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Abstract
With a growing population and a changing climate, competition for water resources in the
water-energy-food (WEF) nexus is expected to increase. In this study, competing water demands
between food production, freshwater ecosystems and utilities (energy, industries and households)
are quantified. The potential trade-offs and related impacts are elaborated for different SSP
scenarios with the integrated assessment model IMAGE, which includes the global vegetation and
hydrology model Lund-Potsdam-Jena managed Land (LPJmL). Results for the 2045–2054 period
are evaluated at the global scale and for a selection of 14 hotspot basins and coastal zones. On the
global scale, we estimate that an additional 1.7 billion people could potentially face severe water
shortage for electricity, industries and households if food production and environmental flows
would be prioritized. Zooming in on the hotspots, this translates to up to 70% of the local
population. Results furthermore show that up to 33% of river length in the hotspots risks not
meeting environmental targets when prioritizing other water demands in the nexus. For local food
production, up to 41% might be lost due to competing water demands. The potential trade-offs
quantified in this study highlight the competition for resources in the WEF nexus, for which
impacts are most notably felt at local scales. This emphasizes the need to simultaneously consider
different dimensions of the nexus when developing scenarios that aim to achieve multiple
sustainability targets.

1. Introduction

Global targets for food production, energy supply,
sanitation and biodiversity all rely on the availab-
ility of freshwater resources. These resources, how-
ever, suffer from increasing pressures caused by
human activities, such as land cover change, irriga-
tion, urbanization and industrialization (Gleick and
Palaniappan 2010, Vörösmarty et al 2010). The biod-
iversity in rivers, lakes and wetlands is rapidly declin-
ing, with an average decrease of species popula-
tion size of 84% since 1970 (WWF 2020). At the
same time, local issues related to water scarcity may
increase as an effect of climate change (Mekonnen
and Hoekstra 2016). Over the past few decades,
increasing awareness of the limits to freshwater avail-
ability has led to global water resources assessments

that account for water availability and use (Bierkens
2015). To support these assessments, several stud-
ies have projected how future water demands in
the water-energy-food (WEF) nexus might develop
(Grafton et al 2017, Bijl et al 2018). Eventually,
an important goal is to identify solution pathways
that remain within ‘planetary boundaries’, while still
meeting societal demands (Rockström et al 2009,
Gerten et al 2013, Jägermeyr et al 2017).

Scenario studies using Integrated Assessment
Models (IAMs) can be used to explore how the water,
food and energy systems may develop in the future,
the relevant synergies and trade-offs between these
systems and possible response strategies to shortages.
Several studies have already quantified the impact
of human water withdrawals on parts of the nat-
ural system. Studies by Hanasaki et al (2013) and
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Wada et al (2016) focussed on the impact of sectoral
water demands on future water scarcity, concluding
that socio-economic changes will have larger impact
on water availability than climate change. Other stud-
ies have investigated the competition between agri-
cultural and non-agricultural use on a global scale,
which is expected to increase especially in areas where
there already is scarcity (Bijl et al 2018, Rosa et al
2018b). At the same time, more studies are including
trade-offs between societal demands and freshwater
ecosystems. It has been recognized that disruption of
flow due to humanwater withdrawals is an important
cause of the degradation of aquatic ecosystems and its
biodiversity (Döll et al 2009, Poff and Zimmerman
2010, Darwall et al 2018). Several global studies
have accounted for this by reserving a percentage of
the natural flow for the environment. For example,
Jägermeyr et al (2017) demonstrate that 40% of cur-
rent irrigation withdrawals occurs at the expense of
these environmental flows. The study however indic-
ates that an improvement ofwatermanagement could
help meeting future demands without comprom-
ising the environment. Other studies have shown that
a global redistribution of crops could enable sus-
tainable agriculture in the future (Davis et al 2017,
Pastor et al 2019). However, to design solution path-
ways there is a need for an integrative approach
that considers synergies and trade-offs in the global
WEF nexus (Scanlon et al 2017, Albrecht et al 2018,
Johnson et al 2019, Van Vuuren et al 2019).

Even though interdependencies in theWEF nexus
are increasingly recognized (D’Odorico et al 2018),
few scenario studies consider the consequences of the
trade-offs between water for food production, indus-
trial and residential use, and environmental flows.
In contrast, they mostly look at single impact rela-
tionships. In this study we go beyond the current
state-of-the-art by showing where conflicts between
all these uses occur and we quantify the consequences
for the different sectors.We translate competingwater
demands in theWEFnexus to impact indicators relat-
ing to food production, water consumption for util-
ities in the form of electricity, industries and house-
holds (EIHs) and environmental flows. By treating
each element in the nexus as equally important, the
study provides a new framework to gain insight that is
crucial for the development of solution strategies. The
study uses the IAM IMAGE, which combines regional
policy modelling with a relatively detailed descrip-
tion of biophysical dynamics. It is the only IAM that
includes grid-scale hydrology and crop production.
The model includes key connections between indus-
trial demands and water use, as well as the rela-
tion betweenwater availability and land use. Through
this, the framework is suitable for evaluation of
water related nexus connections at different spatial
scales. The impacts of competing water demands are
evaluated in three parts: (a) the global implications

of environmental flow regulation on a baseline scen-
ario, (b) an analysis of nexus competition in a selec-
tion of hotspot basins and coastal zones and (c)
a scenario sensitivity analyses using different scen-
arios for socio-economic development and climate
pathways.

2. Methods

2.1. IMAGEmodel framework
The IAM IMAGE (Stehfest et al 2014) consists of
a suite of coupled modules that describe different
elements of the global environment. It combines
regional scale agro-economic, energy and climate
policy modelling with grid-scale land-use, dynamic
vegetation and hydrological modelling. Different
scenarios of socioeconomic development and climate
mitigation can be used to simulate potential effects
of humans on the natural system. The socioeconomic
components are modelled on a regional scale (26
regions), while the environmental components are
modelled on a geographic grid (5 and 30 arc-minute
grid cells). Interaction between themodels takes place
through upscaling and downscaling algorithms. In
the description, we focus on the water-related aspects
(see SI figure 1 available online at stacks.iop.org/ERL/
16/115003/mmedia for a schematic overview of the
relevant model components). The TIMER module
simulates energy supply and demand. Future climate
is projected by the MAGICC module (Meinshausen
et al 2011), a simple climatemodel where globalmean
temperature is calculated on the basis of the emis-
sion trajectory. Daily and spatially explicit precipita-
tion and temperature patterns are acquired through
patterns scaling with the bias corrected output of
the IPSL general circulation model from the ISI-MIP
project (Hempel et al 2013). To simulate interan-
nual variation of temperature and precipitation in
the future, the historical variability from the CRU 2.0
monthly climatology (New et al 2000) is imposed on
projected mean values (Müller et al 2016). Agricul-
tural demand, production and trade are simulated in
the global economic model MAGNET (Woltjer and
Kuiper 2014). Agricultural land use is then allocated
to the grid level based on suitability in the LandMan-
agement module of IMAGE. It is informed by poten-
tial crop yields calculated in the global vegetation
and hydrology model LPJmL (section 2.2). A detailed
description of all parameters exchanged between the
various IMAGE sub-models is available (Stehfest et al
2014).

2.1.1. LPJmL
As an integral part of IMAGE, the global hydrology
and vegetation model LPJmL (Bondeau et al 2007)
is used to simulate water and vegetation dynamics
including water availability, crop yields, grassland
productivity and carbon cycles (see Müller et al
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(2016) on IMAGE-LPJmL coupling). The model is
based on the concept of multiple plant functional
types (PFTs) that are categorized according to bio-
physical characteristics. Both natural vegetation and
crop PFTs are represented. Crop yields and the relat-
ing carbon dynamics are influenced by water avail-
ability. This information is provided to IMAGE and
influences the simulated land use change in terms of
area requirements and location of future crop pro-
duction, and allocation of irrigated areas.

The LPJmL model accounts for both ‘blue’ water
(water from rivers, lakes, aquifers and dams) and
‘green’ water (precipitation used by plants directly).
Precipitation or water supplied by irrigation is par-
titioned into soil moisture, transpiration, evapora-
tion, interception and runoff. The model includes a
river routing module that calculates river discharge,
accounting for human water withdrawals and with
lakes and reservoirs as additional water stores. Reser-
voirs with assigned functions (irrigation or other)
are included from the GRanD database (Lehner et al
2011). For a detailed description of the water fluxes
see Stehfest et al (2014). Hydrology and crop growth
in LPJmL are calculated on 30 arc-minute grid cells
and at daily resolution and exchanged with IMAGE
on a yearly basis.

2.1.2. Water withdrawal and consumption demands
Agriculture accounts for approximately 70% of all
water withdrawals, with irrigation as the largest con-
tributor (FAO 2016). The remaining 30% is dom-
inated by withdrawals for households (about 11%)
and industries and electricity (together around 19%).
In IMAGE, water withdrawals for irrigation and
water withdrawals for EIHs are represented separ-
ately. They are fulfilled in LPJmL using freshwater
resources (‘blue’ water), and are constrained by water
availability on the grid level (including neighbour-
ing cells and reservoirs). Non-agricultural withdraw-
als have priority over agricultural withdrawals but
it is assumed that they use only surface water from
rivers, while irrigation can also make use of the sus-
tainable groundwater storage and of nearby reser-
voirs (Biemans et al 2011). All withdrawals consist
of two components, namely the water that is con-
sumed (made unavailable for other purposes), e.g.
through evaporation and transpiration, and the water
that is not consumed but flows back into the river
system. The latter is available for water demands
in downstream cells. As a result, a distinction can
be made between water withdrawals and water
consumption4.

4 Water withdrawals entails the total volume of water that is with-
drawn from freshwater resources for societal use. Water consump-
tion is the volume of water that is actually consumed (e.g. through
evaporation and transpiration), i.e. the water withdrawals minus
the return flows. The term water demand, used to describe the
volume of water that is needed to fulfill the demands in each sector,

2.1.2.1. Irrigation water demands
Irrigated area projections are based on the FAO Agri-
cultural Outlook (Alexandratos and Bruinsma 2012)
with region specific assumptions on growth rates.
The allocation at grid level is informed by proximity
to existing irrigation, potential production increase
and water availability (Doelman et al 2018). Irriga-
tion water demands are calculated in LPJmL, which
accounts for 12 crop functional types (both irrig-
ated and rainfed). Thewater demands are determined
per crop type and depend on soil moisture deficits
and atmospheric demand for transpiration (Bondeau
et al 2007). Total withdrawal demands are higher than
crop water demand due to inefficiencies in the irrig-
ation systems, including losses through evaporation,
interception and conveyance (Jägermeyr et al 2015).
This is included by means of assumptions on irrig-
ation efficiency, which are system (surface, sprink-
ler, drip) specific and allocated per country (SI figure
14). Water that is not consumed through transpira-
tion or evaporation is returned to runoff and available
for downstream cells (Rost et al 2008, Jägermeyr et al
2015).

2.1.2.2. Water demands for energy, industries and
households
Other water withdrawals in IMAGE comprise the
withdrawals for EIHs. They are calculated separately
in the TIMER module, each influenced by different
driving forces. The water demand for electricity pro-
duction is based onMacknick et al (2011), and trans-
formed to water demands per unit of excess heat.
Other driving forces are the industry value added and
the population size. Future demands are based on
historical withdrawals from AQUASTAT (FAO 2016)
combined with assumptions on water use efficiency.
For a detailed description of the separate modules see
Bijl et al (2016). Corresponding to the TIMER resol-
ution the demands are computed for 26 regions, on a
yearly timestep. They are subsequently downscaled to
a half degree resolution grid using the population dis-
tribution, and provided as input to LPJmL. The non-
agricultural demands remain constant throughout a
year.

2.1.3. Water demands for freshwater ecosystems
In this study, the water demands for freshwater
ecosystems are expressed through environmental
flow requirements (EFRs). They are calculated in
LPJmL, and are represented by a minimum dis-
charge requirement for each grid cell. Ideally, envir-
onmental flows are defined as the quantity, timing
and quality of water flows required to sustain fresh-
water and estuarine ecosystems (IRF—International

applies to both the withdrawal and consumption demands, as well
as the demands for freshwater ecosystems (EFRs). Unlike the other
water demands, EFRs are not withdrawn from freshwater resources
but remain in the river system to sustain environmental flows.
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River Foundation 2007). However, this would depend
on many local factors like discharge, nutrients, tem-
perature and ecological status, which has led most
global studies to neglect them entirely. Several stud-
ies have therefore used a discharge requirement as
proxy value to determine EFRs (Gerten et al 2011,
Richter et al 2012, Pastor et al 2019). We imple-
mented the variable monthly flow (VMF) method
developed by Pastor et al (2014). Thismethod is based
on mean monthly flows (MMFs), i.e. the 30 year
mean river flows without human land use, water
infrastructure and water withdrawals. The historic
CRU 2.0 monthly climatology is used to determ-
ine this pristine flow (1961–1990). During the low-
flow season, 60% of the MMF is reserved for eco-
systems. During an intermediate flow period this is
45%, and during the high-flow season only 30% of
the MMF is reserved. The MMFs are classified based
on their relation to the mean annual flow (MAF):
High flow months if the MMF is greater than 80%
of the MAF, low flow months if the MMF is less
than 40% of MAF, and intermediate is everything in
between.

2.2. Quantification of trade-offs
Trade-offs in theWEF nexus are translated to impacts
on (a) transgression of environmental flows, (b) com-
munities supplied with water for EIHs and (c) food
production (table 1).

Impacts on transgressions of environmental flows
are quantified through the percentage of river length
that meets the environmental flow requirements
under the simulated future, as also suggested by
Gleeson et al (2020). All transgressions smaller than
0.01 hm3 d−1 are neglected, however all other trans-
gressions are considered as equally important. For
river length, all cells where the MAF is higher than
5 hm3 d−1 are considered.

Impacts on communities supplied with water for
EIH is represented by the number of people living in
areas that are at severe risk of water shortage. Severe
risk of water shortage for EIH is expressed as the situ-
ation when the yearly ratio between the consump-
tion demand and the actual consumption for EIH is
higher than 2, which is similar to the definition used
byMekonnen andHoekstra (2016). In our definition,
irrigationwithdrawals are not included, and the focus
is on actual consumption for EIH instead of water
availability.

To assess the impact of water competition on
food, changes in crop production on agricultural
land are calculated. The results are constrained to
impacts from water availability, changes in land use
are not considered. Land use allocation comes from
the baseline scenario (see section 2.2.1). Total pro-
duction entails all rainfed and irrigated crops, includ-
ing food and feed, and is calculated in tonnes of fresh
matter.

Table 1. Impact indicators that quantify the trade-offs in the
Water-Energy-Food nexus.

Impact indicator Method

Percentage of river length
that meets environmental
flow requirements

Total river length is
determined as cells
where the yearly average
natural flow is higher than
5 hm3 d−1. Transgressions
smaller than 0.01 hm3 d−1

are not considered.
Number of people at severe
risk of water shortage

People living in areas where
consumption demand for
EIH/actual consumption
for EIH >2

Food production Change in total production
on agricultural land
(rainfed and irrigated),
in tonnes of fresh matter

The impact indicators are used to quantify the
trade-offs in three steps, namely (a) the global implic-
ations of sustaining environmental flows in a baseline
SSP2 scenario, (b) competition in the WEF nexus for
14 hotspot basins and coastal zones and (c) a scen-
ario sensitivity analysis using different SSPs, includ-
ing a climate mitigation scenario aiming for the long-
term target of 2 ◦C. All results are presented as yearly
averages for the period of 2045–2054.

2.2.1. Global implications of sustaining environmental
flows on the baseline SSP2 scenario
The SSP2 scenario used in this study is part of a
larger scenario framework that is designed to deal
with the uncertainty of climate change and its key
drivers. Each SSP (Shared Socioeconomic Pathways)
is based on a narrative describing a pathway of socio-
economic development, and is provided with quant-
itative scenario drivers (e.g. population, economic
growth, land use, technology development) (O’Neill
et al 2017, Riahi et al 2017, Van Vuuren et al 2017).
Table 2 presents the SSP2 storyline assumptions that
are related to the WEF nexus. The water demands for
EIHs follow the storyline described in Bijl et al (2016).

The baseline SSP2 scenario considers water with-
drawals for irrigation and for EIH. However, there is
no restriction policy to protect EFRs. We created a
variation of the SSP2 baseline scenario, the SSP2-EFR
scenario, where EFRs need to be fulfilled before water
withdrawals are allowed (table 3). By comparing these
scenarios, the impacts of implementing EFR policy in
the baseline SSP2 scenario are quantified for all three
dimensions in the nexus.

2.2.2. Hotspots of water competition
For a selection of hotspots, we quantify the deficits per
sector that could be caused by prioritizing the other
sectors in the nexus. These deficits are expressed in
terms of the impact indicators. They are determined
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Table 2. Characteristics and assumptions of the SSP2 baseline
(details see text).

SSP2 assumptions

Description Social, economic and
technological trends do
not shift markedly from
historical patterns. Medium
challenges to mitigation and
adaptation

Climate projection ∼RCP6.0
Population in 2050 9.2 billion
GDP (2005 US$ per capita
2050)

25 000

Industry value added per
capita in 2050

6930 IVA$

Electricity production in
2050

Around 190 EJ yr−1

Electricity technologies Mostly coal (transitioning
to combined cycle), some
natural gas, hydropower
and nuclear

Wet tower water efficiency Towards 28% (withdrawal)
and 25% (consumption)
less water use in 2040

Municipal water efficiency Save 0.48% per year
(withdrawal) and 0.49%
(consumption)

Industrial water efficiency Save 0.55–2.48% per year
(withdrawal) and 0.5%
(consumption)

Irrigated area Irrigated harvested area
increases follow FAO
agricultural outlook

Table 3. Scenario specification.

Scenario Description

SSP2 baseline Water withdrawals for
irrigation and for EIH,
no implementation of EFR
policy. Water allocation
prioritization: (1) EIH (2)
irrigation

SSP2-EFR SSP2 scenario with
implementation of EFR
policy: Water withdrawals
for irrigation and for EIH
are only allowed if EFRs
are met. Water allocation
prioritization: (1) EFR (2)
EIH (3) irrigation

by comparing simulations in which the sectors com-
pete, to simulations with unconstrained supply for
one of the use categories (constrained by water avail-
ability but unconstrained by other sector demands).
As such, potential trade-offs PT for each sector i are
calculated as

PTi = SupplyUnci-SupplyCompi

in which SupplyUnci is the unconstrained supply and
SupplyCompi is the competed supply. To estimate

Table 4.Model runs used to determine the potential trade-offs for
each indicator. Potential trade-offs are calculated as
SupplyUnc—SupplyComp.

Impact indicator SupplyUnc SupplyComp

Percentage of
river length
that meets
environmental
flow requirements

SSP2 scenario
without water
supply for EIH
and irrigation.

SSP2 scenario
without
implementation
of EFR policy:
Water allocation
prioritization: (1)
EIH (2) irrigation

Number of
people at severe
risk of water
shortage

SSP2 scenario
with only supply
for EIH, no
water supply for
irrigation and no
EFR policy.

SSP2
scenario with
implementation
of EFR policy:
Water allocation
prioritization: (1)
EFR (2) EIH (3)
irrigation

Food production SSP2 scenario
with only supply
for irrigation, no
water supply for
EIH and no EFR
policy.

SSP2
scenario with
implementation
of EFR policy:
Water allocation
prioritization: (1)
EFR (2) EIH (3)
irrigation

the unconstrained supply (SupplyUnc), stylized runs
are performed in which the water demand of only
one sector is fulfilled. The competed supply (Sup-
plyComp) for food production and water consump-
tion for EIH is derived from the SSP2 scenario with
demands for all three sectors (table 4). This is the
same as the SSP2-EFR scenario (section 2.2.1), where
EFRs are prioritized over other water demands. The
competed supply (SupplyComp) for EFRs is calcu-
lated in the baseline SSP2 scenario without EFR pri-
oritization. Additionally, the contribution per sector
has been determined. For this, additional runs are
performed, where only two sectors are competing.

The results are presented for 14 hotspots. Hot-
spots are major basins or coastal zones that show
high nexus impact in at least one of the three sectors
(figure 1).

2.2.3. Part 3: scenario sensitivity analyses
In addition to the SSP2 analysis of the hotspots, a
scenario sensitivity analysis is performed with the
SSP1 and SSP3 baseline scenarios, and a SSP2 mit-
igation scenario that limits global warming to 2 ◦C.
Together SSP1-3 encompass the range from high to
low human impact on the environment. Their com-
plete storylines are described in O’Neill et al (2017).
The baseline of SSP3 corresponds to forcing targets
similar to SSP2 (RCP6.0), the baseline of SSP1 to
RCP4.5, and the SSP2 mitigation scenario to RCP2.6.
For an overview of all four scenarios (SSP1,2,3 and
SSP2 mitigation) the reader is referred to SI section 1
and SI table 1.
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Figure 1. Selection of hotspots. All hotspots show a major river basin or coastal zone, with the exception of the South of Spain,
which is the aggregation of three major river basins.

3. Results

3.1. Global results SSP2 baseline and SSP2-EFR
scenario
In SSP2, global water demands are expected to
increase (SI figure 2). This is predominantly driven
by population growth, which leads to higher water
demands for EIH. Global irrigation water demands
do not increase significantly, because the limited
expansion in irrigated area is offset by an increased
water use efficiency of crops caused by CO2 fertil-
ization. For the 2045–2055 period, the results show
withdrawal demands for EIH of 2033 km3 yr−1.
In the SSP2 baseline scenario without EFR policy,
actual withdrawals for EIH are projected to be
1954 km3 yr−1 (a 78 km3 yr−1 deficit). For irrig-
ation, the baseline results show actual withdrawals
of 1959 km3 yr−1, bringing total water withdraw-
als to 3914 km3 yr−1. Total water consumption is
much lower, with 1518 km3 yr−1. Of this water con-
sumption, 447 km3 yr−1 is intended for EIH and
1071 km3 yr−1 for irrigation.

The baseline results furthermore show high trans-
gressions of EFRs in the larger rivers of South-
east Australia, the Middle Eastern region and South,
East and Central Asia (SI figure 3(a)). The Indus
River stands out with transgressions reaching up to

33 km3 yr−1 in certain river stretches. Other rivers
with severe violations of EFRs are the Ganges (aver-
age deficits up to 22 km3 yr−1), the Yellow River
(13 km3 yr−1) and the Arvan Rud downstream in the
Tigris-Euphrates basin (18 km3 yr−1).

In the SSP2-EFR scenario, in which EFRs are pro-
tected, withdrawals for EIH decrease with 19.3%, and
irrigation withdrawals decrease by 30.3% (table 5).
As a result, many locations show an improvement in
terms of EFRs. For example,maximum transgressions
substantially decrease for the Indus (to 6.1 km3 yr−1),
the Ganges (to 3.3 km3 yr−1), the Arvan Rud (to
6.0 km3 yr−1) and the Yellow River (to 1.0 km3 yr−1).
However, even in the SSP2-EFR scenario transgres-
sions still occur (SI figure 3(b)). Globally, the percent-
age of river length that reaches its targets is still only
89.1%, an increase of just 1.8% compared to the SSP2
baseline scenario. These transgressions are caused by
climate change, withdrawals upstream, allocation of
dams and reservoirs, or high interannual variability
of flows that is not considered in the 30 year MMFs.

However, the impact of the EFR policy is clearly
visible on the basin scale (figure 2(a)). For some
basins, the differences in percentage of river length
that meets the EFR targets reaches up to 30%.
Changes in food production and water consumption
for EIH in SSP2-EFR show similar spatial patterns
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Figure 2. The difference between the SSP2-EFR scenario and the SSP2 baseline scenario, with (a) impact on EFRs expressed as the
change in the percentage or river length that meets the EFR targets, calculated per basin, (b) the impact on food production
expressed as a change in yield due to lower water availability and (c) the impact on water consumption for EIH expressed as the
change in nr of people at sever risk of water shortage. All results are the yearly averages for 2045–2054 (see SI figure 4 for baseline
results, and SI figure 5 for risk classifications for water consumption for EIH).

Table 5. Results for SSP2 baseline and the SSP2-EFR scenario. All values are yearly averages for the 2045–2055 period.

SSP2 baseline SSP2-EFR % change

Water withdrawals (km3) 3914 2943 −24.8%
EIH 1954 1577 −19.3%
Irrigation 1959 1366 −30.3%
Water consumption (km3) 1518 1111 −26.8%
EIH 447 356 −20.3%
Irrigation 1071 755 −29.5%
Food production (Mt fm) 13, 2E+ 3 12, 6E+ 3 −4.9%
Nr of people at severe risk of water shortage (million) 267 1889 +605%
Percentage of river length that meets EFRs (%) 87.4 89.2 +2%
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Figure 3. SSP2 trade-offs in the Water-Energy-Food (WEF) nexus. For the 2045–2055 period, the yearly average (a) potential
trade-offs EFRs, expressed as the potential impact of competition on the percentage of river length that meets EFRs,
(b) percentage of river lengths that does not meet EFRs in baseline scenario, (c) potential trade-offs for food, expressed as the
potential impact of competition on the total crop production, (d) potential trade-offs food as percentage of unconstrained crop
production (e) potential trade-offs EIH, expressed as the impact of competition on the number of people living in areas at severe
risk of water shortage, (f) potential trade-offs EIH as percentage of total population in the hotspot.

of affected areas (figures 2(b) and (c)). Globally,
the SSP2-EFR scenario leads to a decrease of food
production of 647 Mt (−4.9%), and an increase of
1621 million people living in areas that face severe
risk of water shortage for EIH (17.5% of the global
population).

3.2. Potential trade-offs in hotspots
Zooming in on the hotspots (as defined in section
2.2.2) reveals large variation in impacts on the WEF
nexus across locations (figure 3 and SI table 2). For
the EFRs, potential trade-offs are particularly high
in the South of Spain, where the percentage of river
length that meets EFRs is only 46% when competi-
tion in the nexus is considered (figure 3(b)). Without
competition this is 79% (SI table 2), resulting in
potential trade-offs of 33% of river length for this
hotspot (figure 3(a)). Other hotspots that show sig-
nificant trade-offs are the Indus basin (26%, from
80% to 54%) and the Tigris-Euphrates basin (24%,
from 61% to 37%) closely followed by the Moroccan
coastal zone (19%, from 56% to 37%) and the Syr
Darya basin (18%, from 81% to 63%). For almost all
hotspots, irrigation has a higher contribution to the
trade-offs for EFRs than water consumption for EIH.
Java is the only regionwhere there is almost no impact
from irrigation, but where the high population dens-
ity and resulting water demands for EIH are dom-
inant (SI figures 6 and 7 for EIH demands per sec-
tor for each hotspot). In contrast, theMurray-Darling

and Colorado (AR) basins have relatively low popula-
tion density and show barely any trade-offs with the
water demands for EIH. Some hotspots show signi-
ficant trade-offs with both sectors, e.g. the Indus and
Ganges basins.

For several hotspots, crop production could
be significantly affected by competition for water
resources (figure 3(c)). The Ganges basin in
particular shows high potential trade-offs for food
(96 Mt), which is 15% of the unconstrained produc-
tion (without competition). This result is followed by
the Indus River basin (50 Mt), the Tigris-Euphrates
Rivers basin (33 Mt) and the Yellow River basin
(27 Mt). For several hotspots, the potential trade-offs
are especially high compared to the unconstrained
production. For example, in the Colorado (AR) basin
41% (5.5 Mt) of the unconstrained production could
be affected by trade-offs. Other hotspots that show
large trade-offs in relation to the unconstrained pro-
duction are the coastal zone of NW Mexico (37%,
12 Mt), the Syr Darya River basin (35%, 12 Mt), the
Sacramento river basin (35%, 12 Mt), and the Tigris-
Euphrates river basin (33%, 33 Mt). For all hotspots,
EFRs have amuch larger contribution to the potential
trade-offs than water consumption for EIH.

Consideration of irrigation and EFRs could sig-
nificantly impact the water consumption for EIH
(figure 3(e)). Potential trade-offs are highest for the
Ganges basin, with 134 million people living in areas
with severe risk of water shortage when consump-
tion for EIH is competing with irrigation and EFRs,
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Table 6. Global results potential trade-offs.

Potential trade-offs Unconstrained supply Competed supply

EFR 2.7% 90.1% 87.4%
Food 762 Mt fm 13, 3E+ 3 Mt fm 12, 6E+ 3 Mt fm
EIH 1693 million at severe risk 196 million at severe risk 1889 million at severe risk

Figure 4. Scenario sensitivity of trade-offs in the WEF nexus. For SSP1-3 and SSP2 mitigation scenario, (a) potential trade-offs
EFRs, expressed as the potential impact of competition on the percentage of river length that meets EFRs, (b) percentage of river
lengths that does not meet EFRs in baseline scenario, (c) potential trade-offs for food, expressed as the potential impact of
competition on the total crop production, (d) potential trade-offs food as percentage of unconstrained crop production
(e) potential trade-offs EIH, expressed as the impact of competition on the number of people living in areas at severe risk of water
shortage, (f) potential trade-offs EIH as percentage of total population in the hotspot. Results are yearly average for the
2045–2055 period.

which is an increase of 132 million compared to the
case of unconstrained supply. Other hotspots with
high trade-offs are the Indus basin (2–90million), the
Tigris-Euphrates basin (∼0–68 million), the Niger
basin (1–53million) and the Java region (∼0–44mil-
lion). In the Tigris-Euphrates, Limpopo and Sacra-
mento basins, as well as the Moroccan coastal zone,
over half of the population would be at severe risk
of water shortage due to competition (73%, 53%,
56% and 62%, respectively, figure 3(f) and SI table
2). Also here, the impact from EFRs is dominant over
the impact from irrigation. Table 6 presents the gobal
results for the potential trade-offs per sector.

3.3. Scenario sensitivity analyses
To evaluate how sensitive the results are to the
different policy assumptions in each SSP scenario,
the trade-offs have been calculated for SSP1, SSP3
and a SSP2 mitigation scenario (figure 4). Variation
between the scenarios is the highest for tradeoffs
with EIH (figure 4(e)), which can be explained by
the difference in projected population size (SI figure
8). For most hotspots, population increase is highest

in SSP3. The exceptions are the Sacramento and
Murray-Darling basins and the South of Spain, due to
assumptions on stricter immigration policies in SSP3.
In these areas, population growth is highest in SSP1.
However, this does not lead to higher water demands
due to assumptions on efficiency increase (SI figure
9). This indicates that the improvements in efficiency
are able to ameliorate some of the pressure on the
nexus.

Scenario sensitivity appears small for the poten-
tial trade-offs of EFRs and food. Most of the vari-
ability is explained by the variation in irrigated
area and water availability between the scenarios (SI
figures 10 and 11). For most hotspots, the mitigation
scenario leads to higher water availability, and thus
lower transgressions of EFRs in the baseline scenario
(figure 4(b)). In theMorocco region, the higher irrig-
ation demands and lower water availability in SSP3
lead to higher trade-offs with EFRs (figure 4(a)). The
effects of climate mitigation are visible in some of
the trade-offs with food (figure 4(c)), e.g. the Tigris-
Euphrates and Yellow River basin both show lower
trade-offs in the mitigation scenario. In SSP3, both
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these basins show higher trade-offs with food due
to a higher production demand. In the SSP1 scen-
ario irrigated area in these hotspots is lower, leading
to lower potential trade-offs for food. In the Ganges
basin, water availability is lower in the mitigation and
SSP1 scenario, leading to slightly higher trade-offs
with food. While the impact of climate and demand
is clearly visible, some deviations occur. For example,
in the Ganges basin the SSP1 scenario leads to higher
trade-offs with food than the mitigation scenario,
even though the overall food demand is less, and
water availability is higher. This is explained by the
occurring mismatch in demand and supply, due to
changes in seasonality.

4. Discussion

In this study we show that reserving part of the dis-
charge in rivers to protect freshwater ecosystems
could result in major conflicts between water users in
the WEF nexus. Globally, an SSP2 scenario without
EFR policy showed that water withdrawals for irrig-
ation and EIH cause high transgressions of EFRs
for the Middle-East region, South, East and Cent-
ral Asia and South-East Australia. Areas in North
America, North and South Africa, South-East Aus-
tralia and South America are also affected. This spa-
tial pattern is consistent with other global studies
of future water scarcity (Wada et al 2011, Jägermeyr
et al 2017, Greve et al 2018). The results furthermore
show that to sustain environmental flows in the SSP2
scenario, irrigation water withdrawals would have to
decrease by 30%. This is in line with the findings of
Pastor et al (2019). In addition, global withdrawals
for energy, industries and households would have to
decrease with 19%. Projected irrigation withdrawals
in this study are on the lower end of the range of most
global studies (Wisser et al 2008). This is caused by
the assumption that only surface water and sustain-
able groundwater sources are available for irrigation.
In reality, unsustainable groundwater resources are
expected to account for ∼20% of global irrigation
withdrawals (Wada et al 2012). Consistent with the
sustainable policy of EFRs it was chosen to include
only sustainable groundwater resources in this
study.

Our hotspot results furthermore show that loc-
ally, potential trade-offs within the nexus are signi-
ficant. While on a global scale on average only 2.7%
of the environmental flow requirements might be
affected by nexus competition, for the hotspots up to
33% of the river length is at risk due to withdrawals
for irrigation and EIH. For food production, global
results show that 752Mt (5.7%) of the unconstrained
production is vulnerable to competition. While this
might seem small on the global scale, 304 Mt of this
production is located in the hotspots. Locally, up to

41% of unconstrained production could be affected.
The biggest impact is caused by sustaining envir-
onmental flows, which confirms earlier studies that
found EFRs to be the biggest restriction to agricul-
tural water availability (Strzepek and Boehlert 2010,
Jägermeyr et al 2017, Pastor et al 2019). Potential
trade-offs for water consumption for EIH are also
found to be significant on the local scale. From the
1673 million people that could be affected by nexus
competition, 492 million live in the 14 selected hot-
spot areas. The hotspot results furthermore indic-
ate that up to 70% of the local population could be
affected by withdrawals for irrigation and protection
of EFRs.

It should be noted that this is not directly compar-
able with other definitions of people at risk of water
scarcity, since this study (a) focuses only at water
consumption for EIH, and (b) looks at actual con-
sumption instead of water availability, thereby also
allowing for a less conservative definition of severe
risk (Hanasaki et al 2008, Mekonnen and Hoekstra
2016). For most hotspots, trade-offs and their scen-
ario dependency become larger over time (SI figures
12 and 13). This is especially the case for areas
that are already under pressure. For example, the
Ganges and Tigris-Euphrates area show particularly
high increases in potential trade-offs on food and EIH
over time. Potential trade-offs for EFRs also increase
over time, however not as significantly as the trade-
offs for food and EIH. This suggests that while there is
an increase of competition in the nexus, the locations
of EFR transgressions that are caused by withdrawals
remain similar.

These findings highlight the increasing challenges
posed by water demands in the WEF nexus on a local
scale. Smaller-scale studies confirm the increasingly
competing claims on limiting water resources, e.g.
through increasing pressure from climate and irriga-
tionwater demand in theGuadalquiver basin in Spain
(Rodríguez Díaz et al 2007), increasing population
and depletion of groundwater resources in the Indus
basin (Laghari et al 2012), and pressure on water
resources caused by expansion of irrigated areas in the
Tigris-Euphrates basin (Yilmaz et al 2019). The res-
ults furthermore indicate that irrigation has a larger
impact on EFR transgressions than water consump-
tion for EIH. This is according to the expectation,
since other studies have found relatively higher with-
drawals for irrigation in semi-arid and arid regions
(Khan & Hanjra 2009, Döll et al 2012). Several stud-
ies have shown potential to mitigate pressure in the
nexus through measures involving irrigation effi-
ciency improvements, renewable electricity genera-
tion, trade and land use change (Fricko et al 2016,
Davis et al 2017, Jägermeyr et al 2017, Rosa et al
2018a, Pastor et al 2019, Zipper et al 2020). While
the range of SSP scenarios does capture some of these
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measures in their storylines (e.g. variation in land
use, electricity sources, change of diets), additional
measures have not been taken into account, focus-
ing merely on the potential trade-offs in the existing
baseline scenarios. This is an important direction for
future research.

For the purpose of this study, some simplifica-
tions of the trade-offs were necessary. For example, it
would be interesting to quantify the impact of water
shortage on actual electricity supply (see for example
Byers et al (2020)). In the current IMAGE frame-
work, this feedback is not yet included. The impact of
EFR transgressions would ideally be quantified using
a response variable like aquatic biodiversity (Gleeson
et al 2020). However, there is still insufficient research
in this field to account for this relation on a global
scale, which is why it was chosen to use the percent-
age of river length where EFRs aremet, as also sugges-
ted in Gleeson et al (2020). It also remains a discus-
sion what flow is used as ‘pristine’ flow. In this study it
has been chosen to use natural flows without land use
and without dams and reservoirs, even though some
developments might not be reversible. Studies by Bijl
et al (2018) and Wimmer et al (2015) furthermore
demonstrated that the priority rules of allocation can
have impact on the outcome. The potential trade-offs
for water consumption for EIH are therefore expected
to be higher if irrigation is given priority. However,
impact from upstream withdrawals for irrigation is
still included since the prioritization only occurs at
the scale of the grid cell. Finally, the representation
at the grid level could be improved. For example, it
is assumed that withdrawals for EIH only use surface
water, while in reality groundwater storage may be
used as well. This is dealt with however by having a
30 d buffer in which the demands for EIH can still be
met in case of water shortage (Rost et al 2008). Fur-
thermore, the water demands for EIH are allocated
according to population on a yearly basis. It might be
improved by accounting for seasonal variability and
for locations of withdrawals (e.g. the locations of spe-
cific types of power plants, see also Bijl et al (2016)).
However, it is not believed that this would signific-
antly alter the results of this study. This is enforced
by our findings in the scenario sensitivity analysis,
that show limited variation for different scenarios of
water use.

5. Conclusion

The results of this study show that trade-offs in the
global WEF nexus can be significant at local scales.
Globally, the implementation of EFR policy would
reduce water withdrawals with 25% in the SSP2 scen-
ario. While benefits of the policy appear small on
a global scale, the hotspot results show considerable
trade-offs between water needs for food, utilities and

the environment. The amount with which these ele-
ments influence each other varies per location. For
most hotspots, meeting the EFR targets would con-
siderably increase the pressure on local food produc-
tion and on communities who need the water for
EIHs. At the same time, the percentage of river length
that reaches EFR targets increases with up to 33% if
water withdrawals for irrigation and EIHs would be
abandoned. The limited scenario sensitivity further-
more indicated that mitigation of climate change is
not sufficient to decrease the trade-offs in the nexus,
implying that a more efficient use of water resources
is necessary.

The trade-offs that are exposed in this study
present clear challenges for policymakers that need to
be dealt with to achieve a sustainable living environ-
ment across all regions. In order to meet future water
demands, while at the same time respecting EFRs, it
is paramount that solution strategies include meth-
ods to either improve water management or redis-
tribute demand, or both. This notion highlights the
need for an integrated approach to create scenarios
that deal with issues of water stress within the global
WEF nexus.
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