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Water and energy are closely related. Thermal electric-
ity generation constituted of coal, gas, oil, biomass and 
nuclear power plants requires water for cooling pur-

poses. Water is also used in numerous technological processes to 
harness, extract and produce energy. Meanwhile, water extraction, 
treatment and distribution consume energy. This dependency is 
often called the water-energy nexus and is increasingly highlighted 
by many scholars and policymakers as a sustainability concern for 
future planning and for water security1–3.

The currently used technologies of thermal power generation 
heavily depend on water availability. Water scarcity, often perceived 
as a side issue of climate change, directly affects the capacity and 
reliability of thermal power. Moreover, increased water tempera-
tures and reduced river flow have led to forced reductions or even 
interruptions in power generation4,5 worldwide. This limitation to 
electricity supply, coupled with rising production costs, may lead to 
a sharp rise in electricity prices6,7.

Thus, it is crucial to understand the contributors to global water 
stress, one of which is the cooling water demand of thermal power 
plants, and implement strategies to overcome water resource deple-
tion. The water footprint of cooling the global power plant fleet 
is typically analysed from the perspective of water withdrawal 
and water consumption8. Water withdrawal is defined as the total 
amount of water taken from the water source for cooling purposes. 
Water consumption represents the difference between water with-
drawal and the amount of water returned to the source, and water is 
often ‘lost’ by means of evaporation9.

Currently, research on the water demand of power plants is con-
ducted using different estimation techniques (satellite images10,11, 
historical data12 and statistical data8,13), which is not commonly 
reported. Macknick et  al.14 reported water withdrawal and con-
sumption factors for different thermal power plants in the United 
States. Owing to the lack of country-specific water demand data for 
thermal power plants, the factors provided by Macknick et al. were 
used in recent global studies on water withdrawal and consumption. 
Studies so far have focused on either the global8,12,13,15,16 or regional 
and country1,10,11,17 level. The research conducted by Flörke et al.12 

and Vassolo and Döll16 is the base on which the commonly used 
Global Water System Project (GWSP) Digital Water Atlas18 was pro-
duced. Subsequent studies on the water demand for the cooling of 
thermal power plants expand on the results of Flörke et al.12, with 
the aim to generate comprehensive insights into a sector that plays a 
crucial role in the global water stress.

The main concern with estimating the water demand of the 
global thermal power plant fleet is the limited availability of data 
on the cooling technologies and the water source (seawater or fresh-
water) used for cooling8,12,16. In this research, we strive to overcome 
these limitations.

It is crucial to determine how the world’s hunger for electric-
ity can be met and also reduce the power sector’s thirst for water. 
Behrens at al.1 discussed the vulnerability of power generation to 
water scarcity and water temperature on the basin level and sug-
gested adaptation strategies for the European Union. However, the 
authors did not include the ongoing development to replace once-
through cooling systems by cooling towers. In contrast to once-
through cooling systems, cooling towers, even though consuming 
large amounts of water, do not cause a temperature increase in 
downstream basins. In addition, unscheduled outages related to 
cooling water supply shortages at thermal power plants with cool-
ing towers are minor and uncommon4. Maulbetsch and Stallings19 
discuss dry cooling, which results in an estimated cost reduction 
related to water conservation of $0.81–1.62 m–3 of saved water, 
which is, in magnitude, comparable to tap water usage. However, 
along with high costs and material requirements for the cooling sys-
tem set-up, dry cooling decreases the power plant efficiency. This 
leads to an increase in greenhouse gas emissions, which counteracts 
the targets imposed by the IPCC Special Report Global Warming 
of 1.5° (SR1.5)20. Therefore, dry cooling has a limited application 
and can be sustainably implemented only in cases of high thermal 
efficiency and low cooling needs, for instance, in combined cycle 
gas turbines. When discussing various approaches to mitigate the 
water demand of thermal power plants, it is crucial to consider  
the development of renewable energy as a solution to the problem 
of water scarcity.
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According to Roehrkasten et al.5, over their entire lifecycle both 
solar photovoltaic systems and wind turbines withdraw and con-
sume 2–15% and 0.1–14%, respectively, of the water that coal or 
nuclear power plants use to generate 1 MWh of electricity. In this 
regard, renewable energy represents a viable solution as it couples 
almost zero greenhouse gas emissions with very low to negligible 
water demand for power generation. Recent research highlighted 
that a high share of renewable energy is technically feasible and 
economically viable and, with the support of policy changes, can  
be implemented globally in the future21–25. However, this reality is 
not certain to happen. Following these insights, it is relevant and 
necessary to estimate the development of water demand in a world 
with increasing shares of renewable energy.

We determined the cooling technology of individual power 
plants and performed an analysis for the seawater and freshwater 
demand of the global thermal power plant fleet. Our research is 
based on the GlobalData dataset26, of which we processed and ana-
lysed 13,863 thermal power plants and units that exceeded 50 MW 
with a total active capacity of 4,182 GW (95.8% of global thermal 
power plant capacity) worldwide. We then built a ‘Best Policies 
Scenario’ (BPS) on the LUT Energy System Transition modelling 
tool21 to estimate the development of water demand for each level 
from the base year of 2015 to 2050 in five-year intervals21. The tool 
enables us to determine a least-cost scenario of the global energy 
transition towards a system based on 100% renewable energy and is 
fully compatible with the sustainability target of IPCC SR1.5. So far, 
a number of publications have indicated that there is no certainty 
that the above-mentioned sustainability target will be met in the 
future27–29. By the end of 2018, more than 180 peer-reviewed articles 
described 100% renewables for 2050 or earlier, as summarized by 
Hansen et al.30. The intention of this research is to educate on the 
potential water savings if the large majority of thermal power plants 
are replaced by renewable energy technologies. To address this con-
cern, in addition to the scenarios incorporated in this study, the 
IRENA’s Remap203029 scenario was considered. The scenario was 
applied for 24 countries presented in our database and the values 
of water withdrawal and water consumption were compared with 
the estimates based on the BPS for the year 2030 (Supplementary 
Tables 1 and 2 and Supplementary Fig. 1). We present the results for 
freshwater only and for aggregated water use to indicate the total 
amount of seawater and freshwater use at the global, regional and 
country levels. We present an impact analysis on the global–local 
level for all major rivers in the world carried out in a high temporal 
and spatial resolution.

Analytical approach
To evaluate the actual water abstractions of thermal power plants 
for cooling purposes and to address the above-mentioned issues 
and objectives, we developed a four-step method that follows a  
bottom-up approach.

As the first step, we identified the location and cooling system 
type for each power plant using free and easily accessible satel-
lite images (for example, from Google Earth, Bing, Yandex.Maps 
or other high-resolution products). The methodology of this step 
is already described and applied10,11. Supplementary Fig. 2 gives 
visual examples. However, not for all power plants can the cooling 
technology be determined based on satellite images. To fill these 
gaps, we developed a statistical method premised on historical 
data and technological trends (Dataset on thermal power plants 
section, Methods). Next, we deployed the method of Geographic 
Information System (GIS) analysis to identify whether sea or fresh-
water is used for the cooling of each power plant.

For the second step, we calculated the footprint for cooling 
(focusing on both freshwater withdrawal and consumption) of each 
power plant taking into account its actual net generation, fuel type, 
technology and cooling system in 2015.

The third step was to compute the total water footprint on  
different levels—global, regional, country and river. We compare our 
results to the values reported by Flörke et al.12 and the GWSP Digital 
Water Atlas18 (Comparison with GWSP sheet in Supplementary 
Data 3 and Supplementary Fig. 3). In addition, we compared our 
estimations of water consumption with the data reported in 2015 
by the Energy Information Administration (EIA) for 865 unique 
power plants located in the United States31, as well as with previous 
studies conducted by Diehl and Harris32 (Supplementary Table 3). 
The identification of the cooling system and water used for cool-
ing was compared against individual plant data provided by the EIA 
for the United States and against individual power plants located in 
other countries, for which information from the GlobalData data-
base was available. Our method was demonstrated to deliver the 
correct results in 81% of the cases for the cooling system identifi-
cation (Supplementary Tables 4 and 5 and Supplementary Note 1)  
and in 93% of cases for the determination of the water type 
(Supplementary Tables 6 and 7 and Supplementary Note 2).

Lastly, with a specific identity number assigned to each of the 
power plants, the model allowed us to trace their specific decom-
mission when reaching the end of their technical life as scheduled 
by the LUT model21,33. It also accounts for the changes in the opera-
tions of the power plants, which originate from the implementation 
of new renewable energy capacity and the adaptation of the energy 
system in each of the 145 modelled regions. We evaluated our 
model by comparing the results of the BPS with the outcomes of the 
scenario based on the lifetime of power plants1,33. In this research,  
the latter scenario is referred to as the Lifetime Scenario (LTS). 
More details on the above-mentioned scenarios and the model  
construction are provided in Methods.

Current and projected global water abstractions
The current status and the development of water demand on the 
global and regional levels is shown in Fig. 1. In the base year 2015, the 
total global water withdrawal (combined freshwater and seawater)  
for thermal electricity generation was 500 km3 (Fig. 1a), of which 
freshwater withdrawal constituted 290 km3, or 57.3%. Global water 
consumption was estimated at 25 km3 (Fig. 1b), of which freshwa-
ter consumption accounted for 18 km3 or 72%. Median, minimum  
and maximum values of the current global water abstractions are 
presented in Table 1.

The water consumption for power generation is not evenly dis-
tributed globally. In 2015, the top countries in both freshwater-only 
and total water consumption were China, the United States, India 
and Russia (Water demand per country sheet in Supplementary 
Data 3 and Supplementary Figs. 4 and 5). In the same year, China 
accounted for 31.5% of the global freshwater consumption, con-
suming almost 6 km3 annually. The United States, with the larg-
est freshwater withdrawals for thermal power generation in the 
world, extracted 102 km3, which represents 35.7% of all freshwater  
withdrawals by the power sector globally.

In the case that the BPS is implemented, a rapid decline in both 
global water withdrawal and consumption can be of benefit during 
the period from 2015 to 2030, as a consequence of the projected 
decommissioning of old power plants (Fig. 1a,b,d,e) and replace-
ment by renewable energy technologies that are less water demand-
ing. In 2030, water withdrawal is projected to be reduced by 75.1% 
compared to 2015 levels. Global water consumption is further miti-
gated by 85.1% compared to 2015 levels. This tendency continues 
beyond 2030 to further reduce water withdrawal and consumption.

During the analysed period, 1,797 GW of new gas power plant 
capacities are scheduled to commission globally, from which 
1,365 GW are open cycle units and 432 GW are combined cycle 
units. For this reason, in 2050, water withdrawals are projected to 
remain large in the territory from the northeast to the south of China, 
South Korea, Benelux countries, central regions of Russia and Iran. 
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Similarly, water consumption of power generation facilities is esti-
mated to remain high in the east of China, US Mid-Atlantic, South 
Korea, Russian Urals region, Great Britain and Ireland. During the 
transition period from 2015 to 2050, the global water withdrawal 
is projected to decrease by approximately 95.1%, whereas the  
consumption is projected to decline by 97.7%.

Power plants’ local impact on river ecosystems
The GIS analysis shows that 55.5% of the global thermal power 
plant capacity is located within 5 km of the main global rivers and 
lakes, and is therefore assumed to be freshwater cooled. In addition, 
11.1% of the global thermal power plant capacity has an unknown 
freshwater source. The global thermal power plant capacity located 
within 20 km from the ocean coastline is assumed to be seawater 
cooled and in total is 33.4% (Methods, GIS analysis/water source for 
cooling identification, and Supplementary Fig. 6).

Historically, rivers represent natural borders of neighbouring 
countries and regions. At the same time, many large rivers cross ter-
ritories of multiple countries. Hence, in analysing water abstractions 
from local rivers, we paid special attention to the correct assignment 
of generation factors of power plants located at specific rivers and, 
at the same time, the membership to different regions or countries. 
These plant-specific data were then applied in calculations of water 
abstractions at the global, regional and country levels.

The outcome of our river analysis highlights that the Ohio 
River, Yellow River and Mississippi River are the rivers faced with 
the largest water consumption. Moreover, the Yangtze, Mississippi 
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Fig. 1 | Water withdrawal and water consumption by thermal power plants at the regional resolution. Based on the LUT Energy System Transition 
model and on the BPS. a–c, global water withdrawal from 2015 through 2030 and 2050. The total global water withdrawal decreases from 4.99 × 1011 m3 
in 2015 to 1.24 × 1011 m3 in 2030 and 2.45 × 1010 m3 in 2050. d–f, Global water consumption from 2015 through 2030 and 2050. The total global water 
consumption decreases from 2.47 × 1010 m3 in 2015 to 3.69 × 109 m3 in 2030 and 5.56 × 108 m3 in 2050.

Table 1 | Global total water and freshwater-only consumption 
and withdrawal (km3)

Consumption Withdrawal

Sea- and 
freshwater

Freshwater Sea- and 
freshwater

Freshwater

Median 25 18 500 290

Minimum 19 14 340 210

Maximum 33 24 660 366

The data reported are the values in 2015.
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and Tennessee Rivers experience the highest water withdrawals 
from the energy sector. Globally, the Yangtze River experiences the 
largest water withdrawals of about 12 km3 (median value) annually 
(Supplementary Fig. 7).

The World Wide Fund for Nature released a list of ten global riv-
ers that are most at risk, which includes the Danube34. We used the 
Danube river as a representative example for a transition analysis 
of rivers. The water footprint of 63 identified thermal power plants 

located within a 10 km buffer zone around the Danube corridor 
(Fig. 2a) was analysed. These power plants were detected in the ter-
ritories of Germany, Austria, Slovakia, Hungary, Serbia, Romania 
and Bulgaria. Together, a total capacity of 18.04 GW, which com-
prised 2.54 GW of coal-fired, 8.08 GW of gas-fired, 1.61 GW of oil-
fired and 5.80 GW of nuclear power plants, was identified.

Figure 2b–e illustrates the change in water use for power produc-
tion based on the BPS. In 2015, 6.19 km3 (median value) of water 
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Fig. 2 | Transition scenario for the Danube river based on the BPS. a, Thermal power plants located within 10 km of the Danube river and with a power 
capacity of at least 50 MW. b,c, Annual changes in freshwater consumption (median values and minimum–maximum (min–max) intervals), both 
aggregated (b) and by fuel type used in power production (c). d,e, Annual changes in freshwater withdrawal (median values and min–max intervals), both 
aggregated (d) and by fuel type (e). Panel c highlights a decline in water consumption by nuclear power plants in 2020–2025. This can be explained by 
the fact that 44.4% of the active nuclear power capacity located at the Danube is scheduled for decommissioning during this period as ‘very old’ assets. 
These capacities are currently cooled by cooling towers, and thus there is a sudden drop in water consumption during 2020–2025. In contrast, water 
withdrawals do not follow the same trend (e). The water withdrawals are mostly caused by once-through cooled nuclear power plants (3,226 MW), which 
are scheduled to be gradually decommissioned by 2050.
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were withdrawn and 0.12 km3 (median value) were consumed for 
thermal electricity generation, of which 66.5% is related to nuclear 
power production. In the same year, power plants located in the 
German territory had the highest water consumption from the 
Danube (more than 59 million cubic metres, which represent 49% 
of the aggregated consumption). This high share can be explained 
by the fact that 97.7% of the analysed power plants located in 
Germany are equipped with cooling towers, which is the most water 
consuming cooling technology14. Power plants at the Danube with 
cooling towers add up to 6.73 GW (37.3%) of capacity. Opposed to 
that, power plants located in Bulgaria had the highest water with-
drawal driven by coal and nuclear generation (more than 2.79 km3, 
which represents 45% of the total withdrawals).

During the first ten years of the transition period (2015–
2025), a strong decrease in water consumption of 73.9% is esti-
mated for the Danube, based on the BPS. A total of 35 thermal  
power plants are scheduled for decommissioning during  
this period. The projected decline in water consumption is down 
to 6.9% in 2040 compared to the 2015 baseline. Water withdrawal 
does not show the same rapid declining trend. In 2025, cool-
ing still requires 72.9% of the initial water withdrawal, whereas  
in 2040, 16.0% of the 2015 water withdrawal is still required. 
This could be explained by the fact that 49% of the overall capac-
ity consists of power plants with once-through cooling systems, 
which need a comparably high amount of withdrawn water  
for cooling14.
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Fig. 3 | Analytical comparison between LTS and BPS. a,d, Development of global freshwater withdrawal and consumption in 2015–2050 by fuel type in 
the LTS. b,e, Development of global freshwater withdrawal and consumption in 2015–2050 by fuel type in the BPS. c,f, Cumulative difference in freshwater 
withdrawal (c) and cumulative difference in freshwater consumption (f). The numbers in c and f show the difference in water demand savings of the given 
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The simulation projects no water abstraction from the Danube 
associated with thermal electricity generation by 2050. The cor-
responding savings in water could be redistributed for other pur-
poses, for example, agricultural irrigation. The ‘Water consumption 
per river’ and ‘Water withdrawal per river’ sheets in Supplementary 
Data 3 present the results for 354 rivers globally.

An optimal path towards water and energy sustainability
In choosing a sustainable energy transition scenario for a country or 
a region, the focus of policymakers should be on both compatibility 
with IPCC SR1.5 and to ensure better mitigation strategies for energy-
based water use. To address this call from the perspective of water 
conservation and to perform the analytical comparison between the 
LTS and BPS, we deployed a metric of cumulative difference.

The cumulative difference constitutes the estimated amount of 
freshwater consumption and withdrawal that could be excluded 
from thermal power production globally in the case that the BPS 
is put into practice instead of the implementation of LTS. It is cal-
culated as the disparity between the estimated global freshwater 
consumption and withdrawal in the LTS and its projected coun-
terpart in the BPS for the same time period. The outcome of the 
analysis is presented in Fig. 3 for the transition period 2015–2050 
at five-year intervals.

In 2020, the cumulative difference is estimated at 22.7 km3 less 
global freshwater withdrawal in the case that the LTS is pursued. 
Beyond 2020 the estimated cumulative difference is reversed: 
between 2020 and 2050, the BPS allows us to consistently save up 
to 43.5 km3 of freshwater withdrawn and up to 6.5 km3 of fresh-
water consumed during each of the five-year periods. Figure 3c–f 
illustrates a 35-year perspective and shows cumulative savings of 
168.5 km3 of freshwater withdrawn and 29.4 km3 consumed com-
pared to those of the LTS from 2015 to 2050. This amount of fresh-
water ‘saved’ from consumption is pivotal, as this water would not 
return to the local water system if it evaporates.

Discussion
In our research we addressed the aspect of the water-energy nexus, 
which is related to the depletion of water resources due to the opera-
tion of thermal power plants. By implementing the BPS, we show 
that the water consumption of the global power plant fleet can be 
decreased by 97.7% and water withdrawal by 95.1% by the year 
2050. The BPS was compared against the LTS and an advantage of 
the BPS highlighted. The water that is freed in the BPS could be used 
by aquatic ecosystems or allocated to other purposes, for instance, 
food production. Thus, the results of our research can potentially 
help in further studies on global food security to achieve a sustain-
able water–energy–food nexus35.

The selected BPS represents a least-cost energy-system transition 
pathway and matches the targets of IPCC SR1.5. In addition, it is in 
line with leading research on energy transition pathways towards a 
very high level of sustainability22,24,36,37. The results of this research 
are premised on a compiled power plant database that contains the 
location of thermal power plants with a high accuracy. Coupled 
with high-resolution maps, this contributes to the precision of the 
applied estimates of water use for cooling purposes. Using this data, 
we detected the rivers most affected by the water footprint of ther-
mal power plants worldwide and highlighted for all rivers how the 
water stress can be reduced under the BPS up to 2050.

The results of our research deviate from the water withdrawal 
values reported by Flörke et  al.12 and presented in the GWSP 
Digital Water Atlas18. The deviations from the GWSP data can be 
explained by the consideration of seawater and freshwater use in 
this research, as well as the allocation of cooling technologies for 
individual power plants. Our results could potentially be compared 
with the upcoming Water Resources Institute global water with-
drawals and consumption research, in which there is a separation 

of seawater and freshwater demand and a detailed analysis of power 
plant cooling technologies10.

In conclusion, we provide an extensive analysis of the water use 
of power plants that supports global and regional policy-making, 
and hence contribute to accomplish water security on a global–local 
level, which addresses the UN Sustainable Development Goal 6 
‘Ensure access to water and sanitation for all’38. Taking the BPS as an 
example of a possible pathway for the global energy sector, we show 
that the depletion of water resources caused by the water–energy 
nexus can be mitigated by transitioning to an electricity supply 
based on renewable energy.

Methods
Dataset on thermal power plants. The main source of the power plant data of 
this study is the GlobalData dataset26. Taking this as a starting point, the data was 
cross-referenced and curated with the information gathered from other datasets39–42 
by Farfan and Breyer33 according to the SeaDataNet QC Manual43. However, 
the analysis by Farfan and Breyer33 did not include the spatially highly resolved 
locations of the power plants, which is part of this study.

The data on power plants was then filtered to contain only thermal 
electricity generation, defined for this study as nuclear and fossil-fuelled 
(coal, gas and oil) power plants. This subset was further filtered by capacity to 
include only active power plant units that exceed 50 MW. The choice of this 
low boundary of capacity is because power plant units of lower capacity include 
microgeneration and cannot be identified using aerial imagery, which is the 
main method of identification of power plants’ location in our research. For this 
set-up, 13,863 units with a total active capacity of 4,182 GW are present globally 
for further analysis, which represents 66.3% of the total global power plant 
capacity, and 95.8% of the global thermal capacities in 2015. Supplementary 
Note 3 gives more information regarding the technologies that were left out of 
the scope of the study.

We manually determined the exact location and cooling system type using 
aerial imagery through Google Earth, Bing and Yandex.Maps, following the 
instructions given by the US Geological Survey11. We considered five types 
of cooling systems: wet cooling towers (which include natural-draft towers 
and mechanical-draft towers), dry cooling systems (known also as air-cooled 
condensers), inlet cooling systems of gas power plants and the so-called surface-
water cooling systems, which have two subcategories—once-through cooling 
systems and recirculating cooling-pond systems. More information concerning 
the applied approach of using satellite imagery for cooling systems identification is 
given in Supplementary Note 4.

To fill in the gaps for the cooling technology, several steps were performed. 
First, for each type of fuel (nuclear, coal, gas and oil) and for specific countries 
we identified the historically most common combination of generator type and 
cooling technology using a simple statistical analysis. If this combination could not 
be determined for a specific power plant, it was assigned the most common cooling 
technology of power generators for the given country.

For countries with missing values of the cooling technology, a sensitivity 
analysis was performed to analyse the effect of the assignment of different 
combinations of generator type and cooling technology on the water demand 
(Supplementary Note 5, Supplementary Table 8 and Supplementary Fig. 8). The 
sensitivity values at country level together with the probabilities of these values are 
presented in the sheets in Supplementary Data 3 for both consumption (‘Sensitivity 
of country cons.’ sheet) and withdrawal (‘Sensitivity of country withd.’ sheet).

The results of the identification of the cooling technology were compared 
against data for individual power plants presented in the GlobalData dataset 
(Supplementary Table 4). In addition, we compared our results with information 
reported by the EIA for the United States44. As depicted in Supplementary Table 
5 and Supplementary Data 2, our method of cooling system identification was 
demonstrated to deliver the correct results in 81% of the cases.

Analysis of water footprint of power plants. In this research we deployed a 
bottom-up approach. We calculated the water footprint of each power plant 
separately for water consumption and water withdrawal using equation (1):

Water footprint of thermal power generation ¼ active capacity

´ full load hours ´WUI
ð1Þ

where the active capacity of installed power plants is given in megawatts, water use 
intensity (WUI) in m3 MW–1 h–1 and full load hours of power generation in hours.

The difference between the calculation of the water footprint for water 
consumption and water withdrawal is in the WUI in equation (1). The values 
for the WUI were derived based on empirical records of water use by power 
plants and reported by Macknick et al.14. Supplementary Table 9 contains the 
values of WUI that were applied for this research. Some scholars32,45 raised the 
problem that the water consumption factors of once-through cooling systems 
are underestimated because forced evaporation downstream of the discharge 
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point was excluded. Forced evaporation depends on various factors (site-specific 
average natural water temperature, average wind speed and the water surface area 
over which heat is dissipated11). Consequently, it has to be calculated for every 
specific case, which was out of scope of our research. In addition, the WUI values 
reported by Macknick et al. currently are widely applied by respected institutions 
and research8,10. In this stage, we grouped oil- and gas-fired power plants into one 
category as no oil plant data are available. The same method was used in previous 
research papers10,46. However, we acknowledge the higher water dependency of oil 
power plants in comparison to that of gas plants.

The first two values in equation (1) (active capacity and full load hours) 
characterize the actual net generation of the given power plant. Full load hours 
for the year 2015 were obtained from International Energy Agency (IEA) 
Statistics47 and were also used by Bogdanov et al.21 and assigned to each power 
plant according to the fuel type and location (region in the global LUT model 
matched with the respective country according to the IEA Statistics) presented 
in the database. Differentiating the full load hours based on the location and fuel 
type adds to the accuracy of the study when the full load hours of individual power 
plants are not accessible. However, owing to the lack of information concerning 
the actual generation data of individual power plants, the average values were 
used in the calculations. One differentiation not considered in this study is the 
potentially different average operating hours for the categories of gas steam and 
combined cycle, which in the present study are considered as equal. As shown 
in Supplementary Table 9, the withdrawal and consumption coefficients are 
significantly higher for gas steam than for combined cycle. However, owing to 
the unavailability of accurate data at a global level, we acknowledge that this as a 
limitation in the present study. A large variation in the actual values of the full load 
hours of power plants of a given fuel in a given region might impact the correctness 
of the water demand estimations. Using the openly available data provided by 
the EIA for the United States, we calculated the coefficient of variation of annual 
hours in service for thermal power plants31,44 (Supplementary Table 10). The results 
highlight that the average coefficient of variation of the annual hours in service 
of coal and nuclear power plants is low (4%). Thus, the use of average full load 
hours for coal and nuclear power plants will not significantly affect the correctness 
of water demand estimations. In the case of gas and oil power plants, the average 
coefficient of variation is higher—about 19%. Therefore, the use of average full load 
hours for gas and oil power plants might impact the accuracy of the results at the 
plant level. However, this plant-to-plant difference in hours in service might not 
significantly affect the country-level estimates of water use as the value reported 
by the EIA48 for the total net electricity generation of thermal power plants in 2015 
was only 1.3% higher than the corresponding value provided by the LUT model. 
Using the same dataset provided by the EIA, we calculated the average hours 
in service of power plants that utilize the same cooling technology. As depicted 
in Supplementary Table 11, the difference in hours in service of once-through 
cooling systems and cooling towers is, on average, 2.2% and thus considered small. 
Therefore, based on the results presented in Supplementary Tables 10 and 11, the 
use of the same value of full load hours for all types of cooling of a given type of 
power plant in a given region is appropriate.

At subsequent stages, we calculated the total water footprint and the freshwater 
footprint with different scopes: at the global level, for the 145 regions of the LUT 
model, for 148 countries and for major rivers. Results were obtained for the LTS 
and BPS scenarios for the period 2015–2050. The ‘Water demand per region’ sheet 
in Supplementary Data 3 gives more information on water demand development 
for each region, based on the BPS.

GIS analysis and water source for cooling identification. To link the thermal 
power plants with water bodies, we deployed a method of GIS analysis based on 
the Global Self-consistent, Hierarchical, High-resolution Geography Database 
(GSHHG)49 as a source of a high-resolution geography dataset that includes global 
coastlines, lakes, rivers and political borders.

A literature review showed that there is a wide range of assumptions 
concerning seawater use for cooling purposes of power plants. These assumptions 
are based on the relative position of the given power unit and its distance to the 
closest coastline, starting from 5 km and up to 100 km (refs 15,50). There are reported 
cases of water transported up to a distance of 70 km in Phoenix, Arizona51. 
These distances may vary for different locations depending on different factors 
(as discussed by Behrens et al.1). Thus, we assumed that all the thermal power 
plants located within 20 km of a coastline use seawater for cooling purposes as 
recommended in a study by Greenpeace13.

The results of the GIS analysis on seawater cooling highlight the strong 
alignment of the derived results of this research with the reported data on 
seawater cooling in the Middle East and North Africa region with a deviation of 
less than 5% (ref. 17). Then, we also took into account reported numbers stating 
that 50% of the coal power plants in China and 85% of those in India located 
within 20 km of the coastline use seawater for their cooling13. The analysis 
revealed for India that 85% of the power plants are located within 7.88 km of the 
coastline. Thus, we labelled all the thermal power plants in India located within 
a distance of 7.88 km from the coastline as seawater cooled. In the case of China, 
50% of all the thermal power plants located within 20 km of the coastline are 
even within 0.49 km. Therefore, all the thermal power plants in China located 

within 0.49 km from the coastline were assigned as seawater cooled. All other 
thermal power plants were assumed to use freshwater for cooling purposes. This 
analysis was conducted only for India and China because of the lack of similar 
information concerning other countries.

The applied assumption of 20 km might lead to an underestimation of the 
freshwater use in the world13. To assess the deviation of the freshwater demand 
that results from the choice of the seawater cooling buffer zone, we performed 
a sensitivity analysis (Supplementary Table 12). The results of the analysis show 
that reducing the sea cooling range from 20 km to 4 km results in a smooth 
increase of global freshwater consumption and withdrawal. For instance, if the 
sea cooling range is reduced to 12 km, the difference in freshwater consumption 
and withdrawal is below 2% compared to the 20 km assumption. Assuming a sea 
cooling range of 2 km, a difference of 12.3% for freshwater consumption and 8.6% 
for freshwater withdrawal is estimated, compared to the assumed 20 km for this 
study. The difference can be explained by the fact that thermal power plants tend to 
be located closer to the coastline (Supplementary Figs. 9 and 10).

The power plants were assumed to have a direct freshwater source for cooling 
if they are located within 5 km of rivers and lakes. We used the GSHHG database 
for the GIS analysis as it provides the location of about 25,960 rivers worldwide in 
high resolution. Facilities with an intake or discharge of cooling water to a smaller 
stream, or those that use groundwater, cannot be matched using GIS analysis. In 
our research, it was not possible to determine with certainty the exact source of 
water of 9.9% of the total active capacity presented in our filtered database. Further 
information provided by electricity generation companies proved that those power 
plants use ground water for their cooling purposes (an example is given in Groves 
et al.52), so these results were added to the freshwater consumption and water 
withdrawal numbers.

In more than half of the reported cases concerning cooling technology 
presented in the GlobalData dataset, the type of water used for cooling purposes 
is specified (seawater or water from rivers or lakes). We used the reported data for 
individual power plants to compare our results for the identification of the water 
type (Supplementary Table 6). Moreover, we used data provided by the EIA for 
the United States44 to compare our results for the identification of the water type. 
As depicted in Supplementary Table 7 and Supplementary Data 2, the proposed 
method shows a high accuracy for the determination of the water type (93% of 
cases demonstrate a correctly identified water type), which clearly indicates that 
it can be used for regional and global studies. However, we acknowledge that 
to obtain a higher accuracy for the results at the plant level, it is necessary to 
consider data directly reported by power generation companies for each specific 
power plant unit.

Transition scenarios. We performed our analysis of the water footprint 
development in five-year time steps in a full hourly resolution, focusing on  
the transition period for the years from 2015 to 2050. Two scenarios were 
considered: LTS and BPS.

The main idea of the LTS is that the stock of thermal power plants is assumed 
to operate until the point of decommissioning. We follow the reasoning of Farfan 
and Breyer33, who calculated the expected year of decommissioning as the reported 
year of commissioning of a power plant plus the average technical lifetime of the 
power plant by fuel type. Thus, we assumed that the average technical lifetime for 
gas- and oil-fired power plants is 34 years, and for coal-fired and nuclear power 
plants 40 years53. However, the database used contains power plants that were 
active in 2015 that should have been decommissioned before that year (these 
plants were highlighted as ‘very old’). In addition, those power plants in the 
database for which the commissioning year is unknown were marked as power 
plants with ‘unknown year’. The unknown year category represents 123.92 GW, 
or 3.0%, of the total thermal capacity. The very old power plants that are still 
operating represent 748.87 GW, or 17.9%, of the thermal power plant capacity. We 
assumed that the above-mentioned two categories of power plants are gradually 
decommissioned between 2015 and 2025, 10% of their initial capacity per year. The 
BPS was constructed on the basis of the LUT Energy System Transition model21. 
According to this model, the operation of the power sector is cost optimized 
and the full load hours of coal-, gas- and oil-fired power plants are a part of the 
optimization and can decrease or cease during the transition period, as shown in 
the data presented by Bogdanov et al.21. Opposed to that, the specific utilization 
of nuclear power plants does not allow a change of the baseload over time due to 
security issues, so the continuous utilization of the existing capacity until the end 
of its technical lifetime was assumed (except for Germany, where partly an earlier 
decommissioning is forced by law). Hence, the outcome of the applied scenario 
is a time series of full load hours of power generation facilities for each of the 145 
regions. The model tolerates the role of gas power plants during the transition 
period due to lower greenhouse gas emissions and, in particular, the possibility to 
substitute the currently used natural gas by biomethane or power-to-gas in these 
plants at later time periods. Thereby, according to the outcomes of the applied 
scenario, 1,797 GW of gas-fired capacities will be installed globally from 2015 to 
2050, whereas 2,077 GW are still active in 2050 and used by a global average of 
483 full load hours. We determined and assigned to the new capacities the most 
common gas generator type during the past 15 years for each of the 145 regions. 
The cooling technology was assigned as indicated in the Dataset on thermal power 
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plants section. The changes in the water footprint of new commissioned plants as 
well as of the existing operating gas power plants were calculated in the same way 
as for coal- and oil-fired power plants using the full load hours generated by the 
LUT Energy System Transition model. We followed the logic of the power plant 
decommissioning process described in the LTS.

Supplementary Note 6 contains the equations that underlie the calculation of 
water demand of power plants in the LTS and BPS.

Analysis of water footprint of power plants on global rivers. For the river 
analysis we required a river database that also contained names of rivers. 
Commonly, the rivers are given a certain identity number rather than their 
respective names, and thus we chose to use the river database from Natural Earth54.

Initially, the database contained 1,454 rivers and river sections. For rivers with 
missing or misspelled names, these were investigated and corrected manually. 
Separate sections of rivers that belong together were merged. Using GIS analysis, 
we identified rivers with power plants located within 5 km of the river’s corridor. 
As a result, we obtained 354 unique rivers for further analysis.

We calculated the water consumption and water withdrawal of power plants 
separately for each of these 354 rivers, as well as the projected values for the period 
2015–2050 with five-year intervals using the baseline of the BPS. To make the 
results of this work useful to local policy makers, we assigned to each of the given 
rivers the corresponding continent and ocean of discharge and the country with 
the highest impact on its flow.

Data availability
The data that support the findings of this study are available from GlobalData26, but 
restrictions apply to the availability, which was used under license for this study. The 
database encompasses over 170 fields of information, which include the names of 
power generators, owners, operators, generator manufacturers and so on. An extract 
of the extensive list of thermal power plants that exceed 50 MW, which contains 
fuel type, country, active capacity, generation type, location and type of cooling 
technology, is available as Supplementary Data 1. The data that support the findings 
of this study are available from the corresponding author upon reasonable request.

Code availability
Example Matlab scripts used in the production of this analysis are available at 
https://github.com/WaterEnergyWork/FreshwaterDemand.git
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