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Abstract: Electricity generation requires water. With the global demand for electricity expected to
increase significantly in the coming decades, the water demand in the power sector is also expected
to rise. However, due to the ongoing global energy transition, the future structure of the power
supply—and hence future water demand for power generation—is subject to high levels of uncertainty,
because the volume of water required for electricity generation varies significantly depending on
both the generation technology and the cooling system. This study shows the implications of
ambitious decarbonization strategies for the direct water demand for electricity generation. To this
end, water demand scenarios for the electricity sector are developed based on selected global energy
scenario studies to systematically analyze the impact up to 2040. The results show that different
decarbonization strategies for the electricity sector can lead to a huge variation in water needs.
Reducing greenhouse gas emissions (GHG) does not necessarily lead to a reduction in water demand.
These findings emphasize the need to take into account not only GHG emission reductions, but also
such aspects as water requirements of future energy systems, both at the regional and global levels,
in order to achieve a sustainable energy transition.

Keywords: water–energy nexus; sustainable energy transition; meta-analysis; scenarios; renewable
energy; water consumption; electricity sector; cooling technologies

1. Introduction

Water and energy are essential for sustaining and enhancing economic growth and social
development. However, water and energy resources are becoming increasingly scarce and factors
such as climate change put additional pressure on their availability [1]. At the same time, the demand
for water and energy is increasing due to population growth, economic development, urbanization,
and changing consumer habits. Particularly in regions affected by water scarcity, the increasing demand
for energy can put additional pressure on water resources and the energy sector itself can be negatively
affected by reduced water availability. In light of these challenges, a deeper understanding of the role
of water for energy security in both current and potential future energy systems is required.

The energy sector today accounts for about 10% to 15% of the global freshwater withdrawal, and for
about 3% of the total water consumption [2,3]. Most water in the energy sector is used for generating
electricity (about 88%), especially for cooling processes at thermal power plants, with thermal power
plants accounting for about 70% of the today’s global installed power plant capacity [2]. In several
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countries and regions affected by water stress due to over-exploitation of water resources, climate
change, and changing weather patterns, cases of water scarcity with negative impacts on power
generation have increased significantly [4]. These kinds of water-related risks have resulted in reduced
power generation and even power plant shutdowns around the world, and are expected to further
intensify in the future (ibid). As a result, significant economic losses and costs are already evident [5].

At the same time, the demand for electricity is expected to increase significantly due to
different factors, such as economic development in emerging and developing economies or growing
demand driven by electrification strategies pursued by industrialized countries to decarbonize their
economies [6]. While the rising demand for electricity is clear, the future water demand for power
generation is less certain. This is because the water intensity of electricity generation varies significantly
depending on the energy carrier and electricity generation technology, as well as on the cooling system
applied [7] and the future structure of the power supply. The role of different energy sources at
the global, regional, and national levels is subject to high uncertainties (e.g., [8]). Adding to these
uncertainties is the fact that a large proportion of the today’s global power plant fleet will have to be
retired and replaced in the coming decades [9,10]. And even assuming rapid decarbonization of the
energy sector, the development of future water demand for electricity generation remains unclear,
because different renewable energy and climate protection technologies also have very different water
use intensities [11].

With water stress levels increasing worldwide [12], it is critical to analyze how water demand
for electricity will develop in the future. This is underlined by IEA [13] as well as Schaeffer et al. [14]
who cite changes in water availability as one of the main challenges facing future electricity generation.
A number of studies have assessed the future water demand of the energy sector from different
perspectives and on different geographical scales. A wide range of analyses exists, for instance,
for the U.S. (e.g., [15–19]). Other authors have addressed water use for power generation in China
(e.g., [20–22]). The vulnerability of the thermoelectricity sector to climate change scenarios in the U.S.
and Europe was studied by van Vliet et al. [23]. For the UK, Byers et al. [24] and Murrant et al. [25,26]
studied electricity generation and cooling water use up to 2050. Flörke et al. [27] simulated water
withdrawal and consumption in Europe for 2050 and identified hot spots where water availability may
not meet future demand. Mitra and Bhattacharya [28] and Srinivasan et al. [29] provided analyses for
India. Further studies on water use for electricity generation exist for Brazil [30] and South Africa [31].
On a regional level, Damerau et al. [32] examined how different energy scenarios could influence water
demand in the Middle East and North Africa (MENA).

In addition to these national and regional analyses, a handful of studies focus on the global level.
These include the World Energy Council [33] study, which provided the first analysis of future global
and regional water requirements. Likewise, Davies et al. [7] assessed the future water demand of the
global power sector at the regional level, while Kyle et al. [9] modelled the effects of different energy
strategies on the water demand. In 2016, Mekonnen et al. [34] analyzed the consumptive water use
for different scenarios of the International Energy Agency (IEA). In the same year, Fricko et al. [35]
published an analysis in which they modelled the implications of a 2 ◦C climate policy on water use by
the energy sector, while Ando et al. [36] modelled the future global water use for electricity generation
up to 2100.

While several studies have, therefore, already analyzed future water demand for the electricity
sector at the global and regional levels, the findings diverge due to the wide variation in
modelling techniques, assumptions, and underlying political objectives. Consequently, results
and recommendations vary widely. For example, Fricko et al. [35] highlighted significant variations
between scenarios, while Ando et al. [36] found only small differences for the energy sector in climate
mitigation scenarios up to 2100 in terms of water withdrawal and consumption.

Compared to these existing analyses, the present study is novel in two respects; on the one hand,
the study expands the analysis to ambitious energy transition pathways that are in line with, or at least
close to, the Paris Agreement climate target to limit the increase in the global average temperature
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to “well below 2 ◦C” compared to pre-industrial levels. Secondly, two technology scenarios are
developed which consider both power plant efficiencies and cooling technologies. This allows not
only differentiating between different energy carrier mixes, but also drawing conclusions regarding the
influence of power plant and cooling technologies on the future water demand of the electricity sector.
Thereby, this research contributes to better understanding of how different factors contribute to the
operational water demand associated with different energy scenarios and advances the discussion on
sustainable energy transitions beyond greenhouse gas emissions (GHG) reductions.

The objective of the study is, accordingly, to provide more systematic and robust answers in terms
of the impacts of different decarbonization strategies in the electricity sector on water demand at the
global and regional levels for the time horizon up to 2040. The focus is on operational water use for
electricity generation. As the first step, a meta-analysis of global energy scenarios is conducted to
determine region-specific energy sources that are expected to be deployed in the future. The second
step develops a set of future scenarios by combining decision options in two technological fields:
(a) types of electricity generation technologies; and (b) types of cooling technologies. At the third step,
the water withdrawal and consumption levels of the different technological pathways are calculated
for each region up to 2040, resulting in water demand scenarios for different electricity futures and
making it possible to identify the most water-efficient transition pathways for the electricity sector.

2. Data and Methodology

The water demand for electricity generation depends mainly on three key parameters: (a) the mix
of energy sources and type of generation technologies applied; (b) the type of cooling technology
deployed at thermal power plants; and (c) the water use intensity in the form of specific water
withdrawal and consumption levels for each combination of electricity generation technology and
cooling technology. To determine the future water requirements of the power sector, these three
parameters are first assessed individually and then combined to estimate the water demand of the
electricity sector according to different given future energy scenarios. The approach is summarized in
Figure 1 and described in detail for the three parameters in the following sections.
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2.1. Future Electricity Generation Pathways

This study conducted a meta-analysis of global energy scenario reports to select ambitious
decarbonization scenarios to compare in terms of their direct water requirements. The future
shares of energy sources in electricity generation and installed capacities are derived for each
scenario. The comparative assessment approach allows for the identification of common characteristics,
differences, and uncertainties related to different decarbonization strategies for the electricity sector [37].
Furthermore, drawing on a variety of studies allows for a broader and more systematic perspective
on the potential electricity future that might not be apparent in a single study or model [38]. For our
analysis, energy scenario studies that meet the following criteria were chosen: (a) topicality (published
in or after 2015); (b) time horizon (up to at least 2040, preferably 2050); and (c) scope (sufficient regional
differentiation of information about the electricity sector and sufficient details on power generation
technologies). As a result of the comparative literature review, one reference scenario (International
Energy Agency, Current policies scenario (IEA CP)) and three decarbonization scenarios were chosen
based on their heterogeneity in terms of energy transition strategies and their ambition levels in terms
of GHG emission reductions, i.e., in line with, or at least close to, the target of limiting the global
temperature increase to “below 2 ◦C” (Table 1).

Table 1. Overview of selected energy scenarios.

Study Time
Horizon Scenario

Greenhouse Gas
Emission Changes 2040

(Compared to 1990)
Strategy Summaries

World Energy
Outlook

[39]
2040

Reference scenario:
International Energy

Agency (IEA) |
Current Policies (CP)

+104%
• Assessment of the energy sector

development in the absence of any
additional measures

International Energy
Agency (IEA) |

Sustainable
Development (SD)

−13%

• Back-casting approach
• Stronger role of renewable energies
• Broad exploitation of efficiency potentials in

the industrial sector
• Transport sector: increasing electrification

and increasing use of "advanced" biofuels
and natural gas assumed

• Carbon capture and storage (CCS)

The advanced
energy

(r)evolution
[40]

2050

Greenpeace (GP) |
Advanced Energy

Revolution
(Ad.(R))

−61%

• Renewable electricity as the most important
primary energy resource

• Limited use of biomass (100 EJ/a)
• Broad electrification of the transport sector
• Hydrogen and other synthetic fuels

in subsectors difficult to electrify
(e.g., freight transport)

• No CCS
• Phase-out of nuclear energy

Global Energy
and Climate

Outlook (GECO)
[41]

2050 GECO | B2◦C +1%

• Combination of CCS, renewables, and
nuclear power in the electricity sector

• In the transport sector: combination
of electricity, biofuels, natural gas,
and hydrogen

This allows for comparisons to be made concerning the impact on water demand arising from
major shifts in the electricity sector required to achieve these climate objectives. As the level of
detail and the definition of regions vary between the scenario studies and to achieve a high level
of transparency and comparability, the information on the electricity sector has been grouped and
harmonized to cover the following regions: Africa, Eastern Europe/Eurasia, Europe, Latin America,
Asia Oceania OECD, China, India, Asia (other), North America, and the Middle East.

To determine water requirements of the potential future energy systems, it is necessary to define
the type of the electricity generation technology applied. In this paper, four categories of thermal
power plants are considered: steam turbines (ST), gas turbines (GT), combined cycle (CC) plants,
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and “other” (which mainly comprise internal combustion plants). The total electricity generation per
energy source and power plant type in 2015 was calculated for each region based on the power plant
database from the WaterGAP3 model [42].

In order to design future technological pathways related to the selected energy scenarios,
the evolution of plant type shares is developed along two scenario storylines (Table 2). These storylines
may differ from the assumptions made in the respective energy scenario models. This approach,
however, allows showing the influence power plant types and cooling technologies have across
energy scenario studies by applying a common methodology. The Business as usual (BAU) scenario
anticipates that the share of plant types remains at 2015 levels until 2040. The “evolving technology”
scenario (ETS), a normative best-case scenario in regard to power generation and cooling technology
implementation is based on the following assumptions for the power sector: (a) if the absolute change
in electricity generation between 2015 and 2040 is negative for a given energy source in a given region,
then the less efficient power plants (i.e., ST and “other”) are retired first; (b) if generation capacities of a
given energy source increase up to 2040, the most efficient power generation technologies (classified
under the category “combined cycle”) are implemented (Table 2). Overall, the approach leads to eight
future technological pathways as a result of selecting four energy scenarios and two scenario storylines
addressing changes in power plant type and technologies (BAU and ETS).

Table 2. Overview of power plant type and cooling technology scenarios developed in this study.

Business as Usual Scenario
(BAU)

Evolving Technology Scenario
(ETS)

Power plants

Distribution of power plant types
for the different energy sources

remains fixed at the level of
regional shares in 2015.

In the case of a decrease in electricity generation of
a given energy source (e.g., coal), the most

water-intensive power plant technology will be
retired first (e.g., the steam turbine one).

In the case of an increase in electricity generation of
a given energy source, the most water-efficient

electricity generation technology will be
implemented in the newly built power capacities

(e.g., the combined cycle one).

Cooling systems

Distribution of cooling system
shares by electricity generation
technology remains fixed at the
level of regional shares in 2015.

In the case of a decrease in electricity generation of
a given energy source, the most water-intensive

cooling technology will be retired first (e.g., once-
through cooling).

In the case of an increase in electricity generation of
a given energy source, a fixed regional share of a

cooling tower and dry cooling technology is
applied to the power capacity increase.

2.2. Future Cooling Technology Scenarios

The second parameter to define concerns the question: which cooling technologies will be applied
at thermal power plants in the future? Cooling systems are responsible for a large share of the today’s
freshwater use in the energy sector [2,42]. Cooling systems can be divided into water-flow systems
(wet cooling) and air-flow systems (dry cooling). Wet cooling systems include once-through cooling
systems (open-loop cooling) where water passes through the cooling system and is then returned to its
source and recirculating technologies (closed-loop cooling, including evaporative cooling towers and
ponds) which reuse the water [7,9,35,43]. Hybrid cooling systems, which use both dry and wet cooling
to different extents, also exist [43]. Open-loop systems withdraw large volumes of water, but most
water is returned to the water source [44]. Closed-loop systems withdraw less water, but a large
proportion of the water is consumed through evaporation, blowdown, and drift [45]. Dry cooling
systems require no water, or only small amounts, but have lower thermal efficiencies resulting in lower
electricity outputs [9].
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The water used in cooling systems can be sourced from freshwater or non-freshwater resources
(i.e., seawater, brackish water, or reused water sources (BSW) [45]). For example, the use of seawater
offers a potentially more sustainable solution in areas where freshwater becomes scares. Yet, while the
use of non-freshwater resources for electricity generation is expected to increase in the future, the extent
will depend on the availability of these water sources close to the electricity demand centers as well
as on aspects of applicable environmental regulations. Due to these uncertainties in this analysis,
non-freshwater cooling is included in the water demand calculations, but no changes in the shares
are assumed. While the impact that cooling technologies have on water use in the electricity sector is
widely acknowledged, there is only limited information about the current deployment of the different
cooling system types and even less information about their likely shares in the future.

For our analysis, we examined the cooling technologies applied today for each category of
power plant type based on the database from the WaterGAP3 model [42]. WaterGAP3 is a global
integrated water model that consists of two main components: (1) a water balance model to simulate
the characteristic macro-scale behavior of the terrestrial water cycle in order to estimate water
availability [46,47] and (2) a water use model to estimate spatially distributed sectoral water withdrawals
and consumptive water use for the five most important water use sectors: irrigation, livestock-based
agriculture, industry, thermal electricity production, and households and small businesses [42,48].
In the model, the amount of cooling water withdrawn and consumed for thermal electricity production
is determined by multiplying the annual thermal electricity production by the respective water
use intensity of each power station [42]. The simulation approach is complemented by taking into
consideration technological improvements related to the cooling system which result in reduced
water use intensities. Input data on location, type, and size of power stations are based on the World
Electric Power Plants Data Set [49] and supplemented by data from various publicly available sources,
for example, the data obtained by searching for plant-specific information, State of the Environment
reports, and national statistics.

Five categories of cooling systems using freshwater were considered: once-through (1T);
cooling pond (CP); cooling tower (CT); combined systems (CMB); and dry cooling (DC). In addition,
the sixth category is introduced to account for 1T cooling systems using non-freshwater resources
(1T-BSW). We derived the application of future cooling technologies according to the two scenario
storylines (Table 2).

The two cooling technology scenarios are designed to examine the potential impact of long-term
decisions concerning cooling system technologies on future water demand in the electricity sector.
Whereas the BAU scenario assumes no changes in cooling system technologies up to 2040, the ETS
scenario represents a progressive pathway with a shift to less water-intensive cooling technologies
to address increasing water stress levels. Table 2 assumes: (a) in the case of decreasing electricity
generation by a respective power plant type between 2015 and 2040, 1T using freshwater are retired first;
(b) in the case of increasing electricity generation, additional power plants are built with closed-loop
systems in this case CT or DC technologies. In order to reflect regional differences in water scarcity,
additional capacities required up to 2040 are allocated to CT and DC systems according to regional
distribution keys (Table 3).

In addition to the cooling systems used at thermal power plants, other technological factors
can affect water use at power plants. For instance, at solar power plants, the type of the cleaning
system employed affects the volume of water needed for operation. Although this factor accounts for a
considerably smaller share of water compared to cooling, this water demand can still be relevant at the
regional or local level depending on the availability of freshwater.
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Table 3. Future share of cooling technologies by region, in the case of increased electricity generation
by 2040.

Region Cooling System

CT DC

Africa 0.2 0.8
Asia Oceania OECD 0.5 0.5

Asia (Other) 0.5 0.5
China 0.4 0.6

Eastern Europe/Eurasia 0.5 0.5
Europe 0.5 0.5
India 0.5 0.5

Latin America 0.5 0.5
The Middle East 0.1 0.9
North America 0.5 0.5

CT = cooling tower; DC = dry cooling.

2.3. Estimated Water Use Intensity by Energy Source and Technology

The third parameter to define to determine the future water demand of the electricity sector is the
technology-specific water use intensity. In terms of water use in the power sector, usually, a distinction
is made between water withdrawal and water consumption. Water withdrawal refers to the amount
of water extracted from surface water bodies or groundwater, while water consumption describes
the proportion of the water withdrawn that is not returned to the water source but evaporates or is
otherwise consumed [36]. The actual volume of withdrawn and consumed water by the global power
sector is unknown. For some regions and countries, data for water withdrawal are available, but the
information on how much water is consumed is generally missing. Data from actual power plants vary
significantly, even for the same generation technology, depending on the location, season, age, or water
source used [7,43]. Hence, to estimate water use in the electricity sector, water intensity coefficients
are applied that define the average amount of water withdrawn or consumed per unit of electricity
output—for example, in the form of m3 of water used per MWh electricity generated [7,35,42].
These water intensities are either estimated using a bottom-up approach based on power plant
data (e.g., [24,43,50]) or a top-down approach based on national or regional water use information
(e.g., [51]). As for the actual power plant data, the water intensities given in the literature vary widely.
Especially for hydropower, the range is very broad, as no agreed upon methodology exists and the
water consumption is very site-specific [52]. Furthermore, the evaporation losses of dam reservoirs are
assigned to electricity generation, although dams might have further functions [7]. This is why the
ranges of water withdrawal and consumption for hydropower were excluded from this analysis.

The water use intensities applied in this analysis are presented in Table A1 in the Appendix A.

2.4. Calculating Water Use for Future Global and Regional Electricity Generation

Based on the assumptions made for the three parameters specified above (i.e., the mix of energy
sources, cooling technology, water withdrawal and consumption intensity), water withdrawal (Wwithd,
m3 per year) and consumption (Wconsum, m3 per year) are calculated for electricity generation at the
global and regional levels:

Wwithd / consum
∣∣∣
global =

nr∑
r=1

 ns∑
s=1

ELs,r

 nw∑
t=1

γs,r,t ×ws,t


 (1)

where ELs,r is the electricity generated by energy source and/or generation technology s in region r
(MWh/year); γs,r,t is the share (%) of energy source and generation technology s in region r with (cooling)
technology t and ws,t is the water intensity coefficient for source and technology s with (cooling)
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technology t (m3/MWh). The Equation (1) is used to calculate both water withdrawal (Wwithd, m3 per
year) and consumption (Wconsum, m3 per year) applying the respective water intensity coefficients
(Appendix A).

3. Results

3.1. Comparison of Transition Pathways for the Electricity Sector

The different electricity mixes resulting from the four energy scenarios for the years 2030
and 2040 are shown in Figure 2. These include one reference scenario (IEA CP) and three
decarbonization scenarios (International Energy Agency, Sustainable development scenario (IEASD);
Greenpeace, Advanced energy revolution scenario (GP Adv. (R)), and Global Energy and Climate
Outlook, Below 2 ◦C scenario (GECO B2◦C)).
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Figure 2. Electricity generation by energy source (in TWh) for the year 2015 and the four selected
energy scenarios in 2030 and 2040. (Source: based on the data from [39–41]).

Overall, all the scenarios anticipate an increase in electricity generation by 2040 compared to 2015.
However, the extent of the increase and the overall mix of energy sources vary considerably depending
on the scenario. The different underlying decarbonization strategies and the level of ambition in
respect of GHG emission reductions explain these differences. For example, scenarios assuming a
higher degree of electrification in sectors such as transport or industry require higher amounts of
electricity. Moreover, assumptions about economic development and population growth underlying
the energy scenarios can influence the anticipated total future electricity demand.

Unsurprisingly, all the scenarios expect an increase in electricity generation from renewable
energy sources, with wind and photovoltaic sources anticipated to increase the most. In the GP Adv.
(R) scenario, concentrated solar power (CSP) and geothermal energy also play an important role in
the electricity mix. An increase in electricity generation from fossil fuels is expected in the reference
scenario IEA CP, while the GECO B2◦C scenario shows a strong increase in nuclear energy by 2040
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compared to 2015. In contrast, the IEA SD and GP Adv. (R) scenarios assume a decline in fossil
fuels (especially coal). In the GP Adv. (R) scenario, nuclear energy is almost completely phased out
worldwide by 2040.

3.2. Impact of Electricity Generation Pathways on Future Global Water Demand

These differences in the electricity mix influence both water withdrawal and consumption of
future electricity systems. Comparing the level of water withdrawal in the two electricity scenarios
under BAU and ETS conditions in 2040, it is clear that water withdrawal is reduced in all the scenarios
except for IEA CP BAU and GECO B2◦C BAU (Figure 3).
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Figure 3. Water withdrawal (in km3 per year without 1T-BSW) for electricity generation by energy
source (excluding hydropower) for the year 2015 and the four energy scenarios in combination with
changes in the power plant type and cooling technologies (BAU and ETS scenarios) in 2040. (Source: own
calculation based on the data from [39–41]).

The changes in the future global water withdrawal vary between +55% and −72% compared to
2015. In the IEA CP BAU scenario, the increase in fossil fuel-based electricity generation, especially
from natural gas and coal, combined with a cooling system mix similar to the current share, results
in an increase in water withdrawal of 55% compared to 2015. Overall, higher shares of fossil fuels
are likely to lead to greater water withdrawal, while scenarios with high shares of renewable energy
perform better in terms of reducing future water withdrawal. In the case of GP Adv. (R), the BAU
scenario results in an even lower global water withdrawal than the reference scenario with advanced
power plant and cooling technologies (IEA CP ETS). This is due to the fact that electricity generated
from fossil fuels still comes predominantly from thermoelectric power plants based on technologies
with higher water withdrawal intensities.

Figure 4 shows that the general trend towards reduced global water withdrawal for electricity
generation in 2040 does not translate automatically into reduced global water consumption. In absolute
terms, water consumption is expected to rise in five out of eight scenarios (by between 9% and 78%)
compared to 2015. In contrast, the IEA SD scenario results in lower global water consumption in
2040 compared to 2015 in both the BAU (−1%) and ETS (−20%) pathways. The most common feature
of all the decarbonization scenarios is reduced water consumption caused by reduced coal-based
power generation.
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Figure 4. Water consumption (in km3 per year without 1T-BSW) for electricity generation (km3) by
energy source (excluding hydropower) for the year 2015 and the four energy scenarios in combination
with changes in the power plant type and cooling technologies (BAU and ETS scenarios) in 2040.
(Source: own calculation based on the data from [39–41]).

However, an increase in global water consumption occurs as a result of an increase in electricity
production and a shift towards improved cooling systems, which in turn withdraw less water,
but consume more [2]. The reference scenario IEA CP assumes an increase in coal and gas-based
electricity generation in the future, which leads to increased water consumption under the BAU and ETS
technology assumptions. Globally, increased water consumption can be observed for the most ambitious
scenario in terms of renewable energy deployment (GP Adv. (R)). The reason for the high levels of
water consumption (despite the high share of renewable energy) is the widescale implementation of low
carbon technologies, such as geothermal energy, biomass energy, and concentrated solar power (CSP).
These renewable technologies are generally heat-based and use similar power blocks to traditional
thermal power stations; they also consume comparable amounts of water (Table A1). In the GECO B2◦C
scenario, the increase in water-intensive nuclear power is the main driver for rising water consumption.

From a global perspective, it can be concluded that more efficient cooling and electricity generation
systems (i.e., ETS scenarios) can significantly reduce the water demand of the power sector in terms of
water withdrawal and consumption.

3.3. Impacts of Electricity Demand on Global Water Demand

On the global level, as shown previously in Figure 2, all the scenarios predict an increase
in electricity production by 2040. Despite this increase, in most scenarios, the water withdrawal
levels, and in some cases even the water consumption, are likely to decrease in the same time period.
This implies reduced water withdrawal and consumption intensities in worldwide electricity generation
in most scenarios. Despite this general trend, the water intensities across scenarios vary widely due
to scenario-specific shifts in the electricity mix and corresponding changes in power plant types and
cooling systems. The shift from 1T cooling systems to CT, for example, reduces water withdrawal,
but increases water consumption. Likewise, the shift from ST to CC thermal power plants can reduce
both water withdrawal and consumption.

Comparing water withdrawal and consumption intensities (Figure 5) between the BAU and
ETS technology scenarios demonstrates that shifts in the cooling system and electricity generation
technology can have a greater influence on water demand reduction in the electricity sector than the
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shift towards renewable energy technologies. Without technological advances in cooling systems and
electricity generation, scenarios including a high share of renewable energy show comparable water
consumption intensities or, in the case of the GP Adv. (R) BAU scenario, even greater intensities than
the scenarios with higher shares of fossil fuels.
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Figure 5. Average global freshwater intensities for water withdrawal (a) and consumption (b) for
electricity generation (m3/MWh) for 2015 and the four energy scenarios in combination with changes
in the power plant type and cooling technologies (BAU and ETS scenarios) in 2040. (Source: own
calculation based on the data from [39–41]).

In the GP Adv. (R) scenario, the high levels of water consumption result from the more widespread
use of CSP, geothermal, and biomass sources for electricity generation. If more efficient cooling systems
and power generation technologies are implemented, water consumption will be significantly reduced
under the same scenario, e.g., under the GP Adv. (R) ETS in comparison to the GP Adv. (R) BAU
scenario (Figure 5). It can further be observed that in comparison to the water consumption intensities,
the withdrawal intensities are more sensitive to the shift towards renewable energy technologies.
The scenarios with the highest share of renewables, namely, IEA SD and GP Adv. (R), show significantly
lower withdrawal intensities than the reference scenario (for BAU and ETS).

3.4. Impacts of Cooling and Electricity Generation Technologies on Global Water Consumption

This section examines the impact of the shift in cooling systems and power plant technologies
on global water consumption for electricity generation. The assessment of water withdrawal and
consumption of the different scenarios has already shown that water demand for electricity generation
is particularly sensitive to changes in cooling and power generation technologies. In the BAU case,
i.e., without deployment of improved cooling systems, water consumption will be higher in 2040
(by 24% to 36%) for the same electricity mix.

Considering the shares of the various cooling systems in water consumption, it is evident that
cooling with wet towers accounts for most of the water consumption in all scenarios (with shares of
54% to 82%) (Figure 6). This is due to the current prevalence of the technology and the transition from
1T cooling towards more efficient evaporation cooling systems, such as CT and DC, as foreseen in the
ETS scenarios.
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Figure 6. Water consumption for electricity generation (in km3 per year, excluding hydropower)
by cooling technology for 2015 and the four energy scenarios in combination with changes in the
power plant type and cooling technologies (BAU and ETS scenarios) in 2040. Cooling systems:
1T-BSW = once-through with non-freshwater resources; 1T = once-through; CP = cooling pond;
CT = cooling tower; CMB = combined-cooling system; DC = dry cooling; PV = photovoltaic (values for
PV correspond to the water needs for cleaning and operation). (Source: own calculation based on the
data from [39–41]).

In the GP Adv. (R) scenarios and also to a lesser extent in the GECO B2◦ scenarios, the transition
towards improved cooling systems (the ETS case) also highlights the amplified role of DC. DC has a
very low water consumption intensity (Table A1) and the increased share of this technology (from
almost no DC in 2015 to between 1% and 6% in 2040) illustrates that this technological shift is one option
for significantly reducing water consumption for electricity generation. However, DC technologies
have higher capital costs and are less efficient, increasing the total cost of electricity generation.

Figure 7 gives an overview of the allocation of water consumption for the power plant types
used in the respective scenarios. The comparison of water consumption by electricity generation
technology shows that in all but one scenario ST have the highest share of water consumption (56%
to 84%). With the transition to improved water-efficient cooling systems and power plant types in
the ETS scenario, newly built thermal power plants are equipped with CC power systems that are
less water-intensive and reduce the share of water consumption in comparison with ST. In the most
ambitious scenario in terms of renewable energy deployment, the GP Adv. (R) scenario, the change in
the power generation technology results in a significantly higher share of water consumption by CC
power plants (53%) than by ST (16%). Therefore, the expansion of CC power plants can meaningfully
contribute to reducing water consumption for electricity generation.
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Figure 7. Water consumption for electricity generation (km3 per year, excluding hydropower) by
electricity generation technology for 2015 and the four energy scenarios in combination with changes
in the power plant type and cooling technologies (BAU and ETS scenarios) in 2040. Power plant
types: ST = steam turbine; GT = gas turbine; CC = combined cycle; CSP = concentrated solar
power; PV = photovoltaic (values for PV correspond to the water needs for cleaning and operation);
(Source: own calculation based on the data from [39–41]).

3.5. Impact of Electricity Generation Pathways on the Future Regional Water Demand

On the regional level, the analysis focuses on the development of water demand for electricity
generation in ten regions. The shifts in electricity generation anticipated in the scenarios partially result
in very different regional developments. Figure 8 illustrates the regional water withdrawal by scenario
in 2040. North America is the only region that shows a consistent reduction in water withdrawal (5% to
74%) across all scenarios except for the reference scenario IEA CP BAU. The withdrawal reduction can
mainly be attributed to the shift from 1T cooling systems to more efficient CT. Despite this decrease,
North America remains the region with the highest share of global water withdrawal (20% to 28%) in
six out of eight scenarios. A decrease in water withdrawal is also evident for most scenarios for Europe,
Eastern Europe and Eurasia, as well as in Asia Oceania OECD. The developing and emerging regions,
namely, China, India, Asia (other), the Middle East, Latin America, and Africa are characterized by a
significant increase in water withdrawal for electricity generation in the scenarios with higher shares
of fossil fuels (i.e., IEA CP BAU and GECO B2◦C BAU). In the other scenarios, water withdrawal
levels are likely to reduce in nearly all regions in the future. Exceptions are China in the GP Adv.
(R) BAU scenario and Africa and Asia (other) in the IEA SD BAU scenario. The higher share of
thermal-based electricity generation with the biomass without a shift to less water-intensive cooling
and power generation technologies is the main reason for these increases. Overall, the results indicate
that it is particularly important for the developing and emerging regions to combine renewable energy
development with less water-intensive cooling technologies in order to reduce water withdrawal.
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Figure 8. Water withdrawal for electricity generation (in km3 per year, excluding hydropower) by
region in 2015 and the four energy scenarios in combination with changes in the power plant type and
cooling technologies (BAU and ETS scenarios) in 2040. (Source: own calculation based on the data
from [39–41]).

The results for water consumption vary markedly across the regions (Figure 9) depending on the
scenario. In North America, four of the scenarios result in reduced water consumption by 11% to 31%,
while four predict an increase of 1% to 11%. Seven scenarios predict a reduction in water consumption
of 3% to 47% in Europe in 2040. In Europe, the reduction in water consumption can mainly be attributed
to the decrease in the use of coal and oil in the electricity mix and to the phaseout of nuclear energy
(in the GP Adv. (R) scenarios). Water consumption for renewable electricity generation increases in
Europe in all the scenarios, yet remains lower than the use of water for fossil power generation in 2015
in all scenarios but the GP Adv. (R) BAU one.

Scenario results show large variations in water consumption for future electricity generation in
China. The IEA CP and GP Adv. (R) scenarios anticipate an increase, while the IEA SD and the GECO
B2◦C show a decrease for both the BAU and ETS cases. In the IEA CP scenario, the growth is driven
by increased water consumption for coal-based electricity production and in the GP Adv. (R) by an
increase in electricity generation and the extension of thermal-based renewable power generation.
In India, Asia (other), the Middle East, Latin America, and Africa, the growth in water consumption is
substantial in all the scenarios except for the IEA SD ETS. The rise in water consumption in these regions
is mainly driven by the rapid growth in electricity demand. In terms of technologies, natural gas,
biomass, solar and (in the IEA SD and GECO B2◦C scenarios) nuclear energy are the main drivers for
the increase in water consumption in these regions. In the Middle East, for example, water consumption
is mainly driven by natural gas and solar power expansion. For solar thermal capacities, which will
mostly be newly constructed by 2040, the implementation of DC instead of wet cooling systems can
significantly reduce water consumption. The regional analysis thereby shows similar developments as
seen on the global level: water withdrawal and consumption can be significantly reduced, especially in
the developing and emerging regions, with the implementation of more efficient cooling and electricity
generation systems (ETS scenarios). This is important as increased water consumption for electricity
generation across the decarbonization scenarios will pose significant challenges, because many regions
already experience water stress. In order to avoid conflicts of water use for electricity generation and
other sectors, water withdrawal and consumption should be essential determinants in the selection of
energy sources, power plant types, and cooling systems.
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Figure 9. Water consumption for electricity generation (in km3 per year, excluding hydropower) by
region in 2015 and the four energy scenarios in combination with changes in the power plant type and
cooling technologies (BAU and ETS scenarios) in 2040. (Source: own calculation based on the data
from [39–41]).

4. Discussion

In this paper, water demand scenarios for different electricity futures are developed to
systematically analyze the direct water demand for electricity generation in four global energy
scenarios up to 2040. The results show that water demand varies significantly between different
electricity mixes. Ambitious decarbonization scenarios with widescale deployment of renewables
and a high electrification rate in key energy demanding sectors have the lowest water intensities,
but in absolute terms, these systems can lead to higher water consumption levels than the less
ambitious mitigation scenarios. The findings underline the importance of considering not only GHG
emission reduction potential when designing future electricity systems, but also other environmental
aspects—such as water demand—to ensure a holistically sustainable energy transition.

Furthermore, by comparing future technological pathways with changes in cooling and power
plant technologies, this analysis highlights the importance of explicitly considering technological factors
when envisioning the future development of energy systems. Previous studies on the water demand
implications of future energy systems rarely discussed the variations in power plant technologies for
different energy sources (e.g., [11,35]). By considering the variations in both electricity generation and
cooling technologies, our results show that a better balance of sustainability goals in the energy, climate,
and water domains can be achieved by combining highly energy-efficient power plant technologies
with low water demand cooling technologies. Consequently, power plant technologies should also be
explicitly considered when exploring the future water demand of global and regional energy systems.
These issues could also be addressed at the scenario level. To the authors’ knowledge, there are no
long-term energy scenarios to date that fully consider the water consumption of the modelled energy
system. In order to take the nexus aspect into account, the common optimization with regard to climate
targets could be extended to water consumption targets, which in turn raises methodological questions
regarding a two-target optimization problem.

Next to the further research needed on the scenario level, the analysis also has some limitations in
terms of scope, method, and obtainable input data. Only limited input data are available on current
deployment rates of different cooling system types and water intensities of different technologies.
Detailed information on power plant types is not provided in the scenario studies. Therefore, in order
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to estimate future shares of power plant types and cooling systems, two technology scenarios
were introduced showing the range of possible plant types and cooling technology developments.
These storylines can deviate from the original assumptions in the respective energy scenario models
for the technology mix. However, this application of a uniform approach makes it possible to clearly
show the influence of power plant types and cooling technologies for different fuel combinations.

In terms of scope, the study addressed only water demand, not water supply. Factors such
as water intake, discharge quality, and water temperature were not part of this global and regional
analysis, but it should be noted that these factors can play an important role in water consumption and
withdrawal at the local or power plant levels and further research is needed to address their impact.
In terms of water demand, other aspects are also important, such as the future levels of seawater
use for cooling, the extent to which carbon capture and storage (CCS) technologies are deployed,
the role of water efficiency innovations in the power sector and the indirect water demand of the
power sector. These aspects were not quantified in this analysis, but are discussed briefly in the
following sub-sections.

4.1. Seawater

Seawater can be used for cooling in power plants located close to the sea. Increasing the share of
seawater for cooling can reduce demand for freshwater resources for electricity generation. Accordingly,
a number of authors have anticipated an increased use of seawater for cooling in future [9,35]. At the
same time, seawater use in cooling can affect the cooling infrastructure due to higher levels of scaling,
corrosion, and biological infestation. In this analysis, seawater cooling is included in the water demand
calculations, but no change in the share of seawater is assumed. This allows for the identification
of the overall water demand for each energy scenario without introducing an additional variable.
Although an increase in the share of seawater for cooling was not quantified, a higher share of seawater
cooling should of course be considered as a strategy for reducing the pressure on freshwater resources.

4.2. Carbon Capture and Storage (CCS)

Another influencing factor in the water demand of future energy systems are GHG emission
mitigation strategies using CCS at fossil power plants. CCS technologies require additional water for
cooling and operation [53,54]. Estimates predict an increase from 19% to 62%in water consumption
and from 23% to 68% in water withdrawal depending on the power plant and cooling system types
to which CCS is applied [53]. In this analysis, the water demand for the deployment of the CCS
technology is not quantified, as the scenarios only provide limited information about the expected
extent of the CCS use. In the GP Adv. (R) scenario, the CCS technology is not included, as it is still
in an early stage and costs and environmental impacts are not yet clear [40]. In the IEA scenarios,
the CCS technology is expected to be implemented, but only to a limited extent in a small number of
countries [2]. On the other hand, the GECO B2◦C scenario cites CCS as an important technological
component for reducing GHG emissions [41]. Implementation of the CCS technology on a large scale
will significantly increase the future water demand of power plants. Therefore, further research should
be conducted to analyze the effects of CCS on water consumption and withdrawal in future energy
systems in detail.

4.3. Efficiency Improvements

Technological innovations can increase the water efficiency of power plants, thereby reducing
water use intensity of electricity generation. However, in this study, water intensities of cooling
technologies are assumed to be consistent up to 2040. This assumption is based on the findings
of Davies et al. [7], who quantified three technology scenarios showing that although efficiency
improvements and water-saving technologies can decrease water withdrawal and consumption,
these reductions will only take effect in the long term (by 2095) even if their deployment starts in 2020.
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Nevertheless, at the local and power plant levels, technical options to reduce the water use intensity of
power generation should be considered.

4.4. Indirect Water Demand for Power Generation

This analysis focuses on the direct water demand for electricity generation. In addition to this
operational water demand, the indirect effect of power generation in the form of the water footprint
outside the catchment area is also an important factor to consider. This includes, for example, the water
required for the production of technology components, the extraction of primary energy carriers,
but also the use of water in the cultivation of the biomass feedstock. Especially, the cultivation of
biofuels can have area-wide effects on water use. While indirect water demand is out of the scope
of this paper, further research that includes the entire supply chain and applies a spatially explicit
lifecycle perspective has been conducted as part of the research project “Water resources as important
factors in the energy transition at the local and global level” (WANDEL) [55].

5. Conclusions

The global energy transition that is required to reach the GHG reduction targets set in the Paris
agreement imposes huge challenges all over the world. Yet, sustainability implies more than lowering
GHG emission, electricity generation also requires water, but water is becoming an increasingly scarce
resource in many regions worldwide. In order to ensure sustainable development, it is, therefore,
important to understand the implications of the global energy transition on the direct operational water
demand to generate electricity at the global and regional levels. However, as we show in this paper,
the future structure of the power supply and thus the future water demand for power generation are
subject to high levels of uncertainty. This is due to the fact that water withdrawal and consumption
intensities of electricity generation vary significantly depending on the choices made in the coming
years regarding power generation technologies and cooling systems. So far, however, most analyses of
the water–energy nexus focus mainly on the water component of the nexus, in this case, the cooling
technologies. This study also attempts to better understand the role of the energy component of the
nexus, namely, the influence of the power plant type on the future operational water demand for power
generation on the global scale.

To this end, water demand scenarios for the power sector up to 2040 were developed to assess the
impact of different decarbonization strategies that are close to or consistent with the climate goal of
limiting global warming to below 2 ◦C on the water demand of the power generation sector.

The results show that ambitious decarbonization scenarios involving wide-scale deployments of
renewables and a high electrification rate of the end use achieve the lowest water intensities, but can,
in absolute terms, consume more water than less ambitious mitigation scenarios in combination with
more inefficient power plant and cooling technologies. The study concludes that energy transition
strategies should take into account not only the potential to reduce GHG, but also the water demand of
the future energy system. Finally, the different technological options for both power plants and cooling
systems should be explicitly considered when designing and evaluating future electricity systems.
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Appendix A

Table A1. Applied water use intensity per unit of electricity output (m3/MWh) by energy source and
generation technology. The sole responsibility for the content of this paper lies with the authors.

Energy Source Power Plant Type Cooling System
Cooling Water Requirement (m3/MWh)

Withdrawal Consumption

Coal

ST

1T-BSW 89.788 0.410
1T 85.512 0.390

CMB 80.000 0.390
CP 56.955 0.159
CT 2.305 1.866
DC 0.132 0.132

GT
1T-BSW 144.480 0.993

1T 137.600 0.946
CT 3.804 2.601

CC

1T-BSW 3.994 2.731
1T 43.078 0.379
CT 0.958 0.750
Dry 0.008 0.008

Natural gas

ST

1T-BSW 139.113 0.953
1T 132.489 0.908

CMB 80.000 0.908
CP 1.703 1.476
CT 4.554 3.127
Dry 0.132 0.132

GT

1T-BSW 139.113 0.953
1T 132.489 0.908
CT 4.554 3.127
Dry 0.132 0.132

CC

1T-BSW 45.232 0.398
1T 43.078 0.379
CP 22.523 0.908
CT 0.958 0.750
Dry 0.008 0.008

Oil

ST

1T-BSW 139.113 0.953
1T 132.489 0.908
CP 26.687 2.309
CT 4.554 3.127
Dry 0.132 0.132

GT

1T-BSW 139.113 0.953
1T 132.489 0.908
CT 4.554 3.127
CP 22.523 0.908
DC 0.132 0.132

CC

1T-BSW 45.232 0.398
1T 43.078 0.379
CT 0.958 0.750
DC 0.008 0.008
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Table A1. Cont.

Energy Source Power Plant Type Cooling System
Cooling Water Requirement (m3/MWh)

Withdrawal Consumption

Nuclear

ST

1T-BSW 176.277 1.069
1T 167.883 1.018

CMB 100.000 2.000
CP 26.687 2.309
CT 4.168 2.544
Dry 0.132 0.132

CC

1T-BSW 105.766 0.641
1T 100.730 0.611

CMB 60.000 1.200
CP 16.012 1.385
CT 2.501 1.526
DC 0.079 0.079

Biomass **

ST

1T-BSW 139.113 1.193
1T 132.489 1.136

CMB 80.000 1.136
CT 3.324 2.093
Dry 0.132 0.132

GT
1T-BSW 139.113 1.193

1T 132.489 1.136
CT 3.324 0.890

CC

1T-BSW 45.232 0.398
1T 43.078 0.379
CT 0.958 0.750
Dry 0.008 0.008

Geothermal ST/Others

1T-BSW 139.113 0.953
1T 132.489 0.908
CP 6.820 1.480
CT 6.820 6.820
DC 0.670 0.670

Solar CSP
CT 3.274 3.274
Dry 0.098 0.098

PV * none 0.098 0.098

Wind none 0.000 0.000

Hydro ** none 0.000 17.000

(Power plants: ST = steam turbine; GT = gas turbine; CC = combined cycle; CSP = concentrated solar power;
PV = photovoltaic. Cooling systems: 1T-BSW = once-through with non-freshwater resources; 1T = once-through;
CMB = combined-cooling system; CP = cooling pond; CT = cooling tower; DC = dry cooling.); * Values for PV
correspond to the water needs for cleaning and operation.; ** Values for the biomass refer only to the operation of
the cooling systems.; (Source: WaterGAP3 model based on [9,43,56,57]).
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