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ABSTRACT 12 

Post-combustion carbon capture and storage (CCS) is an important technology to reduce 13 

CO2 emissions from the electricity and industrial sectors. Despite the mounting concerns 14 

about global water scarcity and its impact on energy production, the potential hydrological 15 

consequences of large-scale CCS have not yet been explored. Here we simulate the impacts 16 

on water resources that would result from retrofitting global coal-fired power plants 17 

(CFPP) with four different CCS technologies. We find that 43% of global CFPP capacity 18 

currently experience water scarcity at least one month per year and 32% experience 19 

scarcity for five or more months during the year. Addition of CCS does increase water 20 

scarcity, and the extent to which it does so depends on the technology. We show that the 21 

choice of what CFPP to retrofit and what CCS technologies to deploy will be essential in 22 

preventing additional water scarcity. If CCS were to be pursed, facilities not affected by 23 

water scarcity should be selected. 24 

Globally coal-fired plants account for 38% of electricity generation1 and 19% (8.9 Gt CO2 y-25 
1) of total CO2 emissions2. Coal generation is also a primary source of toxic airborne emissions 26 

globally3. Despite the growing reliance on renewable energy and the recent policy efforts aimed 27 

at reducing the use of coal4, today the global coal dependence for power generation is the same 28 

as twenty years ago1. Since the turn of the 21st century, population growth, increasing affluence, 29 

and industrialization in developing countries have demanded an unprecedented growth in coal 30 
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consumption (+57%) (ref. 1), leading to a boom in the construction of CFPP2. Given that each 37 

new coal plant is at least a billion-dollar investment with a 30- to 50-year lifetime5, currently 38 

operating CFPP commit the energy sector to emissions above the levels compatible with 1.5-2º C 39 

climate change scenarios6 and commit fresh water consumption to levels that potentially compete 40 

with natural ecosystems and other human uses7-21. These commitments ostensibly address the 41 

increasing concerns for global water scarcity22 and humankind’s ability to meet its burgeoning 42 

food and energy needs23. 43 

 44 

The twin costs of mitigating climate change and competing for water resources are vexing 45 

factors in managing energy systems. Although there is a portfolio of technologies that can 46 

provide a long-term substitute for coal, any reasonable action for mitigating these factors must 47 

curtail CO2 emissions and water use from CFPP without requiring write-off of these assets and 48 

their committed billion-dollar investments24. Post-combustion carbon capture and storage 49 

(hereunder CCS) is the preferred economically viable technology to reduce CFPP carbon emissions 50 

because it can be added to existing plants to reduce emissions without having to decommission 51 

power plants25. To date, however, a global assessment of the potential impacts of CCS on water 52 

resources – should the CFPP existing around the world be retrofitted with CCS technologies – is 53 

missing. As we continue to evaluate the cost-effectiveness of different climate change mitigation 54 

technologies, the assessment of potential water limits to CCS can provide relevant insights.  55 

 56 

The four main CCS technologies used to retrofit CFPP are based on absorption with amine 57 

solvents, membrane separation, solid sorbents adsorption with either pressure swing (PSA) or 58 

temperature swing (TSA) capture systems. While amine-based absorption is a proven 59 

commercially available technology, membranes and adsorption-based CCS systems appear 60 

promising, but they are at a much lower stage of development26. All of these CO2 capture 61 

technologies are energy-intensive processes27 that would impose parasitic power demand on the 62 

existing power plant and thus make it less efficient26. The additional power generation required 63 

for CCS would result in additional water consumption for the CFPP cooling process28. 64 

Moreover, additional water is required as an integral part to the carbon capture processes29. In 65 

fact, recent work has assessed that a post-combustion amine absorption process would nearly double  66 
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CFPP’s water intensity, decrease net plant efficiency from 38.3% to 26.4%, and increase levelized 73 

cost of electricity by 75%30.  74 

 75 

Previous research has simulated water risks of power generation with CCS in the United 76 

States31-34, Europe35, and the UK36. These studies, however, did not adopt a monthly hydrological 77 

model to quantify potential impacts on water resources. Their focus was on regional-scale 78 

analyses of water requirements from the absorption process without considering other CCS 79 

technologies. As important as these studies are, it remains unclear whether CCS might induce or 80 

exacerbate water scarcity at specified times of the year, nor is it clear what the water intensity 81 

differences are for the various CCS technologies. This limited hydrological understanding of the 82 

potential impacts of CCS adds uncertainties on the environmental consequences of the 83 

implementation of CCS worldwide.  84 

Herein we present a global hydrological analysis of the potential impacts on water resources 85 

that would result from retrofitting large (> 100 MW of gross capacity) CFPP with four CCS 86 

capture systems: amine absorption, solid sorbents pressure swing adsorption (PSA) or 87 

temperature swing adsorption (TSA), and membrane systems. This analysis begins with a 88 

monthly, regional assessment of water scarcity experienced by current CFPP. For each CFPP, 89 

then, we assess its monthly water withdrawal and consumption using the Integrated 90 

Environmental Control Model (IECM Version 11.2)37, and analyze its exposure to water 91 

scarcity. A proper assessment of water withdrawals, consumption, and scarcity can facilitate the 92 

development of sustainable water management practices and shed light on regional hydrologic 93 

impacts of CCS. Our study promotes the understanding of the water requirements of CCS and 94 

provides relevant insights to mitigate CO2 emissions from the electricity and industrial sectors 95 

while preserving water resources. 96 

 97 

 98 
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 107 

Box 1 | Concepts and definitions about water systems.  

Water Consumption is the volume of water that is used by human activities and returned 
to the atmosphere as water vapor. Therefore, this water becomes unavailable for short-term 
reuse within the same watershed. Consumptive use of freshwater at inland locations is more 
critical than consumptive use of seawater. Moreover, consumptive use of freshwater at 
coastal plants is less critical than consumptive use of freshwater at inland plants, because 
this influences downstream’s water availability. 

Water Withdrawal is the total volume of water removed from a water body. This water is 
partly consumed and partly returned to the source or other water bodies, where it is 
available for future uses. 

Water Consumption Intensity (m3/MWh) is the volume of water consumed (m3) per unit 
power produced (MWh). It is a measure of efficiency of water consumption. 

Water Withdrawal Intensity (m3/MWh) is the volume of water withdrawn (m3) per unit 
power produced (MWh). It is a measure of efficiency of water withdrawal. 

Blue Water Flows are freshwater flows associated with either surface and groundwater 
runoff. 

Environmental Flows describe the quantity, timing, and quality of water flows required to 
sustain freshwater ecosystems.  

Available Water is the water sustainably available for human uses. It is calculated as Blue 
water flows minus Environmental Flows. 

Water Scarcity refers to the condition of imbalance between freshwater availability and 
demand. Here we define water scarcity based on whether the ratio between Freshwater 
Consumption and Available Water is greater than one22. Water scarcity corresponds to 
conditions in which the monthly available water resources are less than total water 
consumption, and freshwater requirements from coal-fired generation must therefore 
compete with water uses for domestic and irrigation needs, as well as environmental flow 
requirements.  
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 112 

 113 

 114 

Box 2 | Concepts and definitions about post-combustion carbon capture 
and storage technologies. 

Post-Combustion Carbon Capture and Storage (CCS) consists of retrofitting existing 
power plants with carbon capture and storage units without having to modify the power 
plant itself. CCS is used to separate CO2 from the flue gas of power plants. Once 
captured, CO2 is compressed to its supercritical state and transported and injected into a 
safe geological formation (Supplementary Figure 1). 

Absorption is a CCS technology based on a liquid solvent used to dissolve CO2 

molecules (absorb) into a liquid solution such as aqueous amines. The CO2-enriched 

liquid solution is pumped in a regenerator where it is heated to liberate gaseous CO2 and 
the lean solution is circulated back to the absorber (Supplementary Figure 2).  

Membrane Separation is a CCS technology used to separate CO2 from the flue gas by 
selectively permeating it through a membrane material. CO2 permeates the membrane if 
its partial pressure is higher on one side of the membrane relative to the other side 
(Supplementary Figure 3). 

Solid Sorbents Adsorption is a CCS technology based on a solid material used to adsorb 
CO2 molecules onto the surface of another material. The CO2-enriched solid sorbent is 
regenerated using low pressure (Pressure Swing Adsorption (PSA)) or high temperature 
(Temperature Swing Adsorption (TSA)) where gaseous CO2 is liberated and the lean 
solid sorbent is reused again to capture CO2 (Supplementary Figure 4 and 5). 

 

Deleted: g



6 
 

Present day monthly, regional water scarcity at CFPP 115 

Global hydrological models are powerful tools to simulate and quantify changes in water 116 

availability and consumption. Here, we use water scarcity as an indicator of where, in what 117 

period of the year, and for how long, CFPP without CCS systems are vulnerable to risks of 118 

limited water availability. Our hydrological analysis uses a monthly biophysical water balance 119 

model that accounts for water consumption for irrigation, domestic, and coal-fired power 120 

generation needs, as well as for environmental flows required to maintain the health of aquatic 121 

ecosystems. Although we do consider inter-annual variability in water resources, our main water 122 

scarcity results are shown considering long term monthly average available water in the 2011-123 

2015 period. 124 

We find that a surprising number of plants exhibit water scarcity for five or more months per 125 

year. About 43% (830 GW) of the world’s CFPP are facing regional water scarcity at least one 126 

month per year and 32% (625 GW) of CFPP experience water scarcity five or more months per 127 

year (Figure 1). Of these 625 GW, 56% are located in China, 15% in India, and 11% in the 128 

United States. Other CFPP facing water scarcity for at least five months per year are located in 129 

South Africa (34 GW), Australia (12 GW), Russia, (8 GW), Poland (8 GW), and Germany (7 130 

GW). 131 

 132 

Figure 1. Coal-fired capacity (GW) and share of coal fired capacity (%) facing water 133 
scarcity for the specified number of months per year.  134 
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Figure 2 shows the geographical distribution, water scarcity duration (in number of months), 144 

and cooling technology of CFPP operating in year 2018 worldwide. CFPP are typically built 145 

adjacent to water bodies and consume water from nearby lakes, rivers, or oceans where water 146 

availability is abundant. Year-round CFPP that do not face water scarcity are located in the Great 147 

Lakes region in the North-Eastern United States, Europe, Russia, and South China. Other CFPP 148 

not affected by water scarcity are located along the coasts as they use seawater as cooling 149 

medium (we assumed that CFPP currently cooled with seawater are not affected by water 150 

scarcity).  151 

 152 

Figure 2. Geospatial distribution of coal-fired plants facing water scarcity in the 2011-2015 153 
period. Detail (a) shows location, number of months per year facing water scarcity, and cooling 154 
technology of 1,888 coal-fired plants (n) worldwide. Details (b-e) show the four main regions 155 
where coal-fired plants are located (United States, Europe, India, and China). CFPP facing water 156 
scarcity appear either in intensively irrigated areas (for example, High Plains in the United 157 
States), in high population density regions (Pretoria, Johannesburg conurbations), or in irrigated 158 
and populated areas (North China Plain, India). Water scarcity also occurs in arid regions with a 159 
well-defined dry season (Western United States, India, Australia, Xinxiang and Inner Mongolia 160 
provinces in China). Generating units with once-through cooling are shown distinguishing 161 
seawater and freshwater as a cooling medium. 162 

 163 
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The analysis of the share of CFPP capacity currently facing water scarcity in different 165 

regions of the world and months of the year shows that in China more than 30% of the installed 166 

capacity faces water scarcity from March to October (Figure 3a). In the United States at least 167 

20% of coal capacity faces water scarcity from April to November. A similar picture can be 168 

found in Europe, where at least 20% of coal capacity faces water scarcity from June to 169 

September. More than 40% of India’s coal capacity faces water scarcity in the dry season 170 

(December to June). CFPP located in other Asian countries are not particularly exposed to water 171 

scarcity because of high water availability and their construction along the coast using seawater 172 

as a cooling medium. It is worth noting that for those global CFPP that use fresh water for 173 

cooling, the predominant cooling technologies are wet cooling towers (60% of total capacity), 174 

followed by once-through systems (35%), and air-cooling (5%) (Figure 3b). Air-cooling is a 175 

relatively new technology and 90% of its capacity is located at new plants in China and India. 176 

About 22% of global coal-fired operating capacity is cooled using seawater, while the remaining 177 

78% uses freshwater.  178 

 179 

The analysis of the coal-fired capacity facing water scarcity by cooling technology shows 180 

that 60% (728 GW) of the units cooled with wet cooling towers face water scarcity for at least 181 

one month per year. Because of their lower water intensity (Figure 4), air-cooled systems are 182 

usually implemented in newly built units located in arid and/or water scarce areas. In fact, we 183 

find that 72% (67 GW) of CFPP cooled using air-cooled systems are facing water scarcity. While 184 

56% (360 GW) of once-through cooled capacity uses seawater as a cooling medium and 185 

therefore is not affected by water scarcity, only 6% (36 GW) of once-through generating 186 

capacity is exposed to water scarcity. China has 62% (403 GW) and 74% (53 GW) of its wet 187 

cooled and air-cooled coal-fired plants, respectively exposed to at least one month of water 188 

scarcity per year (Figure 3b). The United States and India have 60% (89 GW) and 63% (113 189 

GW) of their wet cooled coal-fired units exposed to water scarcity for at least one month per 190 

year.  191 
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 211 

Figure 3. The exposure of coal-fired plants to water scarcity. Panel (a) shows regional share 212 
of coal-fired operating capacity facing water scarcity along the year. Solid lines represent 213 
average water scarcity in the 2011-2015 period, shaded areas show inter-annual variability of 214 
water scarcity in the years from 2011 to 2015. Panel (b) shows coal-fired capacity facing average 215 
water scarcity (for at least one month per year) by cooling technology. Panel (b) shows the 216 
current installed coal-fired capacity and respective cooling systems by country (or region).  217 

 218 
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Using the water balance approach described above, we turn to an important aspect of future 221 

decisions regarding CCS, namely to what extent the available freshwater resources would allow 222 

for the adoption of CCS as a means to curb carbon emissions by the existing CFPP. Meeting 223 

humanity’s burgeoning energy and water demand while avoiding an increase in anthropogenic 224 

CO2 emissions and protecting environmental flows is one of the most pressing challenges of this 225 

century.  226 

 227 

Given that old and low-efficiency CFFP without environmental control systems will likely 228 

shut down and will not be retrofitted with expensive CCS technologies, we assumed that only 229 

1,093 large (>100 MW) CFPP operating since year 2000 will be retrofitted with CCS and 230 

capture 90% of their CO2 emissions by 2020. Because of this relatively short timeframe, we 231 

assume that water availability and coal-fired generation would not substantially change 232 

compared to current conditions. Although this scenario is not meant to be a realistic 233 

representation of the rate of adoption of CCS to CFPP, it allows us to assess the impacts of CCS 234 

retrofit on water resources. Moreover, this assumption is in line with the urgent need to 235 

drastically reduce global CO2 emissions from CFPP in order to meet climate targets (Rogelj et 236 

al., 2018). This analysis provides the estimated additional water withdrawals and consumption 237 

from coal-fired generators considering 1) current 1,888 CFPP, and 2) four hypothetic scenarios 238 

where the 1,093 large CFPP are retrofitted with CCS units.  239 

Water intensity, consumption, and withdrawals of CCS 240 

Our estimates show that the water intensity of CFPP with and without CCS technologies 241 

strongly vary with the type of cooling system and CCS technology (Figure 4). Interval bars show 242 

that water intensity from air-cooling and once-through cooling technologies can differ by up to 243 

4% with different air temperatures, relative humidity, and gross power inputs, while for wet 244 

cooling it can vary up to 20%. CFPP with wet cooling towers retrofitted with CCS units have the 245 

highest water consumption intensity, while CFPP with once-through cooling technology have the 246 

highest water withdrawal intensity. Independent of the cooling system, the least water intensive 247 

CCS technologies are solid sorbent PSA and membrane systems.  248 
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 258 

Figure 4. Water consumption and withdrawal intensities of coal-fired plants with and 259 
without CCS. The figure was generated running the Integrated Environmental Control Model 260 
(IECM Version 11.2)37 and considering the different monthly air temperatures, relative humidity, 261 
and gross power inputs of the 1,888 CFPP considered in this study. Interval bars represent 262 
maximum and minimum values of water intensities. Note that water withdrawal intensity with 263 
once-through cooling technology is shown using a different scale. 264 
 265 

An analysis of water consumption by CFPP considering current conditions and four future 266 

scenarios in which these large CFPP are retrofitted with CCS units shows a substantial increase 267 
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in water consumption. Current total global water consumption from CFPP is 9.66 km3 y-1, of this 274 

volume 88% is sourced from freshwater, while the remaining 12% is sourced from seawater 275 

(Figure 5). China, with 48% of world’s CFPP capacity, has also the greatest share in freshwater 276 

consumption (53%), followed by India (16%), and the United States (13%). By retrofitting CFPP 277 

built after year 2000 with the off-the-shelf amine absorption technology  global water 278 

consumption by CFPP would increase by 50% (4.81 km3 y-1). If CFPP were all retrofitted with 279 

membranes, water consumption would increase by 31% (3.00 km3 y-1). Water consumption 280 

would increase by 32% (3.13 km3 y-1) and 42% (4.07 km3 y-1) in the case CFPP were retrofitted 281 

with solid sorbent PSA, and solid sorbent TSA, respectively. Assuming that current CFPP cooled 282 

with seawater will use seawater when retrofitted with CCS, 0.69-1.10 km3 y-1 of this additional 283 

water consumption would come from seawater, while the remaining fraction (2.31-3.71 km3 y-1) 284 

would be consumed from freshwater bodies. Similar results can be found in terms of water 285 

withdrawals (Figure 5).  286 

 287 
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Figure 5. Water consumption and withdrawals of coal-fired plants with and without CCS. 307 
Current water consumption and withdrawals from 1,888 CFPP are differentiated between 308 
freshwater and seawater. Additional water consumption and withdrawals from the 1,093 CFPP 309 
(operating after year 2000) include both freshwater and seawater. Note that countries (or regions) 310 
are listed in descending order of current water consumption and withdrawals by CFPP. Interval 311 
bars represent the maximum and minimum values of water consumption and withdrawals 312 
(seawater and freshwater combined) considering the four CCS scenarios assumed in this study. 313 
Current water withdrawals from CFPP total 204 km3 y-1, of this volume 43% is sourced from 314 
freshwater, while the remaining 57% is sourced from seawater. Countries (or regions) where 315 
water is primarily withdrawn from seawater are China (63% or 47.1 km3 y-1), India (71% or 9.5 316 
km3 y-1), and Japan (99% or 12 km3 y-1). By retrofitting CFPP with CCS systems, the global 317 
water withdrawals (seawater and freshwater combined) would increase by 32% (65 km3 y-1), 318 
22% (45 km3 y-1), 23% (47 km3 y-1), or 27% (55 km3 y-1), with amine, membranes, solid sorbent 319 
PSA, and solid sorbent TSA, respectively.   320 

 321 

 322 

Exposure to water scarcity 323 

Retrofitting CFPP with CCS units would create or exacerbate water scarcity conditions 324 

compared to current operations. Amine absorption and solid sorbents TSA are the technologies 325 

that would have more impacts on water resources. By retrofitting CFPP built after year 2000 326 

with these two technologies, an additional 13 GW of CFPP capacity would face water scarcity. 327 

Moreover, an additional 23% (232 GW) of CFPP capacity would be exposed to water scarcity 328 

for at least one additional month a year (Figure 6). Because of their lower water intensities, 329 

membranes and solid sorbents PSA would exacerbate water scarcity for only 18% and 20% of 330 

CFPP capacity, respectively (Figure S9). If CFPP in China and India were retrofitted with the 331 

commercially available amine absorption technology, an additional 168 GW and 52 GW of coal 332 

fired capacity would be exposed to longer periods of water scarcity every the year (Figure 6b). In 333 

other words, in China and India 23% and 37% of CFPP built after year 2000, respectively would 334 

be vulnerable to longer periods of water scarcity.  335 
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 352 

Figure 6. Additional water scarcity with carbon capture amine absorption technology. The 353 
figure shows the number of additional months of water scarcity per year that CFPP built after 354 
year 2000 would face in the event the were retrofitted with the commercially available amine 355 
absorption technology. Detail (a) shows the geographical distribution of CFPP built after year 356 
2000 and the number of months of additional water scarcity they would face if retrofitted with 357 
amine absorption, (b) shows country-specific share of coal fired capacity built after year 2000 358 
that would face additional months of water scarcity if retrofitted with amine absorption. 359 
Countries are listed in descending order based on additional capacity facing water scarcity.  360 
 361 
 362 
DISCUSSION 363 

Tradeoffs between climate change mitigation benefits and water resources 364 

This study highlights the water impacts of coal-fired power generation and the hydrologic  365 

impacts of the adoption of CCS to address the associated CO2 emissions. Our results show that 366 

cooling systems and CCS technologies have different water requirements, in terms of both 367 
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consumption and withdrawal. For CFPP located in water scarce areas, the additional water 385 

consumption that would be required by CCS (Figure 4) could create a competition for local 386 

water resources with other human activities39,40 and/or generate an unsustainable water 387 

consumption at the expenses of aquatic ecosystems and freshwater stocks. Therefore, the choice 388 

of cooling and CCS technologies is fundamental to avoid a competition for freshwater with other 389 

local human activities, ecosystem health, and at the same time reduce water consumption. It is 390 

also important to notice that the global additional water requirements of CCS are dwarfed by 391 

freshwater demand from irrigation in the agriculture sector (Table S1). In fact, modest 392 

improvements in efficiency in irrigation would free up enough freshwater for aquatic habitats 393 

and other human uses such as CCS.  394 

The finding that 32% of CFPP are exposed to water scarcity for at least five months per year 395 

shows that these coal-generating units might not be well suited for retrofitting with CCS if 396 

alternative water sources are not implemented. If CFPP were to be retrofitted with CCS, it will 397 

mainly take place in India and China (Figure 6), where 80% (858 GW) of global CFPP capacity 398 

has been built after year 2000 and where 309 additional GW are planned or under construction 399 

(Cui et al., 2019). We find, however, that these two countries have already a vast share of CFPP 400 

capacity exposed to water scarcity and the addition of CCS would further increase the 401 

vulnerability of their CFPP to water scarcity and potentially strand their CCS operations. 402 

Decision makers, energy corporations, and investors will have to consider the tradeoffs between 403 

the climate change mitigation benefits and the increased pressure on local water scarce resources 404 

of CCS.  405 

Constraints on water availability already influence the location of power plants planned for 406 

the near future and the choice of cooling technologies. In China, the need to adapt to growing 407 

water scarcity has resulted in fewer water intensive cooling systems in new power plants and the 408 

refurbishment of existing ones16, 46. Investors are also becoming increasingly concerned with the 409 

effects of water scarcity. For instance, because wind and solar power production require less 410 

water than once-through coal-fired plants, UBS, a global leading investment firm, is 411 

recommending its investors to buy low water intensive wind power assets and sell coal-fired 412 

assets to avoid exposure to risks associated with water scarcity47. Moreover, energy corporations 413 

and investors should pay more attention to water as a risk for their business operations when they 414 
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plan for investments in coal-fired power plants. As such, our findings have also implications for 418 

future investments in the global coal power sector. 419 

We tested the sensitivity of our results to different environmental flow requirements, which 420 

are by far the largest factor affecting our results. With the current assumption that 80% of the 421 

available water needs to be allocated to environmental flows, we find that 43% and 32% of 422 

global CFPP capacity faces water scarcity for at least one and five month per year, respectively. 423 

By adopting the less conservative Variable Monthly Flow (VMF) method (Pastor et al., 2014), 424 

the fraction of CFPP capacity facing at least one and five months of water scarcity decreases to 425 

39% and 23%, respectively.  426 

In attempting a global analysis like the one presented in this study, some approximations 427 

need to be made, and data limitations are inevitable. Water consumption of CFPP can vary up to 428 

20%, depending on coal type, combustion technology, plant efficiency, plant size, and 429 

environmental control systems (Talati et al., 2014). Because Global Coal Plant Tracker – the 430 

dataset containing the CFPP inventory used in this study – does not provide information on these 431 

factors, we tested the sensitivity of our water scarcity analysis by increasing and decreasing 432 

monthly water consumption estimates of each CFPP by 20%. We find that our results show little 433 

sensitivity to this change in water consumption by CFPP. When we increase water consumption, 434 

we find that 44% and 34% of global CFPP capacity would face water scarcity for at least one and 435 

five months per the year, respectively. By reducing monthly water consumption of each CFPP by 436 

20%, we find that 42% or 30% of global CFPP capacity would by exposed to water scarcity for 437 

at least one or five months per year, respectively.  438 

In an increasingly water scarce and carbon-enriched world, governments will take specific 439 

actions targeting CO2 emissions and water intensive technologies, and investors may want to 440 

know whether new environmental policies could reduce viability of coal-fired power generation 441 

with CCS systems. Our results enable a more comprehensive understanding of water uses by 442 

coal-fired plants and can better inform the management and policy decisions that are critical for a 443 

sustainable allocation of water resources in energy production. For coal-fired plants located in 444 

water scarce areas, tradeoffs between the climate change mitigation benefits and the increased 445 

pressure on water resources of CCS should be weighed. This study shows that the water 446 

requirements of CCS technologies should be taken into account while evaluating future CCS 447 
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scenarios because it is crucial to mitigate emissions from the energy sector without 462 

compromising on the sustainable use of water resources. Because refineries, natural gas power 463 

plants, steel and concrete factories can also be retrofitted with CCS, the analysis presented in this 464 

study can be  expanded beyond the case of coal-fired power plants.  465 

METHODS 466 

Global coal-fired plant database 467 

Global Coal Plant Tracker (update as of July 2018) (ref. 48) provides an inventory of all the 468 

coal-fired plants with a capacity greater than 30 MW existing around the world. It reports 469 

information about location, status, capacity, operating company, plant name, and year of 470 

construction of global coal-fired units with a total global estimated operating capacity of 2,003 471 

GW (as for July 2018). The status is classified as “announced”, “pre-permit”, “permitted”, “in 472 

construction”, “shelved”, “cancelled”, “operating”, “mothballed”, or “retired”. 473 

Here, we focus only on “operating” coal-fired units with a capacity greater than 100 MW, 474 

assuming that investments in CCS retrofitting would not be justified in the case of smaller units. 475 

Multiple units belonging to the same coal-fired plant were aggregated into a single power plant. 476 

The operating large coal-fired plants that meet the above criteria account for 1927 GW or 96% of 477 

total estimated operating capacity from coal-fired plants worldwide48. For all these coal plants, 478 

we used satellite imageries from Google Earth® to identify cooling types (wet cooling tower, air-479 

cooled condenser, and once-through systems) and the water source used as a cooling medium 480 

(seawater or freshwater). Determining cooling technology and cooling water source of coal-fired 481 

plants by visual inspection using satellite images has been proved an effective way to fill gaps 482 

existing in available data on power plant cooling systems16. Wet cooling tower systems are 483 

equipped with cooling towers, air-cooled condenser are equipped with air-cooling islands, and 484 

once-through cooling systems do not have such cooling systems and are located close to large 485 

water bodies. Visual inspection results were also cross-checked when possible with information 486 

provided by the operating company listed in the Global Coal Plant Tracker48.  487 

 488 

Assessing water intensities of coal-fired plant with and without CCS  489 

We assessed water consumption intensity and water withdrawal intensity (m3/MWh) from 490 

coal-fired plants using the Baseline Power Plant configuration of the Integrated Environmental 491 

Deleted: in order to492 
Deleted:  make suitable strategies 493 
Deleted: our 494 
Deleted: systems495 
Deleted: results496 
Deleted:  of497 
Deleted: reaches beyond498 
Deleted: water scarcity exposure499 



18 
 

Control Model (IECM Version 11.2) developed by Carnegie Mellon University for the U.S. 500 

Department of Energy’s National Energy Technology Laboratory (USDOE/NETL)37. The IECM 501 

Model is a well-documented publicly available model that provides systematic estimates of 502 

performance and emissions for fossil-fueled power plants with or without CCS systems28,37. 503 

Water intensities in the IECM Model do account for the parasitic energy demand of the CCS 504 

process. Therefore, the Baseline Power Plant configuration in the model assumes that the 505 

additional power required to perform CCS is taken at the expenses of the plant efficiency and 506 

therefore less heat and power would be generated. Moreover, the Baseline Power Plant 507 

configuration in the IECM Model does consider that each CFPP is retrofitted with environmental 508 

control systems (selective catalytic reduction, electrostatic precipitator, and wet flue gas 509 

desulfurization). We considered the water use by these environmental control systems both in the 510 

scenarios with and without CCS.  511 

 512 

For each coal-fired unit, water intensity was assessed considering 1) a current, and 2) four 513 

hypothetic future scenarios. In the current scenario, we assessed water intensity of each coal-514 

fired unit considering its cooling system (wet cooling tower, air-cooled condenser, and once-515 

through). In the future scenario we assumed that only CFPP operating after year 2000 (1,093 516 

CFPP or 1018 GW) will be retrofitted with CCS units considering four different CCS 517 

technologies: absorption with amine solvents, membrane separation, and adsorption with 518 

pressure swing (PSA) and temperature swing (TSA) capture systems. For each scenario and for 519 

each unit we assessed water intensity considering local average monthly air temperature and its 520 

gross power input. Average monthly temperatures at 5 × 5 arcminute resolution were taken from 521 

Fick et al., (2017)49. Coal type (anthracite, lignite, bituminous, sub-bituminous), combustion 522 

technology (supercritical, sub-critical, ultra-supercritical), plant efficiency, plant size, 523 

environmental control systems (selective catalytic reduction, electrostatic precipitator, and wet 524 

flue gas desulfurization for removing nitrogen oxides, fly ash, and sulfur dioxide, respectively, 525 

from the flue gas), and CO2 capture level are other factors that influence water intensity of a 526 

CFPP (Talati et al., 2014). Because the Global Coal Plant Tracker database used in this study 527 

does not contain detailed information about these factors, we tested the sensitivity of our results 528 

to ±20% changes in monthly water consumption in each CFPP.  529 
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For each coal-fired unit we assessed monthly water consumption and water withdrawals 545 

(m3/month) by multiplying its monthly water intensity (m3/MWh) times the coal-fired unit 546 

capacity by a 50% capacity factor and the number of hours in each month. The 50% capacity 547 

factor is a conservative assumption given that the global average capacity factor of coal-fired 548 

plants was 52.5% in year 2016 (ref. 13), and also considering that we are experiencing a 549 

reduction in coal use owing to natural gas conversion50,51.  550 

 551 

Water scarcity analysis  552 

Monthly water scarcity (5 × 5 arcminute resolution) was assessed combining the monthly 553 

availability and consumption of freshwater resources. Coal-fired plants are located in water 554 

scarce areas if the ratio between freshwater consumption (WC) and available water (WA) is 555 

greater than one22. This methodology to evaluate water scarcity has been extensively validated in 556 

studies aiming at analyzing the influence of energy and agricultural production on water 557 

resources39,42,52. WC accounts for freshwater consumption for irrigation, domestic uses, and coal-558 

fired plants. For this reason, coal-fired plants cooled with seawater were not considered in the 559 

water scarcity analysis, because they do not consume freshwater in their operations. Monthly 560 

available water (WA) (5 × 5 arcminute resolution, or ~10km at the Equator) was calculated as 561 

the difference between monthly blue water flows generated in that grid cell and the 562 

environmental flow requirement. Monthly blue water flows (2011-2015 period) were assessed by 563 

adding up for every cell routed river discharge and groundwater discharge. Discharge data were 564 

taken from PCR-GLOBWB-2 outputs (Sutanudjaja et al., 2018; Wanders et al., 2019).  Upstream 565 

water consumption and its unavailability for downstream uses were accounted for by considering 566 

- for every cell of the landscape - all water uses (agriculture, industrial, municipal, and 567 

environmental flows). Irrigation water consumption (at 5 × 5 arcminute resolution) was taken 568 

from Rosa et al. (2019) (ref. XX) and was assessed using a process-based crop water model that 569 

estimated irrigation water consumption for major crops. Domestic water consumption (at 5 × 5 570 

arcminute resolution) was taken from Hoekstra and Mekonnen (2012) (ref. 45) and assessed 571 

using country-specific per capita values multiplied by the local population taken from population 572 

density maps. We assumed that coal-fired plants cooled with seawater face no water scarcity and 573 

only land-based water plants are at risk of water scarcity.  574 
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Environmental flow is here defined as the minimum freshwater flow that is required to 596 

sustain ecosystem functions. Environmental flow requirements were accounted for in our water 597 

scarcity analysis20,39,40,44, assuming that 80% of the monthly blue water flows should be 598 

preserved for environmental flows protection (i.e., remain unavailable to human consumption) to 599 

maintain ecosystem functions38.  600 

 601 

Uncertainties, assumption, and limitations 602 

Our results are based on a biophysical model and on assumptions that are always necessary 603 

in any global modelling study. First, decisions to retrofit existing plants with CCS are 604 

complicated and involve many factors such as plant age and size, economic viability, land 605 

restraints, and location close to geological formations suitable for carbon storage. The analysis of 606 

these factors falls outside of the scope of this work. We also do not consider the potential 607 

impacts that carbon dioxide storage could have on regional groundwater quality and therefore 608 

water availability54,55. Second, we assumed that current power plants cooled with seawater will 609 

also withdraw and consume seawater (in the same proportion) when retrofitted with CCS. Third, 610 

while our water balance model considers water consumption and accounts for the need to protect 611 

environmental flows that are crucial to the health of freshwater ecosystems, it does not evaluate 612 

other environmental and economic impacts associated with water withdrawals from coal-fired 613 

plants, which involve local effects that a global analysis fails to assess. Moreover, quantifying 614 

water scarcity using water withdrawals might overestimate water scarcity since return flows can 615 

be used multiple times. For example, water withdrawals in the Colorado River Basin exceed 616 

water availability because of substantial reuse of return flows. Therefore, we assessed water 617 

scarcity using water consumption. Fourth, because hybrid-cooling technology (wet cooling 618 

paired with air-cooling) is a relatively new technology, we did not consider this cooling 619 

technology in our analysis. Fifth, power plants located in water scarce areas are unlikely to 620 

remain water stranded in the sense that they are expected to continue their operation in months of 621 

water scarcity by sourcing water through inter-basin water transfers, artificial reservoirs, mining 622 

non-renewable groundwater, building desalination plants, or using water at the expenses of 623 

environmental flows. Alternatively, water stranding can be avoided by lowering power 624 

production or by retrofitting coal-fired plants with emerging technologies that have lower water 625 

intensity (e.g. air-cooled systems)16, although, at the expense of increased energy consumption 626 
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and economic costs56,57. Furthermore, there are also opportunities to use desalinated brine from 628 

saline carbon dioxide sequestration aquifers to provide alternative freshwater sources and offset 629 

the additional water requirements of CCS33. These are economic, institutional, and non-630 

biophysical factors that our hydrological model were unable to take into account. Moreover, 631 

energy corporations can prevent a shut-down (and associated losses) during periods of water 632 

scarcity by buying water from other sectors (typically agriculture, in the presence of tradeable 633 

water rights) and paying more attention to water as a risk for their business operations47. Today, 634 

the reliability of coal-fired generators is quite high in the sense that they rarely experience power 635 

losses associated with water availability limitations15,58. Curtailments or shutdowns during dry 636 

periods are seldom due to constraints in water availability but to the ability to cool down water 637 

when its temperature exceeds environmental regulatory thresholds for discharge in water 638 

bodies58,59.  639 

Lastly, our analysis considers the possibility to retrofit global coal-fired power plants with 640 

post-combustion carbon capture and storage technologies. However, post-combustion carbon 641 

capture and storage is an emerging technology not just for coal-fired generation, but also for 642 

other industrial (Kätelhön et al., 2019) and energy CO2 sources60,Siegelman et al., 2019. Other 643 

technologies also could be deployed to capture carbon such as pre-combustion and oxy-644 

combustion26,61. Another promising technology is to remove carbon dioxide from the atmosphere 645 

and generate negative emissions via Bioenergy with Carbon Capture and Storage (BECCS)62 or 646 

Direct Air Capture (DAC) (Realmonte et al., 2019).  647 

Conflict of Interest: The authors declare no conflict of interest. 648 
 649 
Data Availability: Data used to perform this work can be found in the Supplementary 650 
Information and in the reference list. Any further data that support the findings of this study are 651 
available from the corresponding author upon reasonable request. 652 
 653 
Acknowledgments: L.R. was supported by The Ermenegildo Zegna Founder's Scholarship and 654 
by the AGU Horton Hydrology Research Grant. We thank N. Wanders and E. H. Sutanudjaja 655 
(Utrecht University) for sharing input and output files from the PCR-GLOBWB model. We 656 
thank D.D. Chiarelli, C. Passera, and M.C. Rulli, (Politecnico di Milano) for irrigation water 657 
consumption data.  658 
 659 

REFERENCES 660 

Deleted: 7661 

Deleted: of662 



22 
 

Cui, R.Y., Hultman, N., Edwards, M.R., He, L., Sen, A., Surana, K., McJeon, H., Iyer, G., Patel, P., Yu, S. 663 
and Nace, T., 2019. Quantifying operational lifetimes for coal power plants under the Paris goals. Nature 664 
Communications, 10(1), pp.1-9. 665 

Rosa, L., Chiarelli, D.D., Tu, C., Rulli, M.C. and D'Odorico, P., 2019. Global unsustainable virtual water 666 

flows in agricultural trade. Environmental Research Letters, 14(11), pp.114001. 667 

Sutanudjaja, E.H., Van Beek, R., Wanders, N., Wada, Y., Bosmans, J.H., Drost, N., Van Der Ent, R.J., De 668 
Graaf, I.E., Hoch, J.M., De Jong, K. and Karssenberg, D., 2018. PCR-GLOBWB 2: a 5 arcmin global 669 
hydrological and water resources model. Geoscientific Model Development, 11(6), pp.2429-2453. 670 

Wanders, N., van Vliet, M.T., Wada, Y., Bierkens, M.F. and van Beek, L.P., 2019. High-Resolution Global 671 
Water Temperature Modeling. Water Resources Research, 55(4), pp.2760-2778. 672 

Rogelj, J., et al., 2018: Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable 673 
Development. In: Global Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 674 
1.5°C above pre-industrial levels and related global greenhouse gas emission pathways, in the context of 675 
strengthening the global response to the threat of climate change, sustainable development, and efforts 676 
to eradicate poverty. 677 

Realmonte, G., Drouet, L., Gambhir, A., Glynn, J., Hawkes, A., Köberle, A.C. and Tavoni, M., 2019. An 678 
inter-model assessment of the role of direct air capture in deep mitigation pathways. Nature 679 
communications, 10(1), p.3277. 680 

Siegelman, R.L., Milner, P.J., Kim, E.J., Weston, S.C. and Long, J.R., 2019. Challenges and opportunities 681 
for adsorption-based CO 2 capture from natural gas combined cycle emissions. Energy & Environmental 682 
Science.  683 

Kätelhön, A., Meys, R., Deutz, S., Suh, S. and Bardow, A., 2019. Climate change mitigation potential of 684 
carbon capture and utilization in the chemical industry. Proceedings of the National Academy of 685 
Sciences, 116(23), pp.11187-11194. 686 

1. BP Statistical Review of World Energy 2018. June 2018 687 
2. Tong, D., Zhang, Q., Davis, S.J., Liu, F., Zheng, B., Geng, G., Xue, T., Li, M., Hong, C., 688 

Lu, Z. and Streets, D.G., 2018. Targeted emission reductions from global super-polluting 689 
power plant units. Nature Sustainability, 1(1), p.59. 690 

3. Oberschelp, C., Pfister, S., Raptis, C.E. and Hellweg, S., 2019. Global emission hotspots 691 
of coal power generation. Nature Sustainability, 2(2), p.113. 692 

4. COP21 2015 Paris Agreement, European Commission. Available at: http://ec. 693 
europa.eu/clima/policies/international/negotiations/paris/ index_en.htm. 694 

5. Davis, S.J. and Socolow, R.H., 2014. Commitment accounting of CO2 695 
emissions. Environmental Research Letters, 9(8), p.084018. 696 

6. Pfeiffer, A., Hepburn, C., Vogt-Schilb, A. and Caldecott, B., 2018. Committed emissions 697 
from existing and planned power plants and asset stranding required to meet the Paris 698 
Agreement. Environmental Research Letters, 13(5), p.054019. 699 

7. Voisin, N., Kintner-Meyer, M., Skaggs, R., Nguyen, T., Wu, D., Dirks, J., Xie, Y. and 700 
Hejazi, M., 2016. Vulnerability of the US western electric grid to hydro-climatological 701 
conditions: How bad can it get?. Energy, 115, pp.1-12. 702 

8. Webster, M., Donohoo, P. and Palmintier, B., 2013. Water–CO2 trade-offs in electricity 703 
generation planning. Nature Climate Change, 3(12), p.1029. 704 

Deleted: ¶705 



23 
 

9. Kyle, P., Davies, E.G., Dooley, J.J., Smith, S.J., Clarke, L.E., Edmonds, J.A. and Hejazi, 706 
M., 2013. Influence of climate change mitigation technology on global demands of water 707 
for electricity generation. International Journal of Greenhouse Gas Control, 13, pp.112-708 
123. 709 

10. Byers, E.A., Hall, J.W. and Amezaga, J.M., 2014. Electricity generation and cooling 710 
water use: UK pathways to 2050. Global Environmental Change, 25, pp.16-30. 711 

11. Liu, L., Hejazi, M., Patel, P., Kyle, P., Davies, E., Zhou, Y., Clarke, L. and Edmonds, J., 712 
2015. Water demands for electricity generation in the US: Modeling different scenarios 713 
for the water–energy nexus. Technological Forecasting and Social Change, 94, pp.318-714 
334. 715 

12. Van Vliet, M.T., Wiberg, D., Leduc, S. and Riahi, K., 2016. Power-generation system 716 
vulnerability and adaptation to changes in climate and water resources. Nature Climate 717 
Change, 6(4), p.375. 718 

13. International Energy Agency (2016). World energy outlook 2016. 719 
14. Zhang, X., Liu, J., Tang, Y., Zhao, X., Yang, H., Gerbens-Leenes, P.W., van Vliet, M.T. 720 

and Yan, J., 2017. China’s coal-fired power plants impose pressure on water 721 
resources. Journal of Cleaner Production, 161, pp.1171-1179. 722 

15. Miara, A., Macknick, J.E., Vörösmarty, C.J., Tidwell, V.C., Newmark, R. and Fekete, B., 723 
2017. Climate and water resource change impacts and adaptation potential for US power 724 
supply. Nature Climate Change, 7(11), p.793. 725 

16. Zhang, C., Zhong, L. and Wang, J., 2018. Decoupling between water use and 726 
thermoelectric power generation growth in China. Nature Energy, 3(9), p.792. 727 

17. Van Vliet, M.T., Yearsley, J.R., Ludwig, F., Vögele, S., Lettenmaier, D.P. and Kabat, P., 728 
2012. Vulnerability of US and European electricity supply to climate change. Nature 729 
Climate Change, 2(9), p.676. 730 

18. Turner, S.W.D., Voisin, N., Fazio, J., Hua, D. and Jourabchi, M., 2019. Compound 731 
climate events transform electrical power shortfall risk in the Pacific Northwest. Nature 732 
communications, 10(1), p.8. 733 

19. Liu, L., Hejazi, M., Iyer, G. and Forman, B.A., 2019. Implications of water constraints on 734 
electricity capacity expansion in the United States. Nature Sustainability, 2(2) p.206. 735 

20. Alkon, M., He, X., Paris, A.R., Liao, W., Hodson, T., Wanders, N. and Wang, Y., 2019. 736 
Water security implications of coal-fired power plants financed through China's Belt and 737 
Road Initiative. Energy Policy, 132, pp.1101-1109. 738 

21. Wang, Y., Byers, E., Parkinson, S., Wanders, N., Wada, Y., Mao, J. and Bielicki, J.M., 739 
2019. Vulnerability of existing and planned coal-fired power plants in Developing Asia 740 
to changes in climate and water resources. Energy & Environmental Science, 12, 3164-741 
3181. 742 

22. Liu, J., Yang, H., Gosling, S.N., Kummu, M., Flörke, M., Pfister, S., Hanasaki, N., Wada, 743 
Y., Zhang, X., Zheng, C. and Alcamo, J., 2017. Water scarcity assessments in the past, 744 
present, and future. Earth's Future, 5(6), pp.545-559. 745 

23. D'Odorico, P., Davis, K.F., Rosa, L., Carr, J.A., Chiarelli, D., Dell'Angelo, J., Gephart, J., 746 
MacDonald, G.K., Seekell, D.A., Suweis, S. and Rulli, M.C., 2018. The Global Food‐747 
Energy‐Water Nexus. Reviews of Geophysics, 56(3), p. 456-531. 748 

24. Rochelle, G.T., 2009. Amine scrubbing for CO2 capture. Science, 325(5948), pp.1652-749 
1654. 750 



24 
 

25. Smit, B., Reimer, J.A., Oldenburg, C.M. and Bourg, I.C., 2014. Introduction to Carbon 751 
Capture and Sequestration. London 752 

26. Bui, M., et al., 2018. Carbon capture and storage (CCS): the way forward. Energy & 753 
Environmental Science, 11(5), pp.1062-1176. 754 

27. Zhai, H. and Rubin, E.S., 2015. Water impacts of a low-carbon electric power future: 755 
assessment methodology and status. Current Sustainable/Renewable Energy 756 
Reports, 2(1), pp.1-9. 757 

28. Zhai, H. and Rubin, E.S., 2010. Performance and cost of wet and dry cooling systems for 758 
pulverized coal power plants with and without carbon capture and storage. Energy 759 
Policy, 38(10), pp.5653-5660. 760 

29. Meldrum, J., Nettles-Anderson, S., Heath, G. and Macknick, J., 2013. Life cycle water 761 
use for electricity generation: a review and harmonization of literature 762 
estimates. Environmental Research Letters, 8(1), p.015031. 763 

30. Zhai, H., Rubin, E.S. and Versteeg, P.L., 2011. Water use at pulverized coal power plants 764 
with post-combustion carbon capture and storage. Environmental science & 765 
technology, 45(6), pp.2479-2485. 766 

31. Tidwell, V.C., Malczynski, L.A., Kobos, P.H., Klise, G.T. and Shuster, E., 2013. 767 
Potential impacts of electric power production utilizing natural gas, renewables and 768 
carbon capture and sequestration on US freshwater resources. Environmental science & 769 
technology, 47(15), pp.8940-8947. 770 

32. Talati, S., Zhai, H. and Morgan, M.G., 2014. Water impacts of CO2 emission 771 
performance standards for fossil fuel-fired power plants. Environmental science & 772 
technology, 48(20), pp.11769-11776. 773 

33. Sathre, R., Breunig, H., Greenblatt, J., Larsen, P., Masanet, E., McKone, T., Quinn, N. 774 
and Scown, C., 2016. Spatially-explicit water balance implications of carbon capture and 775 
sequestration. Environmental Modelling & Software, 75, pp.153-162. 776 

34. Eldardiry, H. and Habib, E., 2018. Carbon capture and sequestration in power generation: 777 
review of impacts and opportunities for water sustainability. Energy, Sustainability and 778 
Society, 8(1), p.6. 779 

35. Schakel, W., Pfister, S. and Ramírez, A., 2015. Exploring the potential impact of 780 
implementing carbon capture technologies in fossil fuel power plants on regional 781 
European water stress index levels. International Journal of Greenhouse Gas 782 
Control, 39, pp.318-328. 783 

36. Byers, E.A., Hall, J.W., Amezaga, J.M., O’Donnell, G.M. and Leathard, A., 2016. Water 784 
and climate risks to power generation with carbon capture and storage. Environmental 785 
Research Letters, 11(2), p.024011. 786 

37. Integrated Environmental Control Model (IECM), 2009. Integrated Environmental 787 
Control Model computer code and documentation. Available at: 788 
https://www.cmu.edu/epp/iecm/iecm_dl.html 789 

38. Richter, B.D., Davis, M.M., Apse, C. and Konrad, C., 2012. A presumptive standard for 790 
environmental flow protection. River Research and Applications, 28(8), pp.1312-1321. 791 

39. Rosa, L., Rulli, M.C., Davis, K.F. and D'Odorico, P., 2018. The water‐energy nexus of 792 
hydraulic fracturing: a global hydrologic analysis for shale oil and gas extraction. Earth's 793 
Future, 6(5), pp. 745-756. 794 



25 
 

40. Flörke, M., Schneider, C. and McDonald, R.I., 2018. Water competition between cities 795 
and agriculture driven by climate change and urban growth. Nature Sustainability, 1(1), 796 
p.51. 797 

41. Jägermeyr, J., Pastor, A., Biemans, H. and Gerten, D., 2017. Reconciling irrigated food 798 
production with environmental flows for Sustainable Development Goals 799 
implementation. Nature communications, 8, p.15900. 800 

42. Rosa, L., Rulli, M.C., Davis, K.F., Chiarelli, D.D., Passera, C. and D'Odorico, P., 2018. 801 
Closing the yield gap while ensuring water sustainability. Environmental Research 802 
Letters, 13, 104002 803 

43. Siebert, S. and Döll, P., 2010. Quantifying blue and green virtual water contents in global 804 
crop production as well as potential production losses without irrigation. Journal of 805 
Hydrology, 384(3-4), pp.198-217. 806 

44. Wada, Y., Flörke, M., Hanasaki, N., Eisner, S., Fischer, G., Tramberend, S., Satoh, Y., 807 
Van Vliet, M., Yillia, P., Ringler, C. and Wiberg, D., 2016. Modeling global water use 808 
for the 21st century: Water Futures and Solutions (WFaS) initiative and its 809 
approaches. Geoscientific Model Development, 9, pp.175-222. 810 

45. Hoekstra A Y and Mekonnen M M 2012 The water footprint of humanity Proceedings of 811 
the national academy of sciences 109(9) 3232-3237. 812 

46. International Energy Agency (2015). World Energy Outlook 2015. 813 
47. Powell S., Liu K., Liu A., Li W., and Hudson J (2016). Is China consuming to much 814 

water to make electricity? UBS Evidence Lab. Available at: 815 
https://neo.ubs.com/shared/d1k4sjYSwbRh/. Accessed on September 2018.  816 

48. Global Energy Monitor, Global Coal Plant Tracker, July 2018, https://endcoal.org/global-817 
coal-plant-tracker/ (2018). 818 

49. Fick, S.E. and Hijmans, R.J., 2017. WorldClim 2: new 1‐km spatial resolution climate 819 
surfaces for global land areas. International Journal of Climatology, 37(12), pp.4302-820 
4315. 821 

50. Grubert, E.A., Beach, F.C. and Webber, M.E., 2012. Can switching fuels save water? A 822 
life cycle quantification of freshwater consumption for Texas coal-and natural gas-fired 823 
electricity. Environmental Research Letters, 7(4), p.045801. 824 

51. Jordaan, S.M., Patterson, L.A. and Anadon, L.D., 2018. A spatially-resolved inventory 825 
analysis of the water consumed by the coal-to-gas transition of Pennsylvania. Journal of 826 
Cleaner Production, 184, pp.366-374. 827 

52. Rosa, L. and D’Odorico, P., 2019. The water-energy-food nexus of unconventional oil 828 
and gas extraction in the Vaca Muerta Play, Argentina. Journal of Cleaner Production, 829 
207, pp. 743-750.  830 

53. Fekete, B.M., Vörösmarty, C.J. and Grabs, W., 2002. High‐resolution fields of global 831 
runoff combining observed river discharge and simulated water balances. Global 832 
Biogeochemical Cycles, 16(3), pp.15-1. 833 

54. Davidson, C.L., Dooley, J.J. and Dahowski, R.T., 2009. Assessing the impacts of future 834 
demand for saline groundwater on commercial deployment of CCS in the United 835 
States. Energy Procedia, 1(1), pp.1949-1956.  836 

55. Little, Mark G., and Robert B. Jackson. "Potential impacts of leakage from deep CO2 837 
geosequestration on overlying freshwater aquifers." Environmental science & 838 
technology 44, no. 23 (2010): 9225-9232. 839 



26 
 

56. Zhang, C., Anadon, L. D., Mo, H., Zhao, Z., & Liu, Z. (2014). Water− carbon trade-off in 840 
China’s coal power industry. Environmental science & technology, 48(19), 11082-11089. 841 

57. Peer, R.A. and Sanders, K.T., 2018. The water consequences of a transitioning US power 842 
sector. Applied Energy, 210, pp.613-622. 843 

58. Macknick, J., Newmark, R., Heath, G. and Hallett, K.C., 2012. Operational water 844 
consumption and withdrawal factors for electricity generating technologies: a review of 845 
existing literature. Environmental Research Letters, 7(4), p.045802. 846 

59. Scanlon, B.R., Duncan, I. and Reedy, R.C., 2013. Drought and the water–energy nexus in 847 
Texas. Environmental Research Letters, 8(4), p.045033. 848 

60. Davis, S.J., Lewis, N.S., Shaner, M., Aggarwal, S., Arent, D., Azevedo, I.L., Benson, 849 
S.M., Bradley, T., Brouwer, J., Chiang, Y.M. and Clack, C.T., 2018. Net-zero emissions 850 
energy systems. Science, 360(6396), p.eaas9793. 851 

61. Boot-Handford, M.E., Abanades, J.C., Anthony, E.J., Blunt, M.J., Brandani, S., Mac 852 
Dowell, N., Fernández, J.R., Ferrari, M.C., Gross, R., Hallett, J.P. and Haszeldine, R.S., 853 
2014. Carbon capture and storage update. Energy & Environmental Science, 7(1), 854 
pp.130-189. 855 

62. Sanchez, D.L., Nelson, J.H., Johnston, J., Mileva, A. and Kammen, D.M., 2015. Biomass 856 
enables the transition to a carbon-negative power system across western North 857 
America. Nature Climate Change, 5(3), p.230. 858 

 859 

 860 

 861 

 862 

 863 

SUPPLEMENTARY MATERIALS 864 

 865 

Contents: 866 

Table S1 shows global water consumption and withdrawal by sector. 867 

Table S2 shows share of coal-fired capacity facing water scarcity during a given number of 868 
months per year considering the different scenarios run in this study. 869 

Table S3 to S4 show water consumption and withdrawals values per month from coal-fired 870 
plants. 871 

Table S5 shows country-specific coal fired capacity built after year 2000 that would see an 872 
exacerbation in water scarcity by at least one month per year if were retrofitted with off-the-shelf 873 
amine based absorption CCS technology.  874 
 875 
Table S6 to S10 show design parameters of coal-fired power plants with and without carbon 876 
capture and storage (CCS) units. Values reported are from the Baseline Power Plant in IECM 877 
model (IECM, 2009).  878 
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 879 
Figure S1 to S8 show schematic representations of cooling technologies and post-combustion 880 
carbon capture and storage technologies.  881 

Figure S9 show additional water scarcity with different carbon capture technologies. 882 

 883 

Countries belonging to the regions used in Figure 5: 884 

Europe: Austria, Bosnia & Herzegovina, Bulgaria, Czech Republic, Denmark, Finland, France, 885 
North Macedonia, Germany, Greece, Hungary, Ireland, Italy, Kosovo, Moldova, Montenegro, 886 
Netherlands, North Macedonia, Poland, Portugal, Russia, Serbia, Slovakia, Slovenia, Spain, 887 
Sweden, Ukraine, United Kingdom. 888 

Rest of Asia: Bangladesh, Cambodia, Indonesia, Japan, Kazakhstan, Kyrgyzstan, Israel, Laos, 889 
Malaysia, Mongolia, North Korea, South Korea, Pakistan, Philippines, South Korea, Sri Lanka, 890 
Thailand, Turkey, Uzbekistan, Vietnam. 891 

Rest of the World: Argentina, Australia, Botswana, Brazil, Canada, Chile, Colombia, 892 
Dominican Republic, Guatemala, Mexico, Morocco, New Zealand, Peru, South Africa, Zambia, 893 
Zimbabwe. 894 

 895 

 896 

 897 

 898 

 899 

Table S1. Global water consumption and withdrawal by sector.  900 

SECTOR Water Withdrawal 

(km3 y-1) 

Source Water Consumption 

(km3 y-1) 

Source 

Agriculture 2,410 (2) 847-1180 (3,4) 

Domestic  400-450 (5) 42 (6) 

Primary Energy Production 47 (7) 30 (7) 

Power Generation (Total) 350 (7) 17 (7) 

Coal-fired power plants (current) 204 This Study 10 This Study 

Coal-fired power plants retrofitted 

with CCS 
249-269 This Study 13-15 This Study 

 901 
 902 
 903 
Table S2. Share of coal-fired capacity currently facing water scarcity during a given number of 904 
months per year considering the different scenarios run in this study. 1) water scarcity 905 
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considering average monthly available water in the 2011-2015 period and 80% environmental 906 
flow threshold; 2) water scarcity considering average monthly available water in the 2011-2015 907 
period and Variable Monthly Flow Method1 for environmental flow requirements; 3) water 908 
scarcity considering average monthly available water in the 2011-2015 period, 80% 909 
environmental flow threshold, and an increase by 20% in water consumption from coal plants; 4) 910 
current water scarcity considering average monthly available water in the 2011-2015 period,  911 
80% environmental flow threshold, and a decrease by 20% in water consumption from coal 912 
plants;  5), 6), 7), 8), 9) water scarcity considering monthly available water in the 2011, 2012, 913 
2013, 2014, 2015, respectively and an 80% environmental flow threshold. 914 
 915 

Number of 
Months per 
year  1) 2) 3) 4) 5) 6) 7) 8) 9) 

Not Facing Water Scarcity 
0 57% 61% 56% 58% 55% 54% 54% 55% 56% 

Facing Water Scarcity 
1 43% 39% 44% 42% 45% 46% 46% 45% 44% 
2 41% 36% 42% 39% 43% 43% 42% 43% 41% 
3 39% 30% 40% 37% 41% 40% 38% 40% 39% 
4 36% 27% 38% 34% 39% 38% 36% 37% 37% 
5 32% 23% 34% 30% 35% 35% 33% 34% 34% 
6 30% 20% 32% 28% 31% 30% 29% 31% 31% 
7 26% 16% 28% 25% 27% 27% 26% 28% 27% 
8 18% 10% 19% 16% 18% 18% 18% 18% 17% 
9 14% 7% 16% 13% 14% 14% 14% 15% 14% 
10 8% 4% 9% 7% 9% 8% 7% 8% 8% 
11 7% 4% 7% 6% 7% 6% 6% 7% 6% 
12 5% 3% 5% 4% 5% 5% 5% 5% 6% 

 916 
Table S3. Monthly water consumption by global coal-fired plants considering the current and the 917 
four CCS scenarios considered in this study.  918 

  Current 
(×109 km3) 

Absorption 
(×109 km3) 

Membrane 
(×109 km3) 

Solid Sorbents PSA 
(×109 km3) 

Solid Sorbents TSA 
(×109 km3) 

January 0.70 0.31 0.21 0.22 0.30 
February 0.67 0.28 0.21 0.21 0.29 

March 0.78 0.33 0.24 0.25 0.33 
April 0.81 0.34 0.25 0.26 0.34 
May 0.87 0.37 0.27 0.28 0.36 
June 0.86 0.37 0.27 0.28 0.36 
July 0.90 0.38 0.28 0.30 0.38 

August 0.90 0.52 0.28 0.30 0.37 
September 0.84 0.49 0.26 0.28 0.35 

October 0.83 0.49 0.26 0.27 0.35 
November 0.75 0.46 0.23 0.24 0.32 
December 0.74 0.45 0.23 0.23 0.32 

Total 9.66 4.81 3.00 3.13 4.07 
 919 
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Table S4. Monthly water withdrawals by global coal-fired plants considering the current and the 920 
four CCS scenarios considered in this study.  921 

  Current 
(×109 km3) 

Absorption 
(×109 km3) 

Membrane 
(×109 km3) 

Solid Sorbents PSA 
(×109 km3) 

Solid Sorbents TSA 
(×109 km3) 

January 17.26 5.58 3.90 4.06 4.75 
February 15.59 5.04 3.52 3.66 4.29 

March 17.31 5.55 3.87 4.02 4.72 
April 16.81 5.33 3.70 3.85 4.53 
May 17.42 5.48 3.80 3.95 4.65 
June 16.89 5.28 3.66 3.81 4.48 
July 17.47 5.45 3.77 3.93 4.63 

August 17.46 5.46 3.78 3.93 4.63 
September 16.86 5.30 3.68 3.83 4.50 

October 17.37 5.51 3.83 3.99 4.68 
November 16.75 5.37 3.75 3.90 4.57 
December 17.25 5.58 3.90 4.06 4.76 

Total 204.44 64.93 45.15 46.99 55.20 
 922 
Table S5. Country-specific coal fired capacity (MW) built after year 2000 that would see an 923 
exacerbation in water scarcity by at least one month per year if were retrofitted with off-the-shelf 924 
amine based absorption CCS technology.  925 

 

Facing exacerbation 
of water scarcity 
(MW) 

Total capacity 
built after year 
2000 (MW) 

Fraction of 
total capacity  

Argentina 120 120 100% 
Australia 1863 2308 81% 
Austria 0 0 - 
Bangladesh 0 250 0% 
Bosnia & 
Herzegovina 0 300 0% 
Botswana 600 600 100% 
Brazil 670 3220 21% 
Bulgaria 0 791 0% 
Cambodia 0 405 0% 
Canada 0 707 0% 
Chile 0 1662 0% 
China 167936 718001 23% 
Colombia 0 487 0% 
Czech Republic 405 1155 35% 
Denmark 0 0 - 
Dominican 
Republic 0 0 - 
Finland 0 0 - 
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France 0 0 - 
North Macedonia 0 0 - 
Germany 0 4845 0% 
Greece 330 330 100% 
Guatemala 300 439 68% 
Hungary 0 0 - 
India 52090 139702 37% 
Indonesia 0 20344 0% 
Ireland 0 0 - 
Israel 0 2250 0% 
Italy 0 1320 0% 
Japan 0 16063 0% 
Kazakhstan 120 240 50% 
Kosovo 0 0 - 
Kyrgyzstan 0 300 0% 
Laos 1878 1878 100% 
Malaysia 0 9198 0% 
Mexico 0 0 - 
Moldova 0 0 - 
Mongolia 0 0 - 
Montenegro 0 0 - 
Morocco 0 350 0% 
Netherlands 0 2400 0% 
New Zealand 0 0  
North Korea 0 600 0% 
Pakistan 0 4200 0% 
Peru 0 0  
Philippines 0 4613 0% 
Poland 0 1295 0% 
Portugal 0 0 - 
Romania 0 0 - 
Russia 0 2048 0% 
Serbia 0 0 - 
Slovakia 192 192 100% 
Slovenia 0 0 - 
South Africa 794 3970 20% 
South Korea 0 15474 0% 
Spain 0 0 - 
Sri Lanka 0 900 0% 
Sweden 0 0 - 
Taiwan 0 3995 0% 
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Taiwan, China 0 800 0% 
Thailand 0 2684 0% 
Turkey 625 10542 6% 
Ukraine 0 0 - 
United Kingdom 0 0 - 
United States 3143 20264 16% 
Uzbekistan 0 150 0% 
Vietnam 660 16462 4% 
Zambia 450 450 100% 
Zimbabwe 0 0 - 

 926 
 927 
Table S6. Design Parameters for the Baseline Power Plant in IECM8.  928 
 929 

Parameter Value 

Plant Type Supercritical Pulverized Coal 

Steam Cycle Heat Rate (kJ/kWh) 7764 

Plant Capacity Factor (%) 50 

Ambient Air Pressure (kPa) 101.35 

Relative Humidity (%) 50 

Environmental Control Systems: 

Nitrogen Dioxide 

Particulates 

Sulfur Dioxide 

Carbon Dioxide 

 

Selective Catalytic Reduction 

Electrostatic Precipitator 

Flue Gas Desulfurization 

Carbon Capture and Storage 

CO2 removal efficiency (%) 90 

CO2 Product Pressure (MPa) 13.79 

CO2 Compressor Efficiency (%) 80.00 

 930 
 931 
Table S7. Detailed Performance Parameters of a Baseline Power Plant retrofitted with Amine-932 
based absorption Capture System8. 933 
 934 

Parameter Value 

Amine-based capture system type  
 

Econamine FG+ 
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CO2 removal efficiency (%) 90.0 

Sorbent concentration (wt, %) 30.0 

Temperature exiting direct contact cooler (ºC) 45 

Maximum train CO2 capacity (tonnes/h) 209 

Max CO2 compressor capacity (tonnes/h) 299 

Lean CO2 loading (mol CO2/mol sorbent) 0.19 

Nominal sorbent loss (kg/tonne CO2) 0.30 

Liquid-to-gas ratio 3.1 

Ammonia generation (mol NH3/mol sorbent) 1.0 

Gas phase pressure drop (kPa) 6.9 

Solvent pumping head (kPa) 206.8 

Pump efficiency (%) 75 

Heat-to-electricity efficiency (%) 18.70 

Makeup water for washing (% of flue gases) 0.8  

Regeneration heat requirement (kJ/kg CO2) 3538 

 935 
Table S8. Detailed Performance Parameters of a Baseline Power Plant retrofitted with 936 
Membrane based Capture System8. 937 
 938 

Parameter Value 

Membrane-based capture system type  
 

2-Step with Air Sweep 

CO2 removal efficiency (%) 90.0 

CO2 Permeance (S.T.P) 3500 

CO2/N2 Selectivity (S.T.P.) 35.00 

Vacuum Pressure in Cross Flow Membrane 

(bar) 

0.20 

Vacuum Pump Efficiency (%) 85.00 

Membrane Operation Temperature (ºC) 50.00 

 939 

Table S9. Detailed Performance Parameters of a Baseline Power Plant retrofitted with Solid 940 
Sorbents adsorption PSA based Capture System8. 941 
 942 



33 
 

Parameter Value 

Solid Sorbet Type  
 

ZIF-78 

CO2 removal efficiency (%) 90.0 

System configuration Single Stage PSA 

Adsorber Temperature (ºC) 35.00 

Adsorber Pressure (bar) 1.500 

Desorption Pressure (bar) 2.18×10-2 

Flue Gas Compressor Efficiency (%) 85.00 

Vacuum Pump Efficiency (%) 85.00 

 943 

Table S10. Detailed Performance Parameters of a Baseline Power Plant retrofitted with Solid 944 
Sorbents adsorption TSA based Capture System8. 945 
 946 

Parameter Value 

System Used 
 

CCSI/NETL 32D 

CO2 removal efficiency (%) 90.0 

Sorbent Name NETL 32D 

Maximum CO2 Adsorption Capacity (mol 

CO2/ kg sorbent) 

3.500 

Adsorber Temperature (ºC) 53.00 

Regenerator Operating Temperature (ºC) 136.00 

 947 
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 948 

Figure S1. Schematic representation of coal-fired power plant with post-combustion carbon 949 
capture. A state-of-the-art coal-fired power plant has environmental control systems to remove 950 
nitrogen dioxide (NOX removal), particulates and mercury (PM/Hg removal), sulfur dioxide 951 
(SOX removal), and carbon capture for carbon dioxide (CO2 removal)9.  952 

 953 

 954 

Figure S2. In an absorption process, a solvent is cycled between an absorber, where CO2 is 955 
captured, and a stripper where the CO2 is released through heating by steam from a power plant.  956 

 957 
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 958 

Figure S3. A 2-step counterflow with air sweep membrane separation. In this process, air is used 959 
as a sweep gas in membrane module II and hence the air fed to the boiler and burn coal with 960 
CO2-enriched air9.  961 

 962 

 963 

Figure S4. Pressure Swing Adsorption. In a fixed bed absorber, CO2 is captured in two steps. In 964 
the adsorber, CO2 is selectively adsorbed from the flue gas at high pressure (1.5 atm). Once the 965 
adsorbent is saturated with CO2, the adsorbent is regenerated at low pressure and a pure stream 966 
of CO2 is produced.  967 
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 968 

Figure S5. Temperature Swing Adsorption. In a fixed bed absorber, CO2 is captured in two 969 
steps. In the adsorber, CO2 is selectively adsorbed from the flue gas at low temperature. Once the 970 
adsorbent is saturated with CO2, the adsorbent is regenerated at high temperature and a pure 971 
stream of CO2 is produced.  972 

 973 

 974 

Figure S6. Schematic representation of a once-through cooling system. 975 

 976 

 977 
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 978 

Figure S7. Schematic representation of a wet cooling tower system.  979 

 980 

 981 

Figure S8. Schematic representation of an air cooled system. 982 

 983 

Figure S9. Additional water scarcity with different carbon capture technologies. The figure 984 
shows the number of additional months of water scarcity per year that global coal fired power 985 
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plants (built after year 2000) would face if were retrofitted with the four CCS technologies 986 
considered in this study.  987 
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