s south-western 445 

provinces such as Sichuan and Yunnan are endowed with rich hydropower potential, they 446 

face annual hydropower abandonment primarily caused by institutional limits in which 447 

other provinces are unwilling to sacrifice their own local coal-fired plants and accept 448 

externally transmitted electricity. China could therefore place greater emphasis in 449 

developing both its infrastructure and institutional capabilities to utilize hydroelectricity 450 

generated in water-abundant provinces in the south, to satisfy demand in water-scarce 451 

provinces in the north, and in demand-driven water scarcity provinces in the east. 452 

4.4 Limitations of  this study and future directions  453 

There are a number of  limitations with this study, and which offer future directions 454 

for research. First, we focused on water use by coal-fired power plants. Although coal-fired 455 

power production occupies more than 70% of  China’s electricity profile, hydropower 456 

makes up a further 15-20% of  China’s electricity production. Whilst we have 457 

recommended further exploitation of  hydropower resources in China’s southwestern 458 

regions, hydropower clearly has much higher dependence on water resources. Further work 459 

should be conducted to evaluate the risks of  hydropower in the southwest and to develop 460 

a national strategy which also reduces reliance on electricity systems which currently 461 

incorporate water availability as a constraining factor. Furthermore, whilst we analyzed 462 

empirical data, climate change is expected to fundamentally alter watershed regimes, which 463 

may either alleviate or aggravate water scarcity. For example, a number of  hydrological 464 

studies have projected that, under future climate change, China’s dry north may experience 465 

increased precipitation which may alleviate local water scarcity. On the other hand, rivers 466 

in China’s water-abundant south may experience flow reduction which may hinder 467 

hydropower utilization. Since constructed electricity transmission infrastructure are locked 468 

in for several decades, it is also important for future studies to incorporate the impacts of  469 

climate change into their evaluations.  470 
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5. Conclusions 471 

This study examined and compared the dynamics of  water-electricity conflict for 472 

China’s four provincial-level megacities through a time-series analysis. Two indicators, i.e. 473 

the WSFE and the water related vulnerability for electricity consumption, were chosen to 474 

represent two aspects of  water-electricity conflict. Both indicators were evaluated within 475 

and beyond the megacity boundaries. The results show that northern megacities, i.e. 476 

Tianjin and Beijing, had larger WSFE and higher levels of  water related vulnerability. These 477 

two cities also required larger amounts of  external WSFE than their southern megacity 478 

counterparts, and mainly imported their external WSFE from neighboring provinces that 479 

are also located in the water scarce north. Temporally, our study, for the first time, shows 480 

that the indicators of  the WSFE and the water related vulnerability may evolve in opposite 481 

directions. These different levels, origins and trends of  the WSFE and water related 482 

vulnerability provide important policy implications in mitigating megacity water-electricity 483 

conflict. Combined measures aimed at jointly reducing the WSFE and water related 484 

vulnerability indicators are thus needed by policy makers considering both the megacities 485 

themselves, and their external electricity source regions. 486 
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