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13 Abstract. Electricity generation may become a key factor that accelerates water scarcity. In this study, we estimated
14 the future global water use for electricity generation from 2005 to 2100 in 17 global sub-regions. Twenty-two future
15  global change scenarios were examined, consisting of feasible combinations of five socioeconomic scenarios of the
16  Shared Socioeconomic Pathways (SSPs) and six climate mitigation scenarios based on four forcing levels of
17  representative concentration pathways (RCPs) and two additional forcing levels, to assess the impacts of
18  socioeconomic and climate mitigation changes on water withdrawal and consumption for electricity generation.
19  Climate policies such as targets of greenhouse gas (GHG) emissions are determined by climate mitigation scenarios.
20  Both water withdrawal and consumption were calculated by multiplying the electricity generation of each energy
21 source (e.g., coal, nuclear, biomass, and solar power) and the energy source-specific water use intensity. The future
22 electricity generation dataset was derived from the Asia-Pacific Integrated/Computable General Equilibrium
23  (AIM/CGE) model. Estimated water withdrawal and consumption varied significantly among the SSPs. In contrast,
24 water withdrawal and consumption differed little among the climate mitigation scenarios even though GHG
25  emissions depend on them. There are two explanations for these outcomes. First, electricity generation for energy
26  sources requiring considerable amounts of water varied widely among the SSPs, while it did not differ substantially
27  among the climate mitigation scenarios. Second, the introduction of more carbon capture and storage strategies
28  increased water withdrawal and consumption under stronger mitigation scenarios, while the introduction of more
29  renewable energy decreased water withdrawal and consumption. Therefore, the socioeconomic changes represented
30 by the SSPs had a larger impact on water withdrawal and consumption for electricity generation, compared with the
31  climate mitigation changes represented by the climate mitigation scenarios. The same trends were observed on a

32  regional scale, even though the composition of energy sources differed completely from that on a global scale.

33

34 1. Introduction

35

36 With economic and population growth, energy demand is likely to continue increasing in the coming decades,

37  and the energy sector is becoming a large water consumer. For example, the global water withdrawal for electricity

38  generation in 2010 amounted to about 540 km? yr!, or 14% of the global total water withdrawal (IEA, 2012), while
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39  electricity generation accounted for about 70% of industrial water withdrawal in 2010. There is concern that water
40  use for electricity generation could increase competition with other major water users, including agriculture,
41  manufacturing, and domestic users. Furthermore, water shortages could impair energy security. Electricity shortages
42 have recently been caused by water shortages in the southeastern United States, the Pacific Northwest, and continental
43  Europe (Bartos et al., 2015). Therefore, it is important to estimate how much water will be required for electricity
44 generation in the future.

45 Water use for electricity generation falls under industrial water use. Global industrial water use projections have
46 been presented by Alcamo et al. (2007), Shen et al. (2008), and Hanasaki et al. (2013). However, these studies did
47  not differentiate water use for electricity generation from water use for other industrial processes. Vassolo and Doll
48  (2005) and Florke et al. (2013) estimated global industrial water use by distinguishing water use for electricity
49  generation and manufacturing water. However, they used global hydrological models on a grid scale, which are not
50  designed to readily assess the global impact of demand drivers, such as energy source composition, cooling system
51 shares, and technological improvements, in the distant future.

52 There is another approach. Socioeconomic changes and climate mitigation are among the most significant
53  demand drivers in future projections; the global impact of these demand drivers and others on water use for electricity
54  generation can be assessed using a global economic model on a regional scale. Most studies using this approach have
55  focused on only one of these drivers (Kyle et al., 2013; Hejazi et al. 2014; Bijl et al. 2016; Fricko et al. 2016); to our
56  knowledge, only Fujimori et al. (2016a) has examined both socioeconomic changes and climate mitigation changes.
57  Fujimori et al. (2016a) estimated the future industrial water withdrawal under the Shared Socioeconomic Pathways
58  (SSPs; see Sect. 2.1.1) and climate mitigation scenarios based on representative concentration pathways (RCPs; see
59  Sect. 2.1.1); however, they neither incorporated energy-related factors (e.g., cooling system shares or seawater use
60 by power plants) nor distinguished water use and withdrawal, which have been taken into account in other studies
61  using a global economic model on a regional scale.

62 In this study, we had two objectives: 1) to estimate water withdrawal and consumption for electricity generation
63  under the SSPs and climate mitigation scenarios based on RCPs for the period from 2005 to 2100 in 17 global sub-
64  regions while considering energy-related factors, and 2) to compare the impact of the socioeconomic changes and
65  climate mitigation changes on water withdrawal and consumption for electricity generation, in addition to assessing
66  each impact. We achieved these objectives by taking advantage of the SSPs and climate mitigation scenarios, which
67  allowed us to assess the effects of socioeconomic changes and climate mitigation changes separately. In addition to
68  the SSPs and climate mitigation scenarios, we included assumptions on shifts in the proportion of cooling system
69  types to assess their potential impacts.

70 In this study, key drivers of water withdrawal and consumption for electricity generation and scenario settings
71 are discussed in Sect. 2. The results from the scenario analysis are presented in Sect. 3 and discussed in Sect. 4.

72 Conclusions are presented in Sect. 5.

73

74 2. Methodology and data

75

76 Water withdrawal and consumption for electricity generation were calculated by multiplying the electricity
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77  generation (MWh) and water use intensity (m® MWh!) of each energy source. The water use intensity was defined
78 as water use (m®) per unit electricity generated (MWh). These factors are discussed in Sect. 2.1 and 2.2. We followed
79  the definitions of water-related terms set by the United States Geological Survey. Water use is defined as the water
80  used for a specific purpose and includes elements such as water withdrawal and consumption. Water withdrawal is
81  defined as the water extracted from surface water or groundwater. Water consumption is defined as the proportion of
82  water withdrawn that is evaporated, transpired, incorporated into products or crops, or consumed by humans or
83  livestock.

84 We used future electricity generation data estimated by the Asia-Pacific Integrated Model/Computable General
85  Equilibrium (AIM/CGE) model, an integrated assessment model developed by National Institute for Environmental
86  Studies, Japan (Fujimori et al. 2016b). The AIM/CGE model can quantify entire economic goods and service, and
87  production factors’ market exchange with a special focus on energy, agriculture, emissions (GHG and air pollutants)
88  and land use sectors based on socioeconomic assumptions and climate mitigation targets (e.g., population, gross
89  domestic product (GDP), and radiative forcing). The impacts of socioeconomic and climate mitigation changes were
90  assessed using the output of the AIM/CGE model for a target period of 2005-2100; this model covered all regions of
91  the world, divided into 17 sub-regions (See Table Sland Fig. S1 in Supplementary Information).

92

93

94 2.1. Electricity generation

95

96 We used future electricity generation data estimated by the Asia-Pacific Integrated Model/Computable General

97  Equilibrium (AIM/CGE) model, an integrated assessment model developed by National Institute for Environmental

98  Studies, Japan (Fujimori et al. 2016b). The AIM/CGE model can quantify entire economic goods and service, and

99  production factors’ market exchange with a special focus on energy, agriculture, emissions (GHG and air pollutants)
100  and land use sectors based on socioeconomic assumptions and climate mitigation targets (e.g., population, gross
101  domestic product (GDP), and radiative forcing). The impacts of socioeconomic and climate mitigation changes were
102 assessed using the output of the AIM/CGE model for a target period of 2005-2100; this model covered all regions of
103  the world, divided into 17 sub-regions (See Table Sland Fig. S1 in Supplementary Information).

104

105 2.1.1. Scenario framework

106

107 Future electricity generation was calculated under two sets of scenarios: socioeconomic scenarios and climate

108  mitigation scenarios. We adopted SSPs to represent the socioeconomic scenarios. The SSPs describe five plausible
109  future worlds that are defined by narrative storylines and quantitative information and can be characterized by two
110  indices, socioeconomic challenges for adaptation and for mitigation. In SSP1 (sustainability), both adaptation and
111  mitigation challenges are low. In contrast, both adaptation and mitigation challenges are high in SSP3 (regional
112 rivalry). In SSP4 (inequality), adaptation challenge is high but mitigation challenge is low. In SSP5 (fossil-fuel
113  development), adaptation challenge is low but mitigation challenge is high. SSP2 (middle of the road) falls in an
114  intermediate position among other four scenarios. The SSPs are described in detail by O’Neill et al. (2014).
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115  The climate mitigation scenarios were represented by six climate mitigation targets and a baseline case. The baseline
116  case has no constraints on GHG emissions. Meanwhile, the climate mitigation targets consist of four forcing levels
117 (2.6, 4.5, 6.0, and 8.5 W/m?) of RCPs (van Vuuren et al., 2011), as well as two additional forcing levels (3.4 and 7.0
118  W/m?). The forcing levels are defined by the cumulative amount of radiative forcing (W/m?) around the year 2100.
119  Each climate mitigation target is expressed as, for example, the 6.0W case and 2.6W case.

120 The scenario framework of the socioeconomic scenarios and climate mitigation scenarios is described by
121 Fujimori et al. (2016b). The baseline cases of SSP1-5 are assumed to correspond to 6.0, 7.0, 7.0, 6.0, and 8.5 W/m?,
122 respectively. Each combination of SSP and climate mitigation scenario is expressed as, for example, SSP2-6.0W and
123 SSP3-3.4W.

124 Figure 1 shows the global electricity generation under the baseline cases for SSP1-5. In all scenarios, global
125  total electricity generation increased between 2005 and 2100. In particular, the total electricity generation of 2100
126  was about 7.5 times larger than that of 2005 in SSP5-8.5W. Among the baseline scenarios, renewable energies were
127  introduced as major energy sources for climate change mitigation in SSP1-6.0W and SSP4-6.0W. Conversely, fossil
128  fuels were the dominant energy source in SSP3-7.0W and SSP5-8.5W. Meanwhile, nuclear energy grew substantially
129 over a target period in SSP2-7.0W, SSP4-6.0W, and SSP5-8.5W.

130 Figure 2 compares the global electricity generation for SSPs and climate mitigation scenarios. Only the baseline
131  case had a significantly different composition of energy sources from other climate mitigation scenarios in SSP2,
132  SSP3, and SSP5. In stronger mitigation scenarios, total electricity generation was greater, and more renewable energy
133  and carbon capture and storage (CCS) were used. The total electricity generation and composition of energy sources
134  differed greatly between the SSPs within the same climate mitigation scenario. The energy trends and scenario

135  assumptions are described in detail by Fujimori et al. (2016b).

136

137 2.1.2. Estimation of electricity generation using freshwater for cooling

138

139 Both freshwater and seawater can be used for electricity generation. However, we focused on freshwater use,

140  and excluded seawater. We calculated the electricity generation ratio of freshwater- and seawater-based power plants
141  in the AIM/CGE regions, from which we estimated freshwater-based electricity generation. To calculate the
142  electricity generation ratio, the electricity generation and water source (freshwater or seawater) for each power plant
143  around the world are needed. However, we did not have such data. Therefore, we substituted the electricity generation
144  capacity data of each power plant worldwide for the electricity generation data of each power plant, and assumed that
145  the electricity generation ratio and electricity generation capacity ratio were nearly the same. The water source of
146  each power plant was determined based on its distance from a shore.

147 We created a spatial distribution dataset of the power plant generation capacity allocated to a 5’ x 5’ grid by
148 combining World Electric Power Plants Database (WEPP) and Carbon Monitoring for Action (CARMA) data to
149  calculate the electricity generation capacity ratio in each AIM/CGE region. The WEPP (UDI, 2014) provides power
150  plant name, installed electricity generation capacity, energy source, cooling system type and other information of
151  power plants around the world. The WEPP includes over 90,000 power plants; however, it does not cover geographic

152 location of power plants. To determine the geographic coordinates of the power plants, we used the CARMA database
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153 (Center for Global Development, 2014), which contains information on power plant names, carbon emissions, and
154  geographic coordinates and includes over 60,000 power plants.

155 Power plants that use seawater for electricity generation must be located adjacent to saline water bodies. Initially,
156  we assumed that seawater was used for electricity generation if the power plant was located within one grid cell from
157  a shore. However, the resulting seawater-based generation capacity ratios were too small. For example, almost all
158  power plants in Japan use seawater; however, under our assumption, only 44% of the generation capacity of coal
159  power plants was assumed to use seawater. Therefore, we altered this assumption to include power plants located
160  within two grid cells from a shore. Table 1 shows the electricity generation capacity ratio of seawater-based power
161  plants to the total electricity generation capacity by AIM/CGE region. The generation capacity ratio was assumed to
162  be constant over the target period.

163 The generation capacity ratio has uncertainty, because we only identified locations for half of the power plants
164  listed in the WEPP. In addition, in developing countries, there are few power plants. For instance, there is only one
165  nuclear power plant on the African continent, Koeberg Nuclear Power Station. Because this plant was recognized as
166  aseawater-based power plant under our assumption, all nuclear power plants in Africa were assumed to be seawater-

167 based over time.

168

169 2.2. Water use intensity

170

171 We used the water use intensity of each energy source (Table 2) according to Kyle et al. (2013), which essentially

172 followed that of Macknick et al. (2011). Macknick et al. (2011) presented the minimum, median, and maximum water
173 use intensity, while Kyle et al. (2013) used median water use intensity derived from Macknick et al. (2011), with
174  adjustments to previous estimations of electricity sector water use.

175 The water use intensity of CCS has a high uncertainty, because CCS is a new technology that is not widespread.
176  Kyle et al. (2013) determined that the water use intensities of coal, integrated coal gasification combined cycle, and
177  natural gas combined cycle power plants with CCS were about 20-100% higher than those without CCS. However,
178  they did not include the water use intensities of oil, natural gas, and biomass power plants with CCS. Therefore, we
179  assumed that the intensities of oil, natural gas, and biomass power plants were 30% higher than those without CCS.
180  For example, the water withdrawal intensity of oil and natural gas with CCS would be 198 m* MWh'!, or 30% higher
181  than that without CCS, 152 m* MWh'!. We calculated water use by assuming that the water use intensities of plants
182  with CCS were 100% higher than those without CCS. The impacts of the water use intensities of CCS are discussed
183  further in Sect. 4.4.

184 The water consumption intensity of hydropower is controversial. It is difficult to estimate the proportion of water
185  that evaporates from dams due to hydropower electricity generation, so the water consumption intensity of
186  hydropower includes the total evaporation from dams. Therefore, we discussed water consumption excluding
187  hydropower; however, we compared water consumption with and without hydropower in Sect. 4.5.

188 In thermal power plants, water is primarily used for cooling. Power plants with cooling systems have the greatest
189  impact on water use for a given type of thermal energy source (IEA, 2012), and the proportions of cooling system

190  types in use are important when estimating water use for electricity generation. Section 2.2.1 presents the
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191  characteristics of the types of power plant cooling systems, while Sect. 2.2.2 describes the assumptions on proportions

192  of cooling system types in use.

193

194 2.2.1. Open-loop and closed-loop cooling systems

195

196 We focused on two cooling systems, open-loop cooling systems (i.e., once-through cooling systems) and closed-

197  loop cooling systems (i.e., evaporative cooling systems), because most power plants around the world use one of
198  these two systems. Open-loop cooling systems withdraw water, pass it through a stream condenser, and directly
199  discharge the heated water into water body (IEA, 2012). They require considerably more water for withdrawal, but
200  have lower overall water consumption compared with closed-loop cooling systems. Meanwhile, closed-loop cooling
201 systems withdraw water and pass it through a stream condenser in the same manner as open-loop cooling systems.
202  However, the heated water is cooled in a wet tower or pond, and the water not evaporated is reused. (IEA, 2012). In
203  these systems, water withdrawal is much lower, while water consumption is higher compared with the open-loop
204  configuration.

205 In terms of environmental impact, in open-loop cooling systems, the subsequent downstream water discharge is
206  released at temperatures higher than the ambient water, which can be detrimental to aquatic ecosystems. Conversely,
207  closed-loop cooling systems reduce the potential risks and environmental impacts. Concerns over water shortages
208  and environmental impacts have motivated a shift from open-loop cooling systems towards closed-loop cooling
209  systems.

210 Dry cooling systems represent another important cooling system, although dry cooling systems comprise a very
211 small proportion of cooling systems. They use air flow instead of water for cooling, so the water use intensity is
212 negligible. Dry cooling systems are especially useful in water-stressed regions. However, the cost is much higher and
213  power plant efficiency is lower than both open-loop and closed-loop cooling systems. In this study, we did not

214 consider dry cooling systems on the assumption that they are not widespread and their overall impact is small.

215

216 2.2.2. Assumptions on the proportions of cooling system types in use

217

218 The proportion of open-loop and closed-loop cooling systems in use in the base year (2005) was calculated by

219  estimating water withdrawal for electricity generation in 2005 from Davies et al. (2013).

220  Because shifts in future cooling system type proportions have a high uncertainty, we had to make several assumptions
221 to estimate this parameter. Fricko et al. (2016) assumed that open-loop cooling systems would shift towards seawater-
222 based cooling and dry cooling systems. However, many other studies assumed that open-loop cooling systems would
223  shift towards closed-loop cooling systems, reflecting recent trends (see Sect. 2.2.1) (Davies et al., 2013; Kyle et al.,
224 2013; Hejazi et al., 2014; Bijl et al. 2016).

225 To address this assumption, we created two cases, the ‘recent-trend cooling case’ and ‘status-quo cooling case’,
226  since we were only interested in examining the likely range of cooling system shift impacts. In the recent-trend
227  cooling case, we applied an assumption reflecting recent trends, in particular, that open-loop cooling system usage

228  decreases by 0.4% per year until the share of open-loop cooling system usage decreases to 10%, while closed-loop
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229  cooling system usage increases by 0.4% per year until the share of closed-loop cooling system usage increases to
230  90%. Meanwhile, in the status-quo cooling system case, we assumed that the cooling system type share was fixed to
231  that of the base year (2005) for comparison with the recent-trend cooling case. In both cases, the proportions of each
232 cooling system type were the same, regardless of CCS use.

233 Table 3 lists the proportions of both cooling system types in the recent-trend cooling case for thermal energy
234 sources from 2005 to 2100, where the proportions of open-loop cooling systems that decreased to 10% and closed-
235  loop cooling systems that increased to 90% are shaded. Although the change of 0.4% per year was defined arbitrarily,
236  we used it to represent shifts completed for all thermal energy sources by 2080. Previous studies have also assumed
237  that cooling system shifts would be completed by the late 21% century (Davies et al., 2013; Fricko et al., 2016). As
238  the proportion of open-loop cooling systems is unlikely to decrease to 0%, we arbitrarily set the lower limit to 10%,

239  with a corresponding upper limit for closed-loop cooling systems of 90%.

240

241 3. Results

242

243 3.1. Comparison of water use for electricity generation under the two cooling system type cases

244

245 Figure 3 shows the global water withdrawal and consumption for electricity generation under the recent-trend

246  cooling case and status-quo cooling case for the SSPs and climate mitigation scenarios. Figure 3 includes all of the
247  cooling system type cases and all of the electricity generation scenarios. This section focuses on the impact of cooling
248  system type on water use for electricity generation.

249 Water withdrawal and consumption within a given cooling system case had similar values until 2030, regardless
250  of the SSPs and climate mitigation scenarios. Although they followed different trends after 2030, water withdrawal
251 and consumption increased from 2005 to 2100 under all cooling system type cases and electricity generation scenarios,
252 except water withdrawal under SSP1 in the recent-trend cooling case.

253 In the recent-trend cooling case, water withdrawal in 2100 under SSP1 was 384-514 km?® yr'!, which was 0.7—
254 0.9 times that in 2005 (555 km? yr'!). Water withdrawal in 2100 under SSP2-5 was 785-1070, 580-906, 856-919,
255 and 1563-2008 km? yr'!, equivalent to 1.4-1.9, 1-1.6, 1.5-1.7, and 2.8-3.6 times that in 2005, respectively. In the
256 status-quo cooling case, water withdrawal in 2100 under SSP1-5 was 846-1125, 1713-2658, 10052226, 2137—
257 2335, and 3120-5023 km® yr'!, equivalent to 1.5-2, 3.1-4.8, 1.8-4, 3.8-4.2, and 5.6-9 times that in 2005, respectively.
258  The increase in water withdrawal was suppressed in the recent-trend cooling case compared with the status-quo
259  cooling case, and water withdrawal in 2100 in the recent-trend cooling case was 0.4-0.6 times that of the status-quo
260  cooling case.

261 In the recent-trend cooling case, water consumption in 2100 under SSP1-5 was 4867, 94—-137, 68—117, 100—
262 107, and 185-255 km? yr'!, equivalent to 1.9-2.6, 3.7-5.4, 2.6-4.6, 3.9-4.2, and 7.3-10 times that in 2005 (26 km?
263 yr), respectively. In the status-quo cooling case, water consumption in 2100 under SSP1-5 was 4461, 85-121, 64—
264 103, 88-94, and 170-224 km? yr!, equivalent to 1.7-2.4, 3.3-4.7, 2.5-4.0, 3.4-3.7, and 6.7-8.8 times that in 2005,
265  respectively. In contrast to water withdrawal, water consumption differed little between the recent-trend cooling case

266  and status-quo cooling case, and water consumption in 2100 in the recent-trend cooling case was only 1.1 times
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267  higher than that in the status-quo cooling case.

268

269 3.2. Comparison of water use for electricity generation under different climate mitigation scenarios and

270 different socioeconomic scenarios

271

272 We only examined the impacts of climate mitigation and socioeconomic changes on water withdrawal and

273  consumption under the recent-trend cooling case, because it was not dependent on the cooling system type case.
274  Water withdrawal and consumption did not differ much among the climate mitigation scenarios within a given SSP
275  scenario (Fig. 3). Comparing water withdrawal among the climate mitigation scenarios, the maximum water
276 withdrawal in 2100 under SSP1-5 was only 1.3, 1.4, 1.6, 1.1, and 1.3 times higher than the minimum water
277  withdrawal, respectively. The maximum water consumption in 2100 among the climate mitigation scenarios under
278  SSP1-5 was only 1.4, 1.5, 1.7, 1.1, and 1.4 times higher than the minimum water consumption, respectively.

279 In contrast, water withdrawal and consumption differed significantly among the SSPs for a given climate
280  mitigation scenario (Fig. 3). Comparing water withdrawal among the SSPs, the maximum water withdrawal in 2100
281 under the baseline, 6.0W, 4.5W, 3.4W, and 2.6W cases was 3.9, 2.8, 4.2, 3.8, and 4.1 times higher than the minimum
282  water withdrawal, respectively. The maximum water consumption in 2100 among the SSPs under the baseline, 6.0W,
283 4.5W, 3.4W, and 2.6W cases was 3.8, 2.8, 3.9, 3.6, and 3.8 times higher than the minimum water consumption,
284  respectively.

285 To compare the water withdrawal and consumption of each SSP, we calculated the average water withdrawal
286  and consumption of the climate mitigation scenarios under each SSP in 2100. The average water withdrawal in 2100
287 for the climate mitigation scenarios was about 444, 868, 687, 875, and 1774 km?® yr'! for SSP1-5, respectively. The
288 average water consumption in 2100 for the climate mitigation scenarios was about 57, 106, 84, 103, and 213 km? yr-
289 ! for SSP1-5, respectively. SSP5 had the largest average water withdrawal and consumption, which was twice that
290  of the second largest value. The average water withdrawal and consumption of SSP2 and SSP4 were similar and
291 represented the second largest values. SSP3 has the fourth largest average water withdrawal and consumption. Finally,

292 SSP1 has the smallest average water withdrawal and consumption.

293

294 4. Discussion

295

296 4.1. Impact of cooling system type

297

298 We compared the recent-trend cooling case with the status-quo cooling case to assess the impact of cooling

299  system shifts discussed in Sect. 3.1. Water withdrawal was much lower in the recent-trend cooling case, while water
300  consumption was slightly larger than that in the status-quo cooling case (Fig. 3).

301 The difference between water withdrawal and consumption in the recent-trend cooling case can be explained by
302  the water use intensity (Table 2). The water withdrawal intensity of the closed-loop cooling system was much smaller
303  than that of the open-loop cooling system. Therefore, water withdrawal in the recent-trend cooling case, which

304  represented the shift from open-loop to closed-loop cooling systems, was much smaller than that in the status-quo
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305  cooling case. Conversely, the difference in water consumption intensity between the open-loop and closed-loop
306  cooling systems was much smaller compared with that of water withdrawal intensity, although the water consumption
307 intensity of the closed-loop cooling system was larger than that of the open-loop cooling system. Therefore, water
308  consumption in the recent-trend cooling case was slightly larger than that in the status-quo cooling case.

309 Recent shifts in the type of cooling system in use suppressed water withdrawal increases compared the status-
310  quo case. In contrast, water consumption increased overall, regardless of cooling system type. Previous studies have

311 also predicted an overall increase in water consumption (Davies et al., 2013; Kyle et al., 2013; Hejazi et al., 2014).

312

313 4.2. Impact of the climate mitigation and socioeconomic scenarios

314

315 We compared the water withdrawal and consumption of each SSP and climate mitigation scenario to assess the

316  impact of climate mitigation changes and socioeconomic changes described in Sect. 3.2. Water withdrawal and
317  consumption did not differ substantially among climate mitigation scenarios within a given SSP scenario. In contrast,
318  water withdrawal and consumption differed significantly among SSPs within a given climate mitigation scenario (Fig.
319 3).

320 This can be explained by the composition of energy sources. Figure 4 shows global water withdrawal and
321  consumption under the recent-trend cooling case by energy source in 2100 for the SSPs and climate mitigation
322 scenarios. Water withdrawal and consumption consisted mostly of coal, natural gas, nuclear, and biomass power,
323  because these energy sources had considerable demands on water withdrawal and consumption intensity. Similarly,
324 oil power had a considerable demand on water withdrawal and consumption intensity; however, it did not have a
325  large effect on water withdrawal and consumption due to the minimal electricity generated by oil power in all
326  scenarios. For the same reason, geothermal power did not have a large effect on water consumption, although it
327  showed considerable water consumption intensity. The water withdrawal and consumption intensities of other energy
328  sources (i.e., solar and wind power) were negligible. Therefore, water withdrawal and consumption relied heavily on
329 electricity generation from coal, natural gas, nuclear, and biomass power.

330 Within a given SSP scenario, the electricity generation from these energy sources did not differ substantially
331 when the difference between power plants with or without CCS was not taken into account in the climate mitigation
332 scenarios, except the baseline case (Fig. 2). Under stronger mitigation scenarios, water withdrawal and consumption
333  increased with electricity generation from power plants with CCS. At the same time, water withdrawal and
334  consumption decreased with increases in electricity generation from renewable energy. The increased water demand
335  due to the increase in CCS was negated by the decreased water demand due to the increase in renewable energy.
336  Therefore, water withdrawal and consumption did not differ greatly among the climate mitigation scenarios (Fig. 4).
337  Comparing the baseline case with other climate mitigation scenarios, the composition of energy sources was almost
338  the same in SSP1 and SSP4. However, it differed significantly from the other scenarios, as more fossil fuels were
339 used in SSP2, SSP3, and SSP5. Therefore, SSP1 and SSP4 had nearly the same water withdrawal and consumption
340 under all climate mitigation scenarios. However, in SSP2, SSP3, and SSP5, only water withdrawal and consumption
341  in the baseline case was larger than those under the other climate mitigation scenarios.

342 Within a given climate mitigation scenario, electricity generation from coal, natural gas, nuclear, and biomass
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343  power plants varied widely among the SSPs (Fig. 2), and water withdrawal and consumption differed significantly
344  among the SSPs (Fig. 4). The composition of energy sources was influenced greatly by socioeconomic changes. Each
345  SSP is characterized by multiple assumptions related to energy, including energy cost, energy preference, and social
346  acceptance (Fujimori et al., 2016b). Even though the climate mitigation targets differed, the assumptions of each SSP
347  did not change. Therefore, the energy sources applied to each SSP essentially did not change, and only low-carbon
348  energy, such as renewable energy and CCS, changed according to the climate mitigation target. Thus, climate
349  mitigation changes had little impact on water withdrawal and consumption for electricity generation. This was
350  because the electricity generation from energy sources requiring a considerable amount of water was similar among
351  the climate mitigation scenarios compared with the SSPs, and the water increase driven by CCS was compensated
352  for by the water decrease driven by renewable energy. In contrast, socioeconomic changes had a large impact on
353  water withdrawal and consumption for electricity generation because the electricity generation of the energy sources

354  differed widely among the SSPs. The applicability of these results on a regional scale is discussed in Sect. 4.3.

355

356 4.3. Impact of the climate mitigation and socioeconomic scenarios by region

357

358 Figure 5 shows the regional water withdrawal differences under the recent-trend cooling case in 2100 among

359  the SSPs and climate mitigation scenarios. In all regions, the differences among the SSPs under a given climate
360  mitigation scenario were much larger than those among the climate mitigation scenarios under a given SSP scenario.
361  The regional water consumption in the recent-trend cooling case exhibited the same trend (Fig. S2). This indicated
362  that the impact of socioeconomic changes was larger than the impact of climate mitigation changes on a regional
363  scale, as was the case on a global scale. This trend was observed even though the composition of energy sources
364  differs drastically between the regional and global scales. As an example, we examined the impacts of climate
365  mitigation and socioeconomic changes in the Middle East.

366 The composition of energy sources in the Middle East differed completely from that on a global scale. Under
367  the baseline case, oil and natural gas accounted for about 90% of electricity generation over the target period in SSP2,
368  SSP3, and SSP5 (Fig. S3). In contrast, renewable energy grew substantially after 2030, accounting for about 50% of
369 electricity generation in SSP1 and SSP4. In the other climate mitigation scenarios, renewable energy also grew, and
370  became the major energy source in SSP2, SSP3, and SSP5 (Fig. S4).

371 Figure 6shows the water withdrawal and consumption under the SSPs and climate mitigation scenarios for the
372  recent-trend cooling case. Among the climate mitigation scenarios, the maximum water withdrawal in 2100 was 1.3—
373 2.2 times higher than the minimum water withdrawal, while the maximum water consumption in 2100 was 1.3-2.2
374  times higher than the minimum water consumption. In contrast, among the SSPs, the maximum water withdrawal in
375 2100 was 2.7-4.2 times higher than the minimum water withdrawal, and the maximum water consumption in 2100
376  was 2.7-4.3 times higher than minimum water consumption. Although the composition of energy sources differed
377  from that on a global scale, the water increase driven by CCS was negated by the water decrease driven by renewable
378  energy within a given SSP scenario, and the composition of energy sources varied widely among the SSPs within a
379  given climate mitigation scenario, as was the case on a global scale. Therefore, the impact of socioeconomic changes

380  was larger than that of climate mitigation changes in the Middle East.
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381

382 4.4. Comparison of water use for electricity generation under different CCS water use intensities

383

384 As described in Sect. 2.2, we assumed that the water use intensities of CCS were 30% higher than those without

385  CCS. However, this assumption had a high uncertainty. We compared the water withdrawal and consumption
386  calculated from different water use intensities of CCS (Fig. 7), where CCS-Low represents water withdrawal and
387  consumption calculated using the 30% assumption, while CCS-High represents water withdrawal and consumption
388  calculated using the assumption that the water use intensities of power plants with CSS were 100% higher those
389 without CCS. The water withdrawal and consumption of CCS-Low and CCS-High in SSP1-4.5W, SSP2-6.0W, SSP4-
390  4.5W and all baseline cases were the same or nearly the same, because CCS was not introduced or only minimally
391  introduced. The water withdrawal and consumption of CCS-High in the other scenarios was 1.2—1.4 times larger than
392  that of CCS-Low. In the stronger mitigation scenarios, water withdrawal and consumption were generally larger
393  because CCS was more widespread.

394 Comparing CCS-High water use among the climate mitigation scenarios, the maximum water withdrawal in
395 2100 was 1.1-1.4 times higher than the minimum water withdrawal, while the maximum water consumption in 2100
396  was 1.1-1.4 times higher than minimum water consumption. In contrast, comparing CCS-High water use among the
397 SSPs, the maximum water withdrawal in 2100 was 2.8-5.5 times higher than minimum water withdrawal, and the
398  maximum water consumption in 2100 among the SSPs was 2.8—5.2 times higher than minimum water consumption.
399  Therefore, the water withdrawal and consumption of CCS-High did not differ greatly among the climate mitigation
400  scenarios, but differed significantly among the SSPs. If the water use intensity of power plants with CCS was 100%
401  higher than those without CCS, the impact of socioeconomic changes would be larger than that of climate mitigation

402  changes.

403

404 4.5. Comparison of water consumption for electricity generation with/without hydropower

405

406 As described in Sect. 2.2, we excluded water consumption from hydropower in this study. To support this

407  decision, we compared water consumption with and without hydropower (Fig. 8). Water consumption with
408  hydropower was more than two times greater than that without hydropower under all scenarios, except SSP5,
409  although the impact of hydropower on water consumption differed among the SSPs. For example, the water
410  consumption of SSP1 and SSP3 was about three times larger with hydropower, because these scenarios had larger
411  electricity generation shares from hydropower. In contrast, the water consumption of SSP5 was only about 1.5 times
412 larger with hydropower, because SSP5 had a small electricity generation share from hydropower. The impact of
413  socioeconomic changes on water consumption for electricity generation was larger than that of climate mitigation

414  changes, regardless of whether hydropower was included.

415

416 5. Conclusions

417

418 This study projected the global water use for electricity generation from 2005 to 2100 for 17 global sub-regions
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419  using the latest scenarios on global change, SSPs which determine socioeconomic conditions and climate mitigation
420  scenarios which determine climate policies such as targets of GHG emissions. We assessed the impact of shifts in
421  the proportions of cooling system types in use, as well as the impacts of socioeconomic and climate mitigation
422 changes.

423 The results showed that a shift in cooling system types in use resulted in the suppression of water withdrawal
424 increases in the future compared with the status-quo case. However, water consumption increased regardless of a
425  shift in cooling system type.

426 Second, we found that water use differed significantly among the SSPs, because the electricity generation from
427  energy sources requiring a considerable amount of water varied widely among the SSPs. In contrast, water use did
428  not differ substantially among the climate mitigation scenarios although they are determinants of GHG emissions,
429  because the electricity generation from the various energy sources differed less among the climate mitigation
430  scenarios compared with the SSPs. At the same time, water use increases driven by an increase in the proportion of
431  power plants with CCS were negated by water use decreases driven by the increased use of renewable energy.
432 Therefore, socioeconomic changes were predicted to have a much larger impact on water use for electricity generation
433  compared with climate mitigation changes. Even though the composition of energy sources differed among regions,
434  this trend was applicable on a regional scale.

435 We focused on the impact of energy generation on water use. However, water condition (e.g., water scarcity and
436  increases in water temperature) can also impact electricity generation. For example, water scarcity could constrain
437  electricity generation from energy sources that require large amounts of water, and increases in water temperature
438  could reduce power plant efficiency (van Vliet et al., 2016). Such feedback between energy and water should be
439  taken into account in future predictions. Moreover, tradeoffs between other water users, such as agriculture,
440 manufacturing, and domestic users, should be considered. To address these challenges, additional studies based on

441  global hydrological models are necessary to compliment the results of this study.
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Table 1 Electricity generation ratio of seawater-based power plants to total electricity generation (%)

by AIM/CGE region.
No. Region Region  Coal Oil Natural Nuclear ~ Biomass
code gas
1 Oceania X0C 14 37 34 0 48
2 Canada CAN 12 54 5 8 10
3  EU25 XE25 16 46 29 34 22
4 Rest of Europe XER 6 16 8 0 1
s Former Soviet CIS ) | 6 0 |
Union
6  Japan JPN 75 71 58 100 32
7  United States USA 2 22 16 15 11
8  North Africa XNF 92 76 51 0 0
9  Rest of Africa XAF 3 45 36 100 33
10 China CHN 12 15 16 30 8
11 India IND 12 33 15 29 5
12 Southeast Asia XSE 65 58 40 75 27
13 Rest of Asia XSA 43 19 21 5 23
14 Brazil BRA 17 34 27 100 7
15 Restof South XLM 42 55 37 63 30
America
16 Middle East XME 63 47 41 34 42
17 Turkey TUR 27 50 53 100 69
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Table 2 Water use intensity (m* MWh!) by energy source and cooling system type, with (w) and without (w/0)
carbon capture and storage (CCS).

Energy source Cooling CCS Water Water
system withdrawal consumption
(m>MWh) (m3MWh)
Coal Open-loop w/o 158 0.95
w 241 1.25
Closed-loop w/o 3.8 2.60
w 4.83 3.57
Oil/Natural gas Open-loop w/o 152 0.91
w 198 1.18
Closed-loop w/o 4.55 3.13
w 5.92 4.07
Nuclear Open-loop 193 1.02
Closed-loop 4.17 2.54
Biomass Open-loop w/o 152 1.14
w 198 1.48
Closed-loop w/o 3.32 2.09
w 4.32 2.72
Geothermal Closed-loop 6.82 6.82
Hydro 0 17
Solar 0 0
Wind 0.02 0.02
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Table 3 Proportion of cooling system type in use (%) by thermal energy source under the recent-trend cooling case

from 2005 to 2100.

S:::iy Cooling system 2005 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Coal Open-loop 30 28 24 20 16 12 10 10 10 10 10
Closed-loop 70 72 76 80 84 8 90 90 90 90 90
oil Open-loop 31 029 25 21 17 13 10 10 10 10 10
Closed-loop 69 71 75 79 8 8 90 90 90 90 90
Natural - Open-loop 20 18 14 10 10 10 10 10 10 10 10
gas
Closed-loop 80 8 8 90 90 90 90 90 90 90 90
Nuclear  Open-loop 3336 32 28 24 20 16 12 10 10 10
Closed-loop 62 64 68 72 76 80 8 8 90 90 90
Biomass  Open-loop 14 12 10 10 10 10 10 10 10 10 10
Closed-loop 8 88 90 90 90 9 90 90 90 90 90
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