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Reduce Operational Water Consumption 
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Department of Earth Sciences, Kent State University, 221 McGilvery Hall 325 St. Lincoln St., Kent, OH 44242, 
United States. mbraimah@kent.edu 

Abstract: The impacts of climate change have resulted in a competitive demand for water for industrial and 
domestic uses. The fast increase in global temperatures that has resulted in the urgent need to invest in 
renewables requires a comprehensive study that focuses on the role of water in the transition process. The 
current study seeks to review the water needs of energy sources in the transition from fossil fuels to renewables. 
Our analysis based on data from the International Energy Agency shows that water needs for fossil fuels as a 
power source will decline by over 90 billion cubic meters in the net zero (2021–2030) scenario. Hydrogen as 
primary energy will require less than 5 billion cubic meters of additional water withdrawal and consumption 
in the net zero scenario. Biofuels as power have the highest water consumption of 30 billion cubic meters in the 
sustainable development scenario (2016-2030) scenario. In contrast renewables as a source of power in 2021–
2030 scenario need an addition of 2 billion cubic meters of water consumption. Our analysis of previous studies 
shows that solar energy and wind can consume negligible amount of water to generate one megawatt of 
electricity. The study implies that the dominant use of solar, wind or hydrogen have the potential to 
significantly reduce the amount of water that is spent to operate fossil fuels and coal powered plants. 

Keywords: water; renewable energy; water consumption; water withdrawal; solar energy; 
hydrogen 

 

1. Introduction 

The fast increase in global temperatures that has resulted in the urgent need to invest in 
renewables require a comprehensive study of specific aspects and prospects of renewable energy 
sources. Previous studies have established low-carbon and cost-effective renewable energy sources 
that have promising potential to replace climate-threatening fossil fuel-based energy production 
(Perez & Perez, 2022; Hugo & Soares, 2020; Lovins, 2022; Brockway et al., 2019). 

The global energy demand is expected to exceed 1000 EJ by the year 2050 (Moriarty & Honnery, 
2012). The most effective and efficient way to meet this future demand for energy is through the 
dominance of renewable energy. These sources of energy can provide the best mitigation for reducing 
global warming and stratospheric ozone depletion (Panwar et al., 2011; Dincer, 2000). Examples of 
the most popular sources of energy include water, wind, hydrogen, geothermal, and biomass. 
Renewable energy sources, especially hydropower and biomass, contribute to 10% of the energy 
consumed across the United States (Bull 2001). Harjanne & Korhonen (2019) believe that avoiding the 
general term “renewable energy and capitalizing on the carbon reduction capability of that energy 
source is the best strategy to enhance climate change mitigation. Moriarty & Honnery (2016) classified 
wind and solar as “intermittent” renewable energy sources that we can use as we continue to explore 
other potential clean energy sources. Aside from climate change mitigation, renewable energy has 
the capacity to enhance energy security, green growth, poverty alleviation, and green jobs (Edenhofer 
et al., 2013). 

The quest to understand the best source of renewable energy can be tackled from the 
perspectives of environmental, legal, and social. For instance, Sovacool & Dworkin's (2015) 
framework on energy justice considers everyone as the end of the decision for a specific form of 
energy. Energy justice education, cost-decision, and economic policy making are some of the 
important issues to consider in choosing a specific energy type (Heffron & McCauley, 2017). Sovacool 
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et al.'s (2019) framework considers vital areas in choosing the energy type that serves everyone 
equally in society. Their framework includes distributive justice, cosmopolitan justice, procedural 
justice, and recognition justice in the phase of transitioning to low-carbon energy. These social 
frameworks are very important metrics for overcoming vulnerabilities that come into play when 
policymakers choose energy types for their community. 

The increasing population and industrialization have caused world water demand to increase 
at a rate of 1% per year (United Nations Water, 2018). As a result, Boretti & Rosa (2019) reported a 
projected 20% and 85% increase in water demand for energy production in 2035 and 2050, 
respectively. Again, water consumption in the energy industry is expected to see an 85% increase in 
2035 (United Nations Department of Economic and Social Affairs, 2015). Caretta et al. (2022) reported 
with high confidence that thermoelectric power capacities are projected to decrease due to declining 
water levels. Zhang et al. (2017) stated that coal-powered plants account for 11% of total water 
consumption in China. Interestingly, China has been smart enough to lead the world in the 
production of renewable power. It is worth mentioning that 15% of global water withdrawals are 
used for power production in the present world, where 2.8 billion individuals are in dire need of 
water for survival (United Nations Department of Economic and Social Affairs, 2015). The increasing 
demand for water for energy production warrants the need to consider renewables that have lower 
water consumption rates. It is important to streamline the comprehensive operational water 
requirements of energy sources in transitioning from fossil fuels to clean energy. 

The impacts of climate change have resulted in a competitive demand for water for industrial 
and domestic uses. For instance, assessing predictions from different models, Vincent-Serrano et al. 
(2022) found an increasing trend in the severity of the global drought. Also, Lotka et al. (2020) 
reported a record-breaking drought severity since the late 19th century for 2015–2018 in central 
Europe. Further, Madarres et al. (2016) found monotonic changes in drought severity across different 
climate zones in Iran. It is interesting to know that 27% and 46% of power plants in the United States 
were not in operation in February and August 2015 due to challenges related to availability (Lee et 
al., 2020). Vliet et al. (2016) (a) reported that global drought caused a 5.2% reduction in hydropower 
from 1981 to 2010. This evidence requires the need to improve on the understanding of how much 
water will be required to keep power plants or hydro dams in operation for current and future.  

Different energy sources require varying amount of water to reach their full potential. The link 
between water and energy has been explored by many different water-energy frameworks (Hamiche 
et., 2016). These frameworks include technical solutions, micro-national systems, urban growth, 
water availability, water-energy dynamics, and analysis of government authorities (Dai et al., 2018; 
Ding et al., 2020). These water-energy nexuses are vital to the implementation of energy policies that 
favors environmental and human implications of energy systems. The present study falls within the 
nexus of water-energy and seeks to review the current and future water needs of different energy 
systems in these challenging times where energy competes with humans for water usage.  

We hypothesize that renewables have the potential to decrease the amount of water required to 
generate one kilowatt of power. The question is, which of the emerging energy sources can save us 
enough water in the present and future scenarios? In this study, we assessed previous studies, and 
analyzed data from trusted sources to provide a clearer view of how much water will be required to 
keep different energy systems working in the present and future scenarios. 

2. Methods 

We reviewed studies on water requirements by different energy types for current and future 
scenarios and analyzed data from papers to illustrate our review. First, we used the International 
Energy Agency's (IEA's) water consumption and withdrawal data to calculate the additional water 
that will be required to keep power plants in operation in 2030. The IEA made these estimations for 
the sustainable development scenario (2016–2030) and the net zero scenarios (2021–2030) (IEA, 2022; 
IEA, 2023). We did our analysis by subtracting the projected volume of water from the original 
volume required to produce each energy type. Second, using data extracted from the US Energy 
Information Administration website, we made time series plots to assess trends of total water 
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withdrawal for thermometric plants in the United States (EIA, December 17, 2021). We used Food & 
Water Watch fact sheet (2022) water withdrawal and consumption in cubic meters per megawatt hour 
for once-through and recirculation cooling stages of different energy to illustrate the negligible water 
reduction potential of solar and wind. We made plots of the water requirements of water-intensive 
solar technologies using model projections in Frisvold & Marquez (2013). We used the used 
calculations of water consumption presented in Scherer & Pfister (2016) to illustrate water scarcity 
stress and requirements for nine leading groups of hydropower plants. We reviewed studies that 
assessed the potential of hydropower in drought and water scarcity.  

3. Results and Discussion 

3.1. Operational Water Requirements by Different Energy Sources 

The intrusion of photovoltaic (PV) and wind will potentially cause water usage by fossil fuels to 
decline. It is interesting to know that engineers are continuously developing highly efficient and cost-
effective PV technologies, with most of them deployed in Spain and the United States (Pazeri et al. 
2014). Macknick & Cohen (2015) reported that water consumption by coal, nuclear, and natural gas 
plants is expected to drop from 1.7 trillion gallons per year in 2020 to 1.6 trillion gallons in 2030, with 
a further decline to 1.1 trillion gallons in 2050. They further mentioned that water withdrawals will 
decline from 42 trillion gallons per year in 2010 to 33 trillion gallons in 2030 and further decline to 8 
trillion gallons per year in 2050. Looking at the world’s direction towards renewables, the use of water 
for energy could reduce even further than the above stated 1.1 trillion gallons in 2050. The European 
Wind Energy Association (2014) reported that wind energy was able to save the European Union 387 
million cubic meters of water in 2012, at a cost of about 743 million euros. Again, wind power will 
save 1.22 to 1.57 billion cubic meters per year, costing between 3.34 and 4.30 billion euros by the year 
2030 (European Commission, 2012). Should wind be employed in many countries in the world, water 
demand for energy could be approaching zero. Bellini, 2019 mentioned that solar PV and wind 
consume only 2–15% and 0.1–14% of the water required by coal and nuclear plants to generate 1 
MWh. They mentioned that by 2050, water consumption and withdrawals will decrease by 97.7% 
and 95.1%, respectively. 

We illustrated the capacity of solar and wind to reduce water requirements by replotting the 
Food & Water Watch Fact Sheet’s (2022) water withdrawal and consumption in cubic meters per 
megawatt hour for once-through and recirculation cooling stages. As shown in Figure 1, their data 
shows that nuclear power withdraws 93.6 m³ for one megawatt of electricity produced, followed by 
coal with about 84.4 m³/MWh, and then natural gas with about 45.1 m³/MWh. Again, water 
consumption is far less than water withdrawals in each of the energy types, with nuclear being the 
highest with 2.0 m³/MWh. Coal has 1.7 m³/MWh of water consumption, followed by natural gas with 
about 0.6 m³/MWh. Solar and wind are on top of the chart in terms of less water usage in the once-
through and recirculation cooling stages (Figure 1). Their data show that solar withdraws 0.04 
m³/MWh and consumes 0.02 m³/MWh. Wind withdraws and consumes 0.04 m³/MWh. The presented 
water requirements from the Food & Water Watch Fact Sheet (2022) are consistent with the estimation 
of 0–33 gal/MWh for utility-scale solar PV reported in Macknick et al. (2011). The evidence presented 
above, is consistent with the report that solar PV consumes 2–15% and wind consumes 0.1–14% of 
the water required to generate coal-powered energy (Bellini, 2019). Although wind power requires 
virtually no water consumption, Li et al.'s (2012) analysis of the water consumption of wind power 
estimated 0.64 l/kWh of water consumption over the life cycle of wind power. They mentioned that 
the primary industries that indirectly relate to the water consumption of wind power are agriculture 
(25%), agricultural services (11%), forestry (8%), livestock (5%), and fisheries (2%). 
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Figure 1. Average water withdrawal and consumption in cubic meters per megawatt hour for once-
through and recirculation cooling stages. Data Source: Food & Water Watch Fact Sheet (July 2022). 

Contrary to the above-mentioned studies, some solar technologies require large volumes of 
water to operate. For instance, wet-cooled parabolic trough and power tower solar plants consume 
500 - 800 gal/MWh (Solar Energy Industries Association, 2023). Macknick et al. (2011) estimated that 
solar thermal systems with cooling towers use 725–1057 gal/MWh, hybrid concentrated solar power 
(CSP) uses 90–345 gal/MWh, dry-cooled CSP consumes 26–79 gal/MWh, and utility-scale solar PV 
uses 0–33 gal/MWh. Bucknall (2013) estimated the water requirements of CSP plants at 3500 liters per 
MWh. Again, Bucknall (2013) estimates that the water requirements of CSP plants are higher than 
those of natural gas combined cycle (1000 liters/MWh) and coal-fired power plants (2000 liters/MWh). 
The good news is that manufacturers of concentrated solar technologies are doing all they can to 
make new technologies that cut 90% of CSP water requirements. 

The advantages of CSP over other types of solar technologies include economical operating 
costs, good scale-up potential, and high energy efficiency. Goyal et al. (2022) mentioned desert areas 
as potential warehouses for CSP applications because of the absence of vegetation and cloud cover 
that could block the reception of solar irradiance. However, in a state of water insecurity where 
humans need the water to drink, CSP could find it difficult to operate.  

Using data in Frisvold & Marquez (2013), we made bar plots of the future water requirements 
of different solar technologies. Their results as plotted in Figures 2–4 provides a clearer explanation 
of how currently deployed technologies have a greater potential to survive in a water-scarce future 
than do upper-bound technologies.  They made these estimates on the assumption that 100% of the 
renewable energy demands in five western states of the U.S. would be supplied by solar power. 
According to their study, the upper bound technology scenario assumes that 100% of renewable 
energy demand is supplied by water-intensive thermal technologies. Also, the current technology 
scenario assumes that water intensity in the future were compared to the average amount of water 
required by the present thermal technologies. Their results as plotted in Figure 2 show that across the 
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southern United States, renewable electricity demand will increase from 2025 to 2035 and by 2035, 
electricity grid demand is expected to exceed 100,000 GWh in United States. Again, their results show 
that California is expected to dominate the demand for renewable electricity in the region with more 
than 70000 GWh in 2025 and 2035. Their results show further that over the western states of the 
United States, generally, the upper-bound technologies are expected to have a higher water 
requirement than the current technologies. Pazeri et al. (2014) expected that CSP will have a 7% and 
25% share in global electricity demand in 2030 and 20250 respectively across the globe. Also, the 
International Energy Agency (IEA) predicts that CSP will make up about 11% of global electricity 
production by 2050.  

 

Figure 2. Projected net, grid-based electricity demand over western states in the United States. Data 
Source: George and Tatiana (2013). 
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Figure 3. Projected water requirements of the upper bound and current solar technologies. Data 
Source: George and Tatiana (2013). 

 

Figure 4. Projected percentage of total consumptive use of solar power for 2025 and 2035. Data Source: 
Frisvold & Marquez (2013). 

3.2. Hydropower and Climate Change 

Water requirements for a unit of electricity produced by hydropower vary in different climates. 
Aside from the water consumed by hydropower plants, hydropower plants are known to cause food 
prints of water scarcity and environmental water stress. Seasonal pumped hydropower storage is 
used as drought control technology to store energy and water. Hunt et al. (2021) reported that the 
Indus basin in South Asia alone has the potential to provide a global long-term energy storage hub 
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with seasonal pumped hydropower storage (SPHS) at 2 MWh and a water storage capacity of 0.015 
US$/cubic meter. Hunt et al. (2020) found that one SPHS project can provide short-term energy 
storage at 600 US$/h and long-term storage at 30 US$/h. Also, the US Department of Energy reported 
in 2021 that the 43 SPHS plants in the United States account for 93% of all utility-scale energy storage 
in the country. The energy storage potential of SPHS is more competitive than natural gas. However, 
SPHS plants use natural gas as fuel, which is an indication of the higher emissions of carbon dioxide. 
The good news is that green hydrogen is in the pipeline, which will eliminate the use of natural gas 
as fuel. The international panel on climate change (IPCC) report mentioned with high confidence that 
global freshwater demand for hydropower is projected to rise and trigger fierce competition for 
freshwater for hydropower (Caretta et al., 2022). 

To illustrate the water footprints and requirements in leading hydropower dams across the 
globe, we plotted water requirements that was studied in Scherer & Pfister (2016). They showed that 
Cahora Bassa, Davis Bor, and Churchill Falls consume the most water per Gigajoule of electricity 
produced (Figures 5 and 6). Their data from their results show that Cahora Bassa consumes gross 
water of 110 m³/GJ and net water of 75 m³/GJ, followed by Davis Bor with gross water of 67 m³/GJ 
and net water of 63 m³/GJ. Churchill Falls consumes a gross of 30 m³/GJ and a net of 10 m³/GJ. As a 
result, it is observed in Figure 6 that Cahora Bassa leaves about 35 m³ H20e/GJ, 100 m³H20e/GJ, and 
130 m³H20e/GJ in water scarcity, environmental water stress, and combined water stress footprints. 
Their data show that Neruk is the only hydropower plant that produces excess water of about 15 
m³H20e/GJ. On the other hand, Neruk generates 140 m³H20e/GJ and 120 m³H20e/GJ of 
environmental water stress and combined water stress footprints, respectively. A review by Bakken 
et al., 2023 shows that many hydro dams across the world consumes to 5.4–234 m3 MWh−1  of gross 
water for their operations. 

Using CIMP-5 estimation, Boulange et al. (2021) found a significant increase in the intensity of 
drought over a larger area of the globe between scenarios of transient and quasi-equilibrium climates 
than expected by natural climate variability. In addition to drought, the significant water footprints 
of Cahora Bassa in Mozambique and Itaipu in the Paraguay& Brazil Border (Scherer & Pfister (2016) 
guarantee the occurrence of the projected higher than 20% decrease in gross hydropower potential 
over southern South America, and Southern Africa as indicated in the IPCC report (Caretta et al., 
2022). In Brazil, hydropower reserves have suffered a decrease in water levels due to an intense 
hydrological drought in the last decade (Cuartas, 2022). Recent droughts monitor updates from the 
U.S. Energy Information Administration (EIA) show that most of the power plants in drought are 
situated over the central and western parts of the United States (EIA, March 2023). If hydropower 
plants in the U.S. consume the equivalent of Davis Bor’s gross water of 67 m³/GJ and net water of 63 
m³/GJ in the drought as shown in Figure 3, it will be very difficult to operate hydropower plants in 
the future. Notwithstanding the projected droughts, Turner et al. (2017) predicted between 5% and 
10% uncertainty in the direction of change in hydropower across the globe by the year 2080. Also, 
projections expect between a 2.4% and a 6.3% increase in global gross hydropower in 2080 (Vliet et 
al. 2016 (b)). The two 2080 projections highlight the potential of hydropower generation for clean 
energy production. The  projected increase in the severity of drought and future water scarcity as 
reported in the above studies should be a deciding factor on which renewable technology to install 
in an which area. 
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Figure 5. Net and Gross water consumption of leading global hydropower plants. Data Source: 
Scherer & Pfister (2016).  Itaipu is in Paraguay& Brazil Border, Three Georges and Guangzhou are 
in China; Cahora Bassa is in Mozambique, Churchill Falls is in Canada; Nurek is in Tajikistan, 
Manapouri is in New Zeeland; Davis Bor is in the United States; and Sysenvatnet is in Norway. 
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Figure 6. Water scarcity, environmental water stress, and the combined water stress footprints of 
leading hydropower plants in the world. Data Source: Scherer & Pfister (2016). Itaipu is in Paraguay& 
Brazil Border, Three Georges and Guangzhou are in China; Cahora Bassa is in Mozambique, Churchill 
Falls is in Canada; Nurek is in Tajikistan, Manapouri is in New Zeeland; Davis Bor is in the United 
States; and Sysenvatnet is in Norway. 

3.3. Trends and Projections of Water Requirements 

We present the results of our calculated differences between water needs for present and future 
scenarios. Renewables as a source of power for the net zero (2021-2030) scenario will require an 
additional 10 billion cubic meters (bcm) of water withdrawals and about 2 bcm of additional water 
consumption. In the sustainable development (2016-2030) scenario, additional water consumption 
will be close to zero in renewables. Therefore, in 2021 - 2030, when renewables will be the dominant 
source of energy, a sufficient amount of water will be saved for other purposes.  

Bioenergy as a primary source of energy will require an additional 10 bcm and 25 bcm of water 
for consumption, and withdrawals respectively in the net zero scenarios. In the sustainable 
development scenario (2016-2030), water withdrawals of biofuels as power will need an additional 
70 bcm. Biofuels as power have the highest water consumption of 30bcm  in the 2016-2030 scenario. 
In the 2016-2030 scenario, biomass as power will require less than 5 bcm of additional water 
withdrawal. Hydrogen as primary energy will require less than 5 bcm of additional water withdrawal 
and consumption in the 2021-2030 scenario.  Green hydrogen production using electrolysis can save 
10 billion cubic meters of water that could have been consumed using fossil fuels (Beswick et al. 
(2021).  Alinejad et al., 2024 mentioned that hydrogen can reduce greenhouse emissions by 1.47 
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MtCO2e/year. It is worth mentioning that Jiang et al., 2024 have proposed a Renewable Energy-
Driven Hydrogen System that has the potential to achieve the net-zero objectives. Also, Biofuels are 
expected to produce 64 to 313 EJ in the year 2050 (Errara et al., 2023). 

Fossil fuels as primary energy will require about 10bcm less water withdrawal or consumption 
in the net zero scenarios (2021 - 2030). On the other hand, fossil fuels as primary fuels will require 
about 2bcm of additional water in the sustainable development scenario (2016-2030). Therefore, the 
net zero scenarios will save more water in fossil fuels as a primary source than the sustainable 
development scenario. Water withdrawals by fossil fuels as power sources will decline by over 90 
bcm in the net zero scenarios (Figure 7). The significant decrease in water withdrawals of fossil fuels 
in the net zero scenarios is in the right direction to 97.7%, and 95.1% decrease in consumption and 
withdrawals of different energy types by 2050 as reported by Emeliano 2019. The decrease in water 
usage of fossil fuels is going to result from the use of water-free renewables like solar and wind. 
Welsby et al., 2021 reported that of 60% oil and methane, and 90% of coal should be remained 
unextracted by the year 2050 to prevent the 1 1.5 degree rise in temperatures. The argument gives 
more potential to renewables to save the climate against warming. 

 

Figure 7. Global Water Consumption and Withdrawal Differences between IEA projections for 2030 
and IEA data for 2021. Data Source:  International Energy Agency (March 17, 2023). 

Nuclear power is estimated to have additional water withdrawals of more than 40bcm in both 
the 2016 - 2030, and 2021 – 2030 scenarios. Withdrawals by coal as primary energy are expected to 
reduce by 125bcm from 2016 to 2030 (Figure 8). In contrast to the huge water requirements of nuclear 
power, Kharecha & Hansen, 2013 argues that Nuclear power contributes to climate change mitigation 
and have prevented 1.84 million air pollution related-deaths making it more advantageous. The same 
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way Besmann at al., 2010 argues that nuclear power caanot have dramatic short-term carbon 
emissions. 

 
Figure 8. Global Water Consumption and Withdrawal Differences between IEA projections for 2030 
and IEA data for 2016. Data Source:  International Energy Agency (October 26, 2022). 

Our analysis-based data from US Energy Information Administration on Water withdrawal by 
thermometric plants in the United States shows a decreasing trend from 2015 to 2020 (Figure 9). Water 
withdrawals by thermometric plants decreased from more than 60 trillion gallons in 2015 to less than 
48 trillion gallons in 2020. The massive use of non-water-intensive renewables could account for the 
decreasing trend. In the sustainable development scenario, where renewables will have no additional 
water, withdrawals of thermometric plants stand a great chance to continue the decreasing trend.  
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Figure 9. Total Water withdrawal for thermometric plants in the United States. Data Source: US 
Energy Information Administration (December 17, 2021). 

4. Conclusion 

We assessed current and projected water withdrawals and consumption of different energy 
types with the goal of streamlining the comprehensive role of water in the transition from fossil fuels 
to renewables. We realized that projections of water scarcity have the potential to affect the amount 
of water needed to keep different energy types in operation. Our analysis of previous studies shows 
that solar water can consume as little as 0.02 m³/MWh to generate one megawatt of electricity, which 
makes it the best choice (Food & Water Watch, July 2022). However, other solar technologies like the 
CSP require large amounts of water, and these water requirements are expected to prove a 
competition in the future where water will be scarce (Frisvold & Marquez, 2013). Our analysis based 
on previous studies showed that water stress footprints of hydropower of up to 140 m³ H20e/GJ in 
the era of high drought intensity possess potential treat to hydropower generation in southern 
America and southern Africa (Caretta et al., 2022; Scherer & Pfister, 2016). We analyzed water needs 
in our quest to transition from fossil fuels to renewables based on sustainable development (2016-
2030) and net zero scenarios (2021–2030). Our analysis based on data from the International Energy 
Agency showed that water needs for fossil fuels as a power source will decline by over 90 bcm and 
by 10 bcm as primary energy in the net zero scenarios. Again, coal as a primary energy source will 
reduce water withdrawals by 125 bcm. Hydrogen as primary energy will require less than 5 bcm of 
additional water withdrawal and consumption in the 2021–2030 scenario. The operations of 
renewables as a source of power for the 2021-2030 scenario requires an additional 10 bcm of water 
withdrawals and 2 bcm of water consumption. Water required to operate biofuels as power in terms 
of withdrawals will need an additional 70 bcm as to water consumption of 30bcm in the 2016-2030 
scenario. The dominant use of solar and wind is the potential cause of the significant expected 
decrease in water requirements of fossil fuels and coal in both sustainable development and net zero 
scenarios. The study implies the need to focus much on solar, wind, or hydrogen that have less water 
requirements for their operations to save enough water in the future where energy will be competing 
with humans for water. 
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