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A B S T R A C T

Access to safe drinking water and sanitation is crucial for protecting human health and achieving many Sus
tainable Development Goals. However, the provision of these services requires significant amounts of energy, 
which are poorly quantified at the global scale. In this study, we develop a spatially explicit model framework (5 
arcmin resolution) for quantifying the energy consumption of water treatment technologies globally, focusing on 
desalination, wastewater treatment and conventional drinking water treatment (i.e. from ground and suface 
water sources). We estimate that these processes required 379–1,159 TWh (1.36–4.17 EJ) globally in 2015, 
corresponding to 1.8–5.4% of total global electricity consumption. Individually, 189–331 TWh (0.68–1.19 EJ) 
were consumed for desalination, 85–279 TWh (0.31–1.00 EJ) for wastewater treatment and 105–549 TWh 
(0.38–1.98 EJ) for conventional drinking water treatment. The largest energetic tolls of the three technologies 
are found in the Middle East and North Africa (desalination), Western Europe (wastewater treatment) and South 
Asia (conventional drinking water treatment), where they contribute up to 18.6 %, 2.4 % and 4.7 % of the 
electricity consumption in these regions, respectively. Considering the identified uncertainties, the model 
framework can be used to represent spatially explicit patterns of energy consumption for water treatment in 
Integrated Assessment Models and Energy System Models. These developments enable projections of the future 
energy demands of water treatment technologies and a better understanding of the water-energy nexus, under 
global change and at multiple spatial scales.

1. Introduction

It is estimated that 2 billion people across the globe lack access to a 
safe source of drinking water and that 3.6 billion people are not con
nected to safely managed sanitation, corresponding to 26 % and 46 % of 
the world population, respectively (United Nations, 2023a). The 
expansion of technologies for drinking water and wastewater treatment 
is considered a key strategy to tackle global challenges in water supply 
and sanitation (Moe and Rheingans, 2006) and to support multiple 
Sustainable Development Goals (Abu-Zeid, 1998; Sorenson et al., 2011; 
Irannezhad et al., 2022; United Nations, 2023b). The rapid increase in 
urban population simultaneously represents an opportunity to upscale 
inclusive and sustainable development of water infrastructure in cities 
(Larsen and Gujer, 1997; Marlow et al., 2013; Hoekstra et al., 2018). 

However, technologies and processes across the water supply are energy 
intensive (Gleick, 1994; King et al., 2008; Rothausen and Conway, 2011; 
Plappally et al., 2012; Sanders and Webber, 2012; Wakeel et al., 2016) 
and could therefore conflict with climate change mitigation if their 
development is not supported by renewable energy sources (Hussey and 
Pittock, 2012; Hejazi et al., 2015; Lee et al., 2017; Parkinson et al., 
2019).

Modelling the current energy use of water treatment technologies is 
therefore essential to forecast their future energetic demands and to 
improve our understanding of the water-energy nexus, i.e. the in
terdependencies between the water and energy sectors (Olsson, 2015; 
Hamiche et al., 2016; Dai et al., 2018), under global change. Yet, 
existing research has predominantly focused on local (e.g. Bodik and 
Kubaska (2013); Panepinto et al. (2016)) to regional (e.g. Sanders and 
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Webber (2012); Chini and Stillwell (2018); Molinos-Senante et al. 
(2018)) scales, with global inter-comparisons limited to a few cities 
(Lam et al., 2017) or countries (Longo et al., 2016; Wang et al., 2016; 
Wakeel et al., 2016). Previous studies have also typically lacked spatial 
or temporal distribution, limiting their application in continental and 
global assessments. The most comprehensive global-scale estimates of 
energy-for-water, i.e. the energy consumption of the water sector 
excluding end-uses (Kyle et al., 2016), were brought forward by Liu et al. 
(2016), who coupled values of energy use intensities for processes across 
the water supply with country-level statistics of water use. Despite their 
study setting a groundbreaking benchmark in global energy-for-water 
research, it is characterized by coarse country-scale resolutions, hin
dering the characterization of local patterns of energy consumption for 
clean water provision.

The main goal of this research is therefore to develop a spatially 
explicit model framework of the energy consumed globally by water 
treatment technologies. To this end, we gathered comprehensive spatial 
data and characteristics of desalination and wastewater treatment 
plants, in addition to mapping safe access to drinking water worldwide. 
We then collected energy intensity ranges of these water treatment 
technologies with a thorough literature study, to render the un
certainties in their global energy consumption. The framework can 
produce gridded outputs of energy consumption for desalination, 
wastewater treatment, and drinking water treatment from ground and 
surface water sources (hereinafter “conventional drinking water treat
ment” (Hofman-Caris and Hofman, 2019)) at 5 arcmin resolution 
(approximately 10 km at the equator). These datasets enable the rep
resentation of the energy demands for water treatment in Integrated 
Assessment Models (Van Asselt and Rotmans, 2002; van Beek et al., 
2020; Kyle et al., 2021) and Energy System Models (Schrattenholzer, 
1981; Jebaraj and Iniyan, 2006). This should allow for better evalua
tions of the future energy demands to alleviate global clean water 
scarcity (Grafton et al., 2015; Straatsma et al., 2020) and the energetic 
implications of different water infrastructure development schemes 
across evolving rural and urban settings (Wilderer and Schreff, 2000; 
Gikas and Tchobanoglous, 2009; Rabaey et al., 2020).

2. Materials and methods

Limited data on water infrastructure and energy consumption of 
water technologies exist (Chini and Stillwell, 2017, 2018), requiring 
various assumptions in model structure and producing relatively large 
uncertainties in model output. For instance, while detailed information 
on desalination plants, such as capacity, technology and feedwater type, 
is available between 1945 and 2019 (Global Water Intelligence, 2019), 
data on global wastewater treatment plants contains uncertainties in 
population served, treated volumes, current status and technology 
(Ehalt Macedo et al., 2022). A dataset of conventional drinking water 
treatment plants at the global scale is currently entirely lacking. 
Furthermore, plant-specific energy consumption varies widely across 
countries (Wakeel et al., 2016) and technologies, and is often inconsis
tently reported (Chini et al., 2021). The data used for each considered 
water treatment technology (desalination, wastewater treatment, con
ventional drinking water treatment) are summarized in Table S1.

Considering these limitations, we built a simple plant-scale model of 
energy consumption for water treatment as follows: 

Ep = QpEi (1) 

where Qp is the capacity or the volume of water treated by a plant (m3 

y− 1), and Ei is an energy intensity range collected from various literature 
sources (kWh m− 3 or J m− 3), enabling us to account for uncertainties, 
resulting in a low, mean and high value of yearly energy consumption Ep 
(kWh y− 1 or J y− 1) for each plant. Since literature studies usually report 
energy consumption intensities for water treatment technologies in kWh 
m− 3, calculations are initially made in kWh and then converted to J 

using a multiplication factor of 3.6 ⋅ 106. The units of kWh and J are then 
used interchangeably and do not carry any meaning regarding the spe
cific energy sources employed (i.e. primary energy sources or 
electricity).

The focal point of this study is to quantify the total energy con
sumption of water treatment processes. Due to a lack of global data 
about in-situ energy production, the analysis of net energy consumption 
is outside of the scope of this work. To make the results easily integrable 
with other gridded models, point estimates are then assigned to the 
closest centroid on a 5 arcmin grid. On the temporal scale, the frame
work is currently set up to produce annual estimates. Sub-yearly, i.e. 
seasonal, fluctuations in energy consumption for these processes are not 
covered at this stage. In the following, materials and methods for the 
three technologies are briefly presented in order of data availability and 
quality, beginning with desalination, followed by wastewater treatment 
and conventional drinking water treatment. Detailed descriptions of the 
model framework are given in Section A.1 of the Appendix.

The location, technology, feedwater type, capacity and initial year of 
operations of desalination plants worldwide are obtained from Desal
Data (Global Water Intelligence, 2019) (Fig. S1). We estimate the energy 
consumption of 19,112 plants worldwide that use one of the four main 
desalination technologies, categorized into distillation, i.e. Multi-stage 
flash (MSF) and Multi-effect distillation (MED), and membrane pro
cesses, i.e. Reverse Osmosis (RO) and Electrodialysis (ED). The energy 
consumption of membrane technologies is dependent upon feedwater 
salinity, while energy consumed for distillation is constant across feed
waters (Elimelech and Phillip, 2011; Al-Karaghouli and Kazmerski, 
2013; Lin, 2019; Nassrullah et al., 2020) (Table S2 and Table S3). For 
RO, we model the increasing energy efficiency over time with an 
exponential decay curve, fitted to values reported by Elimelech and 
Phillip (2011) and linearly scaled with salinity (Fig. S2). Further infor
mation on the approach used for desalination is detailed in Section A.1.1 
of the Appendix.

To quantify the energy consumption of wastewater treatment, we 
consider the characteristics of 58,426 wastewater treatment plants, 
obtained by combining the global database HydroWASTE (Ehalt Macedo 
et al., 2022) with a detailed national database for China (Chen et al., 
2019) (Fig. S3). Energy consumption in wastewater treatment is 
dependent on the volumes and quality of the incoming water (Longo 
et al., 2016; Niu et al., 2019), and the level of treatment (primary, 
secondary, advanced). To this end, we built a model routing wastewater 
production to wastewater treatment plants (Fig. S4), using 5 arcmin 
treated wastewater volumes (Jones et al., 2021) and population (Klein 
Goldewijk and van Drecht, 2006) maps for 2015 (Fig. S5). By assuming 
that treatment happens in the same country (World Bank, 2020) 
(Table S4) and in the same catchment (Linke et al., 2019), information 
on treated volumes and population attached to a specific plant was 
generated. For secondary treatment, a two-parameter exponential 
model (volume and Population Equivalent Chemical Oxygen Demand) 
(adapted from Niu et al. (2019)) was fit to energy consumption data, 
following Longo et al. (2016) (Fig. S6 and Table S5). Energy intensity 
ranges were used to quantify the energy consumption of primary and 
advanced treatment. Detailed information on this approach is provided 
in Section A.1.2 of the Appendix.

As no global dataset of conventional drinking water treatment plants 
exists, additional steps were required to model the energy consumption 
of surface and groundwater treatment for drinking water provision 
(Fig. S7). First, we mapped access to safely managed water at 5 arcmin 
resolution, based on country-level water access data (Food and Agri
culture Organization, 2019; World Bank, 2019a) (Fig. S8), in combina
tion with high resolution (5 arcmin) datasets of population (Klein 
Goldewijk and van Drecht, 2006) and Gross Domestic Product (GDP) 
(Chen et al., 2022) (Fig. S9). Essentially, a population cap of safe water 
access in rural and urban settings was calculated at the country level. 
Gridcells with the highest GDP per capita were then sequentially 
assigned safe drinking water, until exhaustion of such cap. All the 
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remaining population gridcells were classified as having access to either 
basic or untreated drinking water. Volumes of drinking water treatment 
were then estimated using the municipal water demands of 2015 from 
the global hydrological model PCR-GLOBWB 2 (Wada et al., 2014; 
Sutanudjaja et al., 2018) (Fig. S10A), which neglects water leakages in 
distribution networks. Where present, safe access gridcells were first 
assigned to desalinated drinking water, using information from Desal
Data (Global Water Intelligence, 2019) (Fig. S10B), until reaching plant 
capacities. Finally, all other population gridcells with safe water access 
were assigned to either surface water or groundwater, depending on the 
closest source in the water withdrawals of PCR-GLOBWB 2 (Sutanudjaja 
et al., 2018) (Fig. S10C-E). These are the volumes that we assumed to be 
passing through conventional drinking water treatment plants. To 
calculate the energy consumption, we collected energy intensity ranges 
for various drinking water treatment technologies (Plappally et al., 
2012; Grzegorzek et al., 2023) (Table S6) and matched them to eight 
different plant configurations (TU Delft OpenCourseWare, 2024) 
(Fig. S11). These setups characterize the increasing complexity and 
energy consumption for treatment of groundwater and surface water 

sources (Santana et al., 2014). The uncertainty in energy intensity for 
conventional drinking water treatment is then the total range across 
these combinations of plants configurations and technologies. An 
in-depth description of these developments and assumptions is given in 
Section A.1.3 of the Appendix.

3. Results

3.1. Desalination

A complete overview of global trends in desalination (1945–2019) is 
given in Fig. 1. Global desalination capacity of the four major technol
ogies (MSF, MED, RO, ED) grew at an average pace of 0.44 km3 y− 1 from 
1945 to 2019, reaching 33 km3 in 2019. RO is by far the most employed 
technology (69.6 % of total installed capacity), followed by MSF 
(20.1 %), MED (7.6 %) and ED (2.7 %). Almost 50 % of global desali
nation capacity is currently located in the Middle East and North Africa 
(MENA), followed by East Asia Pacific (EAP, 18.7 %), North America 
(NAM, 12.8 %) and Western Europe (WE, 9.8 %), while the other regions 

Fig. 1. Global desalination trends (1945–2019) in: i) cumulative capacity; ii) cumulative energy consumption; iii) capacity share; and iv) energy consumption share 
per A) technology; B) subregion; and C) feedwater type. Energy use shares are calculated for average modelled energy use. Technologies: MSF = Multi-Stage Flash; 
MED = Multi-Effect Distillation; RO = Reverse Osmosis; ED = Electrodialysis. Subregions: EAP = East Asia and Pacific; EECA = Eastern Europe and Central Asia; LAC 
= Latin America and Caribbean; MENA = Middle East and North Africa; NAM = North America; SAS = Southern Asia; SSA = Sub-Saharan Africa; WE = West
ern Europe.
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together make up for just over 10 %. Regarding feedwater types, most 
desalination focuses on seawater (57.5 %) and brackish water (23.3 %), 
followed by river water (8.1 %), wastewater (6.7 %) and pure water 
(4.2 %).

In terms of energy consumption, we model that desalination tech
nologies required 205–361 TWh (0.74–1.30 EJ) globally in 2019, with 
an average growth of 2.74–4.81 TWh y− 1 (0.01–0.017 EJ y− 1) from 
1945. Energy shares during early development are highly correlated to 
the expansion of MSF and MED, with these two technologies each 

contributing about half of global energy consumption for desalination at 
the beginning of the 1960s. The increasing adoption of RO and im
provements in membrane efficiency have produced a decoupling be
tween the capacity and energy share of the different technologies. For 
example, the share of global installed desalination capacity was roughly 
equal for RO (43.6 %) and MSF (42.2 %) in 1996, yet we estimate that at 
this time their contribution to energy consumption was 10.8 % 
(4.9–14.8 TWh) and 75.1 % (58.6–81.5 TWh), respectively. This trend 
has continued to the present day, as production of 23 km3 y− 1 of 

Fig. 2. Modelled state of wastewater treatment in 2015: A) estimated produced and treated wastewater volumes, and their regional ratios; B) treated wastewater 
volumes divided by treatment level; and C) calculated energy consumption (total and by treatment level). Subregions: EAP = East Asia and Pacific; EECA = Eastern 
Europe and Central Asia; LAC = Latin America and Caribbean; MENA = Middle East and North Africa; NAM = North America; SAS = Southern Asia; SSA = Sub- 
Saharan Africa; WE = Western Europe.
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freshwater by RO consumes 35.9–118.6 TWh y− 1, compared to the 
130–181 TWh y− 1 required by MSF to produce 6.7 km3 y− 1 in 2019. For 
the same year, MED and ED are respectively modelled to consume 
36.2–46.2 TWh and 3.1–15.0 TWh, each producing 2.5 km3 y− 1 and 0.9 
km3 y− 1 of freshwater.

Regional trends in energy consumption for desalination are even 
more pronounced. Until the early 1960s, patterns in energy consump
tion shares follow the evolution in capacity across subregions, led by 
Western Europe (WE), South Asia (SAS), Middle East and North Africa 
(MENA), and North America (NAM). From the early 1960s until the mid- 
1980s, the rise of thermal technologies produced a rapid spike in the 
overall energy consumed for desalinated water production in the MENA 
region. The decoupling between capacity and energy share began 
around this time, when other regions increase the development of 
mostly RO plants. While the capacity share of the MENA region has 
declined through to the present day, we model its energy shares to 
remain approximately the same. We estimate that today 163–255 TWh 
y− 1 (or 74 % of the global burden) are consumed in the MENA, despite 
contributing to only 48 % of freshwater produced through desalination 
globally.

Concerning energy consumption by feedwater type, trends in ca
pacity and energy share are highly correlated during earlier develop
ment, dominated by brackish, river and seawater desalination. From the 
late 1950s onwards, seawater overtakes the overall energetic burden, 
driven by three main factors: 1) seawater is the main feedwater type 
used in the MENA, the biggest developer of desalination after the 1960s; 
2) most plants developed at the end of the 20th century in the MENA 
employ distillation technologies, with a long lifetime cycle and much 
lower energetic efficiency than RO, impacting the energy consumption 
of the region to this day; and 3) the slightly higher growth in RO of 
seawater compared to brackish water RO. Our estimates show that, in 
2019, seawater consumed 87.8 % of total global energy for desalination 
(189–309 TWh y− 1), despite contributing to 57.5 % of globally produced 
freshwater (19 km3 y− 1). Brackish water desalination is the second main 
energy consumer, using up to 10–34 TWh y− 1 (7.9 %), while all other 
feedwater types combined only make up 4.3 % of global energy con
sumption for desalination.

3.2. Wastewater treatment

Modelled wastewater production (Jones et al., 2021) and treated 
volumes in 2015 are shown in Fig. 2A. Our wastewater flow model 
shows that, of the 359 km3 produced, about 176 km3 were treated within 
50 km of a wastewater treatment plant (WWTP) (Fig. S12), serving 2.71 
billion people. We therefore found global treatment rates to be lower by 
roughly 3 % compared to Jones et al. (2021). Modelled treated volumes 
and population attached to WWTPs were evaluated against reported or 
estimated values in the original datasets, showing overall good agree
ment across regions (Fig. S13). Out of the 58,426 WWTPs analysed, 
model estimates show that 43,809 (75.0 %) are currently operational 
(Fig. S14). The highest treatment rates are found in Western Europe 
(WE, 84.9 %) and North America (NAM, 67.0 %), while the lowest are 
modelled for Sub-Saharan Africa (SSA, 15.1 %) and South Asia (SAS, 
12.5 %). The largest absolute volumetric gap in wastewater treatment is 
found in the East Asia Pacific (EAP) region, corresponding to approxi
mately 63.3 km3, therefore contributing 35 % of untreated wastewater 
worldwide.

The level of treatment is further detailed in Fig. 2B. We find that 2.6 
km3 of wastewater were treated to primary levels, 77.2 km3 with sec
ondary treatment technologies, and 98.5 km3 went through advanced 
WWTPs. 137 km3 of wastewater (77 % of the total treated wastewater 
volumes worldwide) were processed in the East Asia Pacific (EAP), 
North America (NAM) and Western Europe (WE). These three regions 
also show overall higher rates of advanced wastewater treatment 
(WWT) compared to secondary WWT. A total of 92.6 km3 of wastewater 
were treated with advanced technologies in these three regions, 

corresponding to 94 % of global advanced WWT. The opposite trend is 
observed in all other regions, where secondary technologies are more 
widespread. In South Asia (SAS), we find negligible advanced WWT, 
which is otherwise entirely lacking in Sub-Saharan Africa (SSA).

Globally, WWT is estimated to have consumed 85–279 TWh 
(0.31–1.00 EJ) in 2015. Our model shows that primary treatment 
consumed 0.00019–0.034 TWh, while secondary and advanced treat
ment required 19–35 TWh and 66–244 TWh, respectively. Primary 
treatment therefore contributes to a minor portion of the total global 
energy consumed in 2015 for WWT (0.01 %). Secondary and advanced 
treatment have the most significant impact (13.9 % and 86.1 %, 
respectively). Regionally, wastewater production and treatment rates, 
and the adoption of different WWT technologies are reflected in the 
energy consumption of this process (Fig. 2C). The highest modelled 
absolute energy consumptions for WWT are found in East Asia Pacific 
(31–102 TWh), followed by North America (26–74 TWh) and Western 
Europe (20–60 TWh). Together, these three regions contribute on 
average to 87.2 % of the total global energy consumed for WWT. 
Furthermore, with the exception of the Middle East and North Africa 
(MENA), we find that secondary WWT consumed more energy than 
advanced WWT in all other regions. Overall, it is evident that the largest 
uncertainties in our model of energy consumption for WWT stem from 
insufficient parametrization of advanced WWT processes.

3.3. Conventional drinking water treatment

The modelled global status of drinking water access, contribution of 
different water resources and the modelled energy consumption for 
conventional drinking water treatment (CDWT) in the year 2015 are 
shown in Fig. 3. Our model represents 7.00 billion people across 163 
countries (against a global population of 7.35 billion in 2015), of which 
5.21 billion people are estimated to have been connected to a drinking 
water treatment plant in 2015. Globally, 1.79 billion people lacked ac
cess to safely managed drinking water, including 667 million without 
access to even basic water services. Spatially explicit maps of modelled 
drinking water access are presented in Fig. S15, showing comparable 
large-scale patterns for rural and urban population gridcells.

Similar to wastewater treatment, the highest rates of access to safely 
managed drinking water (including desalination) are found in Western 
Europe (WE, 97.5 %) and North America (NAM, 97.4 %), while the 
lowest access is found in Sub-Saharan Africa (SSA, 34.5 %), with a wide 
gap from the second lowest, Latin America – Caribbeans (LAC, 65.0 %) 
(Fig. 3A). Results show that at least 118 million people are dependent on 
desalination for their drinking water, with the highest rates in the 
Middle East and North Africa (MENA, approximately 20 % of served 
population). High exposure rates to untreated drinking water are found 
in Sub-Saharan Africa (SSA, 32.6 %) and MENA (11.3 %), while less than 
10 % of people were found to be exposed to untreated water sources in 
all other regions. We thus estimate that 73.8 % of the global population 
was connected to a drinking water treatment plant (76.9 % when ac
counting for desalination), and that 9.5 % of the analysed population 
used untreated drinking water sources in 2015.

The sources of drinking water (Fig. 3B) contain strong uncertainties, 
due to difficulties in precisely locating them in global hydrological 
models (Hanasaki et al., 2018). Nonetheless, we find that, out of the 507 
km3 of municipal water demands in 2015 represented in our model, 422 
km3 (83.23 %) were deemed to be safe (252 km3 from treated surface 
water, 162 km3 from treated groundwater and 9 km3 from desalination). 
Globally, 59 km3 (11.6 %) allow access to basic water services (34 km3 

from surface water and 25 km3 from groundwater). We also estimate 
that only 26 km3 (5.1 % of total considered demands for 2015) were 
used untreated for drinking purposes, 11 km3 of which came from 
groundwater and 15 km3 from surface water sources.

Concerning energy consumption, model results show that 106–551 
TWh (0.38–1.98 EJ) were used for CDWT in 2015 (Fig. 3C). Surface 
water treatment consumed 103–433 TWh (0.38–1.56 EJ), while 
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Fig. 3. Modelled state of drinking water status treatment in 2015: A) drinking water access by population; B) drinking water sources by volumes; and C) calculated 
energy consumption of conventional drinking water treatment. Bars in (A) and (B) are ordered by decreasing safe water access. SW = surface water; GW =
groundwater, SWT = surface water treatment; GWT = groundwater treatment. Subregions: EAP = East Asia and Pacific; EECA = Eastern Europe and Central Asia; 
LAC = Latin America and Caribbean; MENA = Middle East and North Africa; NAM = North America; SAS = Southern Asia; SSA = Sub-Saharan Africa; WE =
Western Europe.
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groundwater treatment contributed to 2.42–118 TWh (0.009–0.43 EJ). 
The minimum value of energy consumption for the latter considers that 
all groundwater is treated exclusively with softening, which is a very low 
energy intensity process. The highest contributor to energy consumption 
for CDWT worldwide is the East Asia Pacific (EAP) region, likely due to 
high population and good water access (for instance in China, Japan, 
and Australia). The second and third largest consumers are North 
America (NAM), and Eastern Europe – Central Asia (EECA), where much 
lower population is characterized by very high per capita water de
mands and large shares of surface water. Overall, we find that high 

water access rates, rich economies and high proportions of surface water 
treatment can all compound to exacerbate energy consumption in 
CDWT.

4. Discussion

4.1. Implications of energy consumption for water treatment

Our results show that water treatment contributes to a considerable 
proportion of global energy consumption. Irrespectively of the specific 

Fig. 4. Regional ratios of the energetic toll of desalination, wastewater treatment and conventional drinking water treatment in 2015, shown as percentage of: A) 
total regional primary energy consumption; and B) total regional electricity consumption. Panels (C) and (D) show the regional energy consumption per capita and 
per United States Dollar (USD) of Gross Domestic Product (GDP), respectively. Subregions: EAP = East Asia and Pacific; EECA = Eastern Europe and Central Asia; 
LAC = Latin America and Caribbean; MENA = Middle East and North Africa; NAM = North America; SAS = Southern Asia; SSA = Sub-Saharan Africa; WE =
Western Europe.
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energy source employed, we estimate that, in 2015, water treatment 
technologies consumed a total of 379–1159 TWh (1.36–4.17 EJ). This is 
divided into 189–331 TWh (0.68–1.19 EJ) for desalination, 85–279 TWh 
(0.31–1.00 EJ) for wastewater treatment and 105–549 TWh (0.38–1.98 
EJ) for conventional drinking water treatment. Using data from the 
Energy Information Administration (EIA, 2022a, b), we calculate that 
these processes accounted for 0.2–0.7 % of total global primary energy 
consumption, or 1.8–5.4 % of total net electricity consumption in 2015. 
While these are global averages, energy consumption varies strongly 
across world regions (Fig. 4A and Fig. 4B): the largest energetic tolls of 
the three technologies are found in the Middle East and North Africa 
(desalination), Western Europe (wastewater treatment) and South Asia 
(conventional drinking water treatment), where they contribute up to 
18.6 %, 2.4 % and 4.7 % of electricity consumption in these regions, 
respectively. The Middle East and North Africa show the largest energy 
consumption of water treatment processes per capita (United Nations, 
2024) (Fig. 4C) and per dollar of Gross Domestic Product (World Bank, 
2019b) (Fig. 4D). Significant energy consumption per capita is also 
found in North America, Western Europe, and in the Eastern Europe and 
Central Asia regions.

In this context, conflicts between alleviation of global water scarcity 
and mitigation of anthropogenic climate change may arise (Hussey and 
Pittock, 2012; Hejazi et al., 2015; Lee et al., 2017; Parkinson et al., 
2019). For instance, improvements in safe water access (UNICEF and 
WHO, 2023), stricter environmental legislation (Hart et al., 1999; World 
Health Organization, 2022) and emerging contaminants (Jiang et al., 
2013; Tran et al., 2018; Mukhopadhyay et al., 2022) are expected to 
increase burden on the water treatment industry (Sonune and Ghate, 
2004; Stackelberg et al., 2004; Morin-Crini et al., 2022). Pressure on 
water resources is also steadily rising due to the general unsustainability 
of current water use and management practices (Wada and Bierkens, 
2014; Cosgrove and Loucks, 2015), the combined impacts of population 
growth and economic development (Falkenmark, 1997; Distefano and 
Kelly, 2017; Fukuda et al., 2019; Dolan et al., 2021), and their complex 
interplay with climate change (Vorosmarty et al., 2000; Haddeland 
et al., 2014) and water quality issues (Whitehead et al., 2009; Schwar
zenbach et al., 2010; van Vliet et al., 2017, 2021). These factors are 
contributing to the increasing adoption of energy-intensive unconven
tional water resources, such as desalination (Schiffler, 2004; Jones et al., 
2019; Gude, 2016; Shahzad et al., 2017) and treated wastewater reuse 
(Salgot et al., 2006; Salgot and Folch, 2018; Christou et al., 2024), to 
alleviate cross-sectoral water scarcity (Gude, 2017; Jaramillo and 
Restrepo, 2017; Ungureanu et al., 2020; van Vliet et al., 2021). Higher 
volumes of water treated to drinking standards, increased rates of 
advanced wastewater treatment and desalination, and rising surface and 
groundwater pollution all have the potential to exacerbate the energy 
requirements of water treatment technologies (Smith et al., 2019; Car
denes et al., 2020; Pesqueira et al., 2020).

The following examples of best practices should therefore be 
considered to reduce water and energy waste, and limit the adverse 
environmental impacts of the water supply: 1) completing the transition 
from distillation to membrane technologies for desalination, using 
renewable energy sources to power plants (Sood and Smakhtin, 2014; 
Gude, 2016; Ghazi et al., 2022) and exploring the potential of brine as a 
resource rather than waste product (Desai et al., 2018; Zhang et al., 
2021; Park et al., 2022); 2) moving towards zero-discharge approaches 
in wastewater treatment (Tong and Elimelech, 2016), exploiting 
wastewaters treated to high purity standards for non-potable purposes 
(Christou et al., 2024) and resources extraction (Mo and Zhang, 2013; Li 
et al., 2015; Guven et al., 2023); 3) considering wastewater sludge as a 
form of energy, to reduce greenhouse gas emissions and the demand for 
other energy sources upstream (McCarty et al., 2011; Gude, 2015; Zib III 
et al., 2021); 4) significantly upscaling the monitoring and maintenance 
of water distribution networks to limit unnecessary leakages in critical 
water supplies (Farley and Trow, 2003; Liemberger and Wyatt, 2019), 
reducing the amount of water that needs to be treated to drinking 

standards and therefore energy expenditures (Aubuchon and Roberson, 
2014; Coelho and Andrade-Campos, 2014); and 5) evaluating the ca
pabilities of decentralized planning to optimize operational costs and 
enhance the resilience of water supply systems (Wilderer and Schreff, 
2000; Eggimann et al., 2015; Rabaey et al., 2020; Helmrich et al., 2021; 
Schwetschenau et al., 2022)

4.2. Model validation

In comparison with Liu et al. (2016), to our knowledge the only 
global study quantifying the energy consumption of the water sector, we 
present slightly higher estimates for desalination (0.68–1.19 EJ vs. 0.8 
EJ), while evidently lower ones are obtained for wastewater (0.31–1.00 
EJ vs. 1.8 EJ) and conventional drinking water treatment (0.38–1.98 EJ 
vs. 2.8 EJ) (Fig. S16). This is due to two main differences: 1) benchmark 
calculations were conducted for different years (2015 here vs. 2010 in 
their study); and 2) Liu et al. (2016) considered desalination as part of 
municipal water treatment. In the latter case, comparable values are 
however obtained when desalination and conventional drinking water 
treatment are merged in our estimates (1.06–3.17 EJ vs. 2.8 EJ). Further 
divergences exist in input data, model assumptions and parameters. For 
example, in the case of conventional drinking water treatment, Liu et al. 
(2016) exclusively acquired data on municipal water access from 
AQUASTAT, which actually refers to basic water access, and may 
consequently represent water that is not directly provided by a treat
ment plant. The same holds for wastewater treatment, where we used 
modelled gridded data on wastewater generation (Jones et al., 2021), 
differing from the country-level data of AQUASTAT.

Overall, the greatest strength of our study lies in the spatially explicit 
nature of the employed model, allowing it to breach across scales when 
estimating the energy consumption of different water treatment tech
nologies, from local plants to countries to global levels (Fig. 5). At 
present, however, it is not possible to fully validate our results, as public 
data on energy consumption for water treatment are limited to only a 
few countries (Chini et al., 2021), or available at too small scales (i.e. 
plant or city scale). To this end, we therefore browsed through data 
sources in the literature (e.g. all papers reviewed by Chini et al. (2021)) 
to collect values of energy consumption for different processes in the 
water sector (see Data Availability Statement). Within uncertainty, we 
see that the estimates of our model are comparable to previous 
country-level studies and reports, especially in the low to mean values in 
model outcomes. For example, 10–30 % of energy consumption in the 
Middle East and North Africa has been reported to go towards desali
nation (Weinthal and Sowers, 2020), reaching 20–25 % of Saudi Ara
bia’s (Rambo et al., 2017; United Nations, 2023a) and 29 % of Kuwait’s 
total oil and gas production (Darwish et al., 2009), while our estimates 
set these ratios at 12–19 %, 14–21 % and 29–42 % in 2015, respectively. 
Wastewater treatment, on the other hand, has been previously estimated 
to require 24.7 TWh y− 1 in the EU-28 (Ganora et al., 2019), 30 TWh y− 1 

in the USA (Reekie and et al. Reekie, 2013) and 16.7–25.2 TWh y− 1 in 
China (Zhang and Ma, 2020; Zhu et al., 2024); for these three key actors, 
our model also shows promising results: 20.7–66.8 TWh in the EU-28, 
19.4–68.0 TWh in the USA, and 17.4–60.6 TWh in China in 2015.

Concerning drinking water treatment, challenges are posed by 
modelling the exact sources of drinking water and their country-level 
proportions using global hydrological models (Hanasaki et al., 2016, 
2018). For instance, good results were found for the USA, where we 
matched the surface water to groundwater ratio at roughly 65/35 
(Environmental Protection Agency, 2024). However, we overestimate 
surface water treatment across various countries in Europe (e.g. 
Hungary, Finland, Slovakia) compared to reported data (EurEau, 2021), 
and thus potentially the overall energy consumption of drinking water 
treatment in this region. These discrepancies are reflected in the accu
racy of the model for this process. In the case of the USA, public water 
supply is estimated to consume 39.2 TWh (Reekie and et al. Reekie, 
2013), whereas we find 19.2–98.0 TWh. However, results are mixed in 
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other countries. For example, the water supply in China reportedly 
consumed 12 TWh in 2012 (Smith et al., 2018), while our model grossly 
overestimates this value at 20.3–104 TWh. Moreover, many studies 
either report the total energy consumed by the water sector (e.g. Hardy 
et al. (2012); Vincent et al. (2014); Niu et al. (2019)) or at very small 
scales (e.g. Slagstad and Brattebø (2014); Chhipi-Shrestha et al. (2017)), 
making it difficult to validate the results for conventional drinking water 
treatment in isolation or at the country level.

4.3. Model limitations and applicability

Most limitations in our energy-for-water treatment framework are 
currently related to the paucity of input data (Liu et al., 2016; Chini and 
Stillwell, 2017, 2018). For example, while detailed information exists 
for desalination plants between 1945 and 2019, our analysis of energy 
consumption for wastewater treatment and conventional drinking water 
treatment focused on the year 2015, mainly due to a lack of data on the 
initial year of plant operations. Technological developments were 
therefore only analyzed for desalination, with a focus on modelling the 
increasing efficiency of reverse osmosis plants over time (Elimelech and 
Phillip, 2011). Moreover, seasonal dynamics, i.e. finer than yearly, are 
currently not characterized in our model, impairing a deeper under
standing of the interdependencies between the water and energy sectors 
during climatic extremes (Hasan and Foliente, 2015; Hamiche et al., 
2016; Forzieri et al., 2018). Regarding wastewater treatment, reported 
data (Longo et al., 2016) allowed us to find that energy consumption in 
secondary treatment plants is dependent on the scale and climate in a 
specific region, as smaller facilities and less concentrated wastewaters 
generally increase energy intensity (Section A.1.2.3 of the Appendix). 
However, a poor characterization of advanced wastewater treatment in 
our framework remains a major factor of uncertainty, mainly due to: 1) a 
lack of representation of economies of scale at this treatment level; 2) an 
inadequate parametrization of water quality parameters treated in 

advanced processes (i.e. nitrogen and phosphorus); and 3) scarcity of 
data relating these parameters to energy consumption in advanced 
wastewater treatment plants.

From a spatial perspective, the lack of location data of conventional 
drinking water treatment plants complicates the quantification of 
drinking water flows, limiting the estimates of energy consumption for 
this process to the catchment and country levels. It is also unclear how 
much of the current drinking water demands are satisfied by bottled 
water, and the associated implications on the total energy consumed for 
drinking water treatment (Gleick and Cooley, 2009). The overall energy 
consumption for this process may be further underestimated, since 
water leakages in distribution networks are neglected in the domestic 
water demands used as model input (Sutanudjaja et al., 2018). These 
volumes may therefore not correspond to the total raw water abstracted. 
This is however necessary when comparing the energy consumed by 
municipal water supplies across countries (Gerbens-Leenes, 2018). 
Additionally, recent studies show lower rates of safe drinking water in 
low- and middle- income countries (Greenwood et al., 2024), where we 
may then overestimate energy consumption for drinking water 
treatment.

Applications of the presented model framework should be carefully 
evaluated after considering all the identified uncertainties. For example, 
it could prove useful for downscaling large-scale scenarios of water 
treatment technologies to 5 arcmin resolution (e.g. country-scale pro
jections produced by Integrated Assessment Models). The broad range of 
possible outcomes in the evolution of treatment facilities and technol
ogies may also influence future projections of energy consumption. 
Furthermore, insights gained from model development can guide the 
collection of data and further progress in other fields. For instance, 
better data should be collected on the global location, initial year of 
operation and technologies employed in wastewater and conventional 
drinking water treatment. Measurements of quality parameters for the 
water flowing through treatment plants and the associated energy 

Fig. 5. Spatial patterns (5 arcmin) of average modelled energy consumption for desalination and wastewater treatment in 2015, with selected regional zooms.
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consumption for individual processes (e.g. nitrogen and phosphorus 
removal in advanced wastewater treatment, and novel contaminants in 
conventional drinking water treatment) are also needed. Such data 
would significantly reduce the uncertainties in energy consumption that 
currently characterize these two processes. Finally, refining the alloca
tion of specific water sources (i.e. surface water, groundwater and 
desalination) and the representation of water leakages in distribution 
networks holds the potential to improve water balance estimates in 
global hydrological models.

5. Conclusions

We have presented here the first spatially explicit assessment of 
global energy consumption for water treatment processes, namely 
desalination, wastewater treatment and conventional drinking water 
treatment. Notwithstanding the limitations and uncertainties of the 
model framework, our study sets a basis to improve the current 
knowledge of the energetic demands of these technologies and their 
future evolution, on both sides of the water-energy nexus. Future work 
may be directed towards: 1) incorporating our methods into Integrated 
Assessment Models and Energy System Models to project the energy 
demands for water treatment, under global climate change and evolving 
socio-economic settings; 2) collection of data from plant to national 
scales to improve the understanding of the systems analyzed here and 
their technological development over time; and 3) enhancing the rep
resentation of anthropic processes and water treatment technologies in 
global hydrological models, potentially refining water balance esti
mates. Understanding the energetic demands of water treatment will be 
key in evaluating the implications of clean water and energy transition 
developments, while shedding light on the tradeoffs and synergies 
across Sustainable Development Goals.
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