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Water is paramount for the operation of energy systems, for securing food supply and for the industry and
municipalities. Intersectoral competition for water resources can negatively affect water scarce regions by e.g.
power plants shutdowns, poor agricultural yields, and lack of potable water. Future economic and population
growth as well as climate change is likely to exacerbate these patterns. However, models used for energy system
management and planning in general do not properly include water availability which can lead to improper
representations of water-energy interlinkages.

The paper initially highlights the water usage rates of current technologies within electricity generation and
technologies with a potential to reduce water usage, electricity consumption or GHG emissions. Secondly, the
paper presents currently available data on current and future projected water resources as well as data on energy
statistics relevant to water-energy nexus studies. Thirdly, implementation cases are presented showing examples
of water-energy nexus studies for the data presented. Finally, the paper highlights main challenges in studying
the linkage between water and energy. We find a substantial gap in the general availability and quality of
regional and global data for detailed quantitative analyses and also identify a need for standardization of formats
and data collection methodologies across data and disciplines. An effort towards a coordinated, and sustained
open-access data framework with energy sector water usage at fine spatio-temporal scales alongside hydro-
climatic observation and model data using common forcings and scenarios for future projections (of climate,
socio-economy and technology) is therefore recommended for future water-energy nexus studies.

sources with regards to either quantity or quality, and overall electricity
and fuel production accounts for about 15% of global water withdrawals
[1]. Conversely, the extraction, treatment, transport, and cleaning of
water and waste water requires notable amounts of energy on their own

1. Introduction

Resolving the highly interlinked and interdependent nexus of water,
energy and food systems presents a formidable challenge for sustainable

development [1]. The importance of taking a nexus approach in policy
and planning is highlighted globally in the UN 2030 agenda and its 17
Sustainable Development Goals (SDGs) [2,3] and regionally in the EU
Water Framework Directive [4]. To properly analyse the coherence and
competing demands of this nexus, not only at different temporal and
spatial scales but also across sectors and climatic conditions, integrated,
systematic approaches and tools are needed [5,6].

Water, as a part of the nexus, is an integral part of resource extrac-
tion, production, distribution, and use of energy. However, 90% of the
world’s electricity and fuel production relies on non-sustainable water
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amounting to, e.g., 4% of the total energy usage (transport and treat-
ment alone) and 5% of total greenhouse gas (GHG) emissions in the US
[71.

The demand for water, energy, and food is increasing, driven by a
growth in population and economies and consumer behaviour [8] and
demands are likely to be geographically redistributed due to migration
[9]. Global water withdrawal demands are expected to increase by 55%
in 2050 [1] and 48% for global energy consumption by 2014 [10].
Moreover, in many places these increasing demands will induce inten-
sified pressures on natural resources and ecosystems [11,12]. Climate
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change is likely to increase the frequency and magnitude of water
scarcity on a general global level [13]. However, the human impact on
global water resources has been shown to greatly surpass the impacts of
climate change for irrigated river basins [14-16]. The latter finds
62-76% of the global river basin areas will experience increased water
stress by 2050 (depending on scenario) and the main cause is attributed
to income growth (more so than population growth). Along with
changes in the distribution and demand-supply of water resources, land
use patterns are also likely to change significantly due to population
growth and the associated increased demand for natural resources,
commodities, and food, including expansion of agricultural, industrial,
and urban areas [17]. Changes to the energy mix also affect the land use
by introduction of new and expansion of existing energy technologies
such as wind power, solar photovoltaic system (solar PV), hydropower
and biofuels.

Projected future increases in energy demand are currently expected
to be driven, in particular, by developing countries having the highest
rates of economic and population growth [1,18]. Increased global
deployment of renewable energy technologies of which many are less
water intensive than, e.g., existing thermal power generation from fossil
sources has the potential to decrease water stresses and GHG emissions.
However, the intermittent nature of renewable electricity generation
such as solar PV, wind, and run-of-river hydro can result in a mismatch
between energy supply and energy demand and thus entails a need for
energy storage. Advances within plant efficiencies, decreased costs of
electricity and fuel production, clean technologies, and storage/utilisa-
tion is likely to aid in meeting future energy demands [19,20].

In general, water and energy systems are managed and monitored,
and therefore the availability of proper data sources in support of sus-
tainable management of the water-energy part of the nexus should in
principle be ensured. However, while adequate data exist on water re-
sources and electricity generation respectively, data on, e.g., water us-
ages related to electricity generation remain much more limited. The
same applies to information on the cooling technologies used in elec-
tricity generation, which may influence estimates of water use as much
as the generation technology itself. Not to mention that for hydropower
and bioenergy the relation of water use to electricity and fuel production
depends on how to address the evaporative shares. In this context re-
views by Refs. [21-23] have previously addressed the operational water
consumption and withdrawals (volume of water use per unit of elec-
tricity or fuel produced). Other studies have linked geographically
distributed electricity generation and water resources globally [24,25]
and regionally [26]. The availability of consistent data sets presents a
significant challenge. Detailed analyses along the water-energy nexus
require spatio-temporal information on the water usage and electricity
generation technologies. But the nature of these data is multiplex and no
coherent database exists holding this information at a level of detail
adequate for supporting potential analyses of, e.g., achievable electricity
generation pathways for water sustainability and future GHG reduction
scenarios [27]. Further, currently available data coming from a range of
sources, research communities and institutes lack a shared format, can
be software specific [28], are often not publicly and/or freely available
[29] or might include too vast a number of assumptions, and quality
issues making them unsuitable without proper experience.

Optimally, specific knowledge on the amount of water withdrawn
and consumed for each use category should be employed. For reasons
such as lack of control and bookkeeping [30], commercial interests [7,
31], imprecision in registered values [32] or even expensive paywalls
[33] these water usage levels are rarely comprehensive and assumptions
and estimations therefore have to be made. One approach is to assess the
specific technologies in question for the plants and facilities (without
directly available data) and estimate water usages based on comparable
plants operating under similar conditions although with a loss of detail
as aresult, as e.g. seen in Ref. [34]. Depending on the application, water
usage estimates can be combined with facility locations from sub-basin
scales, including information on water source, to country-level scales as
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typically used in larger scale studies. Finally, temporal scales could
range from sub-daily data to account for market and pricing influences
production up to yearly averaged data for larger scale studies.

In this paper we highlight some of the critical interlinkages
mentioned above, including requirements and data availability for
specifically analysing the nexus between water and electricity genera-
tion. For comparative purposes and to highlight technologies which are
emerging and have the potential to shift the generation of electricity in a
more sustainable direction aspects not directly related to the nexus have
been included (e.g. biomass, CO5 capture/storage, and energy storage).
Initially, we address current estimates (ranges as well median values) of
operational water usage in electricity and fuel production (consumption
and withdrawals) and resource extraction for different energy technol-
ogies. Secondly, we summarize relevant examples of available data on
large scale water resources (current and future) as well as energy sta-
tistics data relevant to water-energy nexus studies at different spatial
scales. We then, present three implementation examples using some of
the presented data to reflect potential uses in assessing the nexus be-
tween electricity generation and water (and climate conditions). Finally,
we discuss some of the present limitations, uncertainties and associated
implications in linking water resources in terms of quantity (availabil-
ity), quality and variability with ongoing efforts in energy system
modelling and resulting policy recommendations in the context of the
water-energy nexus in a projected future of further carbon- and water
constraints.

2. Water use in energy production and resource extraction

In the following, the term is used to denote freshwater. Thus, the
usage of sea water for, e.g., power plant cooling is not addressed. Water
withdrawal is defined as the total extracted and diverted water including
the share eventually returned back into the source whereas water con-
sumption is the net balance, including only evapotranspirated water and
water stored in crops and/or other products. Water consumption
therefore becomes a subset of water withdrawals and differences be-
tween withdrawals and consumption can be substantial (see Fig. 1).
Jointly, water withdrawals and consumption are referred to as water
usage.

Other than being dependent on energy source, type of plant/gener-
ation technology and cooling technology, the water availability, and
therefore water usage, in electricity generation is highly dependent on
the geographical location and thereby the hydro-climatic conditions in
question. Estimates of water use from the US, and to some extent the EU,
dominate the picture as corresponding estimates from other regions of
the world are in general not easily obtainable, which may introduce
uncertainties due to geographical differences in water usages between
countries or regions [35]. Environmental concerns, jurisdiction, policies
and end-user water-energy interactions are also outside the scope of this
paper. Due to limitations in addressing water quantity issues in the
water-energy nexus, remote sensing/satellite data are also not taken into
account here despite obvious benefits with regards to measuring at
larger geographical scales.

Figs. 2 and 3 collate the water withdrawal and consumption asso-
ciated with currently common or prospected future energy technologies
based on a comprehensive literature study of previous publications
including both peer-reviewed and grey literature.

2.1. Non-renewable sources

2.1.1. Power generation from thermal plants

Thermal power plants currently make up approx. 80% of the global
electricity generation [1] and share many characteristics, including the
processes related to water usage, independent of the fuel used (coal,
nuclear and, to some degree, gas). For these plants, cooling accounts for
the bulk share of total water usage. For thermal power plants, the closed
water loop driving the turbine requires only limited amounts of make-up
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Fig. 1. Water withdrawal and consumption definition (a) and cooling technologies in thermal power plants (b).

water. Cooling of the closed loop on the other hand is very water
intensive but also highly variable. In general the cooling of thermal
power plant may be divided into four categories (Fig. 1): I)
Once-Through cooling (OT), II) Recirculation/tower/pond cooling
(REC), III) Dry cooling (DRY) and hybrid cooling (not depicted). The
relative share of the different technologies is distinctly related to the
availability of water resources and associated legislations. For example
in the US the relative share of these different cooling technologies
amounts to 43%, 56% (thereof 15% using cooling ponds) and 1%
respectively [36]. OT plants generally employ water from adjacent
sources such as rivers, groundwater, lakes (or the sea) and returns
cooling water to its source (in a warmer state). Correspondingly, the
withdrawal rate is immense for all energy sources (25,000-225,
000 L/MWh) (Fig. 2) whereas the consumption rate is considerably less
(50-2300 L/MWh) (Fig. 3). Newer plants rarely employ OT cooling. REC
based plants where water is reused in a loop, and where cooling is
employed by evaporation have considerably lower withdrawal rates of
550-10,000 L/MWh for tower based plants and 1100-91,000 L/MWh
for pond based plants. Consumption rates on the other hand are found to
be slightly higher than for OT based plants for all energy sources and
towers/ponds  combined due to the evaporation loss
(360-3300 L/MWh). DRY based plants constitute a negligible share of
the current global electricity generation (although on the rise with
implementation examples from USA and South Africa) and use no water
for cooling purposes, which is counterbalanced by lowered efficiencies

(2-5%) and higher costs (3-8%) depending on the local climate. Hybrid
plants, combining cooling technologies, consume only about 20-80% of
water volumes required by REC plants [28] and are seen as fundamental
for reducing plant water consumption within currently available
methods. Nuclear plants in general have lower efficiencies and therefore
have the highest consumption and withdrawal rates for thermal plants
but are also more flexible in the choice of location due to the higher
energy density in the fuel and can therefore more often use sea water
cooling. Secondary water usages vary between thermal plants and
include, e.g., pollution/dust control, cleaning and staff usage. In general,
coal plants have the highest secondary usage levels (approx. 350
L/MWh) [28].

2.1.2. Oil, gas and coal extraction

The water consumption in oil, gas and coal extraction vary in relation
to mainly geology, type of recovery and state of the reservoir. The main
consumption share relates to secondary and tertiary oil recovery. For
secondary recovery, water is injected below the surface to boost the
extraction rate and the level of depletion. For tertiary recovery (often
called EOR), various techniques are employed to enhance extraction by
reduced oil viscosities by, e.g., steam injection from a co-generation
power plant. Secondary extraction (80% of oil production in the US)
consume 802 L/MWh, whereas tertiary extraction (almost the remaining
20% of oil production in the US) consumes 505-1215 L/MWh [37]. Oil
extractions in shallow oil sands generate consumption rates of 180-425
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L/MWh (both mining and upgrading) [37]. Deeper deposits involve
on-site upgrading with consumption rates of 25-210 L/MWh and is
dependent on oil product and local geology. Water consumption from
conventional natural gas extraction is negligible. Shale gas hydraulic
fracturing has a limited water use of 17 L/MWh, but is applied very
locally both spatially and temporally and is the subject of considerable
environmental concerns [38]. Coal extraction involves consumption
rates of 14-105 L/MWh for mining and washing and an added 43-90
L/MWh if transported by slurry pipeline [37].

2.2. Renewable sources

2.2.1. Biomass

Biomass used for liquid fuels in transportation and energy products is
considered one of the key renewable energy sources to reduce the use of
fossil fuels [39] while requiring minimal changes to current infrastruc-
ture and vehicles [40]. The true net biomass carbon footprint is however
debated and dependent on the way it is implemented into the energy
system [41]. An estimated 32 EJ (10'8.J) of biofuels will be required
globally by 2050 (27% of the envisioned world transport fuel) to reach
the global energy-related CO, target of 50% below current levels [40]. A
substantial amount of water is required in the cultivation of biomass,
varying greatly with crop and region [42]. As an example, the volume
ratio between water and ethanol produced from sugarcane in Brazil is
90:1, whereas the corresponding ratio is 3500:1 in India [43]. The water
use can however vary substantially depending mainly on irrigation de-
mands and corresponding evapotranspiration [44]. The water con-
sumption in biofuel production is typically small compared to the
consumption used for cultivation. More recently, second generation
biofuels have been introduced, utilizing biomass otherwise not
well-suited for food or feed or biomass from (upgraded) residues and/or
waste. Second generation biofuels therefore support rather than
compete with potential scarce future resources and food supplies and
accordingly do not include equally high water usage levels, i.e. as they
do not require the same degree of irrigation.

2.2.2. Geothermal electricity generation

Geothermal water consumption varies greatly with the type of fa-
cility. In general, there are three types of geothermal designs for steam
resource locations at depths in a typical range of 50-3000 m [45,46]. I)
The operation of dry steam plants employs hydrothermal fluids pri-
marily in the form of steam directly connected to a turbine omitting only
excess steam. II) Flash steam plants, which are more common, operate
by ejecting hot (>180°C) and pressurized steam into the turbine,
sometimes followed by a second lower pressure turbine. These plants
consume the largest amounts of water. Since the exploited water con-
tains non-potable minerals, it can be debated whether the water con-
sumption can be compared one-to-one with other electricity generation
technologies. IIT) Binary cycle geothermal plants are of newer origin and
operate by letting lower temperature water (below 200 °C) pass through
a heat exchanger holding a fluid with a much lower boiling point
(Organic Rankine Cycle). Here the geothermal water is reinjected, thus
resulting in a much lower water consumption although tower based
systems still require high amounts of cooling water (Fig. 3). For well
depths of 3-10 km enhanced geothermal systems (EGS) are capable of
exploiting the energy in some regions where hot water does not reach
the ground surface. EGS operate by ejecting hot water at great depths,
returning to the surface as steam powering turbines of either flash or
binary type. For flash EGS, cooling water consumption is comparable to
other flash usages. For binary EGS, the water temperature affects the
water consumption as lower temperatures require higher flow rates,
which is the reason for larger spread in consumption rates for binary
EGS (Fig. 3). Thermal exploitation examples beyond geothermal energy
include co-produced electricity generation (or direct heating indirectly
facilitating energy savings) from oil and gas wells and
lower-temperature thermal energy. For these technologies, the use of
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binary techniques will contribute to lower water consumption rates.

2.2.3. Power generation from renewables

Water usage in hydropower electricity generation varies immensely
and is highly dependent on the local climate, as the consumption is
directly related to evaporation from the water reservoir storage and
potentially net seepage, as opposed to direct turbine usage
(5.400-68.000 L/MWh). The higher end of this range decisively con-
stitutes the highest levels for all electricity generation technologies.
Some studies [35] argue for neglecting the water consumption from
hydropower due to the additional societal purposes of reservoirs such as
flood control, leisure, irrigation and water supply. Wind, marine tech-
nologies, and solar PV have little or no direct water consumption related
to electricity generation. They constitute a negligible fraction of the total
water use compared to other energy sources, especially with regards to
wind energy and ocean based technologies. The projection of
ocean-based technologies vary between literature: 0.15%-0.5% of con-
sumption/capacity in the EU by 2020 [47,48]. Solar PV electricity
generation incurs a small water consumption used primarily for the
cleaning of surfaces and panels (0-125 L/MWh). For comparison
concentrating solar power (CSP) technologies with cooling have a sub-
stantial consumption (2800-4000 L/MWh), whereas dry cooling CSP
consume much less (100-300 L/MWh). Hybrid CSP plants fall here in
between. For water cooled CSP, a spatial mismatch between high
incoming solar radiation (typically desert locations) and water avail-
ability is often seen. Further, CSP water is used for reflection mirror
cleaning (75-150 L/MWh).

2.2.4. COgy capture, storage, and utilisation

CO. capture, storage, and utilisation technologies in combination
with, e.g. conventional fossil electricity generation, represents a more
recent development towards climate change mitigation in order to
reduce the emission rates of GHG, whose main sources include elec-
tricity and heat generation, agriculture, industry, and transportation
[18]. In general terms, the extraction of CO, emitted from electricity
generation, the industry etc., is separable in two categories of either
Carbon Capture and Storage (CCS) and Carbon Capture and Utilisation
(CCU) - in combined terms referred to as CCSU. Considerable develop-
ment is still needed for these technologies to be readily applicable [49].
With regards to water consumption, CCSU involves a range of processes
and technologies where the capture share (as opposed to storage and
utilisation) accounts for approx. 80% of the total CCSU water con-
sumption [50]. Also, adding CCS increases cooling demands by approx.
25-140% per power plant [51].

2.2.5. Water recycling and waste water treatment

Employing recycling and waste treatment within water usages can
offer savings in both water extractions and financially due to decreased
pumping and distribution demands, although not directly linked to
electricity generation. In general, the added energy required for waste
water reuse is considerably smaller compared to the added energy
related to extracting the same amount of water from other sources [52].
The extent and nature of water treatment depends on the proposed
water usages. As an example, irrigation water could require lower
mineral and biochemical standards than drinking water. Examples
where water recycling could be implemented more comprehensively
include electricity generation cooling, irrigation (agriculture and land-
scape), processing water in the industry, toilet flushing, construction,
etc. Greywater has been mentioned as a potential source for recycling
applicable for purposes of irrigation, indoor applications (toilet flush-
ing), and heat reclamation (through household heat exchangers). Sav-
ings are very site- and application specific. A quantitative example
include predicted energy savings of 0.8-1.3 kWh per m® saved water and
water savings of 220,000 m? annually per plant (soft drink production in
North America and Europe) after integrating recycling loops [52].
Desalination has been reported financially competitive in some regions,
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and can become increasingly relevant with increasing water prices [53].

2.2.6. Emerging technologies and storage solutions

Energy storage has the potential to facilitate water savings by of-
fering a higher degree of power system flexibility and therefore a better
implementation of renewables into the energy system. Examples of po-
tential larger-scale energy storage technologies include: I) Chemical
storage of energy in the form of hydrogen and methane from excess wind
and solar electricity generation, adding to a more efficient use of non-
water consuming energy technologies (albeit using water for energy
conversion). II) Compressed air energy storage (CAES) in e.g. salt cav-
erns (sealing cracks and fissures) to produce turbine generated elec-
tricity in periods of high demands likewise adding to the energy system
flexibility [54]. III) Pumped hydropower, involving pumping (using e.g.
wind and solar energy in locations of abundant supply) of water to
higher altitude reservoirs and utilizing a reverse release through tur-
bines on demand [55]. IV) Thermal energy storage (TES) potentials are
currently counterbalanced by high costs, material property and uti-
lisation research but are regarded promising by implementation in CSP
plants through molten salt and industrial waste heat [56]. These storage
technologies are however immature and costs would need to decrease
before a more full implementation.

3. Water resource data for water-energy nexus studies

Examples of freely available water resource data relevant for global
and regional scale energy nexus studies is described below and sum-
marized in Table 1.

Several data sets on river discharges exist on a global level. The
Global Runoff Data Centre (GRDC) [29] holds data on river discharge
on a global scale from an approximate 9000 stations dating back to 1806
down to daily resolution. FRIEND is another river flow database oper-
ated by UNESCO [57] consisting currently of 162 countries divided into

Table 1
Examples of larger scale water resource data.
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eight regional sub-sections such as “EURO FRIEND”. In FRIEND, a
certain overlap of data with GRDC and EWA (addressed below) is seen.
RivDis is a global and long-term (1807-1991) river discharge database
worth mentioning however with no continuous updating [58]. The
European Water Archive (EWA) on river flow and catchment charac-
teristics exemplifies a regional/continental scale data set, which has
now been fully integrated into GRDC [59]. The HCDN data set, holds
information on US streamflow from 1659 sites for the years 1874-1988
[60]. The GTN-H initiative aims at linking existing networks and data
centres providing data and information on hydrology on a global level
[61]. This includes for example hydrological data from the GRDC.
CORDEX (The Coordinated regional climate downscaling experiment)
offers access to regional climate model data output on a global level,
based on 14 sub-domains, for historical and future periods [62]. COR-
DEX data resolutions are 12.5-50 km, in time steps down to 3-hourly.
Relevant data for water-energy nexus studies include basic water bal-
ance variables such as precipitation, evaporation/transpiration, runoff
components as well as wind, temperature, radiation (e.g. for solar en-
ergy potentials) etc. (see Fig. 4). The Aqueduct dataset holds 12 global
indicators of water quantity, water variability, water quality, public
awareness of water issues, access to water, and ecosystem vulnerability
as well as grouped risks and scores based on these [63]. The data are
based on basins (as opposed to e.g. gridded data) and holds 25010 basins
and sub-basins in its current database (shape-file). The GEOSS Portal is
an initiative with data from multiple provider institutions and affilia-
tions on a global level maintained by the European Space Agency with
the aim of a user-friendly map-based GUI and data portal [64].

On a European level, the European Environment agency (EEA)
provide open data on a range of water resource related variables and
indicators [65], including on the use of freshwater resources (previ-
ously; the water exploitation index) accounting for both the level of
renewable water supply and exploitation on a monthly basis since 2002.
The EEA database also holds water related information on pollutants,

Name Association Content Temporal information Reference  Data availability*
Global GRDC/ WMO/UNESCO Discharge, 9252 stations (2016) 1806-2016 (61% [29,57] Free
FRIEND daily)
162 countries
RIVDIS Supplied by Oak Ridge 1018 stations 1807-1991, monthly [58] Free
National Laboratory
GTN-H WMO)/Global Climate Network of hydro-data, observations and Varies [61] Network dependent
Observing System products. Data: Precipitation, on other databases
(GCOS) river discharge, water quality,
groundwater etc.
CORDEX World Climate Research Regional climate model output (14 domains). 3hourly-monthy [62] Free
Program (WCRP) project Historical and future
supported by WMO, (RCPs). Variables: Precipitation,
UNESCO, etc. evapotranspiration, runoff, etc.
AQUEDUCT World Recourses Indicators of water characteristics (basin based) Historical and future [63] Free
Institute (WRI) (decadal, RCP based)
GEOSS Portal Maintained by European Numerous data sets and providers Several sources [64] Free
Space agency (ESA) User-friendly map based GUI
WATCH EU project (many Multiple global hydrology forcing and output 1901-2100 [67] Free
partners) data 3hourly-monthy
Regional/ EWA Non-governmental and Discharge, 4093 stations (2014), closed 99% of records are [29] Free to use (through
continental non-profit organization hereafter. Suppliers urged daily GRDC)
with member to support GRDC instead
organizations
EU water European Environment Water stress conditions across EU (indicator 2002-2014 (monthly) [59] Free
framework Agency (EEA) based). Topics include e.g. quality, quantities,
emissions,
floods, wastewater, groundwater,
management, abstraction,
hydropower, catchments/rivers (ECRINS).
EUROSTAT The European Freshwater data on e.g. wastewater, Varying periods (often [66] Free
commission infrastructure, sewage, pollution, treatment. yearly resolution)
HCDN US Geological Survey Discharge 1874-1988 (daily) [60] Free

(USGS)
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Fig. 4. Historical and projected future water (and climate) data from the CORDEX database [62]. See the Application section for description.

quality, quantity, emissions (to surface waters), historical floods, waste
water, groundwater/aquifers, management plans, abstraction, hydro-
power, catchment and rivers (ECRINS) and ecology (regions). Also on a
European level, the EUROSTAT database includes a combination of
water and energy information [66]. For the former these include water
resources, (per year, long-term average), abstractions by origin (fresh
surface water & groundwater, other sources) and purpose, water use by
supply scheme and by economic activity group, connection rates to

wastewater treatment by type and level of treatment, wastewater
treatment infrastructure, sewage sludge and aquatic pollution by source
and discharge by type of treatment.

In addition to the abovementioned (longer lived) initiatives and data
centres the collection, creation, and distribution of water resource data
have also been a core part of several research projects like the WATCH
project [67]. WATCH comprises a relevant water resource database to be
employed in water-energy nexus studies under climate change
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conditions as the data include both meteorological forcing data for hy-
drological model applications as well as model output. The forcing data
include both a 20th century data set (ERA-40 reanalysis forcing, [68]), a
1979-2012 data set (ERA-Interim forcing [69], and a projected 21st
century data set based on three global climate models (GCMs) and the
IPCC climate scenarios B1 and A2. The model output data include 20th
century hydrology model/land surface model output for nine models
and nine variables and 21st century output where each hydrology model
is driven by future scenarios.

4. Electricity and energy statistics for water-energy nexus
studies

Data from the energy domain that are relevant for water-energy
nexus studies at a global or regional level are listed below and sum-
marized in Table 2. As indicated, most data sources are freely available.

International Energy Statistics published by USEIA (U.S. Energy In-
formation Administration) [70] has a global coverage with a detailed
division of electricity generation technologies. The data includes export,
import, domestic consumption and losses, the temporal aggregation is
yearly (from 1980) while the smallest geographical entity is country
level. The Renewable Energy Source of Information (Resource) platform
[71] published and maintained by IRENA (International Renewable
Energy Agency) provides global annual electricity generation from
renewable sources (from 1980) aggregated into 6 technological types
(hydro, bioenergy, geothermal, marine, solar, wind). The data can be
aggregated into regions (continents, Eurasia, Middle East and Central
America and the Caribbean). DataBank [72] published and maintained
by the World Bank is an analysis and visualization tool containing
compilations of time series data on a variety of topics there among
electricity generation data based on the World Development Indicators
database. The data are a national level, in yearly resolution (from 1967),
and aggregated according to input fuel (hydro, natural gas, nuclear, oil,
coal and renewables without hydro). Countries can be aggregated ac-
cording to geography, income, size, etc. The International Energy
Agency’s (IEA) Monthly Electricity Statistics [73] holds electricity
generation and trade data for member countries of OECD aiming to
report up-to-date and consistent information from recent months. It also
provides annual data (from 1973) for previous years and year-to-date
indicators at a country level as well as in organizational and regional
groupings. For a paid subscription, the amount of available data on a
country-level basis increases significantly. OECD Data [74] published
and maintained by OECD contains annual electricity generation for
OECD countries. The only differentiation is between nuclear and
not-nuclear technologies. The historical values start in 1973. Global
Energy Statistical Yearbook by energy consulting company Enerdata
[75] is a free online application, holding annual electricity generation,
consumption, trade and share of renewables in electricity generation for
186 countries (2000-2015) however with no information on electricity
generation technologies.

A few databases have a global coverage of detailed geographical and
techno-economic data on specific power plants. An example includes the
World Electric Power Plants Database by Platts [76] providing
detailed technical boiler type, generator type, temperature at the tur-
bine, and geographical coordinates of plant locations etc. The Power
Plant Tracker by Enerdata [77] contains annual performance indicators
such as electricity generation and efficiency. Both of these two databases
require membership. Power Plants registered at Enipedia [78] rep-
resents an open-source version of a global power plant register con-
taining location and technical data on individual plants such as capacity,
fuel used, cooling method, efficiency although data are often missing or
incomplete.

An example of regional level energy data includes the Environ-
mental Statistics and Indicators database [79] by the Economic
Commission for Latin American and the Caribbean holding annual pri-
mary and secondary energy for the 29 countries of the region (1970 and
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2014). At smaller geographical scales data are often available with finer
geographical and temporal aggregation. For example, the ENTSO-E
Transparency Platform (European Network of Transmission System
Operators for Electricity) [80] holds data on e.g. hydropower reservoir
filling rates, hydro plants, aggregated hourly production rates, and
hourly generation for specific units (country, control area, and bidding
zone level for EU and 13 neighboring countries from 2014). The “Re-
newables.ninja” web tool [81] provides hourly PV and wind capacity
factors for EU-28, Norway and Switzerland for the period 1985-2014.
EUROSTAT offers data on e.g. energy supply, transformation, con-
sumption, imports/exports, market/prices on a monthly basis [66]. The
EMHIRES (European Meteorological HIgh resolution RES time series)
dataset published by the Joint Research Centre [82] contains solar PV
and wind data for EU-28, Norway, Switzerland and the non EU countries
of the Western Balkans. The time series cover: I) hourly solar power
capacity factors at country level, bidding zone level, NUTS 1 and NUTS 2
level, II) onshore and offshore wind power capacity factors at country
level and IIT) wind power capacity factors at bidding zone, NUTS 1 level
and NUTS 2 level without aggregation into onshore/offshore (all
1986-2015). Open Power System data is an effort towards collecting,
processing and holding free energy data from multiple sources of dis-
similar nature onto a shared database structure [83]. The data include
power plant information, generation capacities, pricing, house hold data
etc. at the EU level. At the country level, e.g., energy statistics are
generally provided by the national energy authorities and there are
datasets which collate such data, e.g. the IEA Energy Statistics and
Balances [84]. For example in Denmark, Danish transmission system
operator, Energinet.dk, publishes hourly electricity generation profiles
by type of plant [85]. The Swedish transmission system operator,
Svenska kraftnat, publishes hourly electricity generation profiles by
type of plant [86], while the Norwegian power system operator, Statt-
net, publishes hourly electricity generation profiles by type of plant for
four Nordic (Denmark, Norway, Sweden) and three Baltic (Estonia,
Latvia, Lithuania) countries [87].

5. Application

This section presents three examples of how the data presented here
can be applied to nexus studies.

5.1. Large-scale hydro-climatological application

This example exhibits the extraction of three main variables from the
water balance from a mini-ensemble of regional climate models (RCM)
from the CORDEX database [62] over Europe in 12.5km resolution
(Fig. 4). The variables include precipitation, evapotranspiration and
total runoff and are plotted as yearly mean levels for the historical
period of 1976-2005 and as residuals between the historical period and
2071-2100 based on the RCP4.5 scenario. The models are driven by
global climate models (GCM) at the domain boundary and include the
MPI-ESM-LR/CCLM4, EC-Earth/RCA4 and EC-Earth/RACMO22 models.
This type of data is relevant to larger-scale water-energy nexus studies
by providing a robust realisation of future trends for hydrological and
meteorological variables with a high influence to the energy system. At
the scales shown, a projection on the direction of trends, their magni-
tude and timing can be estimated. For more local predictions on e.g.
stream flow, groundwater levels or water temperatures, smaller scales
hydrological models need to be applied.

5.2. Water use by electricity generation plants

For this example, the electricity generated in EU28 is extracted per
energy source from Ref. [66] (Fig. 5, left). Then, by using knowledge on
the water withdrawal rates for each energy source, cooling technology
(and their distribution), and the estimated freshwater/sea water shares
on a EU28 level the corresponding freshwater withdrawals rates were



Table 2
Examples on major energy statistics databases organized according to geographical coverage, geographical aggregation, temporal aggregation, and/or fuel/technology aggregation.
Name Association Content Temporal Reference  Data availability* Link to water
information
Global International Energy U.S. Energy Information Electricity generation per technology type and fuel ~ Annual [70]1 Free to use Electricity generation from thermal and
Statistics Administration (US EIA) and power plant data (1980-2015) hydropower plants
Resource (Renewable IRENA Electricity generation per technology type Annual [71] Free to use Electricity generation from thermal and
Energy Source of hydropower plants
Information)
DataBank World Bank Electricity generation by fuel Annual (from [72] Free to use Electricity generation from thermal and
1967) hydropower plants
IEA - Statistics International Energy Electricity generation by fuel Monthly [84] Some is free - Electricity generation from thermal and
Agency elaborate data upon hydropower plants but also technical and
subscription economic data and annual electricity generation
OECD Data OECD Electricity generation divided into nuclear and Annual [74] Free to use Electricity generation from nuclear plants
non-nuclear
Global Energy Enerdata Gross annual electricity generation Annual [75] Free to use No
Statistical
Yearbook
The World Electric PLATTS Technical data and geographical coordinates for Updated [76] Paid subscription Technical data
Power specific production units quarterly
Plant Database
Power Plant Tracker Enerdata Technical data and geographical coordinates for Annual [771 Paid subscription Technical and economic data and annual
specific production units electricity generation
Power Plants register Enipedia Annual electricity generation and geographical Annual [78] Free to use Technical and annual electricity generation
coordinates for specific production units
Energydata.info World Bank Group and Primarily geographical data on transmission grid Varying [100] Free to use Varying
partners expansion, power plant location, renewable energy ~ Hourly to
potential and population demographics annual
Global power watch World Resources Institute Under development data platform with Likely annual [101] Free to use Geo-referenced electricity generation that can
(WRI) and partners georeferenced powerplant specific data enable linking to cooling water
bodies and similar
Global Energy Open community, lead by Annual electricity generation by plant, country and ~ Annual [88] Free to use Water withdrawals and consumption possible to
Observatory Los Alamos National fuel type. Covers 40-95% of installed EU capacity fill in, but are often left blank.
Laboratory
Regional Environmental Economic Commission for Water use for electricity generation and total Annual [79]1 Free to use Hydroelectricity generation
Statistics and Latin electricity generation per country
Indicators America and the
Caribbean’s (ECLAC)
ENTSO-E ENTSO-E Transparency Electricity generation and hydro reservoir inflow Hourly/weekly [80] Registration required Electricity generation aggregated into 20
Platform on country, control area and bidding zone levels technology types and hydro reservoir inflow
Renewables.ninja Renewables.ninja web tool Solar and wind capacity factors hourly [81] Free to use Only if cooling of PVs is considered
EUROSTAT The European Commission Energy supply, transformation, consumption, Monthly [66] Free to use Electricity generation per fuel source
imports/exports, market/prices etc.
EMHIRES EC JRC Solar and wind capacity factors hourly [82] Free to use Only if cooling of PVs is considered
Open Power System Several partners and Conventional and renewable power plants, From 15min [83] Free to use Indirectly only (by technology based
Data original data sources generation capacities and pricing assumptions)
Country level Energy data Energinet.dk Electricity generation by plant type Hourly [85] Free to use Electricity generation from thermal and
(examples) hydropower plants
Production statistics Svenska kraftnat Electricity generation by plant type Hourly [86] Free to use Electricity generation from thermal and
hydropower plants
Nordic power balance  Stattnet Electricity generation by plant type Hourly [87] Free to use Electricity generation from thermal and

hydropower plants
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Fig. 5. Left: The total generated electricity (TWh) for all EU28 countries for different fuel sources for 1980-2014 [66]. Right: The estimated water withdrawals rates
per energy source calculated by using the generated electricity per energy (shown left) and literature estimates on median water withdrawal rates (Fig. 2) for each
energy source and (cooling) sub-technology as well as the estimated freshwater/sea water shares. Also shown is the reported freshwater abstractions here acting as
validation data. See the Application section for a description of calculation steps.

then calculated (Fig. 5, right). This was particularly interesting since the
reported freshwater abstractions were publically available [66] acting
as a validation of the method and showing highly similar results. The
amount of gap filling needed for reported abstractions (using running
means) increases for earlier data, and levels prior to 1980 is therefore
now shown here (some countries have data from 1970). The data on the
distribution of cooling technologies and freshwater/sea water usage
were estimated from Refs. [78,88]. The same calculations could have
been done for water consumption, as shown in Fig. 3, although a similar
dataset of reported consumption rates (which likewise could act as
validation data) was not found available in the process of conducting
this study.

5.3. Detailed water usage at plant level

At a very local scale, the final example highlights a step towards the
level of detail in water-energy nexus data as urged by the authors of this
study. Here more detailed monthly withdrawal and consumption rates
for a range of selected US power plants are visualized (Fig. 6) for the
2014-2015 period as available from Ref. [70]. The plants have been
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selected to reflect a range of energy sources (coal, nuclear, gas,
wood/waste/biomass, and municipal solid waste), and cooling types
(OT/REC etc.). From the figure it can be seen that the plants in relation
to their cooling technology exhibit a water use similar to the levels in
Figs. 2 and 3, but also that there is a high temporal variation and sea-
sonality and which therefore supports the argument of employing a high
detail in the spatio-temporal linkages to water and meteorology data in
nexus studies.

6. Discussion

In the preceding sections we present current estimates of operational
water usage in electricity and fuel production, and we have summarized
some of the key data sources that currently describe water resources and
electricity and fuel production. What is evident is that the combined
domains of water and energy, at least at the spatial scales we address
above, are poorly covered by the data sources that are currently avail-
able for analyses of the water-energy nexus. This includes lack of
detailed data sets describing, e.g., the water use by the energy sector in a
spatio-temporal resolution adequate for linkages to water resource and

Consumption A
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Fig. 6. Withdrawal and consumption rates (L/MWh) for selected US power plants of varying fuel sources (coal, nuclear, gas, wood/waste/biomass and municipal

solid waste) and cooling types (OT/REC etc.) for 2014-2015 [70].
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energy system models. Thus, most energy data of high temporal reso-
lution omit water use linkages entirely, whereas those that include in-
formation on water uses tend to be aggregated at annual scales and
therefore do not capture spatio-temporal details, e.g. seasonal varia-
tions, which are important for managing most water/hydrology systems.
Ideally, such details would encompass information at the plant level
such as the intake/re-ejection amounts, time/space information, quality
(temperature/chemistry), source (river name, location, and aquifer
depth etc.). With the notable exception of the aggregated annual data
collected by the EEA and EUROSTAT, water uses by the energy sector
are also not generally included in most of the readily available data on
water resources (cf. Table 1). A key reason for the success in collecting
data within the hydrological discipline such as WATCH [67] and espe-
cially within the climate disciplines such as CMIP5 [89] and CORDEX
[62] is likely related to incentives: These efforts are mainly related to
research on model development, climate change and/or impacts and
there are few arguments towards not participating apart from lack of
funding to do so. And since these efforts are based upon research, no
commercial interests are at stake: Properly obtaining information from
the database requires a high degree of specialised knowledge. Within
energy data, multiple commercial interests are involved and the total
turnover within the energy sector is estimated to equal 2e12 EUR [90] in
the EU alone. Legislation or funding from central bodies could push
efforts towards more, free and aligned data but politics and finance are
beyond the scope of the present study. Parallel to the need for more
detailed water use-energy sector data, is the need for an updated and
sustained hydro-climatic framework facilitating open access data from
large-scale hydro- and climate models (separately and combined),
where existing models are driven by the same forcings, historically and
for future scenarios. The framework and available data may well be
much along the lines of e.g. CORDEX [62] and WATCH [67] initiatives
although with a more sustained effort than the latter and with more
recent future scenarios. This would enable reasonable comparison
grounds and hydro-climatic ensemble studies much along the lines of
what is often seen in climate model research [91] thereby allowing for a
range of research aspects covering hydrological variability and ex-
tremes, and to obtain more trust in future projections.

The alternative to detailed in situ data on water usages in electricity
and fuel production is to use values based on current estimates (see
above) of operational water usages as a means to bridge the gap between
water and energy systems. For quantitative nexus studies however, this
approach is likely to introduce considerable uncertainties due to the
large spans in, e.g., recorded water usages for individual power plants
(see Figs. 2 and 3), as caused by not only variations in technology usages
but also dependence on regional hydro-climatic conditions, local regu-
lations, plant optimization, incorrect/inconsistent reporting, etc. Like-
wise, data of adequate quality are found to be plentiful for some
electricity generation technologies, whereas in other cases such data are
scarce, such as for several technologies that are currently considered as
part of shifting from more traditional fossil GHG emitting electricity
generation technologies to other more sustainable forms [23].

Another challenge is seen in the conditions for the collection and
availability of data on water use by the energy sector which differ
immensely between countries and regions, which can constrain the
applicability and comparability of estimated water uses. As an example,
historical records from the US has significant gaps in terms of missing
information related to critical energy technologies (e.g. nuclear and gas
combined cycle) despite otherwise adequate data availability [23].
Historically, the lack of reliable water use data in reviewed sources may
even reflect the general challenge of water being an undervalued
resource [92].

On top of the spread in estimates of the water use in electricity and
fuel production, as introduced by natural, geographical, technological
and hydro-climatic variations, discrepancies in definitions and calcula-
tion/measurement methods can also constitute a significant challenge
for data collection in the context of nexus studies. As mentioned above,
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assessments of water use in hydropower production can, depending on
its definition, range from negligible to exceeding that of all other elec-
tricity generation technologies. This depends in part on how water
evaporation is shared among multiple uses of a reservoir and also on
how evaporation is calculated ranging from simply dividing the total
reservoir evaporation with electricity generation to only accounting for
net evaporation (i.e. compared to the water balance prior to reservoir
construction) [93]. Across different fuel types the differences in water
footprint definitions in general make reported estimates/water con-
sumption rates even less comparable. This is particularly evident when
comparing the generally reported water footprint of electricity genera-
tion with the footprint from the production of liquid biofuels. These are
some of the most well studied fuels in the water-for-energy literature,
yet they are typically not reported in a consistent way, which is com-
parable and ready to be incorporated in an energy systems analysis. In
summary, the development of methodologies for comparing different
types of reported water use factors should be in high demand and is
poorly covered by the existing scientific and technical literature.

So far we have only addressed the challenges of carrying out water-
energy nexus from a general perspective of quality and representability.
However, integrated assessments of the water-energy (and food) nexus,
including connections to eco-systems, livelihood, security, etc. [94,95]
range from pieces of policy discussion [11,96] to complex quantitative
modelling of management and policy scenarios at different scales [5]
using a variety of methodologies and tools as highlighted by Ref. [97].
This means that the data requirements for different kinds of assessments
also vary extensively. Thus, for many real-life applications the estimated
water uses and data sources discussed above could be entirely adequate
for mostly qualitative and/or semi-quantitative nexus assessments. For
national policymaking, the values of taking an integrated approach has
been demonstrated by e.g. Ref. [5] Regional cases of stakeholder con-
flicts across the water-energy nexus has been addressed in Ref. [98]
while [95] outline a methodology for stakeholder participation in as-
sessments of transboundary nexus challenges.

Conversely, recent developments in integrated assessment type
modelling [5] represent the entire water-energy nexus chain as a series
of highly complex and interlinked numerical processes, prescribing in-
formation on human and natural systems and their interactions, which
requires or even supersedes the level of detail and/or precision
mentioned above. This is especially true at the regional and/or basin
scale, which is often the natural focus of water and energy systems
management, and consequently also in the centre of deliberations to-
wards ensuring the sustainable use of resources across the water-energy
(and food) nexus. Modelling the dynamic linkages between water and
energy at this scale evidently requires combining fully distributed
spatio-temporal models of both water and energy systems, potentially
addressing both present and future climatic and socio-economic condi-
tions. For water alone, this would require modelling of water flows and
storages in spatio-temporally distributed sub-components of both sur-
face- and groundwater, involving aspects of vegetation from land sur-
face models, forced by data from, e.g., atmospheric or ocean models or
even dynamically coupled climate-hydrology models [99]. For energy,
this would encompass integrated spatio-temporal modelling of produc-
tion levels, technologies, markets, trade, and demand. Further, linkages
to other sectors such as agriculture, food, industry, cities, etc. would
need to be accounted for. Presently, there are few if any models, which
represent the water-energy nexus at the very high resolution and
complexity suggested here. However, there is no doubt that ongoing
research efforts within numerical modelling of both physical, economic,
and social science dynamics, the increasing computational resources
available and the demand for reliable simulation tools for testing man-
agement scenarios and policy initiatives will continue to advance the
field of numerical water-energy nexus studies. Hence still more (com-
plex) processes will be added to the model systems either through ‘hard’
or ‘soft’ linking to represent the different nexus systems and their
broader context. Also, for this aim it is imperative that improved data
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sources are collected and shared. Already a decade ago [31] highlighted
this importance and proposed efforts to facilitate such data sharing. As
the need and value for such data, e.g. in terms of integrated planning and
tool development has only increased since then, the need to overcome
data sharing obstacles such as proprietary, business or security concerns
is likely even more important today, and in itself present a major chal-
lenge in terms of studying the intricacies of the water-energy nexus in a
changing world.

7. Conclusions and recommendations

In this paper we highlight some of the main challenges related to data
availability when analyzing the water-energy nexus. For this aim we
have assessed current estimates of operational water usage in electricity
and fuel production for different energy technologies, and we have also
considered the currently available data on the state of water resources
(present and future) and electricity and fuel production at different
scales. In general we find that there is a substantial gap in the avail-
ability, access and quality of proper regional and global data in order to
facilitate detailed quantitative analyses within the water-energy nexus.
Thus, there is a great need for improving the current quality and
availability of historical water use data (withdrawals and consumption,
or stocks and flows depending on terminology) for virtually all major
sectors and sub-sectors related to the water-energy nexus, including at
matching spatio-temporal scales relevant for linking water and energy
systems. In addition there is also an urgent need for improved stan-
dardization of formats and data collection methodologies across
different uses of the data (research, operations, planning, etc.), which in
most cases presently are incompatible. Advances in this regard would
immensely aid not just the validation of methods and models but would
also contribute to an improved confidence in nexus assessments in
support of management procedures and policy goals related both to
current and future conditions. On top of the above, the standardization
should also encompass future projections and scenarios for highest
possible consistency similar to those of other multidisciplinary studies.

Author contributions

M.A.D.L. conceived the idea, processed the data and led the study
and writing. S.P. and R.E.E. contributed to data synthesizing. All authors
contributed to discussions and the writing of the paper.

Declaration of competing interest
The authors declare no competing interests.
Acknowledgements

This work has been supported mainly by the REEEM project funded
by the European Union Horizon 2020 research and innovation pro-
gramme, grant no. 691739, and to some extent by the Swedish Research
Council Formas, grant no. 2016-02045.

References
[1] WWAP, The United Nations World Water Development Report 2014, Water and

Energy, Paris, 2014.

United Nations General Assembly, Transforming Our World: the 2030 Agenda for

Sustainable Development, 2015, https://doi.org/10.1007/s13398-014-0173-7.2.

D. Griggs, M. Stafford-Smith, O. Gaffney, J. Rockstrém, M.C. Ohman,

P. Shyamsundar, W. Steffen, G. Glaser, N. Kanie, I. Noble, Policy: sustainable

development goals for people and planet, Nature 495 (2013) 305-307, https://

doi.org/10.1038/495305a.

T. Moss, Spatial fit, from panacea to practice: implementing the EU water

framework directive, Ecol. Soc. (2012), https://doi.org/10.5751/ES-04821-

170302.

M. Howells, S. Hermann, M. Welsch, M. Bazilian, R. Segerstrom, T. Alfstad,

D. Gielen, H. Rogner, G. Fischer, H. van Velthuizen, D. Wiberg, C. Young,

R. Alexander Roehrl, A. Mueller, P. Steduto, I. Ramma, Integrated analysis of

[2]

[3]

[4]

[5]

12

[6

[7

(8]

[9

[10]
[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]

Energy Strategy Reviews 26 (2019) 100426

climate change, land-use, energy and water strategies, Nat. Clim. Chang. 3
(2013), https://doi.org/10.1038/NCLIMATE1789.

T. Allan, M. Keulertz, E. Woertz, The water—food—energy nexus: an introduction
to nexus concepts and some conceptual and operational problems, Int. J. Water
Resour. Dev. 31 (2015) 301-311, https://doi.org/10.1080/
07900627.2015.1029118.

S.G.S. Rothausen, D. Conway, Greenhouse-gas emissions from energy use in the
water sector, Nat. Clim. Chang. 1 (2011), https://doi.org/10.1038/
nclimate1147.

A.Y. Hoekstra, M.M. Mekonnen, A.K. Chapagain, R.E. Mathews, B.D. Richter,
Global monthly water scarcity: blue water footprints versus blue water
availability, PLoS One 7 (2012), https://doi.org/10.1371/journal.pone.0032688.
V. Srinivasan, E.F. Lambin, S.M. Gorelick, B.H. Thompson, S. Rozelle, The nature
and causes of the global water crisis: syndromes from a meta-analysis of coupled
human-water studies, Water Resour. Res. 48 (2012), https://doi.org/10.1029/
2011WR011087.

EIA, International Energy Outlook 2016, 2016. Washington DC.

K. Hussey, J. Pittock, The energy-water nexus: managing the links between
energy and water for a sustainable future, Ecol. Soc. 17 (2012), https://doi.org/
10.5751/ES-04641-170131.

IPCC, Climate Change 2014: Impacts, Adaptation, and Vulnerability.
Contribution of Working Group II to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, Cambridge University Press, United
Kingdom and New York, NY, USA, 2014, p. 1132, https://doi.org/10.1016/j.
renene.2009.11.012.

J. Schewe, J. Heinke, D. Gerten, I. Haddeland, N.W. Arnell, D.B. Clark,

R. Dankers, S. Eisner, B.M. Fekete, F.J. Colén-Gonzalez, S.N. Gosling, H. Kim,
X. Liu, Y. Masaki, F.T. Portmann, Y. Satoh, T. Stacke, Q. Tang, Y. Wada, D. Wisser,
T. Albrecht, K. Frieler, F. Piontek, L. Warszawski, P. Kabat, Multimodel
assessment of water scarcity under climate change, Proc. Natl. Acad. Sci. U. S. A.
111 (2014) 3245-3250, https://doi.org/10.1073/pnas.1222460110.

1. Haddeland, J. Heinke, H. Biemans, S. Eisner, M. Florke, N. Hanasaki,

M. Konzmann, F. Ludwig, Y. Masaki, J. Schewe, T. Stacke, Z.D. Tessler, Y. Wada,
D. Wisser, Global water resources affected by human interventions and climate
change, Proc. Natl. Acad. Sci. U. S. A. 111 (2014) 3251-3256, https://doi.org/
10.1073/pnas.1222475110.

G. Destouni, F. Jaramillo, C. Prieto, Hydroclimatic shifts driven by human water
use for food and energy production, Nat. Clim. Chang. 3 (2013) 213-217.

J. Alcamo, M. Florke, M. Marker, Future long-term changes in global water
resources driven by socio-economic and climatic changes, Hydrol. Sci. 52 (2007).
E.F. Lambin, P. Meyfroidt, Global land use change, economic globalization, and
the looming land scarcity, Proc. Natl. Acad. Sci. U. S. A. (2011), https://doi.org/
10.1073/pnas.1100480108.

IPCC, Climate Change 2014: Mitigation of Climate Change. Contribution of
Working Group III to the Fifth Assessment Report (AR5) of the Intergovernmental
Panel on Climate Change (IPCC), Cambridge University Press, United Kingdom
and New York, USA, 2014, https://doi.org/10.1017/CB09781107415416.

S. Chu, A. Majumdar, Opportunities and challenges for a sustainable energy
future, Nature (2012), https://doi.org/10.1038/nature11475.

O. Ellabban, H. Abu-Rub, F. Blaabjerg, Renewable energy resources: current
status, future prospects and their enabling technology, Renew. Sustain. Energy
Rev. 39 (2014) 748-764, doi.org/10.1016/j.rser.2014.07.11.

P.H. Gleick, Water and energy, Annu. Rev. Energy Environ. 19 (1994) 267-299.
H. Inhaber, Water use in renewable and conventional electricity production,
Energy Sources 26 (2004) 309-322, https://doi.org/10.1080/
00908310490266698.

J. Macknick, R. Newmark, G. Heath, K.C. Hallett, Operational water consumption
and withdrawal factors for electricity generating technologies: a review of
existing literature, Environ. Res. Lett. 7 (2012), 045802, https://doi.org/
10.1088/1748-9326/7/4/045802.

E.G.R. Davies, P. Kyle, J.A. Edmonds, An integrated assessment of global and
regional water demands for electricity generation to 2095, Adv. Water Resour.
(2013), https://doi.org/10.1016/j.advwatres.2012.11.020.

M.T.H. van Vliet, D. Wiberg, S. Leduc, K. Riahi, Power-generation system
vulnerability and adaptation to changes in climate and water resources, Nat.
Clim. Chang. (2016), https://doi.org/10.1038/nclimate2903.

F. Ackerman, J. Fisher, Is there a water-energy nexus in electricity generation?
Long-term scenarios for the western United States, Energy Policy (2013), https://
doi.org/10.1016/j.enpol.2013.03.027.

C.M. Chini, A.S. Stillwell, Where are all the data? The case for a comprehensive
water and wastewater utility database, J. Water Resour. Plan. Manag. 143 (2017),
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000739.

EPRI, Water Use for Electric Power Generation, 2008. Palo Alto.

D.M. Hannah, S. Demuth, H.A.J. van Lanen, U. Looser, C. Prudhomme, G. Rees,
K. Stahl, L.M. Tallaksen, Large-scale river flow archives: importance, current
status and future needs, Hydrol. Process. (2011), https://doi.org/10.1002/
hyp.7794.

E. Gerlach, R. Franceys, Regulating water services for all in developing
economies, World Dev. 38 (2010) 1229-1240, https://doi.org/10.1016/j.
worlddev.2010.02.006.

N.C. Goldstein, R.L. Newmark, C. Dunham Whitehead, E. Burton, J.E. Mcmahon,
G. Ghatikar, D.W. May, N.C. Goldstein, The Energy-Water Nexus and information
exchange: challenges and opportunities, Int. J. Water 4 (2008) 5-24.

S.L. Postel, G.C. Daily, P.R. Ehrlich, Human appropriation of renewable fresh
water, Science (80-. ) 271 (1996) 785-788.


http://refhub.elsevier.com/S2211-467X(19)30118-X/sref1
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref1
https://doi.org/10.1007/s13398-014-0173-7.2
https://doi.org/10.1038/495305a
https://doi.org/10.1038/495305a
https://doi.org/10.5751/ES-04821-170302
https://doi.org/10.5751/ES-04821-170302
https://doi.org/10.1038/NCLIMATE1789
https://doi.org/10.1080/07900627.2015.1029118
https://doi.org/10.1080/07900627.2015.1029118
https://doi.org/10.1038/nclimate1147
https://doi.org/10.1038/nclimate1147
https://doi.org/10.1371/journal.pone.0032688
https://doi.org/10.1029/2011WR011087
https://doi.org/10.1029/2011WR011087
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref10
https://doi.org/10.5751/ES-04641-170131
https://doi.org/10.5751/ES-04641-170131
https://doi.org/10.1016/j.renene.2009.11.012
https://doi.org/10.1016/j.renene.2009.11.012
https://doi.org/10.1073/pnas.1222460110
https://doi.org/10.1073/pnas.1222475110
https://doi.org/10.1073/pnas.1222475110
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref15
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref15
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref16
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref16
https://doi.org/10.1073/pnas.1100480108
https://doi.org/10.1073/pnas.1100480108
https://doi.org/10.1017/CBO9781107415416
https://doi.org/10.1038/nature11475
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref20
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref20
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref20
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref21
https://doi.org/10.1080/00908310490266698
https://doi.org/10.1080/00908310490266698
https://doi.org/10.1088/1748-9326/7/4/045802
https://doi.org/10.1088/1748-9326/7/4/045802
https://doi.org/10.1016/j.advwatres.2012.11.020
https://doi.org/10.1038/nclimate2903
https://doi.org/10.1016/j.enpol.2013.03.027
https://doi.org/10.1016/j.enpol.2013.03.027
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000739
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref28
https://doi.org/10.1002/hyp.7794
https://doi.org/10.1002/hyp.7794
https://doi.org/10.1016/j.worlddev.2010.02.006
https://doi.org/10.1016/j.worlddev.2010.02.006
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref31
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref31
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref31
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref32
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref32

M.A.D.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]
[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Larsen et al.

D. Armitage, R.C. de Loé, M. Morris, T.W.D. Edwards, A.K. Gerlak, R.I. Hall,

D. Huitema, R. Ison, D. Livingstone, G. MacDonald, N. Mirumachi, R. Plummer, B.
B. Wolfe, Science-policy processes for transboundary water governance, Ambio
44 (2015) 353-366, https://doi.org/10.1007/s13280-015-0644-x.

M.A.D. Larsen, M. Drews, Water use in electricity generation for water-energy
nexus analyses: the European case, Sci. Total Environ. 651 (2019) 2044-2058,
https://doi.org/10.1016/j.scitotenv.2018.10.045.

E.S. Spang, W.R. Moomaw, K.S. Gallagher, P.H. Kirshen, D.H. Marks, The water
consumption of energy production: an international comparison, Environ. Res.
Lett. 9 (2014) 105002, https://doi.org/10.1088/1748-9326,/9/10/105002.
GAO, Energy-water nexus: improvements to federal water use data would
increase understanding of trends in power plant water use, U.S. Gov. Account.
Off., 2009, p. 72.

E. Mielke, L. Diaz Anadon, V. Narayanamurti, Water consumption of energy
resource extraction, processing, and conversion, Energy Technol. Innov. Policy
Discuss. (2010). Discussion Paper No. 2010-15.

S. Jenner, A.J. Lamadrid, Shale Gas vs. Coal: Policy Implications from
Environmental Impact Comparisons of Shale Gas, Conventional Gas, and Coal on
Air, Water, and Land in the United States, Energy Policy, 2013, https://doi.org/
10.1016/j.enpol.2012.11.010.

A. Demirbas, Competitive liquid biofuels from biomass, Appl. Energy (2011),
https://doi.org/10.1016/j.apenergy.2010.07.016.

OECD, IEA, World Energy Outlook, vol. 2011, 2011, p. 577, https://doi.org/
10.1787/weo-2011-en. Http://Www.Iea.Org.

V. Uusitalo, J. Havukainen, K. Manninen, J. Hohn, E. Lehtonen, S. Rasi,

R. Soukka, M. Horttanainen, Carbon footprint of selected biomass to biogas
production chains and GHG reduction potential in transportation use, Renew.
Energy (2014), https://doi.org/10.1016/j.renene.2013.12.004.

M. Drews, M.A.D. Larsen, J.G.P. Balderrama, Projected water usage and land-use-
change emissions from biomass production (2015-2050), Energy Strateg. Rev. (in
review).

C. De Fraiture, M. Giordano, Y. Liao, Biofuels and Implications for Agricultural
Water Use: Blue Impacts of Green Energy, 2008, https://doi.org/10.2166/
wp.2008.054.

P.W. Gerbens-Leenes, A.R. Van Lienden, A.Y. Hoekstra, T.H. van der Meer,
Biofuel scenarios in a water perspective: the global blue and green water footprint
of road transport in 2030, Glob. Environ. Chang. 22 (2012) 764-775, https://doi.
org/10.1016/j.gloenvcha.2012.04.001.

C.E. Clark, C.B. Harto, J.N. Schroeder, A. Anderson, The Geothermal Energy-
Water Nexus, 2015.

C.E. Clark, C.B. Harto, J.L. Sullivan, M.Q. Wang, Water Use in the Development
and Operation of Geothermal Power Plants, 2010, https://doi.org/10.2172/
1013997.

E. Roadmap, Mapping Renewable Energy Pathways towards 2020, 2011.

D. Magagna, A. Uihlein, Ocean energy development in Europe: current status and
future perspectives, Int. J. Mar. Energy 11 (2015) 84-104, https://doi.org/
10.1016/J.1JOME.2015.05.001.

R.M. Cuéllar-Franca, A. Azapagic, Carbon capture, storage and utilisation
technologies: a critical analysis and comparison of their life cycle environmental
impacts, J. CO2 Util. 9 (2015) 82-102, https://doi.org/10.1016/j.
jcou.2014.12.001.

Q. Li, Y.N. Wei, Z.A. Chen, Water-CCUS nexus: challenges and opportunities of
China’s coal chemical industry, Clean Technol, Environ. Policy 18 (2016)
775-786, https://doi.org/10.1007/s10098-015-1049-z.

E.a. Byers, M. Qadrdan, C.G. Kilsby, M. Tran, D. Alderson, A. Leathard,

M. Chaudry, J.M. Amezaga, J.W. Hall, Cooling water for Britain’s future
electricity supply, Proc. ICE - Energy 168 (2015) 188-204, https://doi.org/
10.1680/ener.14.00028.

US Environmental Protection Agency, 2012 Guidelines for Water Reuse,
Washington DC, 2012.

M. Berkman, The electricity-water nexus: is a crisis imminent? Water Policy 17
(2015) 1163-1175, https://doi.org/10.2166/wp.2015.060.

N. Hartmann, O. Vohringer, C. Kruck, L. Eltrop, Simulation and analysis of
different adiabatic Compressed Air Energy Storage plant configurations, Appl.
Energy 93 (2012) 541-548, https://doi.org/10.1016/j.apenergy.2011.12.007.
G. Ardizzon, G. Cavazzini, G. Pavesi, A new generation of small hydro and
pumped-hydro power plants: advances and future challenges, Renew. Sustain.
Energy Rev. 31 (2014) 746-761, https://doi.org/10.1016/j.rser.2013.12.043.
A. Gil, M. Medrano, I. Martorell, A. Lazaro, P. Dolado, B. Zalba, L.F. Cabeza, State
of the art on high temperature thermal energy storage for power generation. Part
1—concepts, materials and modelization, Renew. Sustain. Energy Rev. 14 (2010)
31-55, https://doi.org/10.1016/j.rser.2009.07.035.

E. Henny, A.J. Van Lanen, S. Demuth, A. Van Der, H. Co-editors, G. Mahé, E.
O. Planos Gutiérrez, K. Bamory, T. Daniell, A.A. Zaki, Flow Regime from
International Experimental and Network Data FRIEND-Water: A Global
Perspective 2010 — 2013, 2014. Wageningen/Paris.

C.J. Vorosmarty, B.M. Fekete, B.A. Tucker, Global River Discharge, 1807-1991,
Version 1.1 (RivDIS), Oak Ridge, Tennessee, 1998.

EEA, European Water Archive — European Environment Agency, 2018. https://
www.eea.europa.eu/data-and-maps/data/external/european-water-archive.
(Accessed 16 May 2018).

USGS, Hydro-Climatic Data Network (HCDN) — A USGS Streamflow Data Set for
the U.S. For the Study of Climate Fluctuations - Data.Gov, 2017. https://catalog.
data.gov/dataset/hydro-climatic-data-network-hcdn-a-usgs-streamflow-data-set-
for-the-u-s-for-the-study-of-clima. (Accessed 16 May 2018).

13

[61]

[62]

[63]

[64]

[65]
[66]

[67]

[68]
[69]
[70]
[71]
[72]
[73]

[74]
[75]

[76]

[77]
[78]
[79]
[80]
[81]

[82]

[83]
[84]
[85]
[86]

[87]
[88]
[89]

[90]
[91]

[92]

[93]

[94]

[95]

[96]

Energy Strategy Reviews 26 (2019) 100426

J. Cihlar, W. Grabs, J. Landwehr (Eds.), Global Terrestrial Observing System
Establishment of a Global Hydrological Observation Network for Climate, 2000.
Geisenheim, Germany.

F. Giorgi, W.J. Gutowski, Regional dynamical downscaling and the CORDEX
initiative, Annu. Rev. Environ. Resour. 40 (2015) 467-490, https://doi.org/
10.1146/annurev-environ-102014-021217.

F. Gassert, M. Landis, M. Luck, P. Reig, T. Shiao, AQUEDUCT GLOBAL MAPS 2.0,
2013. Washington DC.

G. Giuliani, N. Ray, S. Schwarzer, A. De Bono, P. Peduzzi, H. Dao, J. Van
Woerden, R. Witt, M. Beniston, A. Lehmann, Sharing environmental data through
GEOSS, Int. J. Appl. Geosp. Res. 2 (2011) 1-17, https://doi.org/10.4018/
jagr.2011010101.

EEA, Data Centre Overview — European Environment Agency, 2018. https
://www.eea.europa.eu/themes/water/dc. (Accessed 16 May 2018).

Eurostat, Eurostat Database, 2018. http://ec.europa.eu/eurostat/web/en
ergy/data. (Accessed 1 May 2018).

R. Harding, M. Best, E. Blyth, S. Hagemann, P. Kabat, L.M. Tallaksen,

T. Warnaars, D. Wiberg, G.P. Weedon, H. Van Lanen, F. Ludwig, I. Haddeland,
WATCH, Current knowledge of the terrestrial global water cycle,

J. Hydrometeorol. 12 (2011) 1149-1156, https://doi.org/10.1175/JHM-D-11-
024.1.

P. Kallberg, A. Simmons, S. Uppala, M. Fuentes, The ERA-40 archive, Proj. Rep.
Ser. 131 (2005) 2961-3012, https://doi.org/10.1256/qj.04.176.

P. Berrisford, D. Dee, K. Fielding, M. Fuentes, P. Kallberg, S. Kobayashi, S. Uppala,
The ERA-interim archive, ERA Rep. Ser. 1 (2009) 1-16.

USEIA, U.S. Energy Information Administration (EIA), 2017. https://www.eia.
gov/. (Accessed 17 May 2018).

IRENA, IRENA - the International Renewable Energy Agency, 2017. http://www.
irena.org/home/index.aspx?PriMenulD=12&mnu=Pri. (Accessed 17 May 2018).
World Bank, DataBank | the World Bank, 2018. http://databank.worldbank.org/
data/home.aspx. (Accessed 17 May 2018).

IEA, IEA - Monthly Electricity Statistics, 2018. http://www.iea.org/statistics/
monthlystatistics/monthlyelectricitystatistics/. (Accessed 17 May 2018).

OECD, OECD Data, 2018. https://data.oecd.org/. (Accessed 17 May 2018).
Enerdata, World Energy Statistics, 2018. https://yearbook.enerdata.net/.
(Accessed 17 May 2018).

Platts, World Electric Power Plants Database: Global Market Data and Price
Assessments - Platts, 2018. https://www.platts.com/products/world-electric
-power-plants-database. (Accessed 17 May 2018).

Enerdata, World Power Plant Database, 2018. https://www.enerdata.net/resea
rch/power-plant-database.html. (Accessed 17 May 2018).

Enipedia, Portal:Power Plants - Enipedia, 2018. http://enipedia.tudelft.nl/wiki/
Portal:Power_Plants. (Accessed 17 May 2018).

ECLAC - United Nations, Economic Commission for Latin America and the
Caribbean, 2018. http://www.cepal.org/en. (Accessed 17 May 2018).
ENTSO-E, Statistical Database, 2018. https://www.entsoe.eu/data/data-portal/
Pages/default.aspx. (Accessed 17 May 2018).

S. Pfenninger, 1. Staffell, Renewables.ninja, 2017. https://www.renewables.
ninja/. (Accessed 17 August 2017).

European Commision, European Meteorological Derived High Resolution
Renewable Energy Source Generation Time Series - European Commission, 2018.
https://ec.europa.eu/jre/en/scientific-tool/emhires. (Accessed 22 May 2018).
Open Power System Data, Open Power System Data, 2018. https://data.open-
power-system-data.org/. (Accessed 17 January 2018).

IEA, IEA - statistics (n.d.), https://www.iea.org/statistics/. (Accessed 15 October
2019).

Energinet, Energinet. https://www.energinet.dk/, 2018. (Accessed 17 May
2018).

Svenska kraftnét, Svenska kraftnat. http://www.svk.se/, 2018. (Accessed 17 May
2018).

Statnett, Statnett. http://www.statnett.no/, 2018. (Accessed 17 May 2018).
Global Energy Observatory, Global energy observatory. http://globalenergyobse
rvatory.org/, 2018. (Accessed 31 August 2018).

K.E. Taylor, R.J. Stouffer, G.A. Meehl, An overview of CMIP5 and the experiment
design, Bull. Am. Meteorol. Soc. (2012), https://doi.org/10.1175/BAMS-D-11-
00094.1.

European Union, EU Energy in Figures - Statistical Pocketbook 2018, 2018.

D. Matte, M.A.D. Larsen, O.B. Christensen, J.H. Christensen, Robustness and
scalability of regional climate projections over Europe, Front. Environ. Sci. 6
(2019) 163, https://doi.org/10.3389/FENVS.2018.00163.

N. Johnson, C. Revenga, J. Echeverria, Managing water for people and nature,
Sci. Mag. 292 (2001) 1071-1072, https://doi.org/10.1126/science.1058821.

1. Herath, M. Deurer, D. Horne, R. Singh, B. Clothier, The water footprint of
hydroelectricity: a methodological comparison from a case study in New Zealand,
J. Clean. Prod. 19 (2011) 1582-1589, https://doi.org/10.1016/j.
jclepro.2011.05.007.

E.M. Biggs, E. Bruce, B. Boruff, J.M.A. Duncan, J. Horsley, N. Pauli, K. McNeill,
A. Neef, F. Van Ogtrop, J. Curnow, B. Haworth, S. Duce, Y. Imanari, Sustainable
development and the water—energy—food nexus: a perspective on livelihoods,
Environ. Sci. Policy 54 (2015) 389-397, https://doi.org/10.1016/j.
envsci.2015.08.002.

L. de Strasser, A. Lipponen, M. Howells, S. Stec, C. Bréthaut, A methodology to
assess the water energy food ecosystems nexus in transboundary river basins,
Water 8 (2016) 59, https://doi.org/10.3390/w8020059.

M. Bazilian, H. Rogner, M. Howells, S. Hermann, D. Arent, D. Gielen, P. Steduto,
A. Mueller, P. Komor, R.S.J. Tol, K.K. Yumkella, Considering the energy, water


https://doi.org/10.1007/s13280-015-0644-x
https://doi.org/10.1016/j.scitotenv.2018.10.045
https://doi.org/10.1088/1748-9326/9/10/105002
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref36
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref36
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref36
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref37
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref37
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref37
https://doi.org/10.1016/j.enpol.2012.11.010
https://doi.org/10.1016/j.enpol.2012.11.010
https://doi.org/10.1016/j.apenergy.2010.07.016
https://doi.org/10.1787/weo-2011-en
https://doi.org/10.1787/weo-2011-en
https://doi.org/10.1016/j.renene.2013.12.004
https://doi.org/10.2166/wp.2008.054
https://doi.org/10.2166/wp.2008.054
https://doi.org/10.1016/j.gloenvcha.2012.04.001
https://doi.org/10.1016/j.gloenvcha.2012.04.001
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref45
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref45
https://doi.org/10.2172/1013997
https://doi.org/10.2172/1013997
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref47
https://doi.org/10.1016/J.IJOME.2015.05.001
https://doi.org/10.1016/J.IJOME.2015.05.001
https://doi.org/10.1016/j.jcou.2014.12.001
https://doi.org/10.1016/j.jcou.2014.12.001
https://doi.org/10.1007/s10098-015-1049-z
https://doi.org/10.1680/ener.14.00028
https://doi.org/10.1680/ener.14.00028
https://doi.org/10.2166/wp.2015.060
https://doi.org/10.1016/j.apenergy.2011.12.007
https://doi.org/10.1016/j.rser.2013.12.043
https://doi.org/10.1016/j.rser.2009.07.035
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref57
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref57
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref57
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref57
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref58
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref58
https://www.eea.europa.eu/data-and-maps/data/external/european-water-archive
https://www.eea.europa.eu/data-and-maps/data/external/european-water-archive
https://catalog.data.gov/dataset/hydro-climatic-data-network-hcdn-a-usgs-streamflow-data-set-for-the-u-s-for-the-study-of-clima
https://catalog.data.gov/dataset/hydro-climatic-data-network-hcdn-a-usgs-streamflow-data-set-for-the-u-s-for-the-study-of-clima
https://catalog.data.gov/dataset/hydro-climatic-data-network-hcdn-a-usgs-streamflow-data-set-for-the-u-s-for-the-study-of-clima
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref61
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref61
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref61
https://doi.org/10.1146/annurev-environ-102014-021217
https://doi.org/10.1146/annurev-environ-102014-021217
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref63
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref63
https://doi.org/10.4018/jagr.2011010101
https://doi.org/10.4018/jagr.2011010101
https://www.eea.europa.eu/themes/water/dc
https://www.eea.europa.eu/themes/water/dc
http://ec.europa.eu/eurostat/web/energy/data
http://ec.europa.eu/eurostat/web/energy/data
https://doi.org/10.1175/JHM-D-11-024.1
https://doi.org/10.1175/JHM-D-11-024.1
https://doi.org/10.1256/qj.04.176
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref69
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref69
https://www.eia.gov/
https://www.eia.gov/
http://www.irena.org/home/index.aspx?PriMenuID=12&amp;mnu=Pri
http://www.irena.org/home/index.aspx?PriMenuID=12&amp;mnu=Pri
http://databank.worldbank.org/data/home.aspx
http://databank.worldbank.org/data/home.aspx
http://www.iea.org/statistics/monthlystatistics/monthlyelectricitystatistics/
http://www.iea.org/statistics/monthlystatistics/monthlyelectricitystatistics/
https://data.oecd.org/
https://yearbook.enerdata.net/
https://www.platts.com/products/world-electric-power-plants-database
https://www.platts.com/products/world-electric-power-plants-database
https://www.enerdata.net/research/power-plant-database.html
https://www.enerdata.net/research/power-plant-database.html
http://enipedia.tudelft.nl/wiki/Portal:Power_Plants
http://enipedia.tudelft.nl/wiki/Portal:Power_Plants
http://www.cepal.org/en
https://www.entsoe.eu/data/data-portal/Pages/default.aspx
https://www.entsoe.eu/data/data-portal/Pages/default.aspx
https://www.renewables.ninja/
https://www.renewables.ninja/
https://ec.europa.eu/jrc/en/scientific-tool/emhires
https://data.open-power-system-data.org/
https://data.open-power-system-data.org/
https://www.iea.org/statistics/
https://www.energinet.dk/
http://www.svk.se/
http://www.statnett.no/
http://globalenergyobservatory.org/
http://globalenergyobservatory.org/
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1175/BAMS-D-11-00094.1
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref90
https://doi.org/10.3389/FENVS.2018.00163
https://doi.org/10.1126/science.1058821
https://doi.org/10.1016/j.jclepro.2011.05.007
https://doi.org/10.1016/j.jclepro.2011.05.007
https://doi.org/10.1016/j.envsci.2015.08.002
https://doi.org/10.1016/j.envsci.2015.08.002
https://doi.org/10.3390/w8020059

M.A.D.

[97]

[98]

[99]

[100]
[101]
[102]

[103]

Larsen et al.

and food nexus: towards an integrated modelling approach, Energy Policy 39
(2011) 7896-7906, https://doi.org/10.1016/j.enpol.2011.09.039.

J. Dai, S. Wu, G. Han, J. Weinberg, X. Xie, X. Wu, X. Song, B. Jia, W. Xue, Q. Yang,
Water-energy nexus: a review of methods and tools for macro-assessment, Appl.
Energy 210 (2018) 393-408, https://doi.org/10.1016/J.
APENERGY.2017.08.243.

C.A. Scott, S.A. Pierce, M.J. Pasqualetti, A.L. Jones, B.E. Montz, J.H. Hoover,
Policy and institutional dimensions of the water-energy nexus, Energy Policy 39
(2011) 6622-6630, https://doi.org/10.1016/j.enpol.2011.08.013.

M.A.D. Larsen, J.H. Christensen, M. Drews, M.B. Butts, J.C. Refsgaard, Local
control on precipitation in a fully coupled climate-hydrology model, Sci. Rep. 6
(2016), https://doi.org/10.1038/srep22927.

Energydata, Energydata.info, 2018. https://energydata.info/. (Accessed 22 May
2018).

Global Power Watch, Global Power Watch, 2018. http://globalpowerwatch.org/.
(Accessed 22 May 2018).

A. Kohli, K. Frenken, Cooling Water for Energy Generation and its Impact on
National-Level Water Statistics, FAO, Rome, 2011.

NETL, Estimating freshwater needs to meet future thermoelectric generation
requirements: 2010 update, Natl. Energy Technol. Lab 109 (2010) doi:DOE/
NETL-400/2010/1339.

14

[104]
[105]
[106]

[107]

[108]

[109]

[110]

Energy Strategy Reviews 26 (2019) 100426

IEA, Water for Energy: is Energy Becoming a Thirstier Resource? World Energy
Outlook, 2012, pp. 1-33.

C.E. Clark, C.B. Harto, J.N. Schroeder, A. Anderson, The geothermal energy-water
nexus, in: Proc. World Geotherm. Congr. 2015 Melb, 2015.

NREL, Concentrating Solar Power and Water Issues in the U.S. Southwest, 2015,
https://doi.org/10.2172/1176743. NREL/TP-6A50-61376.

K. Averyt, J. Fisher, A. Huber-Lee, A. Lewis, J. Macknick, N. Madden, J. Rogers,
S. Tellinghuisen, Freshwater Use by U.S. Power Plants: Electricity’s Thirst for a
Precious Resource. A Report of the Energy and Water in a Warming World
Initiative, Union Concerned Sci., 2011.

S. Vassolo, P. D6ll, Global-scale gridded estimates of thermoelectric power and
manufacturing water use, Water Resour. Res. 41 (2005), https://doi.org/
10.1029/2004WR003360.

U.S. Dept. Of Energy, Energy Demands on Water Resources Report to Congress on
the Interdependency of Energy and Water, Power, 2006.

D. Murrant, A. Quinn, L. Chapman, C. Heaton, Water use of the UK thermal
electricity generation fleet by 2050: Part 1 identifying the problem, Energy Policy
108 (2017) 844-858, https://doi.org/10.1016/J.ENPOL.2017.05.011.


https://doi.org/10.1016/j.enpol.2011.09.039
https://doi.org/10.1016/J.APENERGY.2017.08.243
https://doi.org/10.1016/J.APENERGY.2017.08.243
https://doi.org/10.1016/j.enpol.2011.08.013
https://doi.org/10.1038/srep22927
https://energydata.info/
http://globalpowerwatch.org/
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref102
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref102
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref103
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref103
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref103
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref104
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref104
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref105
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref105
https://doi.org/10.2172/1176743
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref107
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref107
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref107
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref107
https://doi.org/10.1029/2004WR003360
https://doi.org/10.1029/2004WR003360
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref109
http://refhub.elsevier.com/S2211-467X(19)30118-X/sref109
https://doi.org/10.1016/J.ENPOL.2017.05.011

	Challenges of data availability: Analysing the water-energy nexus in electricity generation
	1 Introduction
	2 Water use in energy production and resource extraction
	2.1 Non-renewable sources
	2.1.1 Power generation from thermal plants
	2.1.2 Oil, gas and coal extraction

	2.2 Renewable sources
	2.2.1 Biomass
	2.2.2 Geothermal electricity generation
	2.2.3 Power generation from renewables
	2.2.4 CO2 capture, storage, and utilisation
	2.2.5 Water recycling and waste water treatment
	2.2.6 Emerging technologies and storage solutions


	3 Water resource data for water-energy nexus studies
	4 Electricity and energy statistics for water-energy nexus studies
	5 Application
	5.1 Large-scale hydro-climatological application
	5.2 Water use by electricity generation plants
	5.3 Detailed water usage at plant level

	6 Discussion
	7 Conclusions and recommendations
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References


