
1082
THE W

ATER FOOTPRIN
T OF THE GLOBAL POW

ER SECTOR: STATUS QUO, CHALLEN
GES, AN

D 
OPPOR TUN

ITIES FOR TACKLIN
G THE GLOBAL W

ATER CRISIS
Alena Lohrm

ann

THE WATER FOOTPRINT OF THE GLOBAL POWER SECTOR: 
STATUS QUO, CHALLENGES, AND OPPORTUNITIES FOR 

TACKLING THE GLOBAL WATER CRISIS

Alena Lohrmann

ACTA UNIVERSITATIS LAPPEENRANTAENSIS 1082



Alena Lohrmann

THE WATER FOOTPRINT OF THE GLOBAL POWER SECTOR: 
STATUS QUO, CHALLENGES, AND OPPORTUNITIES FOR 
TACKLING THE GLOBAL WATER CRISIS

Acta Universitatis 
Lappeenrantaensis 1082

Dissertation for the degree of Doctor of Science (Economics and Business
Administration) to be presented with due permission for public examination 
and criticism in the Auditorium 1314 at Lappeenranta-Lahti University of 
Technology LUT, Lappeenranta, Finland on the 12th of October 2023, at noon.



Supervisors Professor Mikael Collan 

LUT Business School 

Lappeenranta-Lahti University of Technology LUT 

Finland 

Professor Pasi Luukka 

LUT Business School 

Lappeenranta-Lahti University of Technology LUT 

Finland 

Reviewers Professor Henrik Saxén 

Faculty of Science and Engineering 

Åbo Akademi University 

Finland 

Professor Julian Scott Yeomans 

Schulich School of Business 

York University 

Canada 

Opponent Professor Henrik Saxén 

Faculty of Science and Engineering 

Åbo Akademi University 

Finland 

ISBN 978-952-335-952-9 

ISBN 978-952-335-953-6 (PDF) 

ISSN 1456-4491 (Print) 

ISSN 2814-5518 (Online) 

Lappeenranta-Lahti University of Technology LUT 

LUT University Press 2023 



Abstract 

Alena Lohrmann 

The water footprint of the global power sector: Status quo, challenges, and 

opportunities for tackling the global water crisis 

Lappeenranta 2023 

98 pages 

Acta Universitatis Lappeenrantaensis 1082 

Diss. Lappeenranta-Lahti University of Technology LUT 

ISBN 978-952-335-952-9, ISBN 978-952-335-953-6 (PDF), ISSN 1456-4491 (Print), 

ISSN 2814-5518 (Online) 

 

Freshwater resources are becoming increasingly unavailable, and the competition for 

water resources among different sectors of the economy is worsening in many parts of 

the world. For instance, in the energy sector, the technologies currently used for electricity 

generation rely heavily on water availability. Examples of these technologies include 

hydropower plants that utilise the natural flow of moving water to generate electricity, 

thermal power plants (coal, gas, oil and nuclear) that require water for cooling purposes, 

and solar PV power plants in which water is deployed for cleaning of the PV modules. 

However, statistical data regarding water use in power plants is still scarce, since power 

plant operators do not usually disclose the amount of water needed during the power 

generation process. 

This lack of statistical data impedes the assessment of water use in the global power sector 

and, consequently, limits the analysis of potential water use reduction. The aim of this 

research is to address this data gap by focusing on the global water demand of thermal 

power plants. By applying several energy system transition pathways, the water demand 

of the global power sector is estimated for the period 2015 to 2050 in five-year time 

intervals. The results of the study revealed that the global power sector currently 

consumes about 88 cubic kilometres of water annually, of which about 20 cubic 

kilometres of water evaporate due to the cooling of thermal power plants. It is 

demonstrated that the gradual decommissioning of a thermal power plant fleet during the 

energy system transition can annually ‘save’ about 98% of this cooling water, which will 

allow it to be allocated for other purposes—for instance, food production. 

Subsequently, this analysis was expanded by applying energy transition pathways to 353 

main global rivers. The results demonstrated that all water withdrawals from the main 

global rivers associated with thermal power generation can be fully mitigated by 2050. In 

addition, using the global cobalt supply chain as an example case, the study explored how 

the water demand of the power sector affects the water footprint of different products and 

services. The results revealed that the power system-related water demand represents 

about 90% of the total water footprint, allowing for a considerable water use reduction 

through the transition towards an energy system based on low water-demanding 

renewable energy technologies. 



Present literature on water is focused on tackling rising water demand and reducing global 

water stress. To enhance this discussion, the water consumption criticality matrix was 

introduced, which draws attention to geographical areas that are potentially critical from 

the perspective of the availability of freshwater resources for current and future energy-

related water consumption. 

Overall, this research sheds light on the use of water in the global energy sector and will 

contribute to the discussion of a sustainable energy transition from the perspective of 

energy-related water demand.  

Keywords: water–energy nexus, thermal power plants, energy transition, water footprint, 

water consumption, water withdrawal 
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1 Introduction 

The technologies currently used for electricity generation (especially fossil fuel power 

plants) are known to have a considerable environmental impact: air pollution, climate 

change, thermal pollution and solid waste disposal are acknowledged to be directly linked 

to the energy generation process (European Environment Agency (EEA), 2004). In 

addition, it is associated with a considerable water footprint, which indicates the amount 

of water used and/or polluted during the electricity generation process (Water Footprint 

Network, 2022). In light of an unfolding water crisis (United Nations Educational 

Scientific and Cultural Organization (UNESCO), 2022), consideration of the actual water 

footprint of current and future energy systems is important. To address this call, the 

present study evaluates the current water footprint of the global power sector and 

estimates its development until 2050. It also investigates how the water footprint of the 

global power sector affects the water footprint of the global cobalt supply chain. 

This section briefly presents the context of this study, its focus, motivation, aims and 

scope, and summarises its main contributions. 

1.1 Water—our most precious resource 

Water is the lifeblood of our planet and is necessary for all life on Earth. The ability to 

acquire clean water is essential for human survival, and water resources have played an 

important role in the expansion and development of human culture and civilisation. For 

instance, the first great civilisations were born on the banks of large rivers: the Ancient 

Egyptians settled on the Nile, the Mesopotamians—on the Tigris and Euphrates rivers, 

the Ancient Chinese were based on the Yellow River, and the Ancient Indian civilisations 

were formed in the valley of the Indus River (Wang and Guohua He, 2022). For these 

civilisations, rivers were sources of a steady supply of water and became a foundational 

element for the development of agriculture, trade, transportation and even a defence 

against enemies (Hosseiny, Bozorg-Haddad and Bocchiola, 2021).  

Today, our reliance on water resources is as high as ever. Water is essential for the 

development of all sectors of the economy, and it is a critical part of the global ecosystem. 

According to some estimates, agriculture is currently responsible for about 69% of global 

freshwater extractions, which are mostly used for the irrigation of crops (UNESCO, 

2022). In some developing countries (for example, in Viet Nam), this share can be as high 

as 95% (Institute for Global Environmental Strategies (IGES), 2015). Globally, the 

industrial sector, including the energy sector, is associated with about 19% of total 

freshwater use, and the municipal sector accounts for 12% (UNESCO, 2022).  

Overall, water is currently the world’s most extracted natural resource by volume (Green 

Initiatives, 2021). It has been estimated that since the 1980s, global freshwater use has 

increased at a rate of roughly 1% per year, driven by the growth of the global population, 

economic development, and changes in water use patterns (UNESCO, 2019). While the 
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use of freshwater in the world has increased sixfold over the past one hundred years 

(Zhongming et al., 2021), the share of the global population suffering from water resource 

deficits has increased from 14% to 58% (Kummu et al., 2016). 

We live on a blue planet; however, freshwater resources are very limited and distributed 

unevenly across the world. The estimated total amount of water resources on the planet 

is about 1.4 billion km3, the volume of freshwater resources is approximately 35 million 

km3, which corresponds to about 2.5% of the total volume. Of these freshwater resources, 

about 68.9% is stored in the form of ice in glaciers and as permanent snow cover in the 

Arctic and Antarctic regions, and on mountains; and about 30.8% is groundwater, found 

in shallow and deep groundwater basins, soil moisture, permafrost and swamp water. 

Approximately 0.3% of the world’s freshwater resources are surface water found in rivers 

and lakes. In fact, only about 200,000 km3 (which is less than 1% of the total freshwater 

resources and just 0.01% of the total amount of water resources on the planet) are directly 

available for consumption for life on Earth. (United Nations Environment Programme 

(UNEP), 2002) 

The current global water demand is estimated at the level of 4,600 km3 per year (Boretti 

and Rosa, 2019) and is expected to increase by about 20-30% by the year 2050 (Burek et 

al., 2016). According to the projections of Boretti and Rosa (2019) this increase in water 

demand will not be distributed equally around the world. In particular, the highest growth 

(up to 300%) is expected in Africa and Asia, which will be mostly driven by population 

growth (Boretti and Rosa, 2019). According to UNEP, by 2030, 40% of the world’s total 

demand for freshwater would not be met by the global water supply (UNEP, 2015). The 

extensive use of water coupled with the limited availability of freshwater resources, often 

worsened by the consequences of the ongoing climate change, has already resulted in 

water shortages that can already be witnessed in many parts of the world and that can be 

considered a water crisis (UNESCO, 2022).  

1.2 Water scarcity, water stress and water risk 

To describe water resource availability in different geographical regions, the scientific 

literature commonly uses the terms ‘water scarcity’, ‘water stress’ and ‘water risk’. Figure 

1.1 demonstrates the main differences between these terms. 

The term ‘water scarcity’ refers to the volumetric availability or lack of freshwater 

resources within a given area (Schulte and Morrison, 2014). In contrast to the word ‘arid’, 

which refers to regions that severely lack available freshwater due to climate conditions 

(e.g., regions that receive low precipitation), the term ‘scarcity’, in this context, also 

indicates the anthropogenic footprint (i.e., originating from human activity). Furthermore, 

water scarcity is calculated as the ratio of anthropogenic water consumption to available 

freshwater resources within a given area (Schulte and Morrison, 2014). Therefore, a dry 

region/area with little availability of water, but no anthropogenic water consumption, is 

here referred to as ‘arid’, but not ‘water-scarce’. Also, water scarcity refers to the physical 

availability of water, regardless of its suitability for use or accessibility (see Figure 1.1). 
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In this regard, a region may have abundant water resources, but may have very limited 

accessibility to them (e.g., groundwater resources); hence, this region will not be 

considered water-scarce. According to current estimations, four billion people reside in 

areas that experience severe water scarcity for at least one month every year (Mekonnen 

and Hoekstra, 2016). 

Figure 1.1 Water scarcity, water stress and water risk, and examples of factors that influence 

them, modified from Schulte and Morrison (2014) 

Compared to ‘water scarcity’, the term ‘water stress’ is a broader construct. It takes into 

account such aspects as volumetric availability of freshwater resources, water quality and 

its accessibility (Schulte and Morrison, 2014). Water accessibility, among other factors, 

considers the affordability of water and the sufficiency of the water supply infrastructure. 

‘Water stress’ refers to water availability to meet the human demand for freshwater in a 

given area/region (Schulte and Morrison, 2014). Hence, water stress occurs when demand 

for freshwater exceeds the available amount of freshwater during a given period of time 

or when the poor quality of freshwater resources restricts the use of water (EEA, 1991). 

In contrast to the term ‘water scarcity’, ‘water stress’ includes subjective elements; hence, 

the existence and/or level of water stress may be assessed and perceived differently by 

different actors. One example of this issue is the different thresholds for the water quality 

of drinking water by set by governments in different countries (World Health 

Organization (WHO), 2018). To address this, the Water Resources Institute (WRI) 

investigates the levels of water stress globally through a unified methodology and 

provides projections of future water stress for each country—as demonstrated in Figure 

1.2. According to this methodology, a country/region is reported to suffer from high water 

stress if the total water withdrawal in that country/region is more than 40% of the 

available freshwater resources. If the country/region withdraws are more than 80% of the 

available freshwater resources, it is classified as having extremely high water stress 

(Hofste, Reig and Schleifer, 2019). In total, 44 countries are characterised by high and 



1 Introduction 18 

extremely high water stress, according to this classification (Hofste, Reig and Schleifer, 

2019). In Europe alone, about 142 million people are currently living in areas that 

experience high and extremely high water stress, according to the WRI (2021). 

 

Figure 1.2 Water stress per country, based on the data provided by the Water Resources Institute 

for 2019 (WRI, 2021) 

Understanding the level of water stress is crucial because higher water stress levels 

indicate that there is most likely competition for the available freshwater resources among 

the different sectors of an economy (such as agriculture, food production and the energy 

sector) and the population (Food and Agriculture Organization of the United Nations 

(FAO) and UN-Water, 2018). Moreover, high water stress levels may have severe 

consequences for the environment, as many natural ecosystems rely on a steady water 

supply (Hofste et al., 2019). 

Finally, the term ‘water risk’ refers to the possibility that an entity (a country, a sector of 

the economy, a company, etc.) experiences a harmful water-related event (Schulte and 

Morrison, 2014). The Organisation for Economic Co-operation and Development 

(OECD) identifies water risk events as insufficiency or oversupply of freshwater, or water 

pollution and disruption of the water supply (OECD, 2021). In this regard, water risk is a 

function of the probability of an event and the severity of its impact (Schulte and 

Morrison, 2014).  

Since 2012, the World Economic Forum (WEF) has consistently included water crisis in 

the top five global risks in terms of impact (WEF, 2020). Numerous water-related issues, 

including freshwater scarcity, water pollution, poor governance, insufficient 

infrastructure and climate change events, have imperilled economic activities. In addition, 
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the growing population and an increasing demand for water from the agricultural, 

industrial and domestic sectors (including the energy sector) have already intensified 

water risks in many parts of the world (Boretti and Rosa, 2019). Water risks often 

compound across many sectors of the economy, although the severity of the impact 

depends on the intensity of the water risk event and the vulnerability of the entity. To 

address this risk, the World Wide Fund for Nature (WWF) has developed a WWF Water 

Risk Filter (WWF, 2023) – an online tool for companies and businesses to better 

understand the water risks across their operations and to provide guidance for risk 

mitigation. 

It is important to understand the issues related to water scarcity, water stress, and water 

risk from the point of view of the involved stakeholders (us all) and for different industries 

specifically. This thesis specifically focuses on how the water and energy generation 

industries are related and on understanding the potential water risks for the industry.  

1.3 Water–energy nexus  

Water and energy are closely linked. On the one hand, coal mining, extracting oil and 

growing crops for biofuels use considerable amounts of water. Electricity generation at 

power plants often requires a large amount of water. On the other hand, extracting, 

treating and purifying water consumes energy. This dependency between water and 

energy, also known as the ‘water–energy nexus’, has been increasingly discussed in many 

scientific studies (IEA (International Energy Agency), 2016; Behrens et al., 2017; 

Ganguli, Kumar and Ganguly, 2017). The extensive use of water by the energy sector is 

increasingly becoming a concern of many scholars (Helerea, Calin and Musuroi, 2023) 

and is also the subject of this study. It has been estimated that about 88% of the water 

used in the energy sector is associated with the water required for electricity generation 

at power plants (IEA, 2016). A large share of this water is used in thermal power plants 

(facilities that burn coal, gas, oil, biomass or fission atoms—to generate electricity): 

thermal power plants currently account for about 70% of the global power plant capacity 

(IEA, 2016). 

Currently, industrialised countries withdraw a considerable amount of water for thermal 

electricity generation. In the United States, freshwater withdrawals for thermal power 

plants account for 40% of all freshwater withdrawal (Maupin et al., 2014). The power 

sector of the European Union accounts for about 55% of the total annual amount of water 

withdrawn (Eurostat, 2014). This extensive use of water by thermal power generation 

leads to a high use of water resources, which may be critical in regions that suffer severely 

from water resource scarcity (Schleifer and Luo, 2018).  

From another viewpoint, the currently used technology of electricity generation relies 

heavily on the availability of water resources. Water scarcity, which is increasingly 

common due to climate change, directly influences the reliability of thermal power 

generation and already has numerous reported cases of negative impacts on the operation 

of power plants around the world. In many countries worldwide, droughts caused by 
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amplified water temperatures and reduced river flow have compromised power 

generation during the summer of 2022 (Cuff, 2022; IEA, 2022; Jones et al., 2023). 

Furthermore, a limited electricity supply, together with rising generation costs, has 

already led to an upsurge in prices for electricity in many parts of the world (Azevedo 

Rocha and Mathis, 2022; IEA, 2023).  

Hence, the power sector contributes to and directly suffers from water resource scarcity 

and water stress. These complex interdependencies between water and energy present 

policy makers with challenges in ensuring a secure and sustainable supply of energy and 

water in the future. 

The water demand of the power sector is a critical constraint that is often overlooked in 

planning decisions regarding future energy systems. Furthermore, statistical data on water 

use by specific power plants is not available. The scarcity of data complicates the 

assessment of water use in the power generation sector. In this regard, the most crucial 

steps of research should involve (1) the development of methodologies to assess the water 

demand in power plants when the data on the actual water use is limited and (2) the 

collection of data on the water use (current and projected in the future) on a power plant 

level.  

1.4 Focus of research 

The main focus of the study is the assessment of the water footprint of the power sector, 

conducted from the perspective of the amount of water used in power plants. Specific 

attention is paid to the water demand estimation for cooling in thermal power plants (see 

Figure 1.3). 

 
Figure 1.3 Focus of the research 
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In this study, the assessment of the water demand of power plants is performed from the 

viewpoint of water consumption and water withdrawal. Water withdrawal represents the 

total quantity of water that was extracted from the water source (river, lake, sea, etc.) 

during the power generation process. Opposed to that, water consumption defines the 

amount of water lost during the power generation process, usually by means of 

evaporation (Kenny et al., 2009). In other words, water consumption shows the 

quantitative difference between water withdrawals and the amount of water returned to 

the water source. In this research, the main emphasis was on water consumption because 

it reflects the direct impact of power generation on water resource availability. 

1.5 Motivation and aims of this research 

The initial motivation for starting this research was the observation made about the 

limited availability of data concerning the quantity of water used in the power generation 

sector. Most countries do not require that power plants disclose their water use, despite 

the fact that the power sector is the biggest industrial water user (Schleifer and Luo, 2018). 

Power plant operators do not usually report on the amount of water use associated with 

their operations (Luo, Krishnaswami and Li, 2018). Although inventories containing the 

water demand of individual power plants exist, they typically include thermal power 

plants located (only) in one specific region/ country—for example, for the United States 

(EIA, 2015b). To the best of the author’s knowledge, no such database has previously 

been available at a global level. This represents a large information gap and considerably 

complicates the assessment of global water use in the power sector. This research is 

intended to create a holistic understanding of water use in the power generation sector. 

One way to overcome this data limitation in the attempt to gather holistic data is to use 

the information regarding the types of cooling systems that are installed in individual 

thermal power plants. In general, the type of cooling system installed in a thermal power 

plant determines the amount of water used for cooling in the power generation process 

(Macknick et al., 2012). Thus, knowledge of the cooling technology of specific power 

plants enables the assessment of water used for cooling when other (better) information 

is not available. However, in many widely used power plant databases and inventories of 

electricity generation, the information concerning the installed cooling systems in 

individual thermal power plants is either very limited or completely unavailable (Larsen 

et al., 2019). To address this information gap, the first aim (A#1) of this study was to 

collect cooling technology data for the global thermal power plant fleet, to compile a 

database containing this data and to make the information contained in the database freely 

available to researchers and practitioners.  

To overcome the limited availability of cooling technology data, previous studies on the 

water–energy nexus have applied various estimation techniques for their water demand 

calculations. As demonstrated in the work of Lohrmann, Lohrmann and Luukka (2021), 

the accuracy of these approaches seems to be rather low—about 35% for a setting with 

the five common cooling technology types (the five-class problem) for thermal power 
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plants. The low accuracy for the assignment of cooling technologies that can differ 

considerably in their water demand may severely impede the ability to determine a 

realistic and accurate estimate of the water footprint of the thermal power sector. Building 

on this observation, the second aim (A#2) of the study is to develop a bottom-up approach 

to estimate the water demand of the power sector in a high spatial resolution (starting 

from individual power plants), which is aimed at increasing the accuracy of water demand 

estimates, compared to previous studies. This also allowed us to aggregate the water 

demand estimates on different levels of aggregation (i.e. at the river, region, country and 

global levels).  

The third aim (A#3) of this study is to estimate the current water demand of the thermal 

power sector and of the entire electricity sector using the collected cooling technology 

data and the developed estimation approach. 

In addition to investigating the current water demand of the power sector, the next step in 

this research has been to project this demand to the future. Usually, energy transition 

scenarios are focused on mitigation strategies for carbon emissions in the energy sector 

and the electrification of all economic sectors (Khalili and Breyer, 2022). WRI’s 

projections clearly demonstrate that water resource availability is expected to worsen 

considerably in most countries of the world in the following decades (WRI, 2021). 

However, the water demand of the future power sector in particular is typically 

overlooked (Terrapon-Pfaff et al., 2020). Therefore, the fourth aim (A#4) of this research 

is to explore whether the energy transition scenarios selected for this study actually lead 

to a decrease of water used in the power system. 

The next step in the discussion regarding the development of the future energy system is 

to identify countries and regions, where due to the use of water-intensive technologies in 

the power generation mix, the water demand is projected to increase in the future. This 

analysis should go hand in hand with the consideration of the water resource availability 

in each specific country/region. Hence, the fifth aim (A#5) of this study is to connect the 

estimated water demand with the country-specific water stress score reported by WRI 

(2021) to highlight geographic areas that are potentially critical in terms of the limited 

availability of water resources for energy-related water demands. 

A large current and future water footprint of the power generation sector will indirectly 

influence the water footprint of many services and products that require electricity for 

their manufacturing. To address this concern, the sixth aim (A#6) of this research is to 

explore how the water demand of power generation may affect the current and future 

water footprint of products and services, for example, global cobalt production. 

The connection between the aims of this research and the enclosed publications is 

depicted in Figure 1.4, which also depicts the publication-specific focus of the research. 



1.6 Geographical, temporal and technological scope 23 

 

Figure 1.4 Aims of this research and how the enclosed publications are related to them  

It is crucial to mention that Figure 1.4 only depicts the aims in relation to the water 

footprint analysis. The main aim of Publication IV was to evaluate the environmental 

impact of the cobalt supply chain, and the analysis of the water footprint of cobalt 

production formed only one part of this study. 

The orange lines in the figure represent the connections between the enclosed 

publications: The analysis in Publication IV was built on the data obtained in 

Publication I and the methods introduced in Publication III. 

1.6 Geographical, temporal and technological scope 

Figure 1.5 depicts the geographical, temporal and technological scopes of this research, 

and the types of power plants included in the study. 
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Figure 1.5 Scope of the study 

The geographical scope of this study varies between publications: while Publications I, 

III and IV took a global approach, the geographical scope of Publication II was Europe. 

In addition, depending on the publication, the results were reported on the country, region, 

and river levels, per capita or per kilogramme of product. 

All publications extended their projections to 2050.  

Regarding the power generation technologies that are considered in this study, 

Publication I analysed the water demand of only conventional thermal power plants: 

coal, gas, nuclear and oil power plants. Publications II–IV extended this analysis to 

include other power generation technologies: hydropower plants, solar photovoltaic (PV) 

plants, concentrated solar thermal power (CSP) plants, biomass, biogas and waste power 

plants, and wind power plants. Geothermal power plants were not included in this study 

since their share in the global power generation mix is negligible: about 0.5% of the total 

global renewable energy capacity in 2022 (International Renewable Energy Agency 

(IRENA), 2022). However, it is crucial to mention that geothermal power plants have a 

considerable water footprint (second largest after hydropower, which is explained by the 

forced water evaporation from a large water surface area), up to 19.5 m3 per MWh 

(Macknick et al., 2012). 
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1.7 Scientific contributions of the research 

This doctoral dissertation aims to contribute to filling the observed research and 

knowledge gap within the topic of the water–energy nexus, with a focus on the water 

demand of the global power sector. The main contributions of this dissertation are as 

follows: 

1. Collection of the cooling technology and location data (latitude and longitude) for 

13,863 thermal power plant units globally, each exceeding 50 MW. Allocation of 

individual thermal power plants to the nearest water source (river, lake, sea, etc.) 

for the water footprint analysis was carried out in a high spatial resolution. The 

compiled power plant database was published as Supplementary Material for 

Publication I and is freely available online for future research. 

2. Projection of the water withdrawal and water consumption of thermal power 

plants globally. River water footprint analysis. Analysis of the potential water use 

reduction, which can be achieved by 2050 through gradual decommissioning of 

old thermal power plants as part of a transition towards a system with a high share 

of renewables.  

3. Energy system-wide analysis of the current and future water demand for power 

generation on the Pan-European level and on the global level. This analysis also 

included the investigation of cases (countries) characterised by the limited 

availability of water resources and where the water demand of the power sector 

was projected to further increase in the future. These results can help policy 

makers identify potential barriers to the future energy transition as the water stress 

and the competition for water resources are projected to worsen globally in the 

upcoming decades (WRI, 2021). In addition, the obtained results demonstrate the 

potential water-related advantages of establishing power transmission 

interconnections between Europe’s regions. 

4. Estimation of the specific water consumption (SWC) of the power sector (or water 

consumption per unit of generated electricity) on the Pan-European level and on 

the global level. Estimation of the development of the SWC until 2050 resulting 

from a future global energy system transition. The obtained estimates can be used 

to assess the current and future water footprint of different services and products. 

5. Estimation of the water footprint of the global cobalt production. The results 

obtained in this study contribute to the discussion of the transition to a sustainable 

renewable energy system, as the composition of the energy system not only affects 

the direct water demand of the power sector, but also indirectly influences the 

water footprints of many products and services.  
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1.8 Structure of the dissertation 

Following the introduction, which includes a brief description of the work, its motivation, 

objectives and scientific contributions, Chapter 2 provides the context of this dissertation 

and further discusses the existing research gap. Chapter 3 goes through the methods 

deployed over the course of this study as well as their limitations, and Chapters 4 and 5 

include a summary of the results presented in the publications. The closing chapters 

(Chapters 6 and 7) provide a discussion of the results, their practical implications, and 

conclusions. 
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2 Background 

The identification of cooling technologies installed in power plants worldwide is a crucial 

part of this study, since the subsequent estimation of the water demand for the global 

power sector is built on it. Therefore, before introducing the methods applied in this study 

for water demand estimation, first, it is important to review the types of cooling systems 

considered in this analysis. 

This section illustrates the operating principles of the main cooling system types and 

discusses factors that may influence the selection of these cooling technologies for power 

plants. In addition, current and historical global installation trends of cooling system 

installations are discussed. This section concludes with a brief overview of the most 

common approaches for cooling system identification found in the literature. 

2.1 Thermal power generation and water use  

The water used in power generation, especially in thermal power generation, is one of the 

most crucial areas of focus in studies on the water–energy nexus.  

In conventional thermal power plants (i.e., steam power plants), the heat energy obtained 

from fuel combustion is used to convert water into steam. This steam, in turn, is deployed 

to rotate a turbine connected to a generator, which converts the kinetic energy of the 

turbine into electric energy. After passing the turbine, the steam should be condensed 

before it can be used again in the power generation cycle. The steam’s temperature is 

lowered via a cooling system, which is an essential part of the power plant. 

Although there are cooling systems that do not use water (i.e., dry cooling systems), 

thermal power plants are generally characterised by their high dependence on water 

resource availability for cooling. In thermal power plants, water is also used in other 

processes, such as the control of emissions, cooling of auxiliary equipment, power plant 

maintenance (e.g., cleaning) and personal usage by power plant employees (California 

Energy Commission and Electric Power Research Institute (EPRI), 2002; Larsen et al., 

2019). However, according to Tsou and Maulbetsch (2013), cooling systems of thermal 

power plants are the most water-demanding component of the power generation process. 

In particular, cooling technologies account for about 90% of the water used in the power 

plant (Tsou and Maulbetsch, 2013). Hence, an assessment of the amount of water used 

for cooling in thermal power plants may offer opportunities to reduce the use of water in 

power plants and in the power sector as a whole. 

The next section provides a brief overview of the cooling technology types that were 

included in this study. This study includes neither the investigation of the thermodynamic 

processes of cooling nor the thermodynamic processes of power generation.  
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2.2 Cooling technologies used in thermal power generation 

In this section, five major types of cooling systems are reviewed: closed-cycle wet 

cooling, which comprises (1) recirculating tower cooling and (2) recirculating pond 

cooling, (3) once-through cooling (or so-called open-cycle wet cooling), (4) dry cooling 

and (5) inlet cooling (see Figure 2.1).  

 

Figure 2.1 Classification of cooling systems 

The selection of the cooling system type for a new thermal power plant is a nontrivial 

task because every cooling system type has its benefits and downsides, which should be 

considered before the construction of the power plant (EPRI, 2002). To illustrate the 

operating principles of the main cooling system types and to discuss their benefits and 

drawbacks, recirculating pond cooling and once-through cooling systems were combined 

into the group of surface-cooling systems, as presented in Figure 2.1 (grey colour) and as 

discussed by Diehl et al. (2013).  

Recirculating tower cooling systems include natural draft cooling towers, mechanical 

induced-draft and mechanical forced-draft cooling towers. Natural draft cooling towers 

are large hyperboloid or cylindrical structures with sizeable top openings. In contrast, 

mechanical draft cooling towers are equipped with large fans, which ensure the transfer 

of air through the cooling tower construction. Mechanical induced-draft and mechanical 

forced-draft cooling towers differ in the location of their fans; induced-draft towers have 

fans on top of their construction, which pull the air up through the tower. Compared to 

induced-draft cooling towers, the air fans of forced-draft cooling towers are located at the 

bottom—they push the air up through the tower. 

As demonstrated in Figure 2.2, recirculating tower cooling systems (here, natural draft 

cooling) use water as a cooling medium to cool steam in the steam condenser. Then the 

heated-up cooling medium is transferred to the tower, where the collected heat is 

dissipated into the atmosphere through evaporative cooling (Luo, Krishnaswami and Li, 

2018). Finally, chilled cooling water is collected back into the reservoir. Some of the 

circulating water is usually discharged as ‘blowdown’ to avoid corrosion and scaling by 

limiting the build-up of impurities in the circulating water that are brought into the cooling 

system by the make-up water (Maulbetsch and Stallings, 2012). Due to their large size 
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(up to 200 metres tall and up to 100 metres in diameter), cooling towers are easy to 

identify using satellite imagery.  

 

Figure 2.2 Conceptual diagram of recirculating tower cooling systems (natural draft cooling 

tower), modified from Williams and Simmons (2013)  

Table 2.1 Summary of advantages and drawbacks of tower cooling systems compared to other 

cooling technologies 

Benefits Drawbacks 

• Reduced water withdrawal  

• Reduced chemical water 

pollution  

• High capital and operating costs 

• The highest water consumption among all 

technologies 

• Requires extensive site space 

• Chemical water pollution (through blowdown 

water) 

• Emissions in the air (through the evaporation 

of water containing pollutants and pathogens) 

 

Tower cooling is considered by many (e.g., Fleischli and Hayat (2014)) the best cooling 

technology available, striking a good balance between the cost of the system and its 

environmental impact. Tower cooling systems typically withdraw only 2% to 3% of the 

amount of water withdrawn by once-through cooling systems, as they enable water to be 



2 Background 30 

reused instead of being directly discharged back into the water body (EPRI, 2002). 

However, even a small fraction of the water (blowdown water) that is returned to the 

environment may cause considerable water pollution of the water body (Bloemkolk and 

van der Schaaf, 1996). Compared to other cooling technologies, cooling towers have the 

highest evaporation rate (water consumption rate) (EPRI, 2002): they consume about 

300% more water than once-through cooling systems (Macknick et al., 2012). Moreover, 

cooling towers are associated with high initial capital costs, high material requirements 

and the need for large site space due to their considerable size (EPRI, 2002). The main 

benefits and disadvantages of tower cooling systems are summarized in Table 2.1. 

The next large group of cooling systems is surface-water cooling systems, which 

comprise recirculating cooling pond systems and once-through cooling. In these systems, 

the cooling medium (water) is extracted from the water source and passes through a heat 

exchanger, where the heat from the electricity generation process is transferred to the 

cooling medium, and then the heated-up cooling medium is discharged back to the water 

source. Figure 2.3 depicts a conceptual diagram of a typical surface-water cooling system. 

 

Figure 2.3 Conceptual diagram of surface-water cooling systems, modified from the work of 

Williams and Simmons (2013)  

Surface-water cooling systems can be visually identified by their cooling water intake 

and discharge structures (such as screens and pumps) located in water bodies near the 
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power plant, making it typical for power plants with surface-water cooling systems to be 

located in coastal areas, near large rivers, lakes or large ponds. In studies that focus on 

water demand estimation, lakes and ponds are typically differentiated since the water 

footprint of once-through lake cooling systems and recirculating cooling pond systems is 

different (Macknick et al., 2012). Usually, lakes can be easily distinguished from ponds 

on satellite images; they are characterised by a bigger size and irregular natural shorelines 

(Diehl et al., 2013). In contrast, recirculating ponds are small (3–10 times the size of the 

power plant area), man-made reservoirs (Luo, Krishnaswami and Li, 2018).  

Once-through cooling is widely used in thermal power generation and are characterised 

by their ability to dissipate a large amount of heat into the environment (EPRI, 2002). 

Hence, they are commonly used in nuclear power plants, which continuously generate a 

large amount of heat that should be dissipated into the atmosphere in order to ensure the 

safety of the power plant operation (World Nuclear Association, 2023). Remarkably, 60% 

of currently active nuclear power plants are equipped with once-through cooling systems 

(Lohrmann, Lohrmann and Luukka, 2022b). In addition, once-through cooling systems 

are associated with the lowest capital and operational costs since they do not require 

additional infrastructure, such as cooling towers (Qadrdan et al., 2019).  

However, in many parts of the world, the use of these cooling systems has been limited, 

and the installation of new power plants equipped with once-through systems has been 

prohibited basis of numerous environmental concerns related to their operation 

(Maulbetsch and Stallings, 2012; Fleischli and Hayat, 2014). In particular, once-through 

cooling systems extract a large amount of water during their operation, which is (on 

average) 35 times larger than the water extractions of tower cooling systems (Macknick 

et al., 2012). For this reason, the operation of power plants with once-through cooling 

systems can be compromised during periods of limited availability of water resources 

(e.g., draughts). Hence, once-through cooling systems are typically installed in power 

plants located in areas with abundant water resources: coastal areas and near large rivers 

and lakes (Qadrdan et al., 2019). In addition, once-through cooling is associated with 

thermal pollution: The temperature of water at the water discharge point usually rises by 

about 10 °C, affecting local aquatic ecosystems (Lee et al., 2018). Furthermore, water 

containing conditioning chemicals is discharged after the cooling process, which leads to 

contamination of the water body (Bloemkolk and van der Schaaf, 1996). Moreover, the 

inlet facilities of once-through inlet systems trap and kill fish and other wildlife. It was 

reported that in 2014, once-through-cooled power plants located in the United States 

killed more fish than the country’s entire fishing industry (Fleischli and Hayat, 2014). 

Table 2.2 summarizes the main advantages and drawbacks of once-through cooling 

systems. 
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Table 2.2 Summary of advantages and drawbacks of once-through cooling systems compared to 

other cooling technologies 

Benefits Drawbacks 

• Highest cooling efficiency  

• Lowest capital and operating costs 

• Low water consumption 

• Highest water withdrawal rate 

• Considerable environmental 

concerns (chemical water pollution 

and thermal discharge) 

 

In contrast to the previously discussed cooling system types, dry cooling uses air as the 

cooling medium for the cooling process. Thus, these systems are also known as air-cooled 

condensers. Most dry cooling systems consist of large water pipes that surround the 

structure and have a radiator-like appearance, which helps in their identification using 

aerial imagery (Diehl et al., 2013). Air fans are used to intensify heat transfer from the 

generator’s steam into the atmosphere. Figure 2.4 presents a conceptual diagram of a dry 

cooling system.  

Dry cooling systems considerably reduce the use of water in the power generation 

process, as no water is used for steam condensation. Although dry cooling systems are 

more water-efficient than other cooling technologies, their installation is associated with 

high capital costs. Dry cooling is reported to be the most expensive type of cooling. The 

initial capital costs of dry cooling systems were reported to be 6.7 to 11.5 times higher 

than the initial capital costs of wet cooling systems (EPRI, 2002). Moreover, dry cooling 

systems decrease the overall efficiency of the thermal power plant (in other words, power 

plant output compared to the total energy content of a power plant's fuel) since they 

require a considerable amount of electricity for operation of the air fans, which usually 

corresponds to about 1–1.5% of the power output of the power plant (European Climate 

Adaptation Platform, 2019). The electricity requirements of dry cooling installations were 

estimated to be 4–6 times higher than those of wet cooling systems (EPRI, 2002). Hence, 

the operation of dry cooling systems leads to an increase in power generation costs and 

greenhouse gas (GHG) emissions per unit of generated electricity (Maulbetsch and 

Stallings, 2012). In addition, it also elevates the condensation temperature, which 

increases the back pressure. Due to its high costs and negative impact on power plant 

efficiency, dry cooling is commonly used in power plants characterised by high efficiency 

and/or minimal heat discharge. Consequently, dry cooling systems are mainly used in gas 

and oil power plants with a capacity of up to 1,000 MW (Lohrmann, Lohrmann and 

Luukka, 2022b). Table 2.3 highlights the main benefits and drawbacks of dry cooling 

systems. 
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Figure 2.4 Conceptual diagram of dry cooling systems, modified from the work of Williams and 

Simmons (2013)  

Table 2.3 Summary of advantages and drawbacks of dry cooling systems compared to other 

cooling technologies 

Benefits Drawbacks 

• Lowest water consumption 

and water withdrawal rates 

• No chemical water pollution 

• Highest capital and operating costs 

• Highest decrease in power plant efficiency 

• Load limitations on hot days 

• Large site space required 

• Possibly increased frequency of 

maintenance (EPRI, 2002) 

 

The last type of cooling that was considered in this study, inlet cooling, is commonly used 

in gas turbine thermal power plants, in which air from the atmosphere is first cooled in 

the power plant’s air intake structures, then goes through the compressor (which increases 
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its pressure) and enters the combustion chamber, where it is mixed with fuel and burned. 

After the combustion chamber, high-pressure and high-temperature gas enters the turbine 

and rotates it. The turbine is connected to the generator, which finally converts the kinetic 

energy of the turbine into electric energy. Compared to previously discussed steam 

thermal power plants, no steam (water) is directly used in the power generation process 

in gas turbine power plants. Hence, the purpose of inlet cooling is not the condensation 

of steam after the turbine (as it is done in steam power plants) but the cooling of inlet air 

before the compressor to increase the power output of a power plant.  

Figure 2.5 presents a conceptual diagram of an inlet cooling system. The figure shows the 

process of cooling, in which the ambient air is cooled by water evaporation from the wet 

surface of the cooling panel to the air (Santos and Andrade, 2012). 

  

Figure 2.5 Conceptual diagram of inlet cooling systems, modified from the work of Santos and 

Andrade (2012) 

Inlet cooling systems can be visually recognized by the large air intake structures of gas 

turbine power plants. 

According to the information reported by power plant operators, inlet cooling can increase 

the power output of a gas turbine power plant by about 20% (Saudi Arabian Oil Company, 

2021). This increase can be explained by the fact that the power output of the power plant 

is directly proportional to the air mass flow through the turbine. Air after the inlet cooling 

system is colder than the ambient air; thus, it has a higher density. The higher density 

results in a higher air mass flow through the turbine. This, in turn, increases the power 

output of the power plant (Firmansyah and Prabowo, 2022). Moreover, the power demand 

of the compressor depends on the volume flow rate of the air, which drops after the 

cooling in the inlet system. This decreases the auxiliary electricity consumption of the 

power plant and, consequently, increases the power output of the power plant. Therefore, 

inlet cooling systems are the most beneficial in dry, hot climates. However, inlet cooling 

systems are associated with very high water consumption rates, which are comparable to 
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the water consumption rates of tower cooling systems (Macknick et al., 2012), which 

contradicts the preferred use of inlet cooling in a dry climate. Table 2.4 presents the main 

advantages and drawbacks of inlet cooling systems. 

Table 2.4 Summary of advantages and drawbacks of inlet cooling systems compared to other 

cooling technologies 

Benefits Drawbacks 

• Low cost of the system 

• Increases power output of the power 

plant 

• Limited application: only for power 

plants with gas turbines 

• High water consumption 

 

It is crucial to mention that some other classifications of cooling systems can be found in 

the scientific literature. For instance, based on the number of steps involved in cooling, 

cooling technologies are classified into indirect and direct cooling (Tsou and Maulbetsch, 

2013). Indirect cooling has two (or more) cooling steps (as shown in Figure 2.2). During 

the first step, the steam is cooled in the condenser using a cooling medium (water). In the 

next step, the heat that was absorbed by the cooling medium is transferred to the 

environment via the cooling system (e.g., cooling tower). In contrast, in the process of 

direct cooling (as demonstrated in Figure 2.4), the heat from the steam is transferred 

directly into the atmosphere in a single step, without the use of the cooling medium 

(water).  

2.3 Trends in cooling technology installation 

The differences in the cooling system design and corresponding sustainability concerns 

have resulted in variations in the cooling system installations worldwide. Figure 2.6 

reflects the global historical trends in cooling technology installations from 1923 to 2015.  
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Figure 2.6 Cooling technology installations globally, modified from the work of Lohrmann et al. 

(2022a) 

Based on the cooling technology data collected in Publication I, nowadays, about half 

(50.1%) of active thermal power plants are equipped with cooling towers. The second 

most common cooling technology is once-through cooling, which is currently installed in 

37.4% of global thermal capacities. For example, in the United States only, once-through 

cooling currently is installed in about 1,200 generating units (which correspond to about 

40% of the U.S. capacity) (Maulbetsch and Stallings, 2012). However, the relative share 

of annual installations of once-through cooling systems has decreased over time: for 

instance, in the 1980s, more than half of newly built power capacities had once-through 

cooling, whereas in the 2010s, these systems were installed in less than a third of new 

power plant capacities. 

As demonstrated in Figure 2.6, a clear upward trend in cooling tower and dry cooling 

installations can be observed after the 2000s. About 8.3% of the global active thermal 

power capacity is currently equipped with dry cooling systems, and this share is projected 

to increase considerably in the future (Davies, Kyle and Edmonds, 2013). This persistent 

upward trend in the installation of dry and tower cooling systems over the past decades 

reflects a development towards the reduction of water use in the power sector, since these 

types of cooling use considerably less water per unit of generated electricity than other 

cooling technologies (Macknick et al., 2012). This global tendency towards a more 

sustainable use of water resources in power generation has most likely been caused by 

the increasing global competition for water resources and by climate change, which has 

already resulted in forced reductions in electricity generation in many regions worldwide 

(Roehrkasten, Schaeuble and Helgenberger, 2015). 

In contrast, the share of power plants with cooling ponds is generally low: about 1.7% of 

the global thermal capacities currently use this type of cooling. In addition, only around 
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2.5% of the global thermal power capacity is currently equipped with inlet cooling. As 

shown in Figure 2.6, major installations of inlet cooling were observed after 2003, which, 

as discussed by Lohrmann et al. (2022a), were driven by investments in the United States, 

Australia and countries of South America, Africa and the Middle East and North Africa 

(MENA) region. 

2.4  Existing approaches to cooling system identification 

Information on installed cooling technologies is widely used for the assessment of water 

demand in the power generation sector since distinct types of cooling are associated with 

a different water demand per unit of generated electricity (Macknick et al., 2012). 

However, for researchers, the information regarding the cooling technologies installed in 

individual thermal power plants is usually limited or completely unavailable (Larsen et 

al., 2019).  

As mentioned previously, power plant operators seldom report the amount of water 

withdrawn and consumed during the power generation process or the cooling system 

types installed in each specific power plant. The problem of cooling technology data 

availability has been raised by many scholars. A recent study by Larsen et al. (2019) 

investigated the existing challenges of the availability of cooling technology data for 

water–energy nexus studies. They conclude that cooling technology information is 

usually not registered for reasons such as lack of control and bookkeeping (Gerlach and 

Franceys, 2010) and commercial interests of power plant operators (EcoFys BV, 2014). 

Although there are some freely available power plant inventories that report cooling 

technology information—for instance, EIA (2015b)—many widely used power plant 

directories do not contain information about the installed cooling systems (Department 

for Business Energy & Industrial Strategy of UK, 2021; Enerdata, 2020; European 

Network of Transmission System Operators for Electricity (ENTSO-E), 2022; Global 

Energy Observatory (GEO) et al., 2019; Open Power System Data, 2020; The Federation 

of Electric Power Companies of Japan, 2015) or only do so for a limited number of power 

plants/entries in the database (GEO, 2018; GlobalData Plc, 2020, 2014). One example is 

the world’s most-used power plant database, the World Electric Power Plants Database 

(S&P Global, 2016), which contains information regarding installed cooling technology 

for only 59% of the power plants presented in the database (Schleifer and Luo, 2018). 

This limited availability of data hampers the assessment of water use in individual power 

plants and in the power sector in general.  

Knowledge of distinctive features of different cooling types, of installation trends and of 

factors that influence the cooling system selection help scholars to estimate cooling 

technologies installed in power plants in those cases where this information is not 

accessible. To do so, the scholars develop approaches for cooling system estimation that 

consider various factors that are expected to affect the selection of the cooling system in 

each specific power plant. For example, the approach introduced by Vassolo and Döll 

(2005), considered historical trends of cooling technology installations in the United 
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States and Canada. Cooling system type was assigned based on the reported year in which 

each specific power plant was connected to the net (‘year online’ or ‘commission year’): 

Power plants constructed before 1970 were considered likelier to deploy once-through 

cooling systems, whereas newer power units were assumed to use tower cooling systems 

more often.  

Other approaches for cooling system estimation were based on the hypothesis that some 

characteristics of the power plant location determine the selection of the cooling system 

before the construction of the power plant (EPRI, 2002; EcoFys BV, 2014). In this regard, 

one of the most common factors to consider was the availability of water resources at the 

power plant location and the geographical location of the power plant in proximity to 

various water bodies. In general, water resource availability at the power plant location is 

a critical factor in the choice of the cooling system, since wet cooling systems are 

characterised by a high reliance on the constant availability of large quantities of cooling 

water. There are a few cases in which water is pumped over long distances and large 

differences in elevation to cover the water demand of the power plant (Zhou and Tol, 

2005; World Nuclear Association, 2015); however, power plants that are equipped with 

highly water-demanding wet cooling systems are usually located directly at the water 

source (e.g., rivers, lakes or ocean shorelines). Following this line of reasoning, 

Biesheuvel et al. (2016) assumed that once-through cooling technology is used in all 

power plants located within 20 kilometres of the ocean shoreline. In another study, all 

power plants that were located nearest to the coastline were assumed to use once-through 

cooling, whereas power plants near large rivers, lakes and channels were estimated to use 

cooling towers (EcoFys BV, 2014). 

Another widely applied approach to cooling system estimation is to use the shares of 

cooling technologies found in various literature sources. In this method, the cooling 

systems of all power plants in the country/ region are randomly assigned based on the 

reported shares of cooling technologies in the country/ region. This method was mainly 

used in early water–energy nexus research (e.g. Davies et al. (2013), Spang et al. (2014)), 

when the available power plant databases contained limited or no information regarding 

the year of construction of the power plants in question and no information regarding their 

location. However, even recent studies (e.g. Larsen et al. (2019)) widely deploy this 

method due to the continued limited availability of data for the analysis.  

Another rather new method for cooling system assignment is based on the visual 

identification of cooling technologies using aerial satellite imagery. This approach 

requires a visual inspection of the image of the power plant site by a trained specialist, 

using different web platforms, for instance, Google Earth, Bing and Yandex.Maps. 

Although this method is considerably more time- and work-intensive and requires 

knowledge of the principal components of different cooling types, it has been widely 

applied in recent studies (e.g., Liao et al., 2021; Zhang et al., 2021) due to its high 

accuracy and applicability for different countries/regions (Luo, Krishnaswami and Li, 

2018). In the future, this method is expected to be more easily implemented by replacing 
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the human workforce required to perform this task with a machine learning algorithm 

using machine vision (Luo, Krishnaswami and Li, 2018; Takeda et al., 2022). 

By combining the strategies used in previous studies, several approaches to cooling 

system identification were developed over the course of this research. The methods that 

were introduced and applied in this study are discussed in the next section of this 

dissertation.  
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3 Methods 

This chapter describes the methodology that was developed and deployed for water 

demand estimations over the course of this study. The approaches presented in this 

chapter were mostly developed while working on Publications I–III. The main steps of 

the analysis and the corresponding sections of this dissertation describing them are 

presented in Figure 3.1. 

 

Figure 3.1 The main steps of the water demand analysis performed in this study 

3.1 Power plant data 

The main source of power plant data in this research was the GlobalData database 

(GlobalData Plc, 2014), which was previously complemented and modified by Farfan and 

Breyer (2017) through information contained in other power plant databases (Gerlach et 

al., 2015; IRENA, 2015; Lehner et al., 2011; S&P Global, 2016). The power plant data 

obtained from this database were used for the assessment of the water demand for the 

reference year 2015. Then, the initial database was complemented with information 

contained in the more recent version of the GlobalData database (GlobalData Plc, 2020). 

This final database was used to update the estimates of the water demand of the power 

sector in 2020 and, in addition, to project the future water demand, since the database also 

contained information on future (planned, announced and financed) thermal power plants. 

Figure 3.2 contains information concerning the power plant data extracted from the 

above-mentioned power plant databases. 
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Figure 3.2 Power plant databases used in this study 

As depicted in Figure 3.2, the power plant databases were filtered to include only thermal 

power plants exceeding 50 MW. This delimitation stems from the following 

considerations: First, thermal power plants of low capacity require a comparably low 

quantity of water for cooling compared to larger plants because they are typically 

equipped with low-water demanding dry cooling systems. Second, the share of these 

power plants in the power sector is relatively small; thermal power plants of low capacity 

currently represent only 4.2% of the global thermal power plant capacity. Finally, the 

exact location and the installed cooling systems of these power plants are difficult to 

identify due to their small size (as discussed in Section 3.2 of Methods). Hence, low-

capacity thermal power plants were left out of the scope of this research. 

The power plant databases used in this study did not include information regarding the 

exact location (geographic coordinates) of the power plants, their installed cooling 

systems or the type of water used for cooling. However, this information was crucial for 

a water demand assessment: The exact location of power plants enables the analysis of 

water demand on the local level (individual power plant level, river level and region 

level). In addition, it enables the identification of the type of water used for cooling 

purposes (as discussed in Section 3.5.1). The type of water, in turn, appears to be linked 

to the type of cooling technology used in individual power plants (see Section 3.3.2). 

Finally, the selection of cooling technologies impacts the amount of water used for 

cooling in each individual power plant, as different types of cooling are associated with 

different water demand (see Section 3.4). 
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The following sections of the methods describe the approaches that were used to fill in 

the gaps in the power plant data regarding the exact location (geographic coordinates) of 

the power plants, the installed cooling technology and the type of water used for cooling, 

and which, consequently, enabled the analysis of the water footprint of the power 

generation sector in this study. 

3.2 Cooling technology identification using satellite imagery 

To link the locations where the water demand originates (for the power plants) with the 

corresponding water sources (e.g., oceans, rivers and lakes), the exact location of each 

individual power plant should be identified. In addition, to quantify the water demand for 

thermal power plants, the cooling systems installed in each power plant should be 

determined. In the course of this work, this task was performed manually using aerial 

imageries available through Google Earth, Yandex.Maps and Bing. The initial database 

only contained general information on the location such as the province and/or city, which 

is insufficient to conduct the GIS analysis and, for example, have a reliable estimate of 

the proximity to the closest water body. Information available in the initial database 

(name of the specific power plant unit, type of fuel, capacity, country, province and town 

of its location) helped to determine the exact location (latitude and longitude) of 

individual power plants. The specific location of each power plant was attributed to the 

geographical centre of the power generation facility instead of their water intake facilities. 

This was done to use a unified methodology for standalone power plants and power plants 

located within large industrial areas. 

The installed cooling technologies were visually identified following the instructions 

provided by the United States Geological Survey (USGS) (Diehl et al., 2013) and Luo et 

al. (2018). Figure 3.3 and Figure 3.4 illustrate examples of the visual identification of the 

cooling technology using Google Earth. Generally, five types of cooling technologies 

were considered: dry cooling, inlet cooling, once-through cooling, recirculating tower 

cooling and recirculating pond cooling. 

Over the course of this study, this identification step was the most time-consuming and 

work-intensive. The main work on completing the initial power plant database containing 

the power plant location and the cooling technology information was conducted during 

the preparation of Publication I. Depending on the satellite image resolution and timing 

of the satellite shot, there were cases in which the identification of the cooling 

technologies was not possible. This became one of the limitations of the study and one 

reason to leave power plants of capacity below 50 MW out of the scope of the study. The 

exact location and the installed cooling technologies of, in total, 13,583 individual power 

plant units (coal, gas, nuclear and oil) were identified globally. 

Publication II focused on Europe’s entire power sector. Hence, in addition to coal, gas, 

nuclear and oil power plants (their location and cooling systems were previously 

identified in Publication I), the location of power plants of other types was determined. 

This includes Europe’s hydropower, biomass and CSP plants, which require water for 
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their operation and, thus, were considered in this study. In addition, the installed cooling 

systems of Europe’s biomass power plants were identified via visual inspection of 

satellite images, as discussed above. After this identification step, the power plant 

database, which was extended for this publication, contained information on 3,276 power 

plants with identified location and cooling technology (in the case of thermal power 

plants). 

 

Figure 3.3: Examples of visual identification of the cooling systems - 1. A—cooling pond, B—

once-through cooling, C—dry cooling, D—inlet cooling. 
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Figure 3.4: Examples of visual identification of tower cooling systems - 2. A–C—natural draft 

cooling towers, D—mechanical draft cooling towers. 

3.3 Cooling technology assumptions 

In some cases, it was not possible to identify the cooling technologies of thermal power 

plants using visual inspection of satellite imagery. For example, it was challenging to 

identify cooling technologies of power plants located within large industrial complexes 

in which different types of cooling are used. In addition, some once-through power plants 

had their intake and discharge facilities submerged, which complicated their 

identification. In this study, the share of these visually unidentifiable power plants 
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accounts for less than 1% of the total number of power plants encompassed in the 

database. 

Also, the method of using satellite imagery for cooling type identification appeared to be 

ineffective for aggregated capacities, which were manually added to the power plant 

database by Farfan and Breyer (2017) to bridge the reported capacities corresponding to 

the actual power generation (for each year, country and fuel type) and the power plant 

capacities presented in the GlobalData database. These aggregated capacities accounted 

for about 8.8% of the total active capacity in 2015. 

Although the above-mentioned groups of power plants represent only a small share of the 

thermal power plant fleet, the main issue of the cooling technology identification was 

with future (planned) power plants that have not yet been built. For instance, the energy 

transition scenarios used in Publications I and II provided only aggregated capacity 

values for the future thermal power plant fleet. In contrast, Publication III was built on 

data of future power plants that were reported on a per power unit level (for more 

information, see Figure 3.5). In both cases, cooling technology identification using 

satellite imagery was not possible. 

  

Figure 3.5 Types of power plant data used in this research 

In the course of this study, two approaches were used to overcome these limitations. The 

first approach, which was used for the assignment of cooling technologies for aggregated 

capacities in Publications I and II, is described in Section 3.3.1. The second approach, 

which was applied to individual power plants in Publication III, is discussed in Section 

3.3.2. 
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3.3.1 Cooling technology assumptions for aggregated data 

To fill in the gaps in the cooling technology data and to assign cooling technologies for 

the future power plant fleet, a simple statistical analysis was performed in Publications 

I and II (see Figure 3.6): Using the collected data on the installed cooling systems and 

the information available in the power plant database, for each type of fuel (coal, gas, 

nuclear and oil) and for each specific country, the most common generator type and 

cooling technology types over the past 15 years were determined. If it was not possible 

for a specific type of power plant to determine this combination (e.g., all power plants of 

this specific type were commissioned more than 15 years ago), then the most common 

cooling technology of the power generators of a given country was assigned to it. 

 

Figure 3.6 Flow diagram of the process of the cooling technology estimation for aggregated data 

Over the course of this study, this method was applied to both aggregated capacities and 

individual power plants, which were listed in the initial database and for which the cooling 

technology was unknown. In addition, in Publication I and II, it was deployed for the 

assignment of cooling technologies to future thermal capacities, which were provided in 

the database as aggregated capacities. 

3.3.2 Cooling technology assumptions for individual power plants 

A more sophisticated approach to the cooling system assignment was implemented in 

Publication III. This approach incorporated machine learning techniques for the cooling 

type identification for individual power plants. It was designed to utilize information on 

the technical characteristics of future power plants available in the power plant database 

and, in addition, to consider several local factors at the power plant location that are not 

typically included in power plant databases but are potentially relevant for the cooling 

technology assignment. This approach was used to improve the prediction accuracy for 

the assignment of cooling technologies with a focus on individual power plants. 

Figure 3.7 illustrates a flow chart of the model and depicts the local factors (independent 

variables), which were also collected for the cooling technology identification in 

Publication III. The selection of these specific local factors, which were obtained from 

various databases (FAO, 2021; GlobalPetrolPrices, 2020; Sadovskaia et al., 2019; WRI, 

2021), was based on a literature analysis of previous studies (Vassolo and Döll, 2005; 

Davies, Kyle and Edmonds, 2013; Spang et al., 2014; Luo, Krishnaswami and Li, 2018; 

Larsen and Drews, 2019; Larsen et al., 2019; Lohrmann et al., 2019) and reports (EPRI, 

2002; EcoFys BV, 2014). 
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Figure 3.7 Model for cooling system identification 

The main purpose of this model was to identify a set of features that are relevant (i.e., 

useful) for the cooling system identification on an individual power plant level and 

provide accurate assignments of the cooling technologies. The model that was used in 

this study deployed a hybrid approach. First, a linear correlation filter was used to remove 

potentially redundant features, since they are unlikely to add more information to the final 

set of features. This filter also helped to reduce the computational time of the next 

computationally more demanding wrapper method. In the wrapper method (obtained 

from Khushaba, Al-Ani and Al-Jumaily (2011), which was ‘wrapped around’ the K-

Nearest Neighbour (KNN) classifier, various sets of features were iteratively generated 

using the internal training set, and their performance was evaluated with the classification 

accuracy using the validation set. The stopping criteria of this iterative process were as 

follows: 

(1) The new feature subset does not lead to an improvement of the classification 

accuracy compared to the previously generated feature subset, and/or 

(2) A classification accuracy of 100% is achieved. 

The feature selection algorithm was run five times (five-fold cross-validation), and five 

subsets of features were obtained. Next, the frequency of occurrence of each feature was 

calculated to determine which features were more often selected and, thus, appeared to 

be more useful for the cooling system identification. The final feature subset was then 

used for the cooling system identification of future power plants using the KNN classifier.  
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The KNN classifier applies a Euclidian distance measure to identify the closest k 

observations from the training data to each new observation. Subsequently, it assigns the 

class label according to the most frequent class of these neighbours (Hastie, Tibshirani 

and Friedman, 2009). Figure 3.8 illustrates an example of 3-nearest neighbour and 5-

nearest neighbour classification for point Y (marked on the figure as a green cross). In 

this regard, the cooling technology type, which was assigned by the KNN classifier to 

each individual future power plant using majority voting, represents the most common 

cooling technology of its nearest neighbours. 

 
 Figure 3.8 KNN classification – an illustrative example 

The Euclidian distance for an n-dimensional space (representing several independent 

variables (1,2, … 𝑛)) between two points 𝑋 = (𝑥1, 𝑥2, … , 𝑥𝑛) and 𝑌 = (𝑦1, 𝑦2, … , 𝑦𝑛) is 

calculated using Equation 3.1 (Kubat, 2017): 

 𝑑𝐸𝑈𝐶(𝑋, 𝑌) = √∑(𝑥𝑖 − 𝑦𝑖)2

𝑛

𝑖=1

  3.1 

Lastly, the accuracy of the method was determined using the final feature subset and the 

test set.  

The classification accuracy of the model was calculated as the share of power plants in 

the test set, for which the cooling technology was identified correctly. The test set is used 

in the calculation of the accuracy because the test set represents an independent set of 

data, which was not used before for the training of the classification of the models or for 

the selection of the best model and its k-parameter and the final feature subset.  

Table 3.1 provides the final feature subsets used by the classification models. As 

demonstrated, four classification models were used in this study: coal power plants, gas 

power plants, oil power plants and nuclear power plants. 
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Table 3.1 Feature subsets used by the classification model  

Model Type of power plants Feature subset used by classification model 

I Coal-fired power plants 

• Power plant capacity (total active) 

• Seawater-cooling 

• Water stress score, province 

• Freshwater total per country 

II Gas-fired power plants 

• Power plant capacity (total active) 

• Water stress score, province 

• Type of boiler 

• Days of warm weather 

III Oil-fired power plants 

• Power plant capacity (total active) 

• Seawater-cooling 

• Type of boiler 

• Days of warm weather 

• Seasonal water variability per country 

• Electricity price per country 

IV Nuclear power plants 

• Power plant capacity (total active) 

• Seawater-cooling 

• Water stress score, province 

• Corruption Perceptions Index per country 

3.4 Quantifying water demand 

For the water demand estimation, the study employed a bottom-up approach, meaning 

that, at first, the water footprint of individual power plants (WF) was calculated using the 

following equation:  

 
𝑊𝐹 = 𝑊𝑈𝐼 ×  𝐶𝐴𝑃 × 𝐹𝐿𝐻 3.2 

where WUI is water use intensity factor given in m3 of water per MWh of generated 

electricity, 𝐶𝐴𝑃 is active capacity of an individual power plant in MW, and FLH full load 

hours of the power generation in hours.  

The calculation of water consumption and withdrawal differs in the use of the 

corresponding WUI factors. WUI factors were assigned to individual power plants 

depending on the fuel used, the installed generator type and the cooling technology. The 

WUI factors were obtained from Macknick et al. (2012). Although these factors were 

initially reported for power plants located in the United States, Macknick et al. (2012) 

suggested their usage for water demand assessment worldwide. In previous studies, these 

factors were widely applied for the water demand estimation of power plants located in 

European countries (Roidt et al., 2020), China (Liao and Hall, 2018) and India (Srinivasan 

et al., 2018). In Publication II, these WUI factors were compared to the WUI factors 
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applied in previous studies in the context of Europe (Rio Carrillo and Frei, 2009; EcoFys 

BV, 2014; Mertens et al., 2015; Vandecasteele et al., 2016; Behrens et al., 2017; Sesma 

Martín and Rubio-Varas, 2017; Terrapon-Pfaff et al., 2020), to demonstrate that these 

factors can be used for power plants located outside of the United States. However, it is 

acknowledged that any changes in the technological process of cooling might result in 

variations in WUI factors. It is also crucial to mention that, since WUI factors for oil 

power plants were not available, over the course of this study, gas and oil power plants 

were grouped and the WUI factors for gas power plants were applied for the water 

demand estimation of oil plants, as was done in previous studies (Feeley et al., 2008; Luo, 

Krishnaswami and Li, 2018). Since no information regarding the full load hours of 

individual power plants is available globally, average values were assigned to each power 

plant according to its fuel type and location (region/country). For the reference years 2015 

(in Publication I and II) and 2020 (in Publication III), country-specific FLH were 

derived from the database of the IEA statistics (IEA, 2018). 

In Publications II and III, Equation 3.2 was also used for the water demand estimation 

of power plants that did not require water for cooling but used it during the power 

generation process (e.g., solar PV and hydropower plants). 

Compared to other existing approaches for water demand estimation, this method allows 

to quantify the water demand on a per power plant level, which, consequently, enables 

allocation of this water demand to the nearest water sources. 

3.5 Coupling power plants with water bodies 

Power plants may use freshwater or seawater for cooling purposes. However, the 

emphasis in this study was on the freshwater demand of power plants, since it is a vital 

resource for many other sectors of the economy, such as food production. Information 

concerning the type of water used for cooling in individual power plants is typically 

unavailable in commonly used power plant databases. Hence, over the course of this 

study, two approaches were used for the water type identification: the Geographic 

Information System (GIS) analysis (see Section 3.5.1) and assignment of the water type 

using the pre-determined shares of the seawater-cooled power capacities in each specific 

country (see Section 3.5.2). 

3.5.1 GIS method for water type identification 

To link individual power plants with water bodies, GIS analysis was used. In Publication 

I and II, this method was applied for individual, currently active power plants, for which 

the exact location (latitude, longitude) was known / identified during the previous steps 

of the study. The Global Self-consistent, Hierarchical, High-resolution Geography 

Database (GSHHG) (Wessel and Smith, 1996) was used as a source of data for the global 

ocean coastlines, rivers, lakes and political borders. The database provides the location 

(geographical coordinates) of 25,960 rivers worldwide in high resolution. 
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As in previous studies (for example, in Biesheuvel et al. (2016)), the assumptions 

concerning the type of water used for cooling were based on the relative position of the 

individual power plant to the closest water body: 

(1) Power plants located within 20 km from the ocean coastline were assigned to use 

seawater for cooling;  

(2) Power plants located within 5 km from rivers and lakes were assigned to have a 

direct freshwater source; 

(3) Power plants that did not fall into the first two categories (about 10% of the total 

active thermal capacity) were assigned  underground sources of freshwater for cooling.  

Figure 3.9 demonstrates the results of the GIS analysis in the example of Europe. 

 

Figure 3.9 Identification of the type of water used for cooling in thermal power plants (GIS 

method) 
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It is crucial to mention that this GIS assignment of the water type for cooling was adjusted 

in the case of India and China to include previously reported information that only 50% 

of coal power plants located within 20 km from the ocean coastline in China and 85% of 

such power plants in India use seawater for cooling purposes (Biesheuvel et al., 2016). 

The corresponding adjustment was only performed for power plants located in China and 

India because of a lack of similar information for other countries. 

3.5.2 Water type assumptions for future power plants 

In the case of future power plants, for which the location is unknown, the GIS method for 

water type identification cannot be used. To address this limitation, in Publications I and 

II, all power capacities that were projected to be commissioned after the year 2015 were 

assumed to use freshwater for cooling. In this regard, it is acknowledged that the water 

demand estimates that were calculated in these studies represent a worst-case scenario. 

In Publication III, a different approach was implemented: the type of water was assigned 

to individual future power plants using the current shares of seawater cooling in each 

specific country, which were calculated in Publication I. This approach, although often 

used in previous studies (for instance, in Davies et al. (2013)), may add uncertainty to the 

results of the study. However, the decision to use this approach was based on the 

hypothesis that these shares of seawater-cooled power plants will remain stable in the 

future: Thermal power plants are typically linked to large population and industrial 

centres, and their location will (with high certainty) remain unchanged in the next 

decades. 

3.6 Energy transition scenarios 

In order to estimate the future water demand of thermal power plants (as well as other 

power generation technologies considered in this study), the future generation profile 

should be known. Hence, the assessment of the future water demand of the power sector 

depends heavily on the availability of generation data on the individual power plant level 

as well as on the country and global levels. Although there are currently more than 600 

energy transition scenarios published in various scientific journals and reports according 

to some estimates (Khalili and Breyer, 2022), detailed information (including the 

projected FLH for different power generation technologies) is typically unavailable for 

public use. The development of new future energy transition scenarios was not part of the 

current study, which relied on the available energy transition scenarios. 

Figure 3.10 depicts the energy transition scenarios used for water demand estimations 

over the course of this study. Depending on the applied scenario, the generation data was 

either available at the country or region level—scenarios based on the LUT energy system 

transition model (Bogdanov et al., 2019; Child et al., 2019) used in Publications I, II and 

IV and the IRENA Remap2030 scenario (IRENA, 2018) used in Publication I—or 

available on a global level (Bloomberg New Energy Finance (NEF) scenario (Bloomberg 
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NEF, 2020) and United States Energy Information Administration (EIA) scenarios (EIA 

and U.S. Department of Energy, 2021) used in Publication III. The assumptions that 

were initially introduced in these scenarios might have affected the results presented in 

the current study. 

 

 

Figure 3.10 Energy transition scenarios used for water demand estimations 

All scenarios applied in this study consider that the technical lifetime of individual power 

plants is limited. This implies that the operation of all individual thermal power plants 

was assumed to discontinue at the point of their expected decommissioning. The average 

technical lifetime of gas and oil power plants was assumed to account for 34 years, while 

it was 40 years for coal and nuclear plants, as reported by Farfan and Breyer (2017b). 

Equation 3.3 was used to calculate the water footprint of the power sector in the selected 

country/region (WFC) in a specific year t. 

𝑊𝐹𝐶𝑡 = ∑(𝐶𝐴𝑃𝑜𝑙𝑑 𝑖,𝑡 × 𝐹𝐿𝐻 𝑖,𝑡 × 𝑊𝑈𝐼𝑖

𝑚

𝑖=1

) − ∑(𝐶𝐴𝑃𝑑𝑒𝑐𝑖,𝑡 × 𝐹𝐿𝐻 𝑖,𝑡 × 𝑊𝑈𝐼𝑖

𝑚

𝑖=1

)  

+ ∑(𝐶𝐴𝑃𝑛𝑒𝑤 𝑖,𝑡 × 𝐹𝐿𝐻 𝑖,𝑡 × 𝑊𝑈𝐼𝑛𝑒𝑤𝑖

𝑚

𝑖=1

) 

3.3 

where i represents the specific type of power generation (coal, gas, nuclear, oil, solar PV, 

hydropower, biomass, etc. – depending on the scope of the study). 𝐶𝐴𝑃𝑜𝑙𝑑 – previously 
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installed and still active capacity in the year t,  𝐶𝐴𝑃𝑑𝑒𝑐 – capacity that was 

decommissioned before the year t, 𝐶𝐴𝑃𝑜𝑙𝑑 – new capacity projected to be commissioned 

in the year t.  

3.7 Sensitivity analysis 

As discussed in previous sections of the Methods chapter, over the course of this research, 

many assumptions were introduced in order to compensate for the lack of data on cooling 

technology and water type that were requited for the analysis. To evaluate the impact of 

the introduced assumptions on the presented results, several tests were performed. 

In Publications I and II, a sensitivity analysis was conducted to investigate the effect of 

the assignment of different cooling technology types to individual power plants, for which 

cooling technology was impossible to identify using aerial imagery, and to aggregated 

capacities. 

The sensitivity analysis was performed in several steps. First, all empirically observed 

combinations of the generator and cooling technology types were determined for each 

type of fuel in each specific country. Second, for each identified combination, the 

probability of assignment (PA) was calculated as power plants of that combination and 

fuel type divided by the number of power plants of that fuel type in the country. Lastly, 

the corresponding water footprint of the power sector in the selected country/region was 

calculated using the following formula: 

[

𝑊𝐹𝐶1

⋮
𝑊𝐹𝐶𝑝

] = 𝑊𝐹𝑘𝑛 + 𝐶𝐴𝑃𝑢𝑘 × 𝐹𝐿𝐻 × [

𝑊𝑈𝐼1

⋮
𝑊𝑈𝐼𝑝

] 

 

3.4 

where WUI1…WUIp were derived from Macknick et al.’s (2012) work for each identified 

combination of the generator and cooling technology type (for each type of fuel) observed 

in the country. kn stands for power plants with known cooling technology and uk – power 

plants with assigned cooling technology. 

The results of the sensitivity analysis were presented on a per-country level and contained 

all combinations of the water demand values and the corresponding PA.  

Another sensitivity test was performed to evaluate the potential effect of the selection of 

the 20-kilometre seawater cooling buffer zone on freshwater demand estimates (in 

Publication I). The analysis was conducted by gradually reducing the 20-kilometre 

seawater cooling range to 2 kilometres, in 2-kilometre steps, and, subsequently, by 

calculating the resulting freshwater demand. 

In general, there are different approaches to analysing sensitivity. Another approach that 

could have been used for the sensitivity assessment in this study is to investigate the 

combined influence of several variables (e.g., the assignment of different cooling 



3 Methods 56 

technology types and the assignment of the seawater cooling buffer zone to individual 

power plants) on the water demand estimates while simultaneously considering their 

uncertainties. Such an investigation was not part of this study, however, it can be applied 

for sensitivity analysis in future research. 

To the author’s knowledge, sensitivity analysis was not performed in previous studies 

focused on the water footprint assessment of the power sector.  

3.8 Limitations of water demand estimations 

Over the course of this study, the following limitations were introduced: 

• Local factors: The current study approached the water footprint assessment task 

from the perspective of the power plant’s water demand. In other words, the water 

consumption and the water withdrawal of individual power plants were calculated 

using the assumed generation load (as discussed previously), the information 

regarding the capacity, cooling system and the type of generation system that is 

provided for each individual power plant. However, the water supply side, which 

implies that the water demand of thermal power plants is also affected by local 

conditions, is not considered in this approach. In this regard, such factors as the 

monthly averages of the ambient air temperature, the ambient surface-water 

temperature, the wind speed and other factors that may affect a power plant’s local 

water demand (Diehl et al., 2013), were not part of this analysis due to the limited 

availability of this data for the global analysis. Moreover, the analysis of the water 

footprint did not consider changes in water quality at a power plant’s discharge 

outlets. However, it is acknowledged that the consideration of these factors is 

advisable for local-level water demand analysis and further research is needed to 

evaluate their impact.  

• Carbon capture and storage (CCS): According to some estimates, the use of CCS 

technologies can increase the operational water consumption of an individual 

power plant by up to 92%, depending on the type of power plant and the installed 

cooling system (Macknick et al., 2012). In the current study, the use of CCS 

technologies in thermal power plants was not considered, because the energy 

transition scenarios applied in this study do not encompass information 

concerning the implementation of CCS technologies in the future. Hence, the 

actual future water demand of the thermal power sector may be higher than our 

estimates. Thus, further research is needed to assess the effects of CCS on the 

water demand of future energy systems. 
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• Technological innovations and water efficiency improvements: Technological 

improvements of power plants typically aim to enhance the thermal efficiency of 

electricity generation. In addition, power plant operators may also implement 

technological innovations to increase the water efficiency of individual power 

plants. Unfortunately, this information is typically not recorded in power plant 

databases. Moreover, the energy transition scenarios applied in this study do not 

contain information concerning the projected technological innovations in 

thermal power plants. Therefore, in Publications I–III, technological trends were 

only considered indirectly by determining and assigning the most common 

generator type during the past 15 years to the new capacities when the generator 

type was unknown. However, including information regarding water efficiency 

innovations in power plants may considerably improve the water demand 

estimates of electricity generation, especially at the local level.  
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4 Results 

This section briefly discusses the aims and methods of each of the publications and 

presents their main results. After presenting each publication individually, the section 

concludes with an overview of the publications’ main results and contributions. 

4.1 Publication I: Global scenarios for significant water use reduction 

in thermal power plants based on cooling water demand 

estimation using satellite imagery 

Aim and methods 

The main objective of this publication is to connect the currently active thermal power 

plant fleet with its associated water demand at a high spatial resolution. The reason behind 

carrying out this analysis is that the amount of water used in the process of power 

generation is seldomly reported by power plant operators or in widely used power plant 

databases (Larsen et al., 2019). 

The first step of the study was to collect data on cooling technologies installed in thermal 

power plants worldwide through an inspection of their aerial imageries. Second, using the 

collected data, the water consumption and water withdrawal needed for cooling in the 

power generation process were estimated on different levels: power plant-level, river-

level, country/region-level and, finally, global-level. The methods developed in this study 

make it possible to project potential water savings in the power sector resulting from the 

decommissioning of the old thermal power plant fleet. The study examines two 

decommission strategies: the Lifetime scenario and the Best Policies scenario, which 

projects the replacement of old thermal power capacities with renewable energy 

technologies. In addition, the GIS analysis performed in this study allows us to 

differentiate between seawater and freshwater demand on the individual power plant 

level. 

Results 

In the base year 2015, the total water withdrawal of the global thermal power sector was 

estimated to be at the level of 500 cubic kilometres, out of which about 290 cubic 

kilometres of water (or 58%) were extracted from freshwater sources. In the same year, 

total water consumption was about 25 cubic kilometres, out of which freshwater losses 

constituted 18 cubic kilometres of water (72% of the total amount of water). On the 

country level, the countries with the highest water consumption (both total and 

freshwater) were China, the United States, India and Russia. China was responsible for 

about 31.5% of global freshwater losses in the thermal power sector, whereas the United 

States accounted for 35.7% of global freshwater withdrawals. The study demonstrates 

that, depending on the decommissioning scenario, the total water withdrawal of the global 
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thermal power plant fleet can be reduced by up to 91.5% until 2050 and the total water 

consumption by up to 97.7%.  

The global GIS analysis shows that about 33.4% of the global thermal power capacity is 

located within 20 kilometres from the ocean coastline, 55.5% is located within five 

kilometres of main global rivers and the remaining 11.1% is extracted water from an 

unknown freshwater source. These results were used in Publication III to estimate the 

source of water for the cooling of future power plants. 

The results of the analysis of 354 main global rivers worldwide reveal that the Ohio River, 

the Yellow River and the Mississippi River are currently facing the largest water 

consumption from the thermal power sector, while the Yangtze River, the Mississippi 

River and the Tennessee River are the rivers most affected by water withdrawal. It was 

estimated that thermal power plants withdraw about 12 cubic kilometres of water from 

the Yangtze River annually. 

Main contribution 

The paper demonstrates that a considerable water use reduction in the power generation 

sector is feasible via the gradual decommissioning of thermal power plants and the 

associated transition to renewable energy technologies. 

4.2 Publication II: Assessment of the water footprint for the European 

power sector during the transition towards a 100% renewable 

energy system 

Aim and methods 

In Publication I, the water footprint of the power system (current and future) was 

investigated only from the perspective of thermal power plants. However, other 

components of the power system (for instance, hydropower generation, biomass power 

plants, CSP plants, etc.) also require a considerable amount of water for their operation. 

Hence, the primary goal of Publication II is to quantify the current water footprint of the 

entire energy system and to project it until 2050. The geographical scope of this study is 

the European continent due to (1) the availability of data for different types of power 

plants located in Europe and (2) access to energy transition scenarios. The secondary goal 

of this study is to quantify the potential benefits for the water footprint of establishing 

power transmission interconnections between Europe’s regions.  

Two energy transition scenarios were used in this study. The Regions scenario was used 

to investigate the potential future water footprint of Europe’s energy system without 

power transmission interconnections between regions. The Area scenario was used to 

investigate the power system with interconnections between regions. Both scenarios, 

which were derived from the work of Child, Bogdanov and Breyer (2018) and Child et 

al. (2019), project the transition towards a 100% renewable energy system in Europe. 
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Results 

The results of the study revealed that Europe’s energy sector consumed 15.54 cubic 

kilometres of water in 2015. Hydropower capacities were responsible for about 61.5% of 

the water lost in the power generation process. The highest water consumption was 

detected in France (2.39 cubic kilometres of water lost annually) and Norway (1.89 cubic 

kilometres of water). The lowest water demand was calculated for Denmark, with its 

water consumption in 2015 being 0.02 cubic kilometres, of which only 16% originated 

from freshwater sources (such as rivers and lakes). 

One of the key results of the study is the estimate of SWC, which considers the electricity 

generation profile of each specific country/region, and which can be used in other studies 

for the water footprint assessment of different services and products manufactured in 

Europe. Table 4.1 demonstrates the estimated SWC values per region in Europe in 2015. 

Table 4.1 Estimated specific water consumption per European region/ country in 2015. 

Region Countries 

Specific water 

consumption, 

m3/MWh 

AUH Austria, Hungary 8.55 

BKN-E Balkan-East: Romania, Bulgaria, Greece 3.87 

BKN-W Balkan-West: Slovenia, Croatia, Bosnia & Herzegovina, Serbia, 

Kosovo, Montenegro, Macedonia, Albania 

6.94 

BLT Baltic: Estonia, Latvia, Lithuania 1.74 

BNL Belgium, Netherlands, Luxembourg 1.31 

BRI British Isles: Ireland, United Kingdom, Isle of Man, Guernsey, 

Jersey 

1.33 

CH Switzerland, Liechtenstein 10.24 

CRS Czech Republic, Slovakia 3.7 

DE Germany 2.04 

DK Denmark 0.55 

FI Finland 4.22 

FR France, Monaco, Andorra 4.23 

IBE Iberia: Portugal, Spain, Gibraltar 3.74 

IS Iceland 13.19 

IT Italy, San Marino, Vatican 1.4 

NO Norway 15.47 

PL Poland 2.07 

SE Sweden 7.66 

TR Turkey, Cyprus 5.41 

UA Ukraine, Moldova 2.79 

 

In 2050, the power sector of Europe is projected to consume between 11.14 (in the case 

of the Area scenario) and 11.77 (in the case of the Regions scenario) cubic kilometres of 
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water, which corresponds to a 28.3% and 24.2% reduction in water consumption 

compared to 2015 levels, respectively. This result highlights the benefit of establishing 

power transmission interconnections between Europe’s regions (assumed in the Area 

scenario). 

In most of Europe’s regions, the water demand of the energy sector will decrease as a 

result of the projected energy transition (according to both scenarios considered in this 

study). However, in five out of 20 regions, the water consumption and water withdrawal 

are projected to increase on average by 14% until 2050, from 7% in Balkan-West 

countries to 24% in Sweden. Turkey’s energy sector is estimated to become the largest 

water consumer in Europe by 2050, when it is projected to have increased its water 

demand by about 11% compared to 2015 levels.  

Main contribution 

The paper demonstrates the positive water-related key benefits of establishing power 

transmission interconnections among regions of Europe. 

4.3 Publication III: Troubled waters: Estimating the role of the power 

sector in future water scarcity crises 

Aims and methods 

The work on the previous two publications highlights some peculiarities of existing 

energy transition scenarios. On the one hand, energy transition scenarios typically focus 

on decarbonization strategies for the future energy system, but overlook the water 

footprint of the proposed energy system. On the other hand, energy transition scenarios 

usually do not consider the governments’ plans to commission new thermal power plant 

capacity in the future. This capacity includes already planned, announced, financed and 

power plants under construction, which, thus, have a high likelihood of being 

commissioned in the future. 

To address these concerns, Publication III aimed to examine six publicly available and 

commonly used energy transition scenarios from the perspective of the potential water 

footprint. The estimation of the water demand of the future thermal power plant fleet 

(contained in the power plant database (GlobalData Plc, 2020)) were conducted using a 

machine learning model for classification, which was trained using the cooling 

technology data collected over the work on Publications I and II. In contrast to 

Publication I, this study considered the water footprint of the entire energy sector, and 

compared to Publication II, the geographical scope of this study was global. 

Results 

In 2020, the total water consumption of the global power sector was about 88 cubic 

kilometres, of which about 22% (or about 20 cubic kilometres of water) originated from 
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thermal power plants. Although all energy system transition scenarios project a drastic 

increase of low water-demanding technologies, such as solar PV and wind (from about 

10% of the global generation mix in 2020 to about 56% by 2050), the SWC of the global 

energy sector was projected to decrease only by 20%: from about 3.74 cubic metres per 

MWh in 2020 to 3.04 cubic metres per MWh in 2050. The water consumption of the 

future global power sector in 2050 is estimated to be between 104 and 132 cubic 

kilometres of water, depending on the energy transition scenario representing an increase 

in water consumption between 35% and 50% as a consequence of the increase in 

electricity demand, despite the lower SWC projected.  

One of the key observations of this study is that the SWC of the thermal power sector is 

projected to increase in the future, from 1.2 to 1.7 cubic metres of water per MWh of 

generated electricity. This could be explained by the fact that thermal power capacities 

tend to increase over time: large power plants use more water-demanding cooling 

technologies to transfer large amounts of waste heat, whereas smaller plants are typically 

equipped with dry cooling systems (Lohrmann et al., 2022a). 

The water consumption criticality (WCC) matrix developed in this study is used to 

identify countries that are potentially critical from the perspective of limited water 

resource availability for power generation. Kazakhstan, Pakistan, Syria, Uzbekistan, 

India, Belgium and Australia were classified into the extremely high WCC category. 

Additionally, Saudi Arabia, Iran, Turkey, Greece, Spain, Mexico, China, the United 

States, Armenia, North Macedonia, Mongolia and Peru were assigned to the group of 

countries with the high WCC.  

Main contribution 

The paper demonstrates that despite the energy transition to a system with a high share of 

water-free solar and wind technologies, the future water consumption of the power sector 

is still projected to worsen. 

4.4 Publication IV: Environmental benefits of circular economy 

approach to use of cobalt 

Aims and methods 

Cobalt is an essential material in a broad number of products, such as for batteries, 

electronics, pigments, magnets, chemical catalysts, etc. (Graedel and Miatto, 2022). 

Moreover, cobalt is needed for energy transition and is classified as a critical material due 

to its high supply risk, high environmental, social and corporate governance (ESG) risk, 

and scarcity as a natural resource (Bamana et al., 2021; Campbell, 2020; European 

Commission and Directorate-General for Internal Market, Industry, Entrepreneurship and 

SMEs, 2017). It has been previously highlighted that the circular economy approach 

might mitigate the future potential supply risk of cobalt and reduce the environmental 

impact associated with its production (Ferron, 2016; Tkaczyk et al., 2018). 
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As a part of the study, Publication IV aims to estimate the potential role of cobalt 

recycling in the reduction of the water consumption caused by global cobalt production. 

The investigation was conducted using the SWC values for 145 regions globally, which 

were calculated based on the power system data from Publication I. The study considered 

the primary and secondary production of cobalt (recycling), as well as the direct 

(processing-related) and indirect (energy-related) water consumption. The study had a 

global scope and considered the time period from 2020 to 2050. 

Results 

In 2020, the total global water consumption of cobalt production constituted 37.47 million 

cubic metres, out of which the indirect (energy-related) water consumption accounted for 

about 91%. On the country level, China was estimated to be responsible for about 57% 

of the water lost globally by the primary production of cobalt and for 28% of water 

consumed by its secondary production. The study also investigated the specific total water 

demand for the production of one (1) kilogramme of cobalt (STWD). In 2020, the STWD 

was calculated at the level of 0.25 cubic metres of water per kg of primary cobalt and 0.13 

cubic metres of water per kg of secondary cobalt. 

Publication IV considers the gradual decarbonization of the global energy system during 

the investigation period, which was projected by the energy system transition scenario 

used in this study (Bogdanov et al., 2019). As a result of the projected gradual 

decommissioning of the water-demanding thermal power plant fleet and its replacement 

by low water-demanding renewable energy technologies by the end of 2050, the STWD 

of primary and secondary cobalt production is estimated to decrease to 0.12 and 0.07 

cubic metres of water per kg of cobalt, respectively. Consequently, a projected 230% 

increase in global cobalt production from 2020 to 2050 coupled with the anticipated surge 

of its recycling (supplying up to 25% of the total demand for cobalt) is estimated to lead 

to only a 9.6% growth in total water consumption.  

Main contribution 

The paper demonstrates that effective recycling of cobalt could considerably reduce the 

water consumption of its entire supply chain. 

 

Figure 4.1 summarises the main results and contributions of each publication. 
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Figure 4.1 Summary of the main results and the contributions of the publications 
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5 Validation of results 

Over the course of this study, a series of tests were performed to support the choice of the 

selected methods and to evaluate their potential impact on water demand estimates. It is 

crucial to mention that most tests were performed in Publication I, where the majority of 

the methods were initially developed.  

This section presents a brief description of these tests and the corresponding results. The 

section follows the structure of the methods section: The first group of tests is related to 

the method for cooling technology identification and for the cooling technology 

assumptions introduced in this study. The second group of tests is related to the 

assumptions introduced for the quantification of water demand. The third group of tests 

evaluated the method of water type estimation. Finally, the section presents the results of 

the validation of the water demand estimates. 

5.1 Validation of the cooling technology identification methods 

In Publication I, to justify the application of the method of cooling technology 

identification using satellite imagery, the results of the identification using this approach 

were compared against published data for individual power plants located in the United 

States available from the EIA database (EIA, 2015). The results of this comparison 

demonstrate that the applied method can provide the correct result in 81% of cases. This 

appears consistent with Luo et al. (2018), who developed the method based on USGS 

recommendations (Diehl et al., 2013) and reported an accuracy of 90%. 

The next test was to validate the approach for the cooling technology estimation for 

aggregated data. It was not possible to evaluate the accuracy of the method using the 

aggregated capacities since they were artificially created and added to the database by 

Farfan and Breyer (2017a) and no information about the actually installed cooling 

technologies is available for these capacities. Therefore, to overcome this limitation, the 

calculation of the accuracy was computed using the GlobalData database (GlobalData 

Plc, 2014) without the aggregated capacities and it was assumed that the results would 

generalise to aggregated data. The accuracy of this approach for the cooling technology 

assignment was estimated in Lohrmann et al. (2022) using a five-fold cross-validation: 

the model was trained (the most common generator type and cooling technology was 

determined using the training data set), and it was tested using the independent test data 

set. The results demonstrated an average test set accuracy of about 65%, which can still 

be considered high for a rather balanced five-class problem. 

In addition, a sensitivity analysis was performed in Publications I and II to examine the 

potential impact of cooling technology assignment on water demand estimates at the 

country level. The results demonstrated that in most cases, this approach leads to a slight 

overestimation of the water footprint. However, since the aggregated capacities represent 
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only a small share of the total thermal capacities in this study, the impact of this 

overestimation on water demand estimates is marginal. 

Finally, the estimated performance of the machine learning-based model, which was used 

for the cooling technology assumptions for individual power plants in Publication III, is 

demonstrated in Table 5.1. The average accuracy of the classification model was 85.42% 

(± 1.60% standard deviation). This demonstrates that very high accuracy (for a five-class 

problem) can be achieved using this method. 

Table 5.1 Performance of the classification model 

Model Type of power plants 
Performance of the model 

(test-set accuracy) 

I Coal-fired power plants 91.36% (± 1.82%) 

II Gas-fired power plants 81.34% (± 1.21%) 

III Oil-fired power plants 80.69% (± 1.79%) 

IV Nuclear power plants 93.57% (± 3.54%) 

 

These accuracies for cooling technology identification and estimation can be compared 

to the accuracies of alternative methods used in the relevant research (benchmark studies). 

Due to their high citation scores, studies by Davies et al. (2013), Vassolo and Döll (2005), 

Spang et al. (2014) and EcoFys (EcoFys BV, 2014) were selected for this analysis as 

benchmark studies based on the results of the literature review. However, the accuracies 

of the cooling system estimation approaches in these studies were not reported. To 

overcome this limitation, the approaches were tested by following the instructions 

provided in the method sections of the corresponding studies. Subsequently, the 

accuracies were calculated by using the GlobalData database (GlobalData Plc, 2014) and 

5-fold cross-validation. As demonstrated in Lohrmann et al. (2022), the computed 

approaches based on Davies et al. (2013), Vassolo and Döll (2005) and EcoFys (EcoFys 

BV, 2014) revealed an average accuracy of 35%, whereas the approach of Spang et al. 

(2014) has an accuracy of about 58% for this five-class problem. 

As demonstrated, the estimated accuracies of the benchmark approaches were 

considerably lower than the accuracies of the approaches for cooling technology 

identification developed over the course of this study. 

5.2 Evaluation of the FLH assumptions for the water demand 

calculations  

Publication I analysed the potential impact of assuming region- and country-average 

FLH for individual power plants. In particular, the average FLH assumed in this study 

was compared to the reported data on the actual net generation of individual power plants 

located in the United States, which is available from the EIA database (EIA, 2015b, 
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2015a). The results of this comparison show that although there might be a difference in 

FLH on an individual power plant level (especially in the case of gas and oil power 

plants), this will not considerably affect the country-level water demand estimates. The 

actual net generation of individual power plants located in the United States was only 

1.3% higher than the values used in this research. The results also demonstrated that the 

use of the same value of FLH for all types of cooling for a given fuel type appears 

appropriate.  

5.3 Validation of the water type estimation 

To validate the approach for water type estimation, the results of this assignment were 

compared with the power plant data for the United States reported by the EIA (EIA, 

2015a) (Publication I). The results of this comparison demonstrated that for 93% of the 

cases, the selected approach correctly identified the water type. In addition, the obtained 

results are strongly aligned with the data reported for seawater cooling in power plants in 

the MENA region, with a difference of only about 5% (Siddiqi and Anadon, 2011).  

In addition, a sensitivity analysis was conducted to assess the impact of this assignment 

on water demand estimates. It was demonstrated that if the sea cooling range could be 

reduced from 20 km (as estimated in this study) to 12 km, the freshwater demand 

estimates (both consumption and withdrawal) would increase only by about 2% compared 

to the 20 km assumption. If the range were reduced to 2 km, the freshwater consumption 

values would increase by 12.3%, and the freshwater withdrawal values would grow by 

8.6%. The low sensitivity of these results could be explained by the fact that power plants 

tend to be built closer to coastlines. 

5.4 Validation of the water demand estimates 

As a final point, it is crucial to investigate how the water demand estimates obtained in 

this study differ from the values reported by other researchers and practitioners.  

In Publication I, the water consumption estimates for the United States in 2015 were 

compared with the reported values by the EIA database (EIA, 2015b) and by Diehl & 

Harris (2014). The results of this comparison are provided in Table 5.2. As shown in the 

table, the water consumption estimates of Diehl & Harris (2014) range between 4.5 and 

4.8 cubic kilometres, which is slightly less than the median values of the water 

consumption reported in this study, but well within the min-max interval. The difference 

could be explained by the fact that the estimates of Diehl & Harris (2014) were provided 

for the year 2010, whereas the values of this study were computed for 2015. Since the 

water demand of the power sector is increasing over time (according to the results of this 

study), the estimates of Diehl & Harris (2014) appear to be consistent with the results of 

this study. 
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Apart from that, a difference of almost 33% in the median water consumption was 

detected for the EIA database (EIA, 2015b). However, a closer look at the power plant 

data provided by the EIA database (EIA, 2015b) revealed that for 29% of the power 

plants, the database reported zero water consumption. All these power plants were 

reported to be using a once-through cooling system or a cooling pond system, which 

consume a considerable quantity of water during their operation (Macknick et al., 2012). 

Hence, it can be concluded that there might be an underestimation of water consumption 

in the EIA database (EIA, 2015b). 

Table 5.2 Comparison of the water consumption estimates for the United States; values are given 

in cubic kilometres 

Data source Min Median Max 

EIA database (EIA, 2015b) - 3.99 - 

Diehl & Harris (2014)  4.5 - 4.8 

This study 4.23 5.38 7.21 

 

Future projections of the water demand depend on energy transition scenarios. Therefore, 

the comparison of the water demand estimates of future thermal power generation with 

other studies might not help for fully validating the obtained results. 
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6 Discussion 

The primary objective of this study is to assess the water footprint of the power sector 

from the perspective of the amount of water used in power plants. The previous section 

provides the results of this analysis. Further discussion of the results shows the potential 

implications of the obtained results (Sections 6.1.1–6.1.3), their relevance to the 

Sustainable Development Goals (SDGs) (UN, 2015) (Section 6.1.4) and their limitations 

(Section 6.2). This chapter concludes with a brief outlook of future research, which 

highlights potential areas of interest for the doctoral candidate (Section 6.3). 

6.1 General discussion of the results and their implications 

6.1.1 Allocating water demand for water resource management 

Due to climate change, the water supply is becoming more unreliable, more unpredictable 

and more scarce in many areas (UN Water, 2022). Water resource management (WRM) 

aims to mitigate water-related risks and eventually achieve water security in each 

country/region as well as globally (Aquatech, 2019). The spatial allocation of the actual 

water demand (in the context of this dissertation, of thermal power plants) to the sources 

of water supply and the assessment of the water use quantity are one of the most essential 

parts of WRM (Sheffield et al., 2018).  

One of the main contributions of this work is the compilation of a database to fill in the 

existing information gap regarding the cooling technologies installed in individual 

thermal power plants worldwide. The database contains 13,864 rows (power plant units) 

and is freely available online as supplementary data to Publication I. In addition to the 

cooling technology information, the database also includes the exact location of the power 

plant units (geographical coordinates), which were identified along with the cooling 

technology data, and the estimated type of water used for cooling. Moreover, it presents 

estimates of yearly water consumption and water withdrawal for each power plant unit. 

The power plant data collected in this study can be widely deployed for WRM as a better 

understanding of each power plant’s water demand and source of water may prove 

beneficial for tackling the consequences of the current water crisis (OECD, 2015). 

The river analysis conducted during work on Publication I provides an example of the 

allocation of the energy-related water demand to the corresponding sources of freshwater. 

While such studies for separate river basins exist (e.g. Sesma-Martín, 2019), in this study 

an analysis of the 354 main rivers around the world was performed. Moreover, the 

potential changes in the amount of water withdrawn from the rivers by thermal power 

plants during the time of the anticipated energy transition were projected.  

In the example of the Danube River, it was demonstrated that by 2050, all water 

withdrawals associated with thermal power generation can be mitigated if the 

decarbonisation strategies of the optimal energy transition scenario are implemented. 
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Similar results were obtained for the other 353 rivers present in the analysis, which 

provides a clear benefit of the decarbonisation of the power sector for global rivers. This 

is especially crucial in light of recent events in the summer of 2022, when major European 

rivers (such as Po, Garonne, Rhône, and Rhine) were severely affected by drought, 

altering river transportation, agriculture and thermal power plants (Toreti et al., 2022). In 

the future, to provide a more comprehensive view on the energy-related water demand 

from rivers, studies should consider other forms of energy generation in addition to the 

thermal power plant-only allocation, such as hydropower plants. 

A similar analysis with energy-related water demand allocation could also be performed 

for other geographical objects, for instance, major cities worldwide. Currently, the 

sustainable energy transition in major global cities is becoming a focus of research by 

many scientists around the world (Simoes et al., 2018; IRENA, 2021; Ram et al., 2022). 

Thus, an energy-related water demand analysis may provide yet another dimension to the 

discussion of the energy transition scenarios in major cities and of their sustainability. 

6.1.2 New fossil power plants  

Fossil-based electricity generation continues to grow in many regions of the world after 

its previous decline during the COVID-19 pandemic (Boehm et al., 2022). Despite 

countries’ commitments to reduce carbon emissions in the power sector to tackle climate 

change (for instance, a recent report issued by China’s Department of Resource 

Conservation and Environmental Protection (2021)), many of them continue to add more 

fossil-based capacities to their power generation profile. For instance, having already 

been the world’s largest coal power plant fleet, China is expected to add another 270 GW 

of new coal capacity by 2025, which is reportedly larger than the entire coal power fleet 

of the United States (Cang, 2022). Another example is India, which plans to commission 

58 GW of new coal capacities by 2030 (Shah, 2021). Additionally, after the start of the 

war in Ukraine, countries like Austria, Germany, Italy and the Netherlands have restarted 

inoperative coal-fired power plants to address the problem of the reduced gas supply from 

Russia (Morris, Westfall and Thebaut, 2022). These changes are projected to have a long-

term effect on the power generation sector and its environmental impact (Boehm et al., 

2022). In the context of this dissertation, this relates to the water footprint of the power 

sector, which may increase considerably if the above-mentioned plans for the 

commissioning of new fossil-based capacities are implemented.  

The estimation of the future water footprint is a nontrivial task, since (1) many scenarios 

of the future energy transition fail to account for these planned future thermal power 

capacities, and (2) information regarding the planned thermal capacities is usually very 

limited. Publication III attempted to provide such an estimation using available 

information regarding the planned, announced and financed thermal power plants 

worldwide. The results estimated an increase in the water demand of the thermal power 

plant sector of up to 54% by 2050 compared to the 2020 level. However, since the 

presented results are exclusively based on currently available information in the 

GlobalData database (GlobalData Plc, 2020), which most probably does not include all 
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power plants to be installed worldwide by 2050, these results should be interpreted as an 

optimistic scenario, but a more realistic one compared to the previous estimates, which 

were solely based on the energy transition scenarios and thus did not consider newly 

commissioned power plants (e.g., Terrapon-Pfaff et al., 2020). 

Considering that information regarding the planned thermal capacities is very limited or 

is completely unavailable for researchers, the question is if it is still possible to draw 

concrete conclusions on future water use by the power sector and to give 

recommendations regarding it? In Publication III, this challenge was approached by 

introducing the water consumption criticality (WCC) matrix. The matrix highlights 

geographical regions (countries) that are potentially critical from the perspective of the 

availability of freshwater resources for energy-related freshwater consumption. The WCC 

matrix for 2020 is shown in Figure 6.1. 

 

Figure 6.1 Water consumption criticality (WCC) matrix, modified from Publication III. The 

countries are positioned in descending order according to their water stress score  (WRI, 2021). 

The arrows indicate that the freshwater consumption of the country’s energy sector will increase 

by 2040, compared to the 2020 level, which is based on the available power plant data on the 

planned, announced and financed thermal power plants (GlobalData Plc, 2020). 

The WCC matrix only includes nations that experience high or extremely high levels of 

water stress, indicating high competition for freshwater resources. Therefore, in all 

countries presented in the matrix, (1) the operation of additional thermal power capacities 

may be constrained due to already limited freshwater resources and/or (2) the installation 

of new thermal capacities may amplify the competition for water resources with other 

sectors of the economy (in other words, worsen the water stress situation). Thus, the future 
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development of the thermal power sector in these countries should be monitored closely. 

However, among the countries characterised by high and extremely high WCC, the study 

highlighted three countries that are of the highest concern: Turkey, India and Pakistan. 

According to the GlobalData database (GlobalData Plc, 2020), the thermal power sectors 

of these countries are projected to increase by 130%, 84% and 61% by 2040, respectively, 

while the SWC is expected to grow as well. To address this concern, this study calls for 

a change in the water policies in these countries to (1) counteract the increase in thermal 

power capacities with more water-saving technologies (e.g. by using dry cooling) and/or 

to (2) ensure that the planned thermal capacities are installed in regions with abundant 

water resources (e.g., in coastal areas) or in areas characterised by low water stress. 

A similar approach to assess the potential water criticality was used in the study of 

Holland et al. (2015), who identified critical geographical areas by plotting the estimated 

freshwater consumption of the power sector against first- and second-order scarcity. In 

the context of that study, the first-order scarcity represented a physical shortage of 

freshwater, whereas the second-order water scarcity reflected the impact of the physical 

shortage of water on society (including the Human Development Index (HDI) and child 

malnutrition). The results of that study highlighted certain areas of India, Pakistan, China 

and the United States as being critical in terms of having significant pressure on 

freshwater resources (first-order scarcity), and regions of India, Pakistan and sub-Saharan 

Africa were deemed critical in the context of the pressure of the physical shortage of 

freshwater on society (second-order scarcity). The results obtained in the study of Holland 

et al. (2015) for criticality related to first-order scarcity (which is close to the subject of 

this study) are somewhat similar to the findings of Publication III. 

In previous studies (for example, in the abovementioned work of Holland et al. (2015)), 

the results of similar analyses were usually presented in the form of maps. As 

demonstrated over the course of this research, there are usually many factors that may 

influence the criticality of freshwater use. Presenting them on a map in the form of one 

variable (which combines several factors through weighting coefficients) may obscure 

the responsibility of individual factors for the final score and, thus, potentially influence 

their interpretation. In contrast, the WCC matrix enables interpretability of different 

aspects on the assessment of the criticality of the water demand in certain regions and 

presents the results in a simple way for convenient further use by researchers and, 

potentially, policy makers. In general, the WCC matrix could be applied to a smaller-

scale analysis, for instance, for individual towns or provinces of the same country. In the 

future, other freshwater-demanding technologies could be added into the matrix, for 

example, hydropower generation. 

6.1.3 Energy-related water footprint in the supply chain of products and services 

Many companies around the world are seeking to reduce their GHG emissions throughout 

their operation (Morgan, 2019). Nowadays, it is not just a compliance issue when it comes 

to disclosing a company’s supply chain carbon footprint. Reporting on the supply chain 
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carbon footprint can help businesses earn the trust of their stakeholders and loyalty of 

their customers (Lapini and Farbstein, 2021).  

But what about the company’s water footprint? In light of the current climate change, 

which makes water resource availability increasingly unreliable, many companies around 

the world are starting to realise that they need to manage their water-related risks by 

considering the water footprints of their upstream and downstream operations along with 

their carbon footprints (Water Footprint Network, 2021). Water shortages impose a direct 

risk on companies if there is not enough water available for factories and production 

(Chapagain and Orr, 2008). Indirect water risks include increased insurance prices, along 

with the political and social stability of countries with limited water supplies (Chapagain 

and Orr, 2008). 

Electricity generation indirectly impacts the water footprint of the supply chains for 

various products and services that require electricity for their production. To investigate 

this potential indirect impact, a case study was conducted. Publication IV focused on the 

assessment of the water footprint of global cobalt production while considering the entire 

supply chain of cobalt (including mining and processing of cobalt and cobalt production 

and recycling stages). 

The results of this demonstrated that the energy-related water consumption of the global 

cobalt production (indirect consumption that originates in the supply chain) is estimated 

at the level of 90.9% of the total water consumption of the cobalt supply chain, whereas 

the direct water consumption, which is related to the processing of cobalt at the plants, 

accounts for only 9.1%. 

The key observation here is the expected high share of energy-related components in total 

water demand. This indicates that total water consumption can be considerably reduced 

through the transition towards an energy system based on low water-demanding 

renewable energy technologies (for instance, solar PV and wind). This hypothesis was 

tested in Publication IV, which demonstrated that a twofold decrease in STWD of both 

primary and secondary cobalt can be achieved by 2050 as a result of the energy transition.  

This estimated considerable reduction of the water footprint throughout the supply chain 

of all products and services that require electricity can be considered a side benefit of the 

energy transition and should support its acceleration. 

6.1.4 Sustainable Development Goals  

This research not only combines aspects of different disciplines (energy technology, 

water footprint analysis and machine learning) but directs them towards the objective of 

meeting the environmental and climate targets imposed by the COP 21 Paris Agreement 

(United Nations Framework Convention on Climate Change (UNFCCC) Secretariat, 

2015). In addition, the main findings of the research correspond to two Sustainable 

Development Goals (SDGs) set up by the UN member states (UN, 2015): 
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SDG6: ‘Ensure availability and sustainable management of water and sanitation for 

all’. 

➔ SDG6.4: ‘By 2030, substantially increase water-use efficiency across all sectors 

and ensure sustainable withdrawals and supply of freshwater to address water 

scarcity and substantially reduce the number of people suffering from water 

scarcity’. 

SDG7: ‘Ensure access to affordable, reliable, sustainable and modern energy for all’. 

➔ SDG7.2: ‘By 2030, increase the share of renewable energy in the global energy 

mix substantially’. 

In particular, some of the future projections of the water demand in this research were 

based on energy transition scenarios. For example, the ‘Best Policies’ scenario in 

Publication I and the ‘Area’ and ‘Regions’ scenarios in Publication II were developed 

based on the projections of the LUT Energy System Transition model (Child, Bogdanov 

and Breyer, 2018; Bogdanov et al., 2019; Child et al., 2019), which were reported to be 

fully consistent with the targets of the COP 21 Paris Agreement (UNFCCC Secretariat, 

2015). The ‘Bloomberg NEF’ scenario in Publication III was based on the NEO Climate 

Scenario released by Bloomberg, which aims to ‘meet a well-below-two-degree 

emissions budget’ (Bloomberg NEF, 2020). It was demonstrated that by following these 

energy systems decarbonization strategies (SDG7.2), the water footprint associated with 

electricity generation can be reduced considerably in many parts of the world by 2050, 

compared to the current level. This may potentially ease the water stress in these regions, 

and, as a result, the corresponding saved water can be redistributed for other purposes, 

for instance, agricultural food production (SDG6.4). 

Moreover, the findings of Publications II and III highlighted geographical areas where 

the sustainable use of freshwater may be compromised due to the considerable increase 

in freshwater demand by the power sector resulting from the projected energy transition. 

These results call for the consideration of the water footprint at the stage of the 

development of energy scenarios. 

Therefore, the research addresses a broader community to advance an essential discourse 

on issues related to water and energy security and on the sustainable use of both. 

6.2 Policy recommendations 

Based on the results obtained over the course of this study, policy recommendations for 

freshwater resource conservation during the ongoing energy transition can be highlighted. 

The following recommendations were arranged into two groups: (1) for thermal power 

generation and (2) for the electricity generation mix. 



6.3 Limitations of the study 77 

Based on the above, numerous governmental reports, there is an understanding that more 

thermal power capacities will be introduced in the near future. Thus, the first group of 

policy recommendations concerns the future thermal power sector: 

1. Transition from heavily water-demanding coal-based electricity generation to 

combined cycle gas power plants (which in the future could be converted to using 

synthetic fuels). This also includes coal power plants equipped with CCS systems 

since, as discussed previously in Section 3.8, the use of CCS considerably 

increases the water demand for power generation (Macknick et al., 2012). 

2. Transition from the widespread use of freshwater and seawater for cooling to the 

use of reclaimed water. 

3. Restrict the use of once-through cooling (due to numerous environmental 

concerns) and to transition to tower cooling or, more preferable, to dry cooling. 

4. Ensure that newly built thermal power plants are in regions characterised by low 

water stress and/or have abundant water resources (for instance, seawater in 

coastal areas). 

Recommendations for the future electricity generation mix: 

1. Increase the shares of low water-demanding solar PV and wind, as well as to 

decrease the share of thermal power generation in the final generation mix. 

2. Restrict the installation of new in-stream hydropower capacities in regions 

characterised by low water stress. 

The above-mentioned recommendations are solely based on the water–energy nexus 

analysis from the perspective of water demand of the global power sector and may neither 

include other stakeholders (e.g., agriculture, other sectors of the economy) nor other 

considerations (such as the carbon footprint, land use and economic aspects, etc.). To 

address this concern, the water–energy nexus concept was expanded to the water–energy–

food nexus (Muthu, 2021), water–energy–carbon nexus (Ghodrati et al., 2023), water–

energy–land–food nexus (Venghaus et al., 2019), etc., which provide a more 

comprehensive view on the water resource conservation problem. 

6.3 Limitations of the study 

This dissertation discussed the water footprint of power plants from the perspective of the 

water demand for the power generation process. However, some water-related 

environmental aspects of power generation were left outside the scope of this study. For 

instance, warm water discharge from thermal power plants after the cooling process is 

one of the main concerns of researchers and environmentalists (Langenbrunner, 2020). 

Thermal pollution causes changes in the local ecosystems’ conditions (World Nuclear 

Association, 2015) and affects the organisms that inhabit them (Madden, Lewis and 

Davis, 2013). Conducting research on the thermal pollution of power plants on the global 
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level might add another dimension to the discussion of the environmental impact of global 

thermal power generation. However, the lack of water discharge data on the individual 

power plant level might impose an additional constraint for conducting such a study on 

the global level. 

This study focused on the assessment of the direct water demand of power generation. 

This was done to couple the results of this analysis with the nearest water body (e.g. rivers 

and lakes) (as demonstrated in Publication I). However, in addition to the operational 

water use by power plants, many foreground and background processes of the energy 

production (e.g., extraction of fossil fuels and their treatment, production of power plant 

equipment or cultivation of biomass) are associated with considerable water extractions 

(the ‘indirect water footprint’). Hence, it is acknowledged that more comprehensive and 

spatially explicit research is needed to couple the results of the current study with the 

water demand of the foreground and background processes of energy production in an 

LCA analysis. In this regard, however, an accurate allocation of the calculated water 

demand to water bodies may be challenging unless all lifecycle processes of power 

generation are located within the same geographical area. Some authors (e.g., Siddiqi and 

Anadon, 2011 and Wu et al. 2019) have already investigated the water demand for the 

selected local thermal power generation using LCA techniques. However, to our 

knowledge, such analysis does not yet exist on the global level, and this represents a 

knowledge gap. 

In this study, the accuracy of the water demand estimates was determined via a 

comparison of the collected data (e.g., cooling technology and FLH) with the information 

provided in the available power plant databases. It is noteworthy that this assessment 

could also be conducted by computing energy balances for individual power plants using 

the estimates of the temperature increase in the heat exchanges of the cooling circuits and 

of the quantities of evaporated water. However, this method would require additional 

information on a per power plant-level, which was not available in this research. 

6.4 Future research 

The ongoing climate change makes water resources less available and water stress is 

projected to worsen worldwide in the upcoming decades (WRI, 2021). This is already 

reflected in water pricing worldwide: water becomes noticeably more expensive (Parry 

et al., 2007) as the adaptation costs for climate change impacts increase considerably 

(Caretta et al., 2022). However, as demonstrated over the course of this research, a large 

amount of freshwater is lost during the power generation process. At the same time, the 

water consumption of power plants is currently not regulated in many parts of the world, 

and power plant operators usually do not report on the amount of water used in the process 

of power generation (Schleifer and Luo, 2018). It is also not clear how and whether the 

water cost is included in the electricity price as an operational cost. In this regard, the 

following questions arise: Should power plant operators pay the full price for freshwater 

resources they are using, as do all other businesses and the population? Alternatively, 
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should governments introduce a water tax to encourage a more sustainable use of 

freshwater (similarly to a carbon tax, which was introduced to incentivize businesses and 

industries to reduce their carbon emissions)? Finally, will such measures influence the 

choice of the cooling system type in thermal power plants, or will they affect the choice 

of the power generation technology, leading to a faster transition towards water-free 

renewable systems? In order to address these questions, a comprehensive review on the 

water-related economics of power generation is required—this will be the focus of future 

studies. 

Another potential topic for future research is a water demand analysis of other energy 

technologies in order to expand the knowledge concerning water use in the energy sector. 

One of the potential topics is the production of hydrogen, as the global demand for 

hydrogen is estimated to ramp up eightfold by 2050 (IEA, 2019). In this regard, the 

production of hydrogen from water via an electrolysis process is projected to become a 

mainstream method of hydrogen production in the years to come. However, there is a 

growing concern that hydrogen production using electrolysis (particularly in such large 

quantities) will require a considerable amount of water. To address this, research must 

determine the hydrogen industry's future water consumption and to investigate its 

potential effects on water resource availability, particularly in areas with significant water 

stress. The data may be used for grouping of countries based on, for example, their 

hydrogen production and water stress, and this information could potentially be used for 

such purposes as policy planning. 

One other potential topic for future work is the development of a GIS algorithm for power 

plant identification. In this study, the locations of power plants were manually identified 

using satellite imagery, which was highly time-consuming,  whereas GIS tools were only 

used for coupling power plants with the closest water body. The question arises whether 

it is possible to identify the location of a power plant using thermal images of the Earth’s 

surface and whether based on the nature of thermal pollution it is possible to distinguish 

different cooling systems. Such an algorithm may also help researchers to find the exact 

location of large industrial centres, such as cement and steel plants, which may potentially 

reduce the time invested by researchers to manually identify them. 
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7 Conclusions 

In this study, the water demand of the global power sector is estimated for the period 

spanning 2015–2050 in 5-year time intervals. The results demonstrate that the current 

global power generation system requires a considerable amount of water for its operation. 

In particular, in 2020, water consumption of the global power sector was estimated at the 

level of 88 cubic kilometres, of which about 20 cubic kilometres was consumed by 

thermal power plants. 

Many scholars agree that future population growth, increased industrialization, and 

urbanization will further increase the global electricity demand (Intergovernmental Panel 

on Climate Change (IPCC), 2022). This implies that the water demand of the power 

generation sector will increase if no changes are introduced. Water scarcity, which is 

projected to worsen in the upcoming decades (WRI, 2021), puts into question the 

reliability of future electricity generation (Cullmann et al., 2022). 

The results of Publication I showed that the water consumption of the global thermal 

power sector can be decreased by 98% by 2050 through the gradual decommissioning of 

the old thermal power plant fleet and its replacement with renewable energy. However, 

the analysis of the planned and announced power plants worldwide in Publication III 

revealed that the water demand of the global power sector will continue to grow in the 

future (according to all scenarios considered in the study). Nevertheless, it was 

demonstrated that due to the anticipated future energy transition, the water demand of the 

power sector may grow considerably more slowly than the size of the power sector itself: 

The projected 170% growth in the electricity installed generation capacity during 2019-

2050 may result in an increase in the corresponding water demand for power generation 

of just 20%. This finding provides a strong case for the acceleration of the transition to 

energy systems that rely heavily on, or consist entirely of, ‘low water’ renewable energy 

technologies such as wind and solar. 

The high water demand of the power sector estimated in this study influences the water 

footprint of all services and products that require electricity for their manufacturing. As 

demonstrated in this dissertation, about 91% of the total amount of water used in the 

global production of cobalt (Publication IV) is associated with the water demand of the 

power sector. Moreover, the results of Publication IV show that the water footprint of 

the production of one kilogram of cobalt can be considerably reduced in the future if 

energy generation transitions to renewable sources. Therefore, the results of Publication 

IV provide yet another argument for the replacement of high water-demanding thermal 

power plants with solar PV and wind systems, which demand a negligible amount of 

water for their operation. 

The findings of Publications II and III, however, revealed that for some countries, which 

experience high and extremely high water stress, the projected increase in the water 

demand for power generation may impose additional stress on the already limited water 

resources and, consequently, it may escalate the competition for water resources with 
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other crucial sectors of the economy, such as agriculture. Publication III introduces the 

WCC matrix, which may prove to be relevant for policy makers as it displays 

geographical areas (countries) that may be potentially critical in terms of the water 

resource availability for energy-related water demand.
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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.

Global scenarios for significant water use reduction 
in thermal power plants based on cooling water 
demand estimation using satellite imagery
Alena Lohrmann   *, Javier Farfan   , Upeksha Caldera, Christoph Lohrmann    and Christian Breyer   *

Connecting research on the water demand of power plants with mitigation strategies for energy-based water use is an impor-
tant step to ensure global water and energy security, and thus provide more sustainable use of both. Here, we assess the water 
footprint of 13,863 thermal power plants units with a total active capacity of 4,182 GW worldwide and give an estimate of the 
current water demand for power production at four different levels—global, regional, country and river. Furthermore, we pro-
vide a projection for the energy transition period towards a net zero greenhouse gas emissions economy by 2050. In particular, 
we show that by following a ‘Best Policies Scenario’ the water consumption of global power plants can be decreased by about 
98%, and water withdrawal by 95% by 2050. Therefore, the suggested pathway provides one potential solution to the problem 
of water depletion that results from the water-energy nexus.
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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 
time compared to those of the previous time interval.
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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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a b s t r a c t

The transition towards a 100% renewable energy system may be an opportunity to resolve the water-
energy nexus. However, deployment of some technologies might impose additional strain on water
ecosystems. An energy-system-wide analysis of water demand in Europe was performed for the period
2015e2050 using the LUT Energy System Transition model for two scenarios: Area (with electricity
interconnections) and Regions (without). For fossil-fuelled power plants, the water footprint in 20 Eu-
ropean regions may decrease considerably until 2050, by 28.3% in the ‘Area scenario’ and 24.2% in the
‘Regions scenario’. However, total water demand in the Area scenario increases in 5 regions on average by
14%, from 7% (Balkan-West countries) to 24% (Sweden). Further, Turkey, Norway and Sweden may have
the largest water demands in Europe due to the commissioning of new hydropower plants. Results
indicate discussions on the sustainability of energy transition scenarios should be expanded to include
water footprint.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Currently, a large share of Europe's power generation relies
heavily on water availability. Considerable amounts of water are
used in hydropower generation, and thermal power plants require
water for cooling purposes. The electricity sector of the European
Union is on average responsible for approximately 55% of the total
water withdrawal [1]. The researchers note that without a radical
improvement of the water resource management in the power
sector, the power plants' demand for water might surge consider-
ably in the future [2]. This rising water demand might lead to a
further depletion of water resources and aggravation of water-
related risks, especially in regions which are already suffering
severely from water stress [2].

In the annual report released by the World Economic Forum [3],
“water crisis” is listed in the top-10 global risks in terms of both
likelihood and impact for the year 2020. According to the data
presented in the Water Resources Institute (WRI) Aqueduct Atlas,
about 142 million Europeans are currently living in areas exposed
to high or extremely high baseline water stress [4]. The river

Danube, which flows through 19 European countries and passes 47
cities and 4 national capitals, was listed by theWorldWide Fund for
Nature (WWF) as one of the ten rivers at risk in the world [5].

Water constraints, droughts and heatwaves have already
compromised power generation in Europe [2]. For instance, the
heatwave of 2015 induced a reduction of coal power generation in
Germany and Poland [6,7]. Previously in 2006, the temperature rise
in river water forced French, German and Spanish nuclear plants to
reduce or even halt power generation [8]. According to the Euro-
pean Environment Agency report [9], water availability is projected
to further decrease as a side effect of climate change [10]. This holds
especially true in southern parts of Europe, affecting thermal power
plants, hydropower, bioenergy potential and fuel transport on
rivers.

The adaptation to climate change represents challenges and
opportunities for the implementation of a defossilised energy
system in Europe [9]. In general, renewable energy technologies are
known to consume considerably less water compared to conven-
tional fossil-nuclear fuelled power plants. For instance, solar PV and
wind generation require only marginal quantities of water (if any)
for occasional cleaning of PVmodules and wind turbine blades [11].
However, some other types of renewable energy technologies (for
instance, hydropower and bioenergy) could consume water more* Corresponding author.
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intensively than the fossil-based systems they replace [12,13]. Thus,
a more careful assessment of energy-based water consumptionwill
add another layer in the discussion of the sustainability of 100%
renewable energy systems, which are extensively discussed in
recent years, in particular, for the case of Europe [14e17].

Studies of thewater-energy nexus exist for several regions of the
world, such as the Middle East and North Africa [18], China [19], the
UK [20], as well as globally [21]. However, studies on Europe as a
whole are lacking in the literature. In addition, water-energy nexus
studies have not been completed on a European level that account
for projections of the transition towards higher shares of renewable
energy in the future. Furthermore, the European Council has set a
target to strengthen the energy interconnection between the
countries [22] in order to increase the European Union's security of
electricity supply and to achieve higher penetration of renewable
energy technologies into its energy markets. The economic con-
sequences of establishing such interconnections have been the
focus of recent research articles [16,23]. However, there is a lack of
research analysing the potential changes in water usage in elec-
tricity production. Given that Europe is reported to have the highest
energy-related water footprint in the world [24], projections of
future water use in the energy sector can provide a basis for
effective water policy and planning.

To address the above-mentioned concerns, this study aims to:
(1) assess the current water demand of Europe's power sector from
the perspective of water consumption, (2) evaluate the potential
impact of establishing high voltage power transmission in-
terconnections between the regions of Europe on the water de-
mand estimates, (3) project the development of water consumption
until 2050 for the example case of two energy transition scenarios,
and (3) identify potential bottlenecks on the pathway towards a
zero greenhouse gas (GHG) emission renewable energy system
when conducting the comparison of the two scenarios.

2. Methods

2.1. Data gathering and database compilation

2.1.1. Compilation of the power plant dataset
The main source of power plant data for the research was the

GlobalData dataset [25]. The dataset was later complemented and
corrected with the information presented in other databases
[26e28], and the results of the global power plant structure were
published by Farfan and Breyer [29]. The presented dataset pro-
vides comprehensive information on existing power plants (name,
capacity, type of generator, fuel type, commission date, country and
region, etc. were reported for each specific power plant). However,
the dataset did not include the locations in high spatial resolution
of the power plants, or the source and the amount of water used for
power generation, which are required for the water footprint
determination and analysis.

The aim of this study was to put an emphasis on the European
energy system-wide analysis. Therefore, the initial dataset was
narrowed down to contain only active power plant units exceeding
50 MW located in Europe. Countries presented as part of the
analysis are the EU-27 member states, Albania, Bosnia and Herze-
govina, Iceland, Kosovo, Macedonia, Moldova, Norway, Serbia,
Switzerland, Turkey, Ukraine and the United Kingdom.

The limitation of 50 MWoriginates from the inability to identify
the location and the cooling system of such power plants using
satellite imagery. This selected cut-off seems appropriate for the
study due to the following reasons: (1) thermal power plants of low
capacity require a relatively low amount of water for cooling pur-
poses due to their small size; (2) thermal power plants of low ca-
pacity are typically equipped with dry cooling systems, which

demand less water than other cooling systems [13]; (3) thermal
power plants of low capacity are often combined heat and power
(CHP) plants, which have relatively low water abstractions for
waste heat discharge [30]. As for renewable energy technologies, it
is challenging to identify the location of small-scale generation
units since the names of such units are typically not available in the
commonly used power plants databases.

In contrast to the previous study by Lohrmann at al. [31], which
was focused only on thermal power plants, this research aims to
assess the water footprint of other water-intensive non-thermal
power technologies. As a result, 3276 power plants with a total
active power plant capacity of 845 GW were presented for the
analysis, of which 895 units (27.3%) are gas power plants, 852
(26.0%) are coal-fired, 835 (25.5%) are hydropower, 302 (9.2%) are
oil-fired, and 150 (4.6%) are nuclear power plants. Other technol-
ogies, such as biomass and biogas power plants, solar photovoltaic
(PV) and concentrated solar thermal power (CSP) plants, together
account for less than 7.4% of the total amount of the units presented
for the analysis.

This research does not encompass the assessment of geothermal
plants since their share in the current European energy system is
negligible (less than 0.3% of the total energy generated in 2015).
However, it is important to remark that geothermal power plants,
depending on the cooling type, might be the second most water
demanding power generation technology (after hydropower),
consuming up to 19.48 m3 per MWh [13]. This extensive water
consumption might have a considerable impact on the local water
systems. In contrast to geothermal technology, the share of wind
power in the current energy system is high (16% of the total
installed capacity higher than 50 MW). In addition, according to
both scenarios considered in this study, this share is projected to
increase by 2050. However, no water is being abstracted in the
process of wind power generation. Thus, the water footprint of
wind power generation was not assessed in this study. In addition,
pumped hydro energy storage technology was left out of the scope
of the research since no water footprint factors were available in
Macknick et al. [13].

2.1.2. Identification of location and coupling power plants with
water bodies

To estimate the type of water used for cooling purposes (sea or
freshwater), the exact location of individual power plants needs to
be pinpointed. The exact geographical coordinates of thermal po-
wer plants were previously identified and reported by Lohrmann
et al. [31]. For this study, the locations of other types of power
plants presented for the analysis (hydropower, biomass, CSP) were
identified based on the information presented in the initial data-
base (name of the specific power plant, fuel type and capacity, re-
gion and town of its location) using satellite imagery in Google
Earth, Bing and Yandex.Maps. Fig. 1 presents the location of water-
intensive power generation facilities identified for this study, thus,
excluding solar PV power plants.

To link individual power plants with water bodies, the method
of Geographic Information System (GIS) analysis was implemented.
The Global Self-consistent, Hierarchical, High-resolution Geogra-
phy Database (GSHHG) [32] was used as a source of a high-
resolution data for ocean coastlines, lakes and rivers. Power
plants were assumed to have a direct freshwater cooling source if
they are located within 5 km of rivers and lakes. In contrast to that,
power plants located within 20 km of the ocean coastline, were
assumed to use seawater for cooling purposes, as it was shown by
Biesheuvel et al. [33] and later implemented and validated on
global level by Lohrmann et al. [31], where power units with un-
knownwater source were assumed to use underground freshwater
for cooling.
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2.1.3. Cooling system identification
Knowing the cooling system of individual thermal power plants

is crucial for the assessment of their water footprint on river eco-
systems. However, the initial dataset provided by GlobalData [25]
contained almost no information on the installed cooling technol-
ogy at an individual power plant level. Therefore, the subset of the
European power plants used in this research was complemented
with the cooling technology data gathered and reported by Lohr-
mann et al. [31] for the case of coal, gas, nuclear and oil power
plants. In subsequent steps, the type of cooling technology was
identified for individual CSP, biomass and biogas power plants.

The method of cooling system identification in biomass and
biogas power plants applied in this research was previously re-
ported by U.S. Geological Survey [34] and Luo et al. [35] and tested
on a global level by Lohrmann et al. [31]. For the case of the US
power plant fleet, Luo et al. [35] achieved a precision level of 90%
for the cooling technology identification. Their method is based on
the manual identification of the cooling technologies of individual
thermal power plants using satellite imagery provided by Google
Earth, Bing and Yandex.Maps. In total, five types of cooling tech-
nologies were considered: dry cooling (or so-called air cooling,
direct and indirect), once-through cooling (or open loop cooling),
recirculating tower cooling systems (which is typically subdivided
into natural draft towers, mechanical induced-draft towers and
mechanical forced-draft towers), recirculating pond cooling and
inlet cooling systems of gas power plants.

The main limitations of the applied method were discussed by
Luo et al. [35]. In this research, the cooling system identification
method did not allow identification of the cooling technology in
several cases. Firstly, the method appeared to be ineffective for
biomass power plants that were located within large industrial
complexes (e.g. pulp and paper facilities) where several types of
cooling technologies were utilised. In this case, the allocation of
cooling technology should be performed by specialists familiar

with the particular industrial complex. Secondly, the identification
of several once-through power plants was not feasible using sat-
ellite imagery due to the fact that their intake or outlet facilities
were submerged. Thirdly, in many cases, it was not possible to
identify the cooling system of low-capacity power plants due to
their small size. Thus, the size emerged as the primary reason for
selecting a 50MW capacity as the limit for this study. Moreover, the
precision of cooling system identification appeared to be strongly
dependent on the image resolution and timing of the satellite shot.
Finally, the assignment of cooling technology was not possible for
power plants belonging to the category “aggregated capacities”.
This category was added to the initial GlobalData database [25] by
Farfan and Breyer [29] to match the capacities presented in the
database with the statistical information on power generation
provided by governmental institutions and international organi-
sations for all countries in the world. These capacities cannot be
assigned to specific power plants or units. Therefore, by definition,
this method applied in the research cannot be used for their cooling
system identification. The amount of thermal power plants which
cannot be assigned any cooling technology using this method is
rather low (for instance, the “aggregated capacities” represent 135
entries in the database, which account for about 4.1% of all power
units presented for the analysis). They represent only 16.1% of the
total power plant capacity in the database. Thus, the choice of
missing value treatment for the cooling technology is crucial for the
analysis of local freshwater-deficit regions.

In order to “fill in the gaps” in the cooling technology data, a
simple statistical analysis was performed. The analysis was based
on historical data (year, capacity, fuel and combination of the
generator type and cooling technology of individual power plants)
available in the database. The selected method of missing value
imputation might impact the water consumption estimates. In or-
der to assess the variability of the water consumption estimates
resulting from the choice of the cooling technology for the

Fig. 1. Identification of the exact location of power plants exceeding 50 MW in Europe. The blue lines on the map represent water bodies: rivers, lakes, ponds, channels, and
coastlines. The borders of the countries are marked in red colour. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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“aggregated capacities”, a sensitivity analysis was performed. The
results of the sensitivity analysis are discussed in the Supplemen-
tary Materials (Note 1).

2.2. Analytical approach for the assessment of the current water
footprint

2.2.1. Individual power plant e level
Typically, the assessment of the energy-based water footprint is

conducted from the perspective of water withdrawal and water
consumption. Water withdrawal is defined as the total amount of
water taken from the water source to meet the demand of the
power generation process. In contrast to that, water consumption
represents the difference between water withdrawal and the
amount of water returned to the source. From another viewpoint, if
water is seen as a common good for industrial, agricultural and
domestic use, then water withdrawal can be treated as the amount
of water “used” by the economy. In contrast to that, water con-
sumption can be defined as the amount of water “used” by the
technological process since it describes how much water is “lost”
during the process of power generation. The focus of this study is
onwater consumption since it illustrates the direct impact of power
generation onwater availability. In particular, this water is disposed
from the immediate water environment, for instance, by means of
evaporation.

Water consumption (or so-called “water footprint”) of power
plants was calculated using Equation (1) presented below.

Water footprint ¼ Active capacity� FLH �WUI (1)

where the Active capacity is given in MW; FLH e full load hours of
power generatione in hours;WUI ewater use intensity factore in
m3 per MWh. For the assessment of the current (2015) water
footprint, the FLH were obtained from the International Energy
Agency (IEA) statistics [36]. The FLHs were assigned to individual
power plants according to their generation type (coal, gas, hydro-
power, solar PV, etc.) and location (country).

Table 1 in the Supplementary Material contains information
concerning the WUI factors used in this study, which were derived
by Macknick et al. [13]. For different types of power plants,
depending on the installed generator type and cooling technology,
different WUI factors were applied. As highlighted in Table 1 of the
SupplementaryMaterial, a few types of power plants do not require
cooling for the process of power generation (solar PV and hydro-
power). In the case of solar PV, the WUI factors were available only
for utility-scale plants. This is one of the limitations of this study,
and residential solar PV plants were left out of the scope. For hy-
dropower plants, the WUI factors were only reported for in-stream
plants and reservoirs, thus, the other types (e.g. pumped hydro
energy storage) were filtered out from the final database. A dis-
cussion concerning the selection of the WUI factors for CHP power
plants is presented in Note 2 of the Supplementary Material.

Although the approach of using WUI factors is an effective and
widely applied method for water demand estimations in the power
generation sector, it is associated with uncertainty (since different
factors will lead to different estimates). As mentioned previously,
for this study, the values of water use intensities were derived from
Macknick et al. [13]. Whilst these factors were reported for the
United States, Macknick et al. suggest that they can also be used for
water demand estimations for other geographic regions (including
Europe) [13]. Consequently, many studies which focused on water
demand estimations for European power plants (e.g. Ref. [37]) have
reported using WUI factors fromMacknick et al. [13]. However, any
variations inwater management and cooling technology utilization
between the United States and Europemight result in differences in

the water consumption estimates [38]. In order to address this
concern, the WUI factors (median values and min-max intervals),
which were applied in this study [13], were compared to the WUI
factors that were used in other studies on Europe (see Note 3 of the
Supplementary Material).

2.2.2. Region- and country e level
The country-specific total water consumption was calculated as

the sum of the water consumption of all power generation facilities
located in these countries. In addition, the aggregated water foot-
print was calculated for all Europe's twenty sub-regions presented
in the LUT Energy System Transition model [16,39]. The LUT Energy
System Transitionmodel optimises the projected energy systems in
full hourly resolution. The dataset of the real weather conditions,
which is implemented in themodel, has a 0.45 � � 0.45 � spatial and
hourly temporal resolution. Hence, the (local) variability of re-
newables and their impact on the future energy system design is
considered in greater detail, compared to other studies. This step
was taken in order to match and compare the estimated current
water footprint with the projected values by the ‘Regions scenario’
and the ‘Area scenario’ until 2050. These twenty regions, their
location and specifications are presented in Fig. 2. Additional in-
formation concerning the countries assigned to each specific region
is provided in Table 1.

2.3. Scenarios

The Regions scenario assumes that each of the defined 20 re-
gions of Europe is an independent energy systemwith no exchange
of electricity. At the same time, it was recognised in Ref. [16] that
some natural areas of energy cooperation exist within the European
context while constructing the individual regions. In most cases,
regions are national energy systems. However, many regions are
combinations of national systems that have shown high levels of
energy cooperation in the past, especially the exchange of elec-
tricity. The Area scenario establishes high voltage power trans-
mission interconnections between the regions of Europe. The basis
of the scenario is established by known capacities of HVAC and
HVDC connections in winter 2010/2011 as developed by ENTSO-E
[40] and supplemented by further information from
Refs. [41e43]. Interconnections were determined on an individual
basis between each region and observed known border crossing
points as well as routes of undersea cables. To account for varying
topography, an additional 10% was added to interconnection dis-
tances. In some cases where accurate information could not be
found, straight lines between the main centres of electricity de-
mandwere drawn. New undersea cables were assumed to be HVDC
cables, as is the norm in Europe. New additions on land were
assumed to be comprised of 70% underground cables and 30%
overhead lines to account for possible social resistance to visible
lines overhead. In both scenarios, no analysis of transmission or
distribution infrastructure within regions was attempted, although
internal transmission line losses were accounted as a function of
electricity consumed, as documented in Ref. [44]. A full description
of scenario parameters and methods is found in Ref. [16].

2.4. Estimation of the power sector's water footprint in 2016e2050

The results of the Regions and Area scenarios determine the
power capacities that should be commissioned during the transi-
tion period from 2016 to 2050. However, since the location of these
new power capacities was not defined, this study assumes that all
new thermal capacities will consume freshwater for cooling
purposes.

The scenarios were applied to project the development of the
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water footprint of Europe's power sector from 2016 to 2050.
Equation (2) below was used to estimate the Aggregated water
consumption (AWC) of the power sector in each of the twenty re-
gions presented for the analysis. The results were obtained for 5-
year intervals and cover water consumption of fossil-based, nu-
clear and renewable energy technologies.

AWCt¼
Xn
i¼1

ðPreviouslyinstalledcapacityi;t�ProjectedFLHi;t�WUIiÞ

þ
Xn
i¼1

ðProjectednewcapacityi;t�ProjectedFLHi;t�WUInewiÞ

(2)

where i denotes the specific type of power generation (coal, gas,
hydropower, solar PV, etc.), t the analysed year. Projected new ca-
pacity (in MW) and Projected FLH (in hours) were obtained from
Ref. [16] as part of the results of the simulation of the Regions

scenario and the Area scenario.
‘Previously installed capacity’ was calculated as the difference

between active power plants in 2015 and power plants that are
scheduled for decommissioning by the year t. The projected life-
time for different types of power plants was obtained from Farfan
and Breyer [45], who report on the average technical lifetime of 40
years for coal and nuclear power plants, 34 years for gas and oil, and
100 years for hydropower plants.

To compute the water footprint of newly installed thermal po-
wer plants, a simple statistical analysis was performed. We deter-
mined themost common generator type during the last 15 years for
all twenty regions and assigned it to the new capacities in these
regions. The cooling technology was selected premised on a similar
logic used in the section ‘Cooling system identification’, which also
considers that the cooling system technology should correspond to
the generator type and the fuel used at the power plant. Using this
approach, WUI new factors were assigned.

Fig. 2. Geographical regions used in this study [39].

Table 1
Median, minimum and maximum values of water consumption estimates and specific water consumption per region in 2015.

Region Countries Median,
[km3]

Minimum,
[km3]

Maximum,
[km3]

Specific water consumption, m3/MWh (based
on median values)

NO Norway 1.89 0.60 7.56 15.47
DK Denmark 0.02 0.01 0.02 0.55
SE Sweden 1.20 0.41 4.49 7.66
FI Finland 0.32 0.13 1.07 4.22
BLT Baltic: Estonia, Latvia, Lithuania 0.05 0.02 0.14 1.74
PL Poland 0.32 0.26 0.57 2.07
IBE Iberia: Portugal, Spain, Gibraltar 1.34 0.70 4.13 3.74
FR France, Monaco, Andorra 2.40 1.79 4.81 4.23
BNL Belgium, Netherlands, Luxembourg 0.28 0.22 0.33 1.31
BRI British Isles: Ireland, United Kingdom, Isle of Man, Guernsey, Jersey 0.52 0.36 0.98 1.33
DE Germany 1.13 0.95 1.99 2.04
CRS Czech Republic, Slovakia 0.42 0.29 0.71 3.70
AUH Austria, Hungary 0.80 0.34 3.11 8.55
BKN-

W
Balkan-West: Slovenia, Croatia, Bosnia & Herzegovina, Serbia, Kosovo,
Montenegro, Macedonia, Albania

0.69 0.29 2.41 6.94

BKN-E Balkan-East: Romania, Bulgaria, Greece 0.62 0.30 1.95 3.87
IT Italy, San Marino, Vatican 0.43 0.17 1.50 1.40
CH Switzerland, Liechtenstein 0.67 0.26 2.42 10.24
TR Turkey, Cyprus 1.71 0.69 6.12 5.41
UA Ukraine, Moldova 0.46 0.31 0.92 2.79
IS Iceland 0.23 0.07 0.93 13.19
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3. Results

3.1. Current water consumption of the Europe's power sector

In 2015, the total water consumption of Europe's power plant
fleet was estimated at a level of 15.54 km3. The highest amount of
water was consumed by hydropower plants (in-stream and reser-
voirs), which accounted for 61.5% or 9.55 km3 of the annual water
loss. Nuclear and coal-fired power plants consumed 19.4% and
15.5%, respectively. Other technologies (gas-, oil-, biomass- and
biogas-fired power plants, CSP and solar PV plants) together were
responsible for less than 3.6% of the total water consumption.

According to the IEA statistics [36], the share of hydropower
plants in European power generation was about 13.9% in 2015. As
mentioned previously, the estimated share of consumed water by
hydropower plants is much higher (61.5%). This difference can be
explained by the fact that hydropower plants have the largest re-
ported water consumption factors among all power technologies,
which, according to Macknick et al. [13], can be up to 68 m3 per
MWh. This value represents the higher limit of the
minimumemaximum (minemax) interval for water consumption
estimates, which is 21 times higher than the corresponding value
for nuclear power plants equipped with cooling towers. Thus, hy-
dropower plants consume up to 21 times more than nuclear plants
with cooling towers for the generation of the same amount of
electricity.

In contrast to that, gas-fired power plant contribution to the
Europe's generation mix was 15.4% in 2015, while their share in the
total water consumption was estimated at 2.5%. Compared to other
technologies (hydropower, nuclear and other fossil-based plants),
Europe's gas power plants have a relatively lowwater consumption
per unit of generated energy. These “water savings” are mostly
caused by the commonly used dry cooling systems, which, ac-
cording to the findings of this study, equip up to 21% of the Europe's
gas power plants that exceed 50 MW.

In this study, all hydropower plants, CSP and solar PV plants
were assigned to freshwater sources. Thus, the GIS analysis was
conducted for thermal power plants presented in the database. The
results of the GIS analysis highlighted that about 37.6% of the total
active thermal capacity is located within 20 km of the sea coastline.
Thus, following the approach described in the study by Biesheuvel
et al. [33] and also implemented by Lohrmann et al. [31], it was
assumed that these power plants might use seawater for cooling
purposes. The use of seawater for cooling represents a “more sus-
tainable” solution, especially for coastal regions with high fresh-
water scarcity. The share of the assumed seawater-cooled capacities
varies in different regions. The results show that regions with the
highest shares are Norway, Denmark and Sweden, where the pro-
portion of potentially seawater-cooled thermal capacities was
higher than 93%.

As illustrated in Fig. 3, the water consumption for electricity
generation is not distributed evenly in Europe either. The “leader”
in total (sea- and fresh-) water consumption was France,
consuming about 2.39 km3 annually. Nuclear power plants (mostly
equippedwith cooling towers), which contributed asmuch as 77.5%
to the final generation mix in 2015 [36], accounted for 64.5% of the
total water consumption. Hydropower, the second-largest power
generation technology in France in 2015, consumed about 33% of
water related to the country's power sector. About 32.4% of the
thermal capacity exceeding 50 MW was assumed to be potentially
seawater-cooled, thus, freshwater consumption of the country was
estimated at the level of 1.83 km3 annually.

In 2015, the second place of total water consumption was taken
by Norway with 1.89 km3 of water “loss” annually, of which 99.7%
was consumed by hydropower. Water consumption of thermal

power plants was dominated by gas power plants located at the
coastline. Thus, the above-mentioned water consumption value
represents losses of freshwater. Therefore, Norway had the largest
consumption of freshwater for power generation in Europe.

The results of the analysis highlight that Europe's region with
the lowest water demand was Denmark. Total water consumption
was 0.02 km3, of which only 16% was abstracted from freshwater
sources (i.e. rivers and lakes).

The specific water demand per 1 MWh of generated electricity
reflects the influence of the power generation mix on the average
water consumption. The analysis shows that Europe's “leader” was
Norway with estimated 15.5 m3/MWh. The lowest specific water
consumption was in Denmark with 0.6 m3/MWh. Information
about other regions presented for the analysis is given in Table 1.
This table also includesmedian, minimum andmaximum estimates
of water consumption per region.

Figs. 3 and 4 depict the values of the total water consumption in
all twenty regions selected for the analysis. The values presented
are the estimatedmedian values andmin-max intervals for the year
2015. It is crucial to remark that the presented values for Iceland's
total water consumption might appear lower than its actual water
consumption in 2015. This difference can be explained by the fact
that geothermal technology, which represents the second main
power generation technology of the country and is contributing
28.8% to the generation mix, was left out of the scope of this
research.

3.2. Projected water consumption in 2050

In the case that the Area scenario is implemented, the annual
total water consumption is estimated at the level of 11.14 km3 in
2050. Thus, the total water consumption was projected to decrease
by about 28.3% by 2050, compared to the 2015 level. In contrast to
that, if the Regions scenario is pursued, the annual total water
consumption in Europe will decrease to 11.77 km3 by the end of
2050. Compared to the 2015 level, this will result in a 24.2%
decrease in water consumption. Fig. 5 illustrates the projected
annual water consumption on a regional level for both scenarios. As
highlighted in the figure, the projected “leaders” in total water
consumption are Turkey, Norway and Sweden due to their high
shares of hydropower in the final generation mix. In 2050, these
three countries are projected to be responsible for about 47.5% of
Europe's total water consumption according to the Area scenario,
and for 44.8% according to the Regions scenario, respectively. Both
scenarios project Turkey's power sector to have the highest water
demand in Europe in 2050 with 1.91 km3 of water consumed
annually.

As shown in Fig. 6A, the largest decrease in annual water con-
sumption is projected during the period from 2015 to 2030. This
decrease can be explained by the large defossilisation of the power
sector, which, according to these scenarios, is scheduled during
2015e2030 [16]. In particular, fossil-fuel power plants are projected
to consume about 35.3% of the total amount of water used by the
Europe's power sector in 2020. According to the Area scenario, this
share is estimated to consistently decrease to 13.9% in 2030, to 4.5%
in 2040 and to about 1.6% in 2050. In contrast to that, the Regions
scenario projects a slightly higher share of 2.0% for fossil-fuel power
plants in the total water consumption by the end of 2050. Thus,
both scenarios project an almost full elimination of the water
footprint of fossil-fuelled power plants.

3.3. Comparison of the Area and Regions scenarios

A suitable scenario should ensure better mitigation strategies
for water use in the power generation sector during the whole
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transition period. The results of the study show that the total
annual water consumption projected for both scenarios in 2050
differs only marginally (0.64 km3 per year or 5.4%). Another way to
evaluate and compare the scenarios is to use the metric of cumu-
lative difference introduced by Lohrmann et al. [31].

The cumulative difference represents the amount of water that
could be excluded from power generation in the case that the Area
scenario is implemented instead of the Regions scenario. In other
words, the cumulative difference illustrates the “savings” of water,
which are aggregated for the entire transition period from 2015 to
2050.

In this study, the cumulative difference was calculated using
Equation (3). This equation determines the area between the curves
in Fig. 6A, which represents the annual water consumption for both
scenarios.

Cumulative diff ¼
ð2050

2015

�
AWCðtÞRegions � AWCðtÞArea

�
dt (3)

where AWC denotes the Aggregated water consumption of the
power sector, in m3, and t the analysed year.

The results of the calculations are illustrated in Fig. 6B, which
illustrates that the Area scenario allows to gradually save up to
18.09 km3 of water during the 35-year transition period, compared
to the situation when the Regions scenario is selected for
implementation.

3.4. Identification of potential bottlenecks of the energy transition

The next step of the study was to evaluate the potential impact

Fig. 3. Total water consumption (median values) of the Europe's power sector in 2015, in m3.

Fig. 4. Total water consumption of power sector in 2015, per region. Y-axis is given in logarithmic scale.
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of the energy transition on the regional level. Fig. 7 highlights the
development of the water consumption in 2015e2050 on the
regional level for the Area scenario (Fig. 7A) and the Regions sce-
nario (Fig. 7B). As shown in the figure, in Europe as a whole as well
as in most of Europe's regions, the total water consumption of the
power sector is projected to decrease by the end of 2050 (marked in
green colour). This projected decrease in the annual total water
consumption reflects the projected decommissioning of old fossil-
fired power plants and their replacement by less water consuming
renewable energy technologies [16].

However, in five out of twenty regions an increase in the annual
total water consumption of up to 24% is projected during
2015e2050. In Fig. 7, these regions are marked with red colour.

The results show that an increase of 7% is projected in Austria
and Hungary (AUH region), another 7% in the Balkan-West coun-
tries, 11% in Turkey, 21% in Iceland and 24% in Sweden. Thus, the
estimated average increase for these regions is 14%. According to
the Area scenario, during the transition period 2015e2050, the

commissioning of new hydropower plants or expansion of capacity
is projected in 19 of Europe's regions (with the exception of
Finland) presented for the analysis. However, in the case of the five
above-mentioned regions, the share of these new hydro capacities
is high: compared to 2015, on average, an increase of 29.4% of the
hydropower capacities is projected in 2050. Thus, the “savings” of
water achieved by the decommissioning of old thermal power
plants could not compensate for the “additional” water consump-
tion of the increased hydropower capacities.

4. Discussion

Sustainability aspects of the Area and Regions scenarios were
discussed in previous studies [16,39]. On the one hand, it was
shown that both scenarios are consistent with the targets imposed
by the Paris Agreement [46]. In particular, Child et al. [16] reported
that a complete defossilisation of the European energy system
could be achieved by 2035 in the Area, and by 2045 in the Regions

Fig. 5. Projected total water consumption (median values) of Europe's power sector in 2050, in m3, according to the Area scenario (A) and the Regions scenario (B).

Fig. 6. Comparison of the Area and Regions scenario. Changes in total annual water consumption from 2015 to 2050, in m3, according to the Area scenario and the Regions scenario
(A). Cumulative difference in water consumption (B).
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scenario. On the other hand, the economic feasibility of the pre-
sented scenarios was assessed. Child et al. [16] projected the
decrease of the levelised cost of electricity (LCOE) from the current
69 V/MWh to 51 V/MWh in the Area scenario and to 56 V/MWh in
the Regions scenario. In addition, the technical feasibility and
governmental policies were taken into account in their research.

In contrast to that, this study focuses on the assessment of the
water footprint of the European power sector, which is not always
included inmodelling studies. The results of this study indicate that
the water demand of power plants should not be neglected in the
discussion on the sustainability of energy transition scenarios.

In particular, the results show that in the case that the Area
scenario is implemented, the total water demand (of fossil-based
and renewable energy technologies) for Europe as a whole can be
decreased by up to 28.3% during the transition period until 2050. In
eight regions, the implementation of a zero GHG electricity system
will lead to a reduction in water consumption in the power sector
exceeding 60%. However, in five out of twenty regions the total
water demand is projected to increase between 7% (Balkan-West
countries) to 24% (Sweden), with an average ascent of 14%, ac-
cording to the Area scenario. The projected increase in water de-
mand is on account of the extensive implementation of new
hydropower capacities, which are scheduled for commissioning
during 2015e2050. Thus, even if these regions possess large hy-
dropower potentials, they require a more careful assessment of
water resources before the implementation of these scenarios. Such
an assessment is pivotal, as the consumed water represents the
“lost”water bymeans of evaporation and, thus, would not return to
the local water systems.

The results of this transition show several potential impacts
related to water footprints. First, the reduction in thermal power
plant capacity can result in an increase in water quality and avail-
ability at a local level in some locations, especially for the Area
Scenario. Some cooling systems in thermal plants extract water at a
lower temperature than it is returned, thereby affecting water
quality through thermal pollution [18]. In addition, cooling may
result in evaporative losses that displace water over long distances.
The reduced water footprint shown in this transition may then

contribute to the achievement of the United Nations Sustainable
Development Goal (SDG) 6 e Clean Water and Sanitation, which
aims to increase water quality and reduce withdrawals as a pro-
portion of the total water resources. In addition, SDG 12 calls for the
responsible consumption and production through reductions in
materials’ footprints (including water). It is estimated that the
current increasing trend of water scarcity could lead to the
displacement of approximately 700 million people even by 2030
[18].

A diminished need for water in energy systems may increase
water security in a broader sense. This maymake water available to
increase such provisioning services as agriculture. Also, retaining
water in ecosystems may sustain various cultural services, such as
recreation, spirituality, science and art. A reduction in water scar-
city in some regions may also contribute to a decreased potential
for conflict as well as reduce inequalities [47]. Failure to establish an
effective balance between water and energy security can have po-
tential social, economic and environmental consequences [21].
Also, it has been argued that the nexus can be expanded to include
food, land use and climate, suggesting a complex system affecting
many areas of life [48].

According to the WRI Aqueduct Atlas [4], four out of five regions
with the projected increases in water consumption (except for
Turkey) are reported to have low baseline water stress, which is
indicative of a high availability of renewable water resources.
However, Turkey, which is projected to increase its energy-based
water consumption by 11% and, thus, to become the largest water
consumer in Europe, is characterised by high baseline water stress
[4]. In addition, the agricultural sector of Turkey is reported to
dominate the country's water demand with a 75% share of the total
water consumption [49] (compared to an average of 44% for Europe
[50]). It is projected that all larger regions of Turkey even require
access to desalination to guarantee freshwater supply [51], which is
also driven by demand for irrigation [52]. Thus, the projected
implementation of a high share of hydropower might impose an
additional stress on Turkey's water resources and create a higher
competition for water resourceswith the pivotal agricultural sector.
Therefore, a further systematic analysis is required to evaluate the

Fig. 7. Changes in total annual water consumption (median values) from 2015 to 2050, in m3, according to the Area scenario (A) and the Regions scenario (B). The y-axis is given in
logarithmic scale.
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effect of the implementation of these scenarios for the case of
Turkey.

According to Gleick [53], losses from hydropower plants vary
greatly and are affected by such factors as regional climate, average
annual flow of the water body, dam height, gross static head,
reservoir area and volume, drainage area characteristics, installed
capacity of the hydropower plant, type of power plant and average
annual energy production. The authors conclude that the rela-
tionship between gross static head and dam height may be better
indicators of evaporative water loss and other sustainability con-
cerns than power production. This may be particularly important
when considering the difference between run-of-river hydropower
and large dams. In addition, many large dams and reservoirs have
been constructed for multiple purposes that may result in larger
reservoirs than would otherwise be needed for electricity genera-
tion. This could exaggerate statistics related to evaporative losses
for hydropower in some cases and Gleick [53] recommends that
this key distinction be taken into account in any overall environ-
mental assessment. Likewise, Torcellini et al. [54] also indicate that
there is no easy way to disaggregate the end uses of hydropower
dams and reservoirs, which makes an assessment of evaporative
losses per unit of electricity generated problematic. For the case of
Turkey, the rather high level of estimated consumption from hy-
dropower may produce benefits greater than those measured by
electricity generation alone (e.g. flood control, consistent water
supply for irrigation and recreational use).

Therefore, the provided values of specific water consumption
per 1 MWh of generated electricity represent rough estimates that
may even seem “ambiguously formulated” for the case of hydro-
power in certain cases according to Gleick [53]. Given the wide-
ranging geography of different parts of Europe, appropriate
caution in interpreting results is advised. In order to obtain more
accurate projections, a life-cycle assessment of the entire energy
system should be conducted.

The choice of 2015 as a representative year for this analysis
merits further comments. As stated previously, heatwaves in parts
of Europe caused temporary reductions in coal power generation
[6,7]. In addition, 2015 was at the end of a 5-year trend of
decreasing wholesale electricity prices in Europe. Some regions of
Europe even saw the lowest wholesale electricity prices in more
than a decade [55]. As thermal power plant operation is related to
wholesale prices, one could surmise that thermal plant full load
hours may have been lower than normal during 2015. This could
mean that initial estimations of water consumption for power
production in Europe (15.5 km3) may have been somewhat lower
than a truly representative year, making projections of water sav-
ings presented here rather conservative. At the same time, changes
in European electricity generation sources due to increasing im-
pacts of variable renewable energy had already resulted in a
decreasing trend in full load hours for thermal power plants over
the preceding decade [56]. Therefore, selection of a representative
year for comparisons within such a context of change is inherently
problematic.

5. Conclusions

The study addresses the problem of extensive energy-based
water use in Europe. In particular, the current water footprint of
3276 power generation units exceeding 50 MWwas estimated and
aggregated on a per region and country level.

Using the results of the Area and Regions scenarios computed
with the LUT Energy System Transitionmodel, thewater demand of
the European power sector was projected for the time period from
2015 to 2050. The results of the study reveal that the transition to a

100% renewable electricity systemmight lead to a decrease of up to
28.3% for Europe's energy-based water consumption by 2050,
compared to the 2015 level. As the result of defossilisation, the
water footprint of thermal power plants is projected to decrease to
the negligible amount of 1.6% in 2050 according to the Area sce-
nario. In addition, the study highlights the potential bottlenecks of
the future energy transition, where the change of the energy sys-
temmight lead to an increase in energy-based water consumption.
As a consequence, this change of the energy system can become an
additional factor contributing to the already existing water stress in
a region. The impacts of new hydropower capacity in particular
should be viewed within specific geographical and operational
contexts to best determine if related consumption would
contribute to greater water stress or other environmental harm.

The results of the study demonstrate water-related benefits of
establishing power transmission interconnections between the
regions of Europe. During the investigated period from 2015 to
2050, the additional savings of water (due to power in-
terconnections) are estimated to reach 18.09 km3 of water.

Therefore, the results of the study could potentially support
Europe-wide and regional policymaking by providing another
dimension to the discussion of the sustainability of the energy
transition scenarios.
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Abstract 

One of the effects of climate change is on freshwater availability. The widespread drought in 

the summer of 2022 impeded access to freshwater, putting into question the reliability of the 

current and future energy generation and evoking concerns of competition of different 

industries for water. In response to climate change, energy transition scenarios represent 

pathways to a more sustainable energy system, but often overlook the water footprint of the 

energy sector. Therefore, this study uses machine learning for the identification of thermal 

power plants’ cooling systems to estimate the water footprint of the current and future energy 

system using six energy transition scenarios. It is built on published data on thermal power 

plants announced globally, with a total capacity of 3,277 GW, which are planned to be installed 

between 2020 and 2050. The results demonstrate that the water consumption of the global 

power sector may increase by up to 50% until 2050, compared to the 2020 level. The findings 

also emphasize that every new thermal power plant installed in the future will be associated 

with a higher average water demand per unit of generated electricity. Hence, the rising stress 

on water systems becomes another argument supporting the transition towards renewables. 

Keywords 

Power plants; Water consumption; Cooling technology; Water criticality; Machine learning 

Highlights 

1. Specific water consumption of thermal plants will increase to 1.7 m3/MWh by 2050

2. Specific water consumption of the global energy sector reaches 3.04 m3/MWh by 2050

3. Water consumption of the global power sector may increase by up to 50% by 2050

4. Water consumption criticality merges water availability and power sector water use

5. Countries with a high level of water consumption criticality were highlighted

1. Introduction

Climate change is also a water change, because the effects of climate change are strongly felt 

through changes in freshwater availability, its disrupted supplies, and exacerbated water 

scarcity [1,2]. Since 2012, “water crisis” was constantly included in the Top-5 Global Risks by 
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Impact in the yearly Global Risks Report released by the World Economic Forum (WEF) [3]. 

Even according to very modest estimates, already in 2017 about 47% of the global population 

(or 3.6 billion) lived in areas that suffer from water scarcity at least one month every year [4]. 

This is the result of a constantly increasing demand for water, food, and energy of a growing 

population as well as the economy, and the depletion of water resources [5]. The global power 

sector is currently the second largest consumer of freshwater resources after agriculture. In 

particular, a considerable amount of water is consumed (evaporated) in hydropower generation, 

and in thermal power plants (coal-, gas-, oil-fired and nuclear) for cooling. According to some 

estimates, the energy-related water demand can reach a level as high as 40% of the total water 

demand in a country [6]. 

Despite the environmental concerns reflected in various reports and countries’ obligations to 

reduce carbon emissions in the power sector to tackle climate change, according to the 

information provided in the GlobalData dataset there are plans to commission at least 2.6 TW 

of new thermal power plant capacities worldwide by 2050 [7]. This projected increase in 

thermal power capacities globally will result in an increase in water demand for power 

generation. This may impose an additional pressure on the areas already suffering from high 

or extremely high water stress and worsen the competition for the already limited freshwater 

resources with other vital sectors such as agriculture and housing. 

Generally, energy transition scenarios aim to demonstrate a pathway towards a more 

sustainable renewable energy system from a carbon emissions perspective. Yet, the water 

footprint of the current and future energy system in many transition scenarios is often 

overlooked [8,9]. Therefore, water scarcity and water demand should be taken into account 

while designing transition scenarios. 

Several previous studies have approached this problem from different perspectives, timeframes 

and geographical scales. A wide range of studies exist for the United States [10], China [11], 

the United Kingdom [12], South Africa [13] and India [14]. On a regional level, studies exist 

for the European continent [15] and Middle East and North Africa (MENA region) [16]. A 

handful of studies project the future water demand on a global scale [17]. Some studies are 

focused on the estimation of the operational water use in the energy sector (when water is 

mainly used for cooling purposes or cleaning) [14], other studies [11,16] employ a lifecycle 

assessment (LCA) approach which, in addition to the operational water use, considers water 

use associated with the foreground and background processes of the energy production (e.g., 

extraction of the fuel). However, the results of this LCA analysis should be treated with caution 

because an accurate allocation of the calculated water demand to water bodies may be 

challenging unless the extraction of the fuel, its treatment and its power generation processes 

are located in the same geographical area. 

Studies that aim to predict the future water demand of the energy sector typically use 

aggregated capacity data for the water footprint projections (for instance, the study by 

Terrapon-Pfaff et al. [8]). However, this approach has two main drawbacks. First, it is difficult 

to quantify the uncertainty of the estimated values (due to their aggregated nature). Second, 

similarly to the results of the LCA approach, the water demand predicted using this method 

can neither be allocated to a specific power plant nor to a specific water body to analyze the 

potential consequences of the energy-related water abstractions on the availability of 

freshwater resources on the local-level.  
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Thus, the current knowledge gap is the lack of information on the current and future water 

demand on the individual power plant level and the future water demand on the level of the 

power sector as a whole. This gap implies that current water footprint analyses may be 

restricted by impeding the ability to trace the water demand to its origin, to track its 

development over time (inability to track the operation and decommissioning of power plant 

units), as well as to capture the uncertainty of the results based on the cooling technology of 

individual power plants and the estimation model. Apart from that, the availability of 

information regarding the current water demand of specific power plants is essential for 

designing future sustainable energy systems, especially in areas with significant water scarcity 

coupled with elevated power demand.  

Hence, to address this information gap, in contrast to previously conducted studies, this study 

aims to assess the future water demand of the energy sector using the reported data on 

individual, announced and planned power plants globally. The water demand assessment is 

conducted from the perspective of water consumption and water withdrawal, with a special 

emphasis on the freshwater consumption and on the water consumption per unit of generated 

electricity. The estimates are presented for the time period from 2020 to 2050 for the entire 

power sector and for the global thermal power plant fleet separately. A focus of this study is 

on thermal power plants since they, in addition to a high water demand, have a large 

environmental footprint and, thus, should be phased out in the near future. In the study, we 

deploy a machine learning algorithm using the available historical power plant data to identify 

the most probable cooling technology of each individual future power plant unit, and, 

subsequently, to estimate its future water footprint.  

This paper shows that currently planned power plants not only significantly delay a successful 

low-carbon transition, but they also significantly increase water consumption by the power 

sector. In addition, taking into consideration the geographically distributed water stress 

provides a clearer view of the impact of the power sector on the water systems at a local level. 

Therefore, the results of this study address two areas of research: Firstly, the projections of the 

total water demand add another dimension to the discussion of the sustainability of the energy 

transition scenarios. Secondly, they may provide a basis for enabling an effective water policy 

and planning on a country-level and globally. 

The rest of the paper is structured as follows. Chapter 2 goes through the methods deployed 

over the course of this study, and Chapter 3 presents its’ results. The study concludes with the 

discussion in Chapter 4, which puts the obtained results into the context of the global water 

crisis, and Chapter 5, where the conclusions are drawn. 

2. Methods 

2.1 Power plant data 
The main source of power plant data for this study was the power plant database obtained from 

Lohrmann et al. [18]. This database contains information on 13’863 active thermal power plant 

units (coal, gas, nuclear and oil) exceeding 50 MW, which were installed globally from 1923 

to 2015. In order to complement it with power plants that were installed during 2016-2020 and 

to obtain information concerning future power plants, we used the GlobalData database [7] to 

add 4’289 “future” power plants, which correspond to 3.3 TW of thermal power capacity. More 
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information regarding the power plant data compilation process is provided in Section A of 

Supplementary Materials. 

Many power plants in the compiled dataset (corresponding to 1.9 TW of thermal capacity) did 

not have information concerning their future commission year. However, this information is 

crucial for the assessment of the future water footprint of the thermal power generation. Thus, 

the next step was to assign commission years to individual power plants for which this 

information was missing in the initial database [7]. Section B of Supplementary Materials 

discusses the approach to assign commission years to individual power plants for which this 

information was missing in the initial database. Sections C and D of Supplementary Materials 

demonstrate the potential impact of this step on the presented water footprint estimates on the 

example of the results obtained for the Bloomberg New Energy Finance (Bloomberg NEF) 

scenario. 

2.2 Cooling technologies of announced plants 
Since the power plant database did not contain any information concerning the cooling systems 

installed in the announced power plants, the type of cooling needs to be determined. In this 

study, the projection of the cooling technologies utilized for individual power plants is based 

on a method deploying machine learning, which was developed and tested in a previous study 

[19]. Previous research highlighted the existing wide application of machine learning in water 

management [20]. 

The method applied in this study uses information on the technical characteristics of individual 

power plants to assign the cooling technology to each individual power plant. The variables 

“Power plant capacity (total active)”, “Fuel used in power plant”, “Year Online”, “Type of 

boiler” are available from the power plant database for each specific power plant, “Seawater-

cooling” was assigned to each specific unit, as discussed in Section 2.4 and the remaining 

information was obtained from open sources that corresponds to their specific location (such 

as “Freshwater total, per country”, “Seasonal water variability, per country”, “Agricultural 

water withdrawal as percent of total renewable water resources of the country, per country” 

– all obtained from [21], “Water stress score, province” from [22], “Days of warm weather” 

from [23], and other country-level socio-economic variables, such as the “Corruption 

perception index” – from [24], “GDP per capita of the country” – from [25], and “Prices for 

electricity” – from [26]. The selection of these variables for the cooling type assignment was 

based on a literature review of previous water-energy nexus studies and of reports on local 

factors influencing the cooling systems selection [32,33]. For example, some previous studies 

relied on the ratios of cooling system types in the region / country found in various literature 

sources [27, 29]. Other studies identified cooling technologies using satellite images [28]. 

However, the majority of studies identified the type of installed cooling system based on power 

plants’ proximity to large water bodies: to major rivers [30] and sea / ocean coastline [17, 31].  

The cooling technology assignment method combines the filter method (Pearson) correlation 

and the differential evolution feature selection (DEFS) wrapper method [34] to select features 

that are relevant for the cooling technology identification. It is a sophisticated approach for the 

selection of relevant variables that has demonstrated high accuracies for the assignment of 

cooling technologies in the previous study [19]. Next, the selected features are used in a K-

nearest neighbor (KNN) classifier to assign cooling technologies to individual power plant 

units. The classifier was trained and cross-validated using the power plant database [18], which 
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contains information on active thermal power plant units commissioned before the year 2015 

globally, and using additional information. The training data was initially divided into a 

separate data set per fuel type to train fuel-specific models in order to achieve a better 

classification accuracy. Both the 5-fold cross-validation and the holdout split were applied with 

stratified random sampling to ensure that the training, validation and test sets all contain similar 

shares of the cooling technology classes (dry, inlet cooling, once-through cooling, cooling 

tower and pond cooling). Figure 1 illustrates the flow chart of the classification model. 

The set of features selected by the model for the cooling technology prediction using the KNN 

classifier as well as the calculated test set accuracies are presented in Section E of 

Supplementary Materials. The obtained test set accuracies are considerably higher than the 

reported accuracies of other previously used approaches for the missing value imputation of 

the cooling technology, which use aggregated capacity data and pre-determined shares of 

cooling technologies for the water footprint projections [35]. 

 

Figure 1. Model for cooling technology identification using K-nearest neighbor (KNN) 

classifier, from [19]. 
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2.3 Type of water for cooling 
The selection of cooling technologies (and their optimal design) implemented in individual 

power plants is influenced by the type of water (freshwater or seawater) available for cooling 

purposes [32]. Typically, power plant databases do not contain information concerning the type 

of water used for cooling. This information is usually available from the reports issued by the 

power plants operators for individual power plants. However, collecting this information from 

plant operators, especially for future (planned) power plants and on the global scale, is highly 

impractical, and for many of the power plants in non-transparent states becomes impossible. 

The GlobalData dataset [7] contains neither information concerning the type of water used by 

future (planned) power plants nor their exact location. To overcome this data limitation, in this 

study, the type of water for cooling was assigned to individual power plants using the current 

shares of seawater-cooled thermal power capacities obtained from Lohrmann et.al. [18]. These 

shares were calculated using the results of a Geographic Information Systems (GIS) analysis 

performed in the study and represent the percentage of the country’s current active thermal 

capacity that uses seawater for cooling purposes. Although this approach may add uncertainty 

to the results of the study, it was selected for several reasons. First, the shares of the seawater-

cooled power plants in the generation mix of each specific country will likely remain 

unchanged in the future. This is based on the fact that thermal power plants are typically closely 

linked to the population / industrial centers (large power consumers), whose location (in regard 

to the nearest water bodies) will not considerably change in the next decades. Secondly, 

previous studies deployed this approach of applying coefficients of the seawater use in thermal 

power generation (for instance, in Davies et al. [17]). 

2.4 Assessment of the water footprint 
The water footprint (WF) of individual power plants for each specific year was calculated using 

Equation 1.  

WF = WUI ×  Cap × FLH (1) 

where WUI – water use intensity factor, in m3 of water per MWh of generated electricity, Cap 

- active capacity of individual power plants, it is given in megawatts, and FLH – full load hours 

of power generation in hours. In subsequent steps, the calculated annual water footprint of 

individual power plants was aggregated on country-, region-, and global-levels.  

The assessment of the water footprint of individual power plants was conducted through the 

calculation of their water withdrawals and water consumption. Water withdrawal refers to the 

total amount of water that is taken from a water source, and water consumption is the difference 

between water withdrawal and the amount of water returned to the water source. It is 

noteworthy that the WUI factors vary for water withdrawal and water consumption.  

The use of WUI factors for the water footprint estimation in the power sector is an effective 

and a widely used approach. For this study, we applied the WUI factors from Macknick et al. 

[36]. Although these factors were initially derived using empirical data records of the water 

use in the United States, Macknick et al. [36] suggest that they could also be applied for water 

demand estimation for power plants located in other geographic regions [36]. Lohrmann et al. 

[9] demonstrated that these factors can be used for power plants in Europe. The authors of this 

study, however, acknowledge that any differences in cooling water management in individual 

power plants across the globe may result in minor variations in the water demand estimates. 
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The WUI factors are assigned using information concerning the type of fuel used by individual 

power plant, its generation technology and the installed cooling system. Since the WUI factors 

are not available for oil-fired power plants [36], we grouped oil and gas power plants at this 

stage, as it was done in previous studies [28,37]. It is crucial to mention that oil power plants 

may, in general, have a higher water dependency than gas plants. This assumption, however, 

will not impact the accuracy of our estimates considerably, since, as mentioned earlier, the 

share of future oil power plants in the database is negligible and represents only 1.4% of the 

thermal power capacities with an announced installation year and 2.9% of power capacities 

with an unknown installation date.  

For the full load hours (FLH) of the future thermal power plant generation we used the forecast 

by the U.S. Energy Information Administration (EIA) annual energy outlook 2021 [38] and 

Bloomberg NEF 2020 [39]. Specific FLH for a country or region are applied when available. 

In case no distributed data is available, global averages are applied for the thermal power plants, 

as is the case in the Bloomberg NEF scenario. Although, in principle it is potentially inaccurate 

to use global numbers for power plants across regions, this approach has been selected using 

the following logic. The current variations in the generation behaviors between countries or 

regions with different energy system compositions will be reduced in the future. This is because 

regions that currently use controllable generation (such as gas, oil and, to some extent, coal) 

for the totality or majority of their generation, will be forced to shift from constant generation 

to balancing of higher shares of renewables, which follow similar patterns across the globe. 

According to the EIA, by 2050 all scenarios predict between 53% and 58% of generation by 

renewables, from which up to 76% is expected to come from wind and solar PV, while 

Bloomberg NEF forecasts 69% generation from renewables. Therefore, thermal generation will 

have to adapt to more irregular production schemes of fluctuating renewables, which is 

expected to become the norm.  

3. Results 

3.1 Water consumption of global energy sector 
The water footprint of the global energy system was investigated from the perspective of the 

water consumption. The results for the years 2020, 2030, 2040 and 2050 are presented in Table 

1. The table presents the median water consumption estimates for all six scenarios considered 

in this study. The table contains both, the projected annual water consumption of the global 

power sector and the corresponding annual water consumption of the thermal power generation 

(given in brackets). 

In 2020 the median annual water consumption of the global energy sector was estimated at the 

level of 88 cubic kilometers of water. If the development of the global energy system will 

follow the scenarios projected by Bloomberg, the water consumption may increase to about 

104 cubic kilometers of water annually. When following the EIA scenarios, the annual water 

footprint ranges from 119 (in EIA Low Oil Price Scenario) to 132 cubic kilometers of water 

(in EIA High Oil Price Scenario). This implies an increase between 35% to 50% of the annual 

water consumption, compared to the 2020 level. 
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Table 1. Projections of the annual water consumption of the global power sector, in cubic 

kilometers. Values in brackets depict the projected values of the water consumption of the 

global thermal power sector, in cubic kilometers. 

Estimate [km3] 2020 2030 2040 2050 

Bloomberg NEF 87.80 (20.8) 91.99 (19.3) 97.96 (20.1) 104.22 (21.2) 

EIA Reference case 

88.12 (19.5) 

103.16 (19.1) 113.10 (23.9) 124.30 (29.0) 

EIA High Oil Price 105.70 (19.8) 117.14 (24.0) 132.07 (29.6) 

EIA Low Oil Price 101.52 (18.9) 110.89 (23.2) 118.76 (28.2) 

EIA High Economic 

Growth 
105.58 (20.0) 116.89 (24.5) 131.96 (30.0) 

EIA Low Economic 

Growth 
101.61 (18.6) 110.90 (23.0) 118.67 (27.8) 

 

While the largest share of the energy-related water consumption is related to hydropower 

plants, thermal power generation is currently responsible for about 22% of the total water 

consumption of the global energy sector. Depending on the scenario, by 2050 thermal power 

generation’s share is projected to constitute 20-24% of the total water consumption. 

3.2 Water footprint of thermal power plants 
In 2020, the total water consumption of the global thermal power plant fleet was estimated 

between 19.5 cubic kilometers (in EIA scenarios) and 20.8 cubic kilometers (in Bloomberg 

NEF). The slight difference (of about 6%) between these estimates is caused by the difference 

in the FLH projections reported by Bloomberg and EIA for 2020. It was estimated that about 

78% of the consumed water was taken from local freshwater sources, such as rivers and lakes, 

while the remaining 22% was seawater.  

As shown in Figure 2, the United States, China, India and Russia had the largest water 

consumption of the thermal power sector in 2020, consuming annually 5, 4.1, 2.1, 1.4 cubic 

kilometers of water, respectively. These four countries are currently responsible for about 60% 

of the water consumed by thermal power plants globally. Aside from the large thermal power 

capacities located in these four countries, their high water consumption is influenced by the 

wide use of cooling towers, which is a prevailing cooling technology in the thermal power 

sectors of these countries, and which consumes a considerable amount of water per unit of 

generated electricity, compared to other cooling technologies. 
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Figure 2. Annual water consumption of thermal power generation in 2020, per country, in cubic 

meters. The presented map is for illustrative purposes only and does not imply the expression 

of any opinion concerning the legal status of any country or territory or concerning the political 

delimitation of borders. 

In the same year, the global total water withdrawal of thermal power plants was projected to 

be between 820.3 cubic kilometers (in the EIA scenarios) and 861.9 cubic kilometers (in 

Bloomberg NEF). Unsurprisingly, the share of abstracted seawater in the total global water 

withdrawal is considerable: it constitutes about 57% of the projected global total water 

withdrawal. This could be explained by the fact that power plants equipped with once-through 

cooling systems (which withdraw large amounts of water during operation) tend to be located 

close to the ocean’s coastline.  

The countries associated with the largest water withdrawal are China (159.8 cubic kilometers), 

the United States (152.8 cubic kilometers), Japan (94 cubic kilometers) and Russia (56.8 cubic 

kilometers). About 95% of Japan’s thermal power sector is equipped with once-through cooling 

systems, which results in the country’s high water withdrawals. However, it is worth 

mentioning that 96% of Japan’s thermal capacity is projected to be seawater-cooled, therefore 

having a rather inconsequential effect on the country’s freshwater resources.  

The results for both the annual water consumption and water withdrawal for the reference year 

2020 and the projections until 2050 are illustrated in Figure 3. The figure presents the projected 

median values for the six scenarios and the minimum-maximum interval of these projections. 

By 2050, the global thermal power sector is projected to consume between 21.2 cubic 

kilometers of water (according to Bloomberg NEF scenario) and 28.9 cubic kilometers of water 

(average of EIA scenarios) and withdraw between 507.9 cubic kilometers of water (in 

Bloomberg NEF scenario) and 865.6 cubic kilometers of water (average of EIA scenarios). It 

can be noted that in the case of water consumption, the min-max interval for the year 2050 is 

considerably wider than the min-max interval for 2020, which highlights the difference in the 

FLH projections for the power generation technologies associated with a high water 

consumption, such as nuclear power plants. 
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As depicted in the figure, the projected increase in thermal power capacities from 2020 to 2050 

is estimated to result in an average increase of 48% in the total water consumption of the 

thermal power sector if following EIA scenarios, and a negligible change if Bloomberg NEF 

scenario will be implemented. Only a minor change in the total water withdrawal is projected 

in the EIA scenarios: by 2050, median withdrawal values increase by, on average, 6%. In 

contrast to that, according to Bloomberg NEF scenario, the total water withdrawal will decrease 

by 11% by 2050, compared to the 2020 level. These projections correspond to the current 

global trend to increase the installations of tower cooling systems and to decrease the use of 

once-through cooling systems, which indicates a development towards the reduction of water 

withdrawals for cooling purposes in power generation. 

 

Figure 3. Projections of annual water consumption (A) and water withdrawal (B) of thermal 

power plants globally, in cubic kilometers, from 2020 to 2050. The figure presents median 

estimates for each scenario, min-max interval of these estimates (purple shade in A, green 

shade in B), based on min-max WUI coefficients – see Macknick et al. [36]. and the simulation 

interval (gray shade) reflecting the cooling technology classification model’s plausible 

variation of results. 

The lines in Figure 3 represent the estimate of the median total water consumption and 

withdrawal of thermal power plants according to the classification models used in this study. 

Acknowledging the possibility of error for the assignment of the cooling technology for some 

power plants, the impact of plausible misclassifications on the consumption and withdrawal 

estimates is presented in Figure 3 as grey areas. The results are based on a simulation approach 

(10’000 runs) using the fuel type-specific error rates of the models (see Section E of 

Supplementary Materials) and the confusion matrices of these models to simulate possible 

errors in number and type that may occur for the assignment of the cooling technology to each 

future power plant. The corresponding results show that for consumption the estimates only 

vary up to 1.8% below (in 2025) and 3.6% above (in 2050) the presented projected median 

annual water consumption, with most intervals showing variations of less than 3% around the 

median estimate. For withdrawal, the estimates vary up to 13.5% below (in 2050) but only 

1.5% above (in 2020) the projected median annual water withdrawal. 
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To put the aforementioned findings into perspective, Table SM2 of the Supplementary 

Materials shows the share of freshwater withdrawals of the power sector in each country to the 

total freshwater withdrawals in that country, and the corresponding water stress score. Among 

the countries characterized by high and extremely high water stress, for a few countries the 

estimated share of the total freshwater withdrawals allocated for the thermal power generation 

is over 5% (incl. Azerbaijan, Belgium, Italy, Spain and the United States), and for three 

countries this share even exceeds 10% (China, Israel, and Kuwait). High shares of water 

withdrawals dedicated to only the thermal power sector (excluding hydropower) in countries 

with a considerable water stress highlight the need for a careful consideration of the potential 

increase in the water intensity of thermal power for managing regional water stress. 

3.3 Specific water consumption  
The specific water demand per unit of generated electricity (in this study – per MWh) describes 

the influence of the power generation mix on the average water demand of the power sector. 

This measure is widely used in LCA studies to estimate the energy-related water content of 

various products [11]. 

The projected development of the specific water consumption for the global energy sector is 

presented in Figure 4A. As illustrated, the projected changes in the power generation mix will 

lead to a decrease of the specific water consumption: from an average of 3.74 cubic meters per 

MWh in 2020 to about 3.04 cubic meters per MWh by 2050. Although all scenarios suggest a 

drastic increase of renewable and low water-demanding capacities such as solar and wind 

energy (from about 10% of the total generation mix in 2020 to 56.1% by 2050 according to the 

Bloomberg NEF scenario and to 40.5% in the EIA Reference scenario), it only leads to a 20% 

decrease of the specific water consumption in the energy sector by 2050. This is because of the 

hydropower generation, which, due to its high water use intensity, keeps the specific water 

consumption relatively constant during the investigated time period. This highlights the urge 

to increase the share of low water-demanding technologies, such as wind and solar PV, in the 

global power generation mix. 

Figure 4. Projections of the specific water consumption of the global energy sector (A) and of 

the global thermal power plants (B), in cubic meters per MWh of generated electricity, from 

2020 to 2050. The shaded area presents median values and min-max interval (based on min-
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max WUI coefficients – see Macknick et al. [36]). More information concerning this min-max 

interval is given in Section F of Supplementary Materials. 

Although the specific water consumption of the entire global energy sector is projected to 

decline over time, the specific water consumption of thermal power generation is expected 

increase, as demonstrated in Figure 4B. According to the results of the analysis, in 2020 the 

specific water consumption of thermal power plants was at the level of 1.2 cubic meters per 

MWh. By 2050 it may reach the value of 1.7 cubic meters per MWh.  

This increase could be explained by the following consideration. The average size of 

announced thermal power plants in the database tends to increase over time. In particular, 

according to the database used in this study, the average size of the power plant in 2020 was 

about 800 MW, and power plants that are planned for commissioning in 2050 have an average 

size of about 1700 MW. The size of a power plant is important, as larger power plants can use 

technologies like super-critical and ultra-critical boilers which have higher fuel efficiency than 

subcritical boilers, however resulting in an overall reduction of the water efficiency of the 

system as found by Macknick et al. [36]. Macknick et al. [36] report that super-critical boilers 

consume about 3% more water than subcritical boilers per MWh of electricity produced, while 

using the same cooling system. Consequently, as thermal capacities are replaced by more fuel-

efficient (and yet more water-demanding) power plants, the overall specific water consumption 

of the thermal power plant fleet is expected to increase.  

In order to restrain the rising water demand of the power sector, the installation of new thermal 

power plants should be limited in the future. In this regard, there are several strategies, which 

should be implemented in the future:  

(1) to offset the growth of thermal power capacities by more water-efficient technologies, 

(2) to increasingly replace future thermal power plants with renewable energy 

technologies, such as solar PV and wind, 

(3) to ensure that water-intensive thermal is done only in areas with abundant water 

resources (low water stress level). 

3.4 Water consumption criticality 
The next step is the analysis of the development of the water consumption in different countries 

to highlight geographical locations that are potentially critical from the perspective of water 

resource availability for energy-related water consumption. Figure 5 illustrates the total 

capacity, freshwater consumption, specific water consumption and water stress score in 2020 

and their corresponding projected change (relative and absolute) until 2040. 
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Figure 5. Components of the water consumption criticality in 2020 (A-D) and their 

corresponding projected increase (relative and absolute) until 2040 (E-H). A, E: total thermal 

power capacity. B, F: freshwater consumption of thermal power plants. C, G: specific water 

consumption of thermal power plants. D, H: water stress score (as reported by [22]). The 

presented map is for illustrative purposes only and does not imply the expression of any opinion 
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concerning the legal status of any country or territory or concerning the political delimitation 

of borders. 

To examine potential implications of the projected development for the global thermal power 

sector, we introduce and deployed the water consumption criticality (WCC) matrix. WCC 

matrix considers in the X-axis each country’s specific water consumption of the thermal power 

plants (which, in turn, takes into account the types of cooling technologies used in the country), 

on the Y-axis the freshwater consumption for the thermal power sector, and whether this 

freshwater consumption is projected to increase by 2040 (arrow). In this study, the WCC 

analysis includes only power plants with known geographical location that are currently active 

and which are announced by the authorities to be commissioned in the upcoming decades. In 

future studies, the analysis of WCC can also include other forms of power generation, such as 

hydropower plants, if the exact location of the future hydropower capacities is known.  

Figure 6 displays the WCC matrix for the year 2020. The figure contains only countries, which 

are characterized by high and extremely high water stress in 2020, which indicates a high 

competition for freshwater resources [22]. Hence, although some countries were assigned to 

the group of Low WCC (green color in Figure 6), in this classification they represent the 

countries of high concern. 

 

Figure 6. Water consumption criticality (WCC) in 2020. The countries are arranged in 

descending order based on their water stress score. The arrows indicate that the freshwater 
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consumption of the country will increase by 2040, compared to 2020 level (based on the data 

on the planned and announced thermal power plants).  

According to our estimates, Kazakhstan, Pakistan, Syria, Uzbekistan, India, Belgium and 

Australia are assigned to the extremely high WCC category since these countries have a high 

specific water consumption, a high freshwater consumption and were in 2020 considered 

countries with already high to extremely high water stress. Saudi Arabia, Iran, Turkey, Greece, 

Spain, Mexico, China, the United States, Armenia, North Macedonia, Mongolia and Peru are 

characterized by high WCC. Large thermal power capacities, which are located in these 

countries, and which have a high freshwater dependence, should be monitored closely. Among 

the above-mentioned countries, Armenia was estimated to have a considerably high specific 

water consumption for the thermal power generation in 2020 (about 2.3 cubic meters per MWh 

in 2020, which is considerably higher than the estimated global average of 1.2 cubic meters per 

MWh – as shown in Figure 4A). 

The ongoing climate change and the extensive water use by other sectors of the economy as 

well as the growing population are estimated to reduce the availability of water resources in 

the future, compared to the current levels [1]. As demonstrated in Figure 5H, the water stress 

level is projected to worsen in most countries of the world over the upcoming decades. For 

some countries (for instance, Saudi Arabia, Oman, Yemen, Libya, Kazakhstan, etc.), the water 

stress score remains unchanged due to the fact that these countries are already facing the highest 

level of water stress. 

In this regard, Turkey embodies a country of growing concern. First, the country’s water stress 

is predicted to worsen from high to extremely high by 2040. Second, based on our results, the 

water consumption of Turkey’s thermal power sector is projected to increase by 130% by 2040, 

compared to the 2020 level, and the specific water consumption of the country’s thermal power 

plant fleet is projected to grow during the investigated time period. Taking into account the 

plans of the country to install more hydropower capacities in the near future [40], the 

sustainable use of freshwater resources by the energy sector in Turkey might be compromised. 

A similar situation is expected in Pakistan and India, both characterized by a high competition 

for water resources, where the water consumption of thermal plants is projected to increase by 

about 61% and 84%, respectively, and the specific water consumption is expected to grow as 

well. This increased water demand for the energy generation may put an additional strain on 

the local freshwater resources and, simultaneously, may reduce the freshwater availability for 

the energy sector of these countries, as it has already happened before in several countries in 

the world [41].  

In general, the effects of climate change will be different across the globe. WRI investigates 

these effects from the perspective of seasonal variability, which describes variation in water 

supply between months of the year, flood occurrence, which reflects the number of floods, and 

drought severity, which indicates the average length of droughts and the dryness of the droughts 

around the globe [22]. In this regard, using a water stress score as the only indication of the 

effects of climate change might appear as a simplification of a more complex phenomenon. 

The results presented for 2040 in this section should be viewed as an optimistic scenario since 

they were only based on the information that is currently available in the GlobalData dataset, 

which, in turn, may not contain all power plants that will be installed globally by 2040.  
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4. Discussion 

The relationship between water and energy is not new, and the term “water–energy nexus” has 

been in use for more than a decade [16,42]. However, this relationship and its implications are 

rather complex and constantly evolving along with the development of technologies for 

electricity production and storage, as well as developments in other sectors such as agriculture 

and urban infrastructure, and different approaches to the study of this relationship are 

constantly being developed. For example, one study [43] investigated several individual 

energy–water nexus links between rural, urban and infrastructure settings around some of the 

most populated and economically active regions of China; Beijing, Hebei and Tianjin. Another 

example, also in China, investigates the water–energy–carbon nexus at the delta of the Yangtze 

River and populations surrounding it [44]. Similarly, very geographically specific studies have 

recently been conducted for Romania [45] and India [46], addressing also the connections of 

water and energy with land and food respectively. However, to the best of the authors’ 

knowledge, there has been no study that, at a global level, takes into account the currently 

announced–future energy developments as well as the specific geographical water stress. The 

contribution of this study is to present estimates for the water demand of the future power sector 

according to several energy transition scenarios. 

Climate change is making water resources increasingly unreliable, contributing to the need and 

utility of estimates for the water demand of the future power sector as an instrument for water 

planning and policy. To illustrate the depth of the issue, just during the summer of 2022, the 

water levels of the main European tributaries such as the Rhine, Rhône and Garonne rivers 

have been severely affected by drought, lowering their levels to the point where their transport 

and cooling capabilities for power plants are being thwarted, and it can still get worse [47,48]. 

A considerable increase in drought intensity was reported during the last decades in France 

[49]. This has caused a decrease in the cooling power of rivers (low river flows and increased 

temperature of water), which has resulted in interruptions in the power generation process [50] 

and has affected electricity prices [51]. In the middle of an ongoing energy crisis, France is 

being forced to take water out of hydroelectric reservoirs to maintain other economic activities 

in the Garonne River basin, at the cost of millions of euros and for the first time in over 30 

years [48]. Severe droughts like the currently ongoing one, are more likely to become 

increasingly common, due to climate change. Considering the ongoing scenarios, research has 

been performed that proposes the reduction of water use for other economic activities, for 

example agriculture [52] and mining [53], in order to have more water available for the 

electricity production.  

However, the increasing uncertainty of water resources should be taken into account when 

designing the future global power system, and a low water–dependence for the electricity 

production may prove to be the best strategy going forward. For example, the abovementioned 

case of hydropower reservoirs being drained in order to keep river flows in France is only one 

side of the story. Just as other economic sectors are competing for water, thermal power 

production is also struggling to keep operating, as nuclear power plants are forced to reduce 

their output due to water shortages for cooling [54]. 

In view of recent energy and water crises, it becomes clear that water–resiliency should become 

one of the deciding factors for the planning and management of the current and future power 

infrastructure. It appears that politicians, decision-makers, energy system planners and 
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modelers are currently disregarding the impact that the power sector has on water resources 

(and vice versa) while focusing on emissions, as even the most optimistic or realistic scenarios 

implies higher water consumption in comparison to today’s level. A failure to carefully account 

for the future water demand and future potential water availability variations could prove to be 

catastrophic. Thus, it becomes another solid argument for the acceleration of a transition to a 

power system deeply based on, or entirely constituted by, renewable energy such and wind and 

solar. In this regard, knowledge on the impact of the current power sector on water availability 

is vital for moving forward toward sustainability. 

5. Conclusions 

Energy transition scenarios typically overlook the water footprint of the future energy system. 

As shown in this study, the water consumption of the power sector will continue to grow, 

despite the expected increase of “water-free” solar and wind installations. As estimated in this 

study, the global energy sector in 2050 will consume at a minimum around 102 km3 of 

freshwater (coming from the more progressive Bloomberg NEF scenario), out of which 16.5 

km3 are freshwater commitments to thermal power plants not yet in operation today. 

Problematically, an increase in freshwater consumption associated with the planned and 

announced thermal power generation is projected to occur in at least 39% of the countries that 

have already high or extremely high water stress by 2040, suggesting that energy policy in 

those countries is neglecting water demand aspects. 

While the specific water demand per unit of generated electricity of the global power sector is 

projected to decline (due to the higher shares of solar and wind in the power generation mix), 

the specific water consumption of thermal power plants is going to increase from 1.2 cubic 

meters per MWh in 2020 to 1.7 cubic meters per MWh in 2050. Hence, in order to ensure a 

(more) sustainable use of water resources in the future, both, the total capacity of highly water-

dependent thermal power generation and its share in the global power generation mix, should 

decrease.  

In 2020 Iran, India, Saudi Arabia, Ukraine, Kazakhstan, China, United States, South Africa, 

Pakistan, France, Armenia, Australia and Mexico are associated with a very high WCC. The 

water demand of the local energy systems of these countries may become an additional factor 

contributing to the already existing water stress. By 2040, Turkey, Pakistan and India embody 

countries of increasing concern due to the estimated considerable growth of energy-related 

water demand. The potential consequences of this projected growth and its impact on the local 

water systems should be studied in a greater detail within a specific geographical context. 

From the analyzed energy transition scenarios, it is shown that Bloomberg NEF strikes a better 

balance of water resource use and emissions. According to the Bloomberg NEF 2020 scenario, 

a reduction by more than 40% of the emissions from the power sector is expected by 2050. 

However, the freshwater demand during the same period is increasing by almost 20%. Other, 

more progressive energy transition scenarios are occasionally presented in the academic 

literature (for instance [55]), which could potentially further decrease the water consumption 

of the power sector. However, these scenarios were not considered for this study, as they do 

not take into account the thermal power plants that are currently announced, planned and under 

construction.  
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A B S T R A C T

Cobalt is an important critical material and a constituent of a broad range of products such as batteries, elec-
tronics, superalloys, and hard metals. Effective recycling of cobalt is considered one of the most pivotal processes 
in alleviating its criticality. In this paper, using the dynamic modelling of material, energy, and water flows in 
cobalt supply chain, we show that by 2050 around 25% of the total demand for cobalt could be supplied by 
recycling. Our results indicate that, compared to the primary production of cobalt, its recycling might lead to a 
reduction of energy consumption by 46% associated with the global cobalt supply chain and the corresponding 
fall in the use of water by 40%. In addition, recycling of cobalt is estimated to mitigate around 59% of the total 
emissions of greenhouse gases and 98% of the total emissions of sulfur oxides. Finally, we present the regionally 
distributed projections of cobalt-related energy and water use from 2020 to 2050.   

1. Introduction 

Sustainable supply of cobalt (Co) is essential for a number of in-
dustrial applications such as batteries, superalloys, hard metals inte-
grated circuits, cemented carbides, diamond tools, pigments, chemical 
catalysts, and magnets (Kovacheva-Ninova et al., 2018). Cobalt has been 
identified as an important critical material mainly because of its high 
economic importance, supply risk, scarcity of natural resources and high 
demand (Campbell, 2019; EU Commission, 2017; Ober, 2018). More-
over, the forecasted market balance for cobalt projects a small surplus in 
2020 (EU Commission, 2014) and a very high level of risk of cobalt 
shortage by 2050 (Sun et al., 2019). One of the drivers for the projected 
cobalt shortage is the expected increase in penetration of electric vehi-
cles and their related lithium-ion batteries. Demand in this area only 
may require cobalt supplies exceeding the globally known cobalt re-
serves (Alves Dias et al., 2018; Lebedeva et al., 2017). 

Several factors, such as large annual growth rate of global demand 
for cobalt (about 6–11 %) and high price volatility as well as the de-
pendency on a close-to single supply country – Democratic Republic of 
Congo (DRC) which supplies around 60 % of the globally produced 
cobalt – cause reasonable concerns regarding supply and demand for 
cobalt (Nkulu et al., 2018). To address those issues, one of the possible 
solutions is to promote closing the material flow loop by recycling end- 

of-life products containing cobalt (Ferron, 2013; Golroudbary et al., 
2019a). Hence, the policy measures adopted within the framework of 
the circular economy (increased recycling rates and waste reduction of 
critical raw materials) should mitigate not only future potential supply 
risks of these materials, but also the environmental impact associated 
with their life cycle (Elia et al., 2017; EU Commission, 2015; Golroud-
bary et al., 2019b). From this perspective, there is a global trend towards 
improved recovery of cobalt from recycled end-of-life products (Mudd 
et al., 2013; Pagnanelli et al., 2016; Tkaczyk et al., 2018). It has been 
demonstrated that an improvement of the cobalt recycling (technology 
development and management strategies) and a global co-operation for 
recycling of cobalt in waste streams are urgently required (Glöser-Cha-
houd and Schultmann, 2019; Sun et al., 2019). 

Considering the constantly increasing significance of cobalt recy-
cling, its environmental performance, including energy consumption, 
water use, greenhouse gas (GHG) and sulfur oxides (SOx) emissions, is 
one of the most important criteria in the assessment of overall sustain-
ability of the cobalt supply chain (Dai et al., 2019; Golroudbary et al., 
2019a; Graedel et al., 2011). High amounts of energy consumption and 
water use in different processes of cobalt production have been high-
lighted by several studies (Ahmed et al., 2017; Huang et al., 2015), as 
well as high levels of GHG emissions as discussed by Dunn et al. (2015) 
and Romare and Dahllöf (2017). Moreover, Dunn et al. (2015) have 
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shown that the production of cathode containing cobalt generates high 
SOx emissions. However, there is still lack of a systematic quantitative 
analysis of all stages of cobalt supply chain to better understand its 
environmental impact. 

The main objective of our study is to address three key issues 
regarding environmental sustainability of cobalt supply chain. The first 
goal is to understand whether there are savings of energy and water 
thanks to the recycling of cobalt in its supply chain. The second one is to 
analyze whether recycling contributes to the reduction of GHG and SOx 
emissions throughout cobalt life cycle. Finally, the third goal is to study 
what is the global impact of cobalt consumption and its supply from 
primary and secondary sources on selected environmental indicators by 
2050. The presented comprehensive environmental assessment of cobalt 
supply chain provides an insight into the key question of whether sup-
plying cobalt from available secondary sources is a sustainable solution. 

2. Materials and methods 

2.1. Model of the global cobalt supply chain 

Several approaches have been applied to analyze global cobalt flows 
in order to determine the dynamic interactions among various compo-
nents of the system under investigation (Chen et al., 2019; Sun et al., 
2019; Sverdrup et al., 2017). However, there is a lack of a systematic 
environmental analysis of sustainability of cobalt global supply chain. 
Fig. 1 gives an overview of the proposed dynamic cobalt model. The 
model consists of cobalt flows, the respective resource use and emis-
sions. The cobalt flow can be divided into three main stages: industrial 
phase which includes mining and processing; production phase; and 
recycling stage which consists of the collection and recycling processes. 
Environmental impacts of its energy consumption, water use, GHG and 
SOx emissions are considered in the model. 

The first step is the industrial stage, where Co-containing minerals 
are extracted, then processed and produced into chemicals such as 

cobalt oxide – Co3O4, cobalt sulfate – CoSO4, cobalt nitrate – Co(NO3)2, 
and cobalt chloride – CoCl2. Cobalt is mainly extracted as by-product of 
nickel mining (about 55 %), copper mining (about 35 %) and other 
platinum group metals (about 8 %) (Sverdrup et al., 2017). Potential 
mines where cobalt could be recovered as a main product (about 2 %) 
require processing of arsenic-rich ores, leading to significant environ-
mental issues, and thus have to be managed carefully (Mudd et al., 
2013). Furthermore, the rates of cobalt recovery as byproduct vary, 
mainly depending on type of deposit. Some studies indicate that the 
mining industry might continue to receive interest from investors due to 
the essential role of cobalt in several manufacturing applications (Tis-
serant and Pauliuk, 2016). 

The second step corresponds to the production stage, where cobalt is 
present in various manufacturing streams, e.g. batteries and electronics 
– lithium cobalt oxide (LCO), lithium nickel cobalt manganese oxide 
(NCM), lithium nickel cobalt aluminum oxide (NCA), nickel metal hy-
dride battery (NiMH), nickel–cadmium battery (NiCd) and electrodes; 
alloys – superalloys, magnetics alloys, and mixed metallic alloys; hard 
materials – cemented carbides, diamond tools, pigments, chemical cat-
alysts, magnets; and other industrial applications. 

Finally, the third step corresponds to the collection of waste con-
taining cobalt and its recycling processes. To address the gap between 
cobalt supply and demand, the significance of recycling of Co-containing 
end of life products and a comprehensive overview of different processes 
of recycling have been presented in many studies (Chagnes and Swia-
towska, 2015; Ordoñez et al., 2016; Palanivel and Natarajan, 2012; 
Swain, 2017; Wang, 2006; Zeng et al., 2014). It is also worth mentioning 
that there are losses of cobalt along its supply chain, especially in ap-
plications such as pigments, tire adhesives, ceramics, and paint dryers. 
The main waste streams for cobalt recycling are batteries, alloys, cata-
lysts, magnets, and cemented carbides (Alves Dias et al., 2018). 

The dynamic model includes 172 variables: 60 flows, 32 stocks and 
80 auxiliary variables. We divided the variables of the dynamic model 
into two groups including endogenous and exogenous variables to 

Fig. 1. Conceptual model of the global supply chain of cobalt.  
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further specify a model boundary. Endogenous variables affect and are 
affected by other system components and parameters, while exogenous 
variables are not directly affected by the system. The group and type of 
all variables are specified in Supplementary Table 1. 

2.2. Mathematical formulation of the cobalt stock and flow 

We used dynamic modelling to simulate the global supply chain of 
cobalt. All required data to run the model is presented in Supplementary 
Table 2. The GREET-2018 software (Wang et al., 2018) was used as the 
main data source for environmental input variables. Below, we present 
the main formulas used in calculating material, energy, water, GHG and 
SOx flows. All equations and the details of the model are given in Sup-
plementary Table 3. 

There are two types of equations in the model, which represent the 
flow of mass, energy, water, GHG and SOx: stock equations (state 
equations) and flow equations (rate equations). The results of the model 
are then used as inputs of geographical distribution equations. 

The stocks assumed in the material flows of the model are: mined 
cobalt, processed chemical cobalt, batteries and electronics, alloys, inks 
and pigments, cemented carbide, catalyst, tire adhesives and paint tire, 
lithium-ion batteries, LCO, NCM, NCA, NiMH, NiCd, electronics, su-
peralloys, magnetic alloys, mixed metallic alloys, hard metal, other 
applications, collected waste, recycling of end of life products, energy 
consumption, water use, GHG emissions, and SOx emissions. 

The behavior of stock (S(t)) in the time period “t0-t”, where “t0” is 
the initial year and “t” is the final year (Equation (1)), is given by a time 
integral of the net inflows of input rate (IR(t)) minus the net outflows of 
output rate (OR(t)) (Equation (2)). From Equation (2), V(t) is an auxil-
iary variable in time “t”, and P represents constant input parameters (All 
parameters are presented in Supplementary Table 2). 

S(t) =
∫t

t0

(IR(t) − OR(t))dt+ S(t0) (1)  

IR(t) = f (S(t),V(t),P );OR(t) = f (S(t),V(t),P ) (2)  

2.3. Regionally distributed projections of cobalt demand 

The assumption for the distribution of cobalt demand is linked to the 
projected development of GDP and population until 2050 created by 
Toktarova et al. (2019), using the geographical distribution used by 
Bogdanov et al. (Bogdanov et al., 2019). These projections are in turn 
used in conjunction with the cobalt utilization factor modelled by 
Equation 3 and the factors presented in Table 1, to produce the distri-
bution of cobalt across GDP per capita. These assumptions represent 
only one of several possible detailed scenarios for future development. 
Due to their scope, the results given by Toktarova et al. (2019) have been 
used in this work. However, one should remember that it is possible to 

use other models, based on the different assumptions, for long-term GDP 
per capita projections. More specifically, the data used as basis for the 
calculations presented in this work can be found in the Supplementary 
Data 6 file from Toktarova et al. (2019). For additional reference, the 
aforementioned population projections fall within the latest UN pro-
jections range of 95 % confidence prediction interval (United Nations 
Department of Economic and Social Affairs, 2019). 

Moreover, the assumption that cobalt demand is only linearly pro-
portional to GDP is too simplistic. It is observed that the cobalt demand 
at the reference year (2014) was already not linearly proportional to 
GDP. To show this, in Fig. 2 there is displayed the cobalt consumption of 
European countries in 2014 (Huisman et al., 2017). 

In Fig. 2, examples of EU and Schengen countries are shown in 
ascending order of GDP per capita. In 2014, Bulgaria had a GDP per 
capita of 12,300€ as the lowest value of the group, while Luxembourg 
had 68,700€. The red line represents cobalt consumption per unit of 
GDP, while the blue one indicates cobalt consumption per capita. It can 
be observed from the graph that cobalt consumption per unit of GDP 
continues to increase in parallel with the cobalt per capita line, 
considering the fluctuation for the first part of the graph (GDP per capita 
of around 32,100€ in 2014). The use of cobalt per unit of GDP starts to 
decline for countries with consumption higher than that of the 
Netherlands (GDP per capita of 34,400€), while the consumption of 
cobalt per capita continues to rise for these countries. 

In order to model the aforementioned phenomena, the cobalt utili-
zation factor (CoF(x)) is introduced. The cobalt utilization factor, 
designed in MS Excel, adopts values between “0′′ and “1”, where “0” 
represents negligible cobalt demand for GDP per capita below 2,000€, 
and “1” represents the maximum cobalt demand for the GDP per capita 
of and above 40,000€. This factor is therefore introduced to compensate 
for the lower impact of GDP per capita into the cobalt demand above the 
level of 40,000€. 

The CoF(x) curve is modelled by Equation 3 for the range of GDP per 
capita of 0–105,000€. The equation is derived using the Curve Fitter APP 
of MATLAB, taking advantage of the interactive nature of the app to test 
different functions such as polynomial, exponential, Gaussian and 
Fourier functions, where the amount of terms can also be experimented 
with. A five term Fourier fitting function, with the parameters presented 
in Table 1 as returned by the Curve Fitter APP of MATLAB, was found to 
represent best our CoF(x) assumption curve with a coefficient of deter-
mination R2 of 0.9998. 

CoF(x)= a0 +a1*cos(x*w)+b1*sin(x*w)+a2*cos(2*x*w)+b2*sin(2*x*w)
+a3cos(3*x*w)+b3*sin(3*x*w)+a4cos(4*x*w)+b4sin(4*x*w)

+a5*cos(5*x*w)+b5*sin(5*x*w)
(3) 

As seen in Fig. 3, the CoF(x) curve shows that the demand for cobalt 
below the 4,500€ GDP per capita level (roughly the GDP per capita of 
Nigeria in 2014) is quite small, growing thereafter up to reaching the 
maximum at around 40,000€ (roughly the GDP per capita of Norway in 
2014). The idea is that as GDP grows, the population gets access to more 
devices that require cobalt, but from the 40,000€ point of GDP the de-
mand per capita for cobalt does not further grow as the quantity of 
devices using cobalt remains constant, but rather the quality and cost of 
the devices increase. The second distribution factor is calculated with 
Equation (4) and adjusts the total demand to match the stock S(t) at 
different time steps of 2020, 2030, 2040 and 2050. 

Sa(t) =
S(t)

∑i
a=1(Pa(t) × GDPa(t) × CoFa(t))

(4)  

where Sa(t) shows stock of cobalt for region “a” in year “t”; S(t) corre-
sponds to total global projected stock of cobalt in year “t”; “t” represents 
year (2020, 2030, 2040 or 2050); “a” is a region or a country; Pa(t) 
shows projected population of a region “a” in year “t”; GDPa(t) repre-
sents projected GDP of region “a” in year “t”; CoFa(t) corresponds to 

Table 1 
Coefficients of the cobalt utilization factor curve over GDP per capita.  

Variable GDP per Capita [0–105,000€] 

CoF(x) Cobalt utilization factor where “x” represents GDP per Capita 
a0 2.737e+7 

a1 − 4.289e+7 

b1 − 1.596e+7 

a2 1.997e+7 

b2 1.724e+7 

a3 − 4.839e+6 

b3 − 8.802e+6 

a4 3.339e+5 

b4 2.255e+6 

a5 4.847e+4 

b5 − 2.293e+5 

W 6.624e-6  
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cobalt intensity coefficient for region “a” in year “t”; and “i” is the total 
number of analyzed regions. 

Finally, cobalt-related energy demand allocated to each region 
(EPCoa(t)) is calculated in Equation (5). In Equation (5), EPCoa(t) stands 
for the amount of energy required for primary cobalt processing, PCoF(t) 
represents the projected share of primary cobalt from the total cobalt 
projected to be processed globally in year “t”. RSCoa stands for the share 
of the global primary cobalt allocated to country “a” according to 
Supplementary Table 4, which is the share of the total global for the 
countries in the list, or an equivalent distribution of the remaining 12.3 
% among the other countries. Finally, PCoeF is the primary cobalt energy 
intensity factor, in MJ per ton of cobalt. 

EPCoa(t) = Sa(t) × PCoF(t) × RSCoa × PCoeF (5) 

For secondary cobalt processing, local recycling is assumed, meaning 
that each territory recycles cobalt already present in the territory after 
operational lifetime using Equation (6). In Equation (6), ESCoa(t) stands 
for the amount of energy required for secondary cobalt processing, 
SCoF(t) refers to the share of secondary cobalt from the total cobalt used 
in year “t”, and SCoeF is the secondary cobalt energy intensity factor. 

ESCoa(t) = Sa(t) × SCoF(t) × SCoeF (6)  

2.4. Connecting energy use with regional cobalt processing 

Every stage in the cobalt supply chain consumes energy, obtained 
from different sources. During the mining of cobalt, energy consumption 
is mainly associated with the use of mining machines and equipment. In 
the production stage, the manufacturing of products containing cobalt is 
analyzed separately. In the recycling stage, our study is limited to the 
analysis of energy demand related to the recycling of cobalt from waste 
streams coming from used products such as LCO, NCM, NCA, electronic 
devices, alloys, cemented carbides, and spent catalysts. Total cumulative 
energy consumption and the annual amount of energy consumption in 
each stage are calculated by equations Equation (7) and (8). 

ET − i(t) =
∫t

t0

Ei(t)dt+Ei(t0) (7)  

Fig. 2. Behaviour of cobalt consumption in 2014 for example countries.  

Fig. 3. Cobalt utilization factor as a function of GDP per capita.  
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Ei(t) = Ci(t) ×
∑8

n=1
λi,n (8) 

In Equation (7), ET− i(t) corresponds to the total cumulative amount 
of energy consumption in stage “i” in the year “t” for the period 
2000–2050, i= 1,2,…,13 represent primary and secondary production 
stages of the cobalt supply chain (considered recycled Co sources 
(CRCoS): batteries, electronics, alloys, inks and pigments, cemented 
carbides, catalysts, tire adhesives, and paint tire). Ei(t0) is energy con-
sumption in stage “i” in the initial year “t0”. In Equation (8), Ei(t) is 
energy consumption in stage “i” in the year “t” for the period 
2000–2050, Ci(t) is the amount of material in stage “i” in the year “t”, 
and λi,n is the energy required per one tonne of cobalt flow in stage “i” 
from each energy sourcen = 1,2,…,8 which represent all sources of 
energy: fossil fuel, natural gas, petroleum, coal, non-fossil fuel, nuclear, 
renewables, and biomass. 

However, the distribution of energy consumption cannot be 
distributed like the demand for cobalt. First, according to the results of 
the simulation, the cobalt stock S(t) is primarily distributed between 
primary and secondary cobalt use. For the period of 2020 to 2050, 
primary cobalt covers around three quarters of the global cobalt use. 
Despite cobalt use being considered relative to GDP per capita, in reality 
primary cobalt processing is limited to a few countries, which carry out 
the major part of global cobalt processing. Most of the primary cobalt 
processing is done in China representing 43.2 % of the global primary 
cobalt refining, followed by Japan and South Korea with 10.6 % each, 
and the USA with 8.8 % (Sun et al., 2019). In total, the top 9 countries 
processing cobalt accounted for 87.7 % of the global cobalt primary 
production in 2014 (Sun et al., 2019). The remaining 12.3 %, in the 
absence of more specific information, is evenly distributed among the 
rest of the territories using Equation (5), and the total distribution of 
primary production of cobalt is shown in Supplementary Table 4. 

2.5. Relation between water use and cobalt regional processing 

The total amount of water consumed in primary and secondary 
production of cobalt can be investigated from the perspective of “direct” 
and “indirect” water use. In this study, the direct water use, meaning the 
direct water consumption, was defined as the amount of water directly 
linked to the processing of cobalt. In general, it could be measured at the 
processing location as the difference between the total amount of water 
taken from the source to meet the demand for cobalt production and the 
amount of water that is returned to the environment. 

Here, we estimate the total direct water consumption of the cobalt 
supply chain for the period 2000–2050 using Equation 9. In Equation 9, 
WdT− i(t) is the total direct water consumption in stage “i” (withi = 1,2, 
…,13), where “i” represents the primary and secondary production 
stages of the cobalt supply chain (CRCoS), and “t” denotes the year. 
Wdi(t0) represents the direct water use in stage “i” in the initial year 
“t0”. 

WdT − i(t) =
∫t

t0

Wdi(t)dt+Wdi(t0) (9) 

In contrast to that, the indirect water use, meaning the indirect water 
consumption, represents the “hidden” part of cobalt production, which 
is directly linked and strongly influenced by the sources of energy used 
at the processing location. In order to accomplish a higher accuracy 
when estimating this quantity, the local energy mix at the location of 
processing is used. To calculate the indirect water consumption, we 
deploy the metric of the specific water utilization, which reflects the 
influence of regional power generation mix on the average water con-
sumption. Initially, we estimated the regional energy-based water con-
sumption by applying the bottom-up approach presented in Lohrmann 
et al. (2019). In this approach, water consumption of individual power 

plants was estimated using the water use intensity factors reported by 
Macknick et al. (2012) and then aggregated on the region-level. In 
subsequent steps, using the global energy systems evolution projections 
of Bogdanov et al. (2019) and the method applied in Lohrmann et al. 
(2021) for the case of Europe, the specific water utilization per 1 MJ of 
generated electricity was calculated for each region included in our 
analysis. Finally, the indirect water use was calculated for each specific 
region using Equation (10). 

Widi,a(t) = Ei(t) × SWDa (10)  

where Widi,a(t) is the amount of indirect water consumed in stage “i” in 
region “a” in the year “t”, Ei(t) is energy consumption in stage “i” in 
region “a” in the year “t”, and SWDa is the specific water utilization per 
one joule of energy calculated for each specific region. 

2.6. GHG and SOx emissions of the global supply chain of cobalt 

Air pollution, such as GHG and SOx emissions, has both acute and 
chronic effects on animal and human health. GHG and SOx emissions are 
driven by dynamic interactions between physical and human systems as 
climate change alters the frequency or severity of extreme climate events 
(for example, heat waves, drought, and heavy precipitation). Human 
activities, such as the burning of fossil fuels, are increasing the levels of 
GHG in the atmosphere (Golroudbary et al., 2022; Rahimpour Gol-
roudbary et al., 2019). Carbon dioxide (CO2), methane (CH4), and 
nitrous oxide (N2O) are the main greenhouse gases negatively affecting 
the environment (Golroudbary et al., 2019b). The life-cycle GHG in-
tensities of energy sources are adapted from the GREET model (Wang 
et al., 2018), using IPCC AR5 100-year Global Warming Potential values 
(Stocker et al., 2013) of 1 (CO2), 36 (CH4), and 298 (N2O). 

We applied Equations (11) and (12) to estimate the total and annual 
GHG and SOx emissions of each life cycle stage of the cobalt supply 
chain. In Equation (11), TG− i(t) is the total cumulative GHG or SOx 
emissions in stage “i” in the year “t” for the period 2000–2050, i= 1,2, 
…,13 represent primary and secondary production stages of the cobalt 
supply chain (CRCoS). Then,Gi(t0) is the GHG or SOx emissions in stage 
“i” in the initial year “t0”. In Equation (12), Gi(t) is the GHG or SOx 
emissions in stage “i” in the year “t”, Ei(t) is energy consumption in 
stage “i” in the year “t”, and δi(t) is the amount of CO2 equivalent (CO2 
eq) emitted in stage “i” in the year “t” (for the case of GHG emissions) or 
the amount of SOx emitted in stage “i” in the year “t” (for the case of SOx 
emissions). 

TG− i(t) =
∫t

t0

Gi(t)dt+Gi(t0) (11)  

Gi(t) = Ei(t) × δi(t) (12)  

3. Results and discussions 

The need for a systematic analysis of the cobalt supply chain has been 
presented in several studies, e.g. Nkulu et al. (2018), Sun et al. (2019), 
Tisserant and Puliuk (2016), and Nansai et al. (2014). In this paper, we 
try to address this call by assessing the key environmental concerns such 
as energy consumption, water use, GHG and SOx emissions at different 
stages of the global cobalt supply chain using system dynamics model-
ling (Forrester, 1997). The analysis presented in this paper covers a 50- 
year time horizon, from 2000 to 2050. The reason for the selection of 
this time interval is the need to explore future global environmental 
impacts of cobalt mining, processing, and recycling. Also, we consider 
challenges of the cobalt supply and consumption from the near future 
and until 2050. Some studies project a fourfold increase of the cobalt 
demand by 2050 (Nansai et al., 2014; Tisserant and Pauliuk, 2016), 
which might be triggered by the growth of the global demand for several 
products containing cobalt, such as batteries and superalloys (Monge 
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and Gil-Alana, 2019). 

3.1. Trends in cobalt production 

Historical data for the global mine production of cobalt are available 
for the period between 1990 and 2016 from the United States Geological 
Survey (USGS) data sources (Shedd, 2016). Therefore, the model dura-
tion corresponds to two periods, the historical (1990–2016) and the 
future period (2016–2050). Growth rate of the estimated primary pro-
duction of cobalt is based on future demand (on average 5–8 % per 
annum) by 2050 (Hagelüken, 2014; Tisserant and Pauliuk, 2016). 
Supplementary Fig. 1 presents geographical distribution of cobalt pri-
mary and secondary production in 2020 and 2050. Results show that the 
total global primary production of cobalt increases from 129.27 thou-
sand tonnes in 2020 to 284.58 thousand tonnes in 2050. The total global 
secondary cobalt production increases from 38.67 thousand tonnes in 
2020 to 97.00 thousand tonnes in 2050. 

The analysis of mass flows shows a significant potential of supplying 
cobalt from secondary sources up to 25 % by 2050. In the recycling 
stage, one of the most important factors is the delay between the pro-
duction phase and waste collection. Considering the high hoarding 
percentage and the low collection rate of end of life products, which 
mainly occurs because waste products including cobalt are disposed as 
municipal waste, the analysis shows that waste separation technologies 
will play a major role in the development of the cobalt industry. The 
efficiency of waste separation technologies is, naturally, one of the most 
influential factors of cobalt recovery. Detailed calculations show that 
every 1 % of improvement on the efficiency of waste separation tech-
nologies represents roughly a 4 % increase of material recovery by 2050. 

3.2. Trends in environmental impacts of cobalt supply chain 

In this study, the dynamic model is used to evaluate different cobalt 
flows and their global environmental impacts in the years 2000–2050. 
The total annual energy consumption and direct water use in primary 
and secondary cobalt production as well as the trend in GHG and SOx 
emissions from the global supply chain of cobalt are illustrated in Fig. 4. 
Trends in energy and water demand as well as in GHG and SOx emissions 

are affected by the projected continuous increase in the global con-
sumption of cobalt. The results of simulation presented in Fig. 4A show a 
marked increase in the global energy consumption for the primary 
production of cobalt from 8.98 million GJ in 2000 to 79.42 million GJ in 
2050, which corresponds approximately to a 9-fold growth within the 
50-year interval. The secondary production of cobalt experiences a more 
rapid increase compared to primary cobalt refining. In particular, it was 
estimated to grow 15-fold from 0.96 million GJ in 2000 to 15.01 million 
GJ in 2050. In general, global cobalt recycling is projected to consume 
on average 74.2 percentage points energy less during 2000–2050 than 
the global primary production. The annual mean of the global con-
sumption of energy is estimated to be around 43.71 million GJ for the 
primary and 7.11 million GJ for the secondary supply chains of cobalt. In 
addition, the specific energy demand per 1 kg of produced cobalt was 
assessed. The analysis shows that the specific energy demand for the 
primary production of cobalt accounts for about 27.32 GJ/kg of cobalt, 
while for the secondary production of cobalt it is assumed to have a 
specific energy demand of approximately 14.66 GJ/kg of cobalt. In the 
case when the entire supply chain is considered, this result implies that 
recycling of cobalt requires approximately 46.35 % less energy than its’ 
primary production. 

The projected development of the annual water consumption for 
primary and secondary production of cobalt is depicted in Fig. 4B. 
Values presented in the figure illustrate the direct water demand, which 
considers the water use for production of cobalt but does not include the 
energy-related water consumption. The direct water demand for the 
primary cobalt production is projected to increase from 0.46 million m3 

in 2000 to about 4.09 million m3 in 2050. In case of the secondary 
production of cobalt, this quantity grows from 0.06 million m3 to 0.93 
million m3 in the same time interval. It was estimated that the global 
recycling of cobalt requires on average 70 percentage points of direct 
water less than the global primary production. The assessment of the 
specific water demand to produce 1 kg of cobalt should include the 
assessment of the energy-related water use. The detailed analysis is 
presented in the section 3.3 of this study titled ‘Effects of changes in 
energy system on water demand for cobalt’. 

Fig. 4C and 4D represent the projected development of GHG and SOx 
emissions from the global supply chain of cobalt between 2000 and 

Fig. 4. Environmental performance of primary and secondary production of cobalt between 2000 and 2050. A) Annual global energy consumption, in million GJ. B) 
Annual global direct water consumption, in million cubic meters. C) Annual global GHG emissions, in million tonnes CO2-equivalent. D) Annual global SOx emissions, 
in thousand tonnes SOx. The presented values refer to the processes of primary and secondary production of cobalt, thus excluding energy-related water demand 
and emissions. 

S. Rahimpour Golroudbary et al.                                                                                                                                                                                                            



Global Environmental Change 76 (2022) 102568

7

2050. The global annual mean of GHG emissions from the primary and 
secondary stages amount to about 1.78 million tonnes CO2-eq and to 
0.22 million tonnes CO2-eq respectively. GHG emissions from the pri-
mary production of cobalt will reach a maximum of approximately 3.23 
million tonnes CO2-eq while the maximum of GHG emitted through 
secondary production reaches around 0.48 million tonnes CO2-eq in 
2050. In case of cobalt recycling, the specific CO2-eq emissions are 58.7 
% lower than in its’ primary production (4.58 kg CO2-eq/kg of cobalt 
and 11.09 kg CO2-eq/kg of cobalt, respectively). 

The strong negative influence of the production of cathode con-
taining cobalt on the environment by generating SOx emissions, espe-
cially during the smelting step, has been reported by Dunn et al. (2015). 
The outcomes of the calculation show that recycling of cobalt may 
contribute to a considerable reduction of SOx emissions. The specific SOx 
emissions per 1 kg of produced cobalt amount to 0.48 kg SOx/kg of 
cobalt in the case of primary production and to about 0.01 kg SOx/kg of 
cobalt during the recycling stage. Therefore, the production of 1 kg of 
cobalt through recycling emits on average 98 % less SOx than the pri-
mary production of cobalt. In 2050, annual global SOx emissions are 
projected to reach 141.75 thousand tonnes SOx, of which only 0.66 % is 
estimated to originate from the recycling of cobalt. 

This finding highlights that the contribution of cobalt recycling to 
energy saving and water consumption as well as to avoiding or reducing 
GHG and SOx emissions is the key driver to develop technologies and 
improve policies related to the secondary production of cobalt. 

3.3. Effects of changes in energy system on water demand for cobalt 

In this section, a detailed analysis of the water demand related to 
cobalt production is presented. As depicted in Fig. 5A, the total water 
demand (including the direct and indirect water consumption) accounts 
for 37.47 million m3 in 2020. Subsequently, it grows to 37.09 m3 in 
2030, 39.23 m3 in 2040 and 41.07 m3 in 2050. Thus, the projected in-
crease in the annual total water demand appears to be 9.61 % by the end 
of 2050, compared to the 2020 level. In general, the indirect (energy- 
related) water consumption accounts for 90.94 % of the total amount of 
water used globally by the cobalt supply chain during 2020–2050, while 
the direct water demand represents only 9.06 %. It was established that 
the share of indirect water demand in the total water consumption might 
change over time: from 94.22 % in 2020 to 87.86 % in 2050. The 

underlying reason for this development is the gradual fossilization of the 
global energy system during 2020–2050, which is projected by the LUT 
Energy System transition model (Bogdanov et al., 2019) and discussed 
by Lohrmann et al. (Lohrmann et al., 2019). The average annual water 
consumption in the period 2000–2050 is projected at the level of 32.37 
million m3 for the primary and 6.35 million m3 for the secondary pro-
duction of cobalt. 

In contrast to the above-mentioned increase of the total water de-
mand, the specific total water demand (STWD) for the production of 1 kg 
of cobalt is estimated to decrease considerably in the future (as shown in 
Fig. 5B). An assessment of the STWD values was performed for the pri-
mary and secondary production. In addition, the ‘global average’ metric 
was introduced, which represents a weighted average value of the global 
demand. The results of the study reveal that the STWD for primary 
processing of cobalt is considerably higher than for cobalt recycling. For 
instance, in 2020, the STWD for the primary production accounts for 
0.25 m3/kg of cobalt and for recycling for 0.13 m3/kg of cobalt. Such a 
difference could be explained by the fact that water demand values 
correlate strongly with the assumed location of cobalt processing ca-
pacities. As discussed in the next section of the paper, the primary 
production of cobalt is mainly located in regions with water-intensive 
energy systems, whereas recycling capacities are assumed to be 
distributed more evenly worldwide. As shown in Fig. 5B, compared to 
the STWD for cobalt recycling, the STWD for primary cobalt processing 
is projected to experience a rapid decrease during 2020–2030. As noted 
by Lohrmann et al. (Lohrmann et al., 2019), this might be caused by the 
extensive decommissioning of old water-demanding thermal power 
plants and their replacement by renewable energy technologies. By the 
end of 2050, the STWD for the primary and secondary production of 
cobalt will reach 0.12 m3/kg of cobalt and 0.07 m3/kg of cobalt, 
respectively. In the same year, the global average STWD is estimated at 
the level of 0.11 m3/kg of cobalt. The analysis revealed that recycling of 
cobalt consumes on average 39.77 % less water than the primary pro-
duction. The finding suggests benefits resulting from a systemic 
approach to the recycling stage. This, in turn, sheds light on the marked 
contribution of the recycling stage to the reduction of energy and water 
demand in the cobalt life cycle. 

Fig. 5. Direct and indirect water demand for cobalt production. A) Annual global demand of water in primary and secondary cobalt production, in million m3. B) 
Specific demand of water in primary and secondary cobalt production, in m3/kg of cobalt. 
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3.4. Projected cobalt-related energy and water use 

Fig. 6 presents geographical distribution of energy demand for the 
cobalt production. As can be seen in the figure, in 2020 energy demand 
associated with cobalt refining from primary sources (Fig. 6A) emerges 
mostly in the territories highlighted by Sun et al. (Sun et al., 2019). The 
top countries with the highest energy demand for primary cobalt pro-
duction are: China, Japan, South Korea, the USA, and UK. In the same 
year, China accounts for 48 % of the global energy demand for primary 
refining of cobalt, which corresponds to about 15.01 million GJ. This 
situation is projected to change slightly by 2050 (Fig. 6C), increasing the 
energy demand for primary processing of cobalt by developing coun-
tries. China, Japan, the USA, UK, and Germany are expected to have the 
highest energy demand in 2050, while the largest relative change in the 
energy demand of up to 158 % is projected for a group of African states: 
Djibouti, Somalia, Kenya, Uganda, and the Democratic Republic of 
Congo. Considering secondary production, in this case, cobalt recycling 
is assumed to be completely separated from primary refining of cobalt 
and, thus, it is tied to the demand rather than to the supply of materials. 
Therefore, the energy demand for cobalt recycling, which is assumed to 
be performed locally, is more evenly distributed than for the primary 
processing of cobalt. Since the geographical cobalt demand is associated 
to GDP per capita and population, both associated with their respective 
country, in 2020 (Fig. 6B) most of the energy demand for cobalt recy-
cling (about 25 % or 1.35 million GJ) is located in China due to the high 
population density and global average GDP per capita level. Europe and 
North America also have regions with considerable recycling, such as 
Germany, UK, France, and the USA. As the projections shift towards 
2050 (Fig. 6D), regions in Asia and Africa become the demand leaders as 
their GDP per capita and population are expected to increase consider-
ably from their current levels. By the end of 2050, India is expected to 

represent the highest energy demand with projected 2.66 million GJ for 
recycling of cobalt. 

The contrast of the geographical distribution between primary and 
secondary processing of cobalt highlights the importance of recycling 
and shifting the energy load from current carbon-intensive energy sys-
tems (China, Russia, USA, etc.) to countries with energy systems of lower 
carbon emissions per unit of energy (Nordic countries, Germany, France, 
UK, etc.). 

Finally, Fig. 7 highlights that the total (cobalt-processing- and 
energy-related) water use has strong variations in its geographical dis-
tribution between primary (Fig. 7A,C) and secondary production of 
cobalt (Fig. 7B,D). The main reasons of these differences are the pro-
jected variations in energy intensity of cobalt processing in specific areas 
and the composition of the energy system in those regions. On one hand, 
regions with energy systems which have large shares of thermal ca-
pacities such as coal, gas-fired and nuclear power plants as well as 
reservoir-based hydropower plants, experience a much higher water 
consumption per unit of energy compared to wind power and solar 
photovoltaics (Lohrmann et al., 2021). On the other hand, it was 
demonstrated previously that cobalt recycling reduces the associated 
water consumption considerably in absolute numbers both globally and 
locally. Therefore, cobalt recycling can relocate some of the water 
consumption away from the regions of primary processing of cobalt and 
distribute it more evenly across the world. 

In 2020, China was estimated to consume 18.45 million m3 of water, 
which represents 56.92 % of the total amount of water used by the 
primary production of cobalt worldwide. Unsurprisingly, other coun-
tries with high water consumption are Japan, the USA, Russia, South 
Korea, and France, since the energy systems of these countries are 
characterized by a high share of water-intensive power plants (Inter-
mational Energy Agency (IEA), 2018). 

Fig. 6. Geographical distribution of energy demand for cobalt production. A,C) energy demand for primary production of cobalt in 2020 and 2050. The total global 
energy demand for production of cobalt increases from 35.48 million GJ in 2020 to 79.43 million GJ in 2050. B,D) energy demand for secondary production of cobalt 
in 2020 and 2050. The total global energy demand for secondary production of cobalt increases from 5.58 million GJ in 2020 to 15.01 million GJ in 2050. 
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In the same year, China has also the largest water demand for cobalt 
recycling with 1.43 million m3 (28 % of the global estimates). Similarly 
to energy consumption, the water use associated with secondary pro-
duction of cobalt increases particularly in Asia and Africa, as the pro-
jections shift to 2050. This could be explained by the expected growth of 
GDP and population in these developing countries. When a division of 
the world into 145 regions (as shown in Figure 7B,D) is considered, the 
Democratic Republic of Congo, with the largest water demand by sec-
ondary production of cobalt, extracts 0.61 million m3 in 2050. As 
highlighted in Figure 7D, a large water consumption for cobalt recycling 
is projected in several provinces of China, Myanmar, Tajikistan, and 
Kyrgyzstan. According to the WRI Aqueduct Atlas (Water Resources 
Institute (WRI), 2020), many of the above-mentioned regions are re-
ported to have a medium–high and high baseline water stress. Thus, the 
projected implementation of cobalt processing capacities might put an 
additional stress on the local water resources and stimulate a higher 
competition for water with agriculture and food production sector. 
Therefore, a more comprehensive approach is required to evaluate the 
effects of the commissioning of these capacities for each specific region. 

It should be noted that geographical distribution of primary pro-
cessing of cobalt is likely to change in the future. 

4. Discussion 

Previous research studies on cobalt were limited to particular stages 
of the supply chain such as mining or recycling, as well as restricted to 
case studies, e.g. lithium-ion batteries (Ciez and Whitacre, 2019; Nkulu 
et al., 2018; Tran et al., 2019). Moreover, none of those studies offered a 
comprehensive environmental analysis across all stages of cobalt supply 
chain globally. The detailed analysis discussed in this article has pro-
vided new and useful insights that have the potential to benefit policy 

and decision making in practice aimed at reaching a more sustainable 
future circular utilization of cobalt in the world economy. Some 
important environmental issues such as high energy consumption, water 
use, greenhouse gases (CO2, N2O, CH4 emissions), and sulfur oxides 
emissions need to be addressed to ensure environmentally sustainable 
cobalt supply chain. This article gives a comprehensive overview of 
various flows in cobalt supply chain from the perspective of environ-
mental sustainability. 

Changes in cobalt supply and demand resulting from various factors 
have been studied extensively (e.g., batteries production together with 
demand for alloys, and the effect of increasing world population on 
cobalt consumption) (León and Dewulf, 2020). One of the main chal-
lenges in cobalt supply chain management results from increased pro-
duction of electric vehicles in near future. The problem consists in 
limited resources of cobalt. Therefore, cobalt recovery is very important 
as a solution that may help manage its shortages in the future. On the 
other hand, an increase in the production of cobalt requires more energy 
and water as well as generates more waste, GHG emissions and SOx 
emissions in production stages of its supply chain. Therefore, we 
examined the above-mentioned issues through all stages of the supply 
chain: mining, processing, production, and recycling. 

The principles of circular economy are based on the conservation of 
the value of materials within the economic system as long as possible (El 
Wali et al., 2021). There are various definitions for circular economy, 
however, recycling is always a prominent feature of the concept (Gol-
roudbary et al., 2020). This concept serves the mitigation of cobalt 
criticality, as it aims to extend the useful life of raw materials extracted 
from the environment, reduce reliance on finite resources, and mitigate 
permanent waste disposal. As shown in our results, cobalt recycling 
operations could have a significant contribution on reducing energy 
consumption, water use and mitigating GHG and SOx emissions 

Fig. 7. Geographical distribution of total (cobalt-processing- and energy-related) water consumption of cobalt production. A,C) water demand for primary pro-
duction of cobalt in 2020 and 2050. The total global water consumption for primary production of cobalt increases from 32.42 million m3 in 2020 to 33.91 million m3 

in 2050. B,D) water demand for secondary production of cobalt in 2020 and 2050. The total global water consumption for secondary production of cobalt increases 
from 5.05 million m3 in 2020 to 7.16 million m3 in 2050. 
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comparing primary production. The obtained results show that around 
10 % of GHG emissions and 0.50 % of SOx emissions in cobalt life cycle 
originate from secondary production, which consumes around 13 % of 
total energy and 16 % of total water used in cobalt production stages. 
This finding highlights the need for an appropriate strategy of secondary 
sources management that would ensure a better use of cobalt recycling 
in line with its circularity. New planning policies should overcome the 
barriers hindering recycling to benefit efficient using of resources and 
reducing energy and water consumption as well as avoiding GHG and 
SOx emissions through the recovery of cobalt from end of life products. 

It is worth noting that increased cobalt recycling positively con-
tributes to the environmental goal agreed in the Paris Agreement 
(Waisman et al., 2019) and the 2030 Agenda for Sustainable Develop-
ment goals (SDGs) such as SDGs 7, 12, and 13 among others (Church, 
2019). As cobalt is critical in developing and deploying green energy 
technologies, securing its sustainable and affordable supply — through 
recycling activities — could contribute to the SDG 7. Also, primary 
production of cobalt can be associated with higher levels of waste pro-
duction when compared to recycling processes. Therefore, secondary 
production of cobalt contributes directly to achieving the targets of SDG 
12 — ensure sustainable consumption and production patterns as well as 
to mitigation of climate change set out by SDG 13. 

Another finding of this analysis shows that the improvement of the 
efficiency of waste separation technologies increases cobalt recovery 
significantly. Therefore, it could also result in a significant reduction in 
water and energy consumption if the respective additional consumption 
of energy and water for the secondary treatment of cobalt is lower than 
that of primary sources. Moreover, the generated projections show that 
an increase in global consumption of cobalt may occur in a significantly 
different manner for primary and secondary cobalt as its demand grows. 
Cobalt recycling will play an incredibly significant role in the cobalt 
industry benefiting not only material conservation. Secondary cobalt 
production can significantly reduce the carbon emissions. It can also 
alleviate the energy and water demand associated with cobalt process-
ing from the regions where currently primary processing of cobalt is 
concentrated. In addition, cobalt recycling can be done locally, thus, it 
may reduce the domestic dependence on primary cobalt in regions 
where cobalt is not naturally available. This may also reduce the need 
for long-distance transport and, consequently, mitigate transport-related 
emissions and energy consumption. 

5. Conclusion 

This article presents a comprehensive overview of the global–local 
cobalt supply chain considering mass, waste, energy, water, and air 
emissions. The paper aims to answer three key questions, beginning with 
addressing how the consumption of cobalt is projected to develop and 
the impact of its supply from primary and secondary sources on the 
environment globally by 2050. The second key question is about the role 
of recycling of cobalt in saving energy and water through its supply 
chain. Finally, the third key issue is whether recycling of cobalt con-
tributes to reduction of emissions such as GHG and SOx. 

The obtained results show that cobalt recycling might lead to 
reduction of energy consumption by 46 % and diminishing the use of 
water by 40 % when compared to primary production. Also, recycling 
contributes to mitigation of GHG and SOx emissions of cobalt flow by 59 
% and 98 %, respectively. The detailed analysis has shown around 25 % 
of total required cobalt could be supplied from secondary sources by 
2050. 

The projections presented in this article show that an increase in 
global consumption of cobalt may occur in a significantly different 
manner for its primary and secondary production as demand for this 
material grows. Every 1 % of improvement in efficiency of waste sepa-
ration represents roughly a 4 % increase of material recovery by 2050. 
Our findings highlight that cobalt recycling performed at the country of 
consumption mitigates the import reliance of cobalt from a few global 

producers. Cobalt recycling performed at the country of consumption 
also promotes decentralized energy and water demand, which is 
currently constrained to the small number of cobalt producers. 

This finding emphasizes the need for developing new strategies for 
management of cobalt recycling. The extent of cobalt recovery from 
secondary sources should steadily increase. Moreover, technology 
development for cobalt recovery should be taken into account due to its 
significant contribution to mitigation of energy consumption as well as 
water and environmental footprints. 
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