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Abstract

Water competition between the food and energy sector is a critical component of the
food-energy-water nexus. However, few studies have systematically characterized the geospatial
and, especially, the sub-annual variations in such competition and the associated environmental
impacts and targeted mitigation opportunities. This study characterizes competing water uses for
crop-specific irrigated agriculture and fuel-specific power generation across global major river
basins to reveal their resulting impacts on local water scarcity for global population under both
current and a warming climate. Under annual (and most seasonal) accounting, almost all basins
currently suffering from extremely high water scarcity are dominated by agricultural water
consumption (e.g. accommodating 26%—-49% of basin-total population across seasons), which are
often simultaneously exposed to potentially decreasing seasonal water availability under a 4 °C
warming scenario. Only 13%—-20% of population are located in basins dominated by seasonal
power sector water uses, which are predominantly with low water scarcity. Agriculture sector
provides the most basin-specific water mitigation opportunities across mid-latitude basins in all
four seasons. Nevertheless, power sector becomes more important in affecting seasonal water
scarcity and provides unique seasonal water mitigation opportunities, particularly in basins among
higher northern latitudes in winter. This analysis highlights irrigated agriculture is currently and
will likely remain the key in global water management for basins facing the severest water scarcity,
yet increasing attention on the seasonal and spatial variations in cross-sector water use competition
is needed to better identify region- and season- specific mitigation opportunities.

1. Introduction

Freshwater resources are fundamental to sustaining
global economic activities for an increasingly afflu-
ent and growing human population [1-3]. Water
plays an important role in ensuring the security of
the food and energy systems, both of which are
among the 17 United Nations Sustainable Devel-
opment Goals [4]. Due to the importance of food
and energy security in achieving social sustainabil-
ity, and that food and energy systems are among
the global two largest water consumers, the emerging
water competition between food and energy produc-
tion represents an important component of the global
food-energy-water nexus [5-7]. Although the agri-
culture sector unambiguously dominates global total

© 2021 The Author(s). Published by IOP Publishing Ltd

water consumption [3, 5, 8], notable spatial and sub-
annual variations in sectoral water consumption exist
[3]. Without effectively characterizing and resolv-
ing the interconnections between the food, energy,
and water systems, water use competition for food
and energy production may lead to unintended con-
flicts between agriculture and power sectors, and
threaten global and regional food and energy security
[9, 10].

This food-energy-water nexus has been insuffi-
ciently investigated in previous literature, which has
long been studied in separate disciplines [11, 12].
With the recent development of trans-disciplinary
studies and convergence science, there is growing
recognition of the intrinsic interactions among the
food, energy, and water systems [1, 13-15]. As a


https://doi.org/10.1088/1748-9326/ac06fa
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/ac06fa&domain=pdf&date_stamp=2021-6-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1664-4516
mailto:qinyue@pku.edu.cn
https://doi.org/10.1088/1748-9326/ac06fa

10P Publishing

Environ. Res. Lett. 16 (2021) 064091

result, the competition between the agriculture and
energy systems also receives growing attention, which
raises important environmental and ethical questions
of human appropriation of limited and undervalued
freshwater resources [1]. Such competition becomes
even more concerning due to predicted population
growth and associated increases in water consump-
tion, together with potential challenges of decreas-
ing water availability in places where it is most
needed and when we most need it 5, 8, 16]. Increas-
ing regional efforts have been taken to characterize
the food-energy-water nexus via evaluating compet-
ing water uses within constrained geographic loca-
tions (i.e. specific river basins, countries, or regions)
[9, 17-21]. Growing global studies have also star-
ted evaluating cross-sector water use competition
[2, 10], yet few have systematically characterized
the spatial and, especially, sub-annual variations in
such competition. Despite the importance of a thor-
ough understanding of competing water uses between
food and energy production, only in recent years
a global characterization of sub-annual agricultural
water uses becomes available and widely applied
[22, 23]. Meanwhile, most previous studies quan-
tifying power sector water consumption are often
based on universal water consumption coefficients
for the same fuel type and cooling technology com-
binations [24-27], which largely follow the coeffi-
cients of the U.S. fleets reported in Macknick et al [24,
28], or simplify and sometimes ignore some import-
ant water consumers (e.g. hydropower) [29, 30], and
without carefully accounting for the sub-annual vari-
ations in associated water consumption. Therefore,
the relative importance of agriculture and power
generation in affecting the geospatial and seasonal
water scarcity and the associated implications on
human society remain unclear, as does its historical
evolvement. This, consequently, poses challenges for
identifying targeted water mitigation opportunities
and designing cross-sector coordination strategies to
resolve local water scarcity in response to water use
competition.

This study proposes a systematic analysis of the
spatial and sub-annual water use competition for
agriculture and power production in the past dec-
ade (2006-2015) and under a potentially warming
climate (4 °C warming scenario), to effectively char-
acterize the impacts of regional and seasonal com-
peting water uses on local water scarcity for human
population across global major river basins. Based
on an individual basin’s unique seasonal and sub-
sectoral profile, this work further explores region-
and season- specific water mitigation opportunities
for basins most at risk. This study aims to provide
a comprehensive characterization of water use com-
petition for food and energy production under the
baseline and a warming climate, which can shed light
on cross-sector water management to better prepare
for potentially increasing challenges.

Y Qin

2. Methods

2.1. Water consumption for agriculture and power
production

Global monthly irrigated agriculture water consump-
tion for 26 crop species are obtained from the Global
Crop Water Model (GCWM) [22, 31, 32], which
quantifies blue water consumption at a spatial resol-
ution of 5 arc-minutes. Taking advantage of monthly
growing areas and cropping calendars, and daily cli-
mate input variables (i.e. wind speed, temperature,
and precipitation) [33-35], GCWM estimates grid-
level and crop-specific irrigation water consumption
based on daily soil water balances using the Penman-
Monteith function. Although GCWM factors into
changes in input climate variables, land use was kept
constant using values from the MIRCA2000 dataset
(Monthly Irrigated and Rainfed Crop Areas around
the year 2000) [36]. To account for changes in both
climate and land cover in affecting irrigated agri-
culture blue water consumption, country-level time
series data of area equipped with irrigation (Food and
Agriculture Organization of the United Nations data-
base) [37] is used to adjust the GCWM results as in
earlier studies [38].

Unit-level seasonal cooling water consumption
for global thermal electricity generation is estimated
based on the world electric power plants (WEPP)
database as in earlier studies [39]. Qin et al [39],
developed unit-level water consumption coefficients
for thermal generation units based on annual aver-
age local meteorology (e.g. temperature), cooling
technology type, and thermal efficiency via build-
ing the geo-coordinates of the WEPP database. Based
on monthly mean meteorology from the Modern-
Era Retrospective analysis for Research and Applic-
ations, v.2 (MERRA-2 reanalysis dataset) [40], here
monthly average water consumption coefficients for
global thermal generation units is calculated. Hydro-
electric generation units consume water via reser-
voir evaporation. Earlier studies [39, 41-43] identi-
fied cost-effective equations that can provide reliable
estimates of open water evaporation; thus, this study
also uses the median value of the four equations:
Jensen-Haise (1963), Stephens and Stewart (1963),
Makkink (1957), and Hamon (1963) to estimate
monthly average reservoir evaporation for global
~6800 dams as recorded in the Global Reservoir and
Dam Database (GRanD) [44]. To allocate reservoir
water consumption to hydroelectricity generation,
the purpose ranking allocation method described in
Xie et al [45] is applied. For a given reservoir, the
share of water allocation to hydroelectricity (7;) is
based on total number of reservoir purposes (n)
and the relative purpose ranking of hydroelectricity
(r). In the GRanD database, reservoir purposes are
recorded as main (top priority), major (2nd pri-
ority), or secondary (3rd priority). When hydro-
electricity purpose is marked as ‘main’ or ‘major,
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or marked as the only ‘secondary’, water allocation
ratio (7);) is directly calculated using equation (1).
If hydroelectricity is not the only ‘secondary’ pur-
pose (i.e. there are other purposes also ranked as
‘secondary), e.g. flood control), I assume all ‘second-
ary’ purposes have the same water allocation ratio,
which is estimated by (1 — Nmain — Nmajor)/ (n — 2) (if
‘main’ and ‘major’ purposes both exist), or by (1 —
Nmain)/ (1 — 1) (if there are only ‘main’ and ‘second-
ary’ purposes’ for the reservoir). 7ain and 7pqjor are
estimated using equation (1) based on their respective
ranking (1 and 2) and total purposes (1). Aggregating
country total reservoir water consumption allocated
to hydropower, together with corresponding hydro-
electricity generation, monthly water consumption
coefficients for hydro generation units in each coun-
try are quantified:

n,-:(n—i—l—r)/Zi. (1)
1

International Energy Agency summarizes monthly
electricity statistics for major countries (i.e. Organiz-
ation for Economic Co-operation and Development
member countries and six additional economies)
[46], which are used in this study to estimate
monthly share to annual total electricity generation
in each country. Integrating unit-level water con-
sumption coefficients and electricity generation, this
analysis quantifies seasonal total water consump-
tion for thermal and hydroelectric generation units.
More details are described in the supplementary
information (available online at stacks.iop.org/ERL/
16/064091/mmedia).

Aggregating monthly grid-level crop-specific
irrigation water consumption and unit-level fuel-
specific power plants water consumption at the spa-
tial resolution of global basins as in Mankin et al
[47], basin-level seasonal and annual average water
consumption for both agriculture and power sectors
in the past decade (2006-2015) are calculated. This
study primarily considers agriculture and power sec-
tor water consumption. Comparing basin-level water
consumption between the agriculture and power sec-
tors, global basins are referred to as ‘power-dominant’
(or ‘agriculture-dominant’) if the fraction of power
sector water consumption to total water consumption
is above (or below) 50%.

2.2. Monthly runoff under historical

and a warming climate

Grid-level monthly runoff (2.5 arc-minutes resol-
ution) in the past three decades (1985-2015) is
obtained from TerraClimate [48]: a global climate and
climatic water balance dataset. TerraClimate has been
extensively evaluated in prior studies and showed
strong validation [48, 49]. To represent the impacts of
climate change on future water availability, TerraCli-
mate also simulates monthly runoff under a warming

Y Qin

scenario (e.g. 4 °C above pre-industrial global mean
temperature) based on the pattern scaling approach,
as described in detail in Qin ef al [23]. Aggregat-
ing grid-level runoff at the same basin level as that
for water demand, water availability for global major
river basins under the baseline climate is quantified.
Following earlier studies, basin-level water scarcity
is then calculated based on water consumption and
water availability: total surface runoff from TerraC-
limate estimation minus environmental flow require-
ment (i.e. following the 80% rule by Richter et al [50],
which suggests runoff depletion should be below 20%
to maintain normal ecosystem service [2]).

3. Results

3.1. Historical water use competition for
agriculture and power production

Across global major river basins, irrigated agriculture
production consumes on average ~1230 km® yr~!
of freshwater in the past decade (e.g. over half is
contributed by rice, wheat, and maize), which are
roughly 7.5 times of that consumed by power genera-
tion (e.g. hydroelectricity contributes ~90% and coal
~6%). Both total water consumption and the relative
contributions from agriculture and power produc-
tion are relatively consistent during this period (figure
S1). Agriculture production unambiguously domin-
ates global total water consumption. Nevertheless,
food production and power generation demonstrate
notably different spatial patterns (figure 1). Irrigated
agriculture water consumption is primarily concen-
trated in mid-northern latitudes, particularly in Asian
and North American basins. In comparison, basins
with the largest water consumption for power genera-
tion are relatively more dispersed globally (e.g. basins
in high northern latitudes, southern China, north-
ern parts of North America, southeastern parts of
South America, and a few basins in Africa). As a result,
water competition between food and power produc-
tion illustrates evident geospatial variations. Except
for high northern latitudes, irrigated agriculture usu-
ally consumes significantly more water than electri-
city generation (i.e. over two orders of magnitude
in North Africa, Central Asia, and northern India).
On the contrary, power generation surpasses annual
average agricultural water consumption only in high-
northern-latitude basins where irrigation water use is
small, or in a few scattered basins (e.g. in South Amer-
ica and Africa) where hydroelectricity generation
consumes substantial amounts of water. Therefore,
global basins are predominantly dominated by agri-
cultural water consumption, accommodating ~6 bil-
lion people. In comparison, power-dominant basins
only hold 13% of basin-total population. As shown
in figure 1(d), few changes have occurred concerning
the overall spatial pattern of water use competition in
the past ten years, with negligible exceptions that have
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Figure 1. Global water consumption and competition for agriculture and power production. Global map of annual average

(a) irrigated agriculture water consumption, (b) electricity generation water consumption, (c) the relative ratio of water
consumption for irrigated agriculture production to electricity generation, and (d) historical trend of water use competition in
the past decade (2006-2015). Only basins with relatively large population exposure (> 1e5) are shown here. In panel (d), a basin
is categorized as ‘Always Pow (Agr)-dominant’ if its power fraction of total water consumption has always been above (below)
50% from 2006 to 2015, while it is categorized as ‘Switch to Pow (Agr)-dominant’ if its power fraction is above (below) 50% in

Switch to Pow-dominant Switch to Agr-dominant

Always Pow-dominant

switched from agriculture-dominant basins to power-
dominant basins, and vice versa.

3.2. Competing water uses and impacts on water
scarcity

Integrating recent year cross-sector water use com-
petition and the resulting water scarcity (represented
with water scarcity index: WSI) in 2015 (figure 2),
this analysis points out that, under annual account-
ing, nearly all basins currently suffering from high
(0.4 < WSI < 1) and extremely high (WSI >1)
water scarcity are dominated by agricultural water

consumption (figures 2 and S2). As a result, 50%
of global basin-total population are exposed to
agriculture-dominated high (23%) and extremely
high (27%) water scarcity, yet almost all power-
dominant basins have relatively low water scarcity
(WSI <0.4) (table S1). Despite increasing concerns
on competing water uses between agriculture and
power production, this study highlights, under an
annual accounting, irrigated agriculture is still the key
for managing basins facing severe water scarcity.

In addition to evident geospatial variations,
noticeable seasonality in terms of the amounts and

4
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Figure 2. Global water scarcity and competing water uses. (a) Global map and (b) scatter plot of basin-level water scarcity relating
to the fraction of power sector water consumption to total water consumption in 2015. Basins are grouped (by both color and
size) based on total population. Basins with high water scarcity are mostly dominated by agricultural water consumption.
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percentage contributions of sub-sector water con-
sumption and competition is also observed (figures 3
and S3). Across four seasons, total water consumption
is the largest in summer (e.g. ~490 km?), mainly
due to higher irrigated agriculture consumption (e.g.
maize and rice), and hydroelectricity consumption to
a lesser degree (figure S3). Although irrigated agri-
culture dominates global water consumption year-
round, its percentage contribution varies from 91%
in northern hemisphere winter (December—January—
February, DJF) to 87% in summer (June—July—
August, JJA). Cross-season variations in sub-sectoral
(e.g. by crop species and fuel types) water consump-
tion are even more obvious. For instance, wheat
contribution ranges from 34% in March—April-May
(MAM) to merely 3% in JJA, while maize produc-
tion contributes 0.6% of total water consumption in
DJF yet 13% in JJA (figure S3). Similarly, percentage

contribution from hydro power ranges from 8%
in DJF to 12% in JJA. Therefore, seasonal water
scarcity also demonstrates noticeably different spa-
tial patterns compared with that at the annual level.
Although water consumption in JJA is the largest for
both food and power production across four sea-
sons, water scarcity in JJA is not particularly high as
it often coincides with larger seasonal water supply.
As shown in figure 3, water scarcity in DJF is much
more severe than in the other three seasons, primar-
ily due to its lower water availability. High-water-
scarcity basins are mainly concentrated in Middle
East, Central Asia, Northern Africa, and the west-
ern U.S. in months other than DJF, whereas many
more basins, especially in high northern latitudes (e.g.
Russia, Canada, and northern China) are exposed to
extremely high water scarcity in northern hemisphere
winter.
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Figure 3. Seasonal water competition and impacts on water scarcity. Global maps illustrating the co-location of basin-level
primary water consumers with different levels of water scarcity (WSI) when no other water management practices (e.g. interbasin
transfer, reservoir storage) are in place in different seasons in 2015. Only basins with relatively large population exposure (> le5)
are shown here. MAM, JJA, SON, and DJF represents March—April-May, June—July—August, September—October—November, and

80% 100%

As a result, despite basins exposed to high water
scarcity are still primarily dominated by agricultural
water uses all year round, power sector plays a much
more important role in affecting local water scarcity
under seasonal accounting. For instance, the share
of global basin-total population in power-dominant
basins increased from 13% (900 million) under the
annual accounting to 20% (1400 million) in northern
hemisphere winter. Meanwhile, although only 27%
of global population (all in agriculture-dominant
basins) are exposed to extremely high water scarcity
under annual accounting, this share increased to 52%
(including 190 million in power-dominant basins) in
northern hemisphere winter (table S1).

3.3. Water competition under a warming climate

Climate change is predicted to reshape both the mag-
nitude and the timing of seasonal water resources
[23], which may pose additional threats to human
society that has long been relying on freshwater sup-
ply to ensure food and energy security. Potential
water resource decreases are particularly concern-
ing for basins already suffering from severe water
scarcity. Figure 4 illustrates the spatial distribution
of global basins that are likely to experience seasonal
water supply decreases under a warming climate. As
shown in figure 4, despite evident sub-annual vari-
ations, all seasons highlight a similar dominating
feature—hotspots that are simultaneously exposed to
extremely high water scarcity and decreasing water
availability under a 4 °C warming scenario are

primarily dominated by agriculture water consump-
tion. On the contrary, power-dominant basins sub-
jected to decreasing water availability under a warm-
ing climate are often with relatively low water scarcity,
with a few exceptions in June—July—August. As a res-
ult, ~14%-25% of global population are located
in agriculture-dominant hotspots that are simultan-
eously facing decreasing seasonal water supply and
extremely high water scarcity (dark green, varying
on seasons), compared with 0.1%-2.5% in power-
dominant hotspots (dark red) (table S2).

3.4. Targeted water mitigation opportunities

This analysis further explores seasonal water mit-
igation opportunities in the agriculture and power
sectors. Figure 5 illustrates the required water use
mitigation to achieve relatively low water scarcity
(WSI <€0.4) across global basins when no other mit-
igation strategies are in place. Despite notable sea-
sonal variations, this study identifies two dominating
features: first, basins requiring water use efficiency
improvement are primarily located in northern and
southern Africa, Middle East, Central Asia, west-
ern U.S., and southeastern Australia. Second, among
these basins, agriculture sector provides the most
feasible mitigation opportunities in all four seasons.
Power sector provides limited mitigation opportunit-
ies, with the most noticeable roles in winter season
for high-northern-latitude basins (e.g. Lena, Volga,
and Mackenzie River). These two features largely
stay the same under the 4 °C warming scenario.

6
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Figure 4. Seasonal water competition under decreasing water supply due to a warming climate. Global maps illustrating the
co-location of basins with different levels of water scarcity (WSI) when no other water management practices are in place, the
relative fraction of local power sector water consumption (power- or agriculture-dominant), and potentially decreasing seasonal
water availability under a 4 °C warming scenario. Only basins with relatively large population exposure (>1e5) are shown here.
MAM, JJA, SON, and DJF represents March—April-May, June-July—August, September—October—November, and
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Figure 5. Sectoral water mitigation opportunities. Required water mitigation in agriculture (AGR) and/or power (POW) sector to
achieve relatively low seasonal water scarcity in 2015 (WSI <0.4) when no other water management practices are in place. Red,
green, and blue color indicate required water use mitigation in the power sector, agriculture sector, or both sectors. Light to dark
shades indicate an increasing degree of mitigation needed. When mitigation opportunities exist for both sectors, the shading is set

December—January—February, respectively.

by the lower degree of mitigation needed. Grey colors indicate sufficient seasonal water supply, whereas yellow colors indicate
water mitigation in either sector is insufficient to alleviate water scarcity, other water management practices (e.g. interbasin
transfer, reservoir storage) are either already in place or needed. Only basins with relatively large population exposure (> 1e5) are
shown here. MAM, JJA, SON, and DJF represents March—April-May, June—July—August, September—October—November, and

Among a few basins (e.g. Yenisei basin in summer),
water mitigation in either power or agriculture sec-
tor can help achieve required water scarcity allevi-
ation. As to basins that cannot achieve a relatively
low water scarcity by improving water use efficiency
in either sector (colored in yellow), additional water
supply (e.g. inter-basin water transfer), groundwater

pumping, or seasonal water management (e.g. cross-
season reservoir storage) are needed to alleviate local
water scarcity. Such water management practices have
already been widely employed across the globe, which
relax the requirements regarding water use efficiency
improvement. However, many of these practices may
result in unintended environmental consequences,
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Figure 6. Sectoral water consumption and required mitigation for selected basins in scarcity. Bar charts indicate seasonal
agriculture and power sector water consumption broken down by major crop species and fuel types (left y-axis). Upper (bottom)
panels show northern (southern) hemisphere basins. Green and magenta dots indicate required water use mitigation in
agriculture and power sectors, respectively (right y-axis) when no other water management practices are in place. Dots located
above 100% indicate that it is inadequate to achieve relatively low seasonal water scarcity (WSI <0.4) just by water mitigation in
the corresponding sector. Dots located below 0% indicate sufficient seasonal water supply is available even without further water
use mitigation.

including land subsidence [23], evaporative losses
[38], and worsening water shortage [51]. To avoid
such trade-offs, improving water use efficiency in
agriculture and/or power sector will become even
more important in the future.

To explore region-specific characteristics, one
basin with high water scarcity in most seasons is selec-
ted from each continent (figure S4). As shown in
figure 6, total water consumption and cross-sector
water competition vary significantly across basins
and seasons. Among our selected basins, Tigris/Eu-
phrates in Asia consumes the most water, with 97%
(in northern hemisphere winter) to 99% (in north-
ern hemisphere spring) of water consumed for pro-
ducing irrigated agriculture. In particular, wheat, bar-
ley, and cotton production contribute 48%, 34%, and
19% of basin-total water consumption in northern
hemisphere spring, winter, and fall. Therefore, these
crop species provide the largest local water mitigation
opportunities in corresponding seasons. In compar-
ison, water mitigation in the power sector does not
provide much opportunity to alleviate its local water
scarcity. Similarly, irrigated agriculture production
dominates local water consumption in all four sea-
sons in Bravo (North America), Murray (Australia),
and Orange (Africa) basins, where power sector water
consumption is often less than 10%. In both Murray
and Orange basins, consistent to their respective

country pattern [52, 53], grassland/pasture domin-
ates local water consumption, varying from 47% and
36% in southern hemisphere fall to 70% and 46% in
southern hemisphere spring in Murray and Orange,
respectively. In Bravo basin, grassland/pasture, maize,
and sorghum each contributes 19%, 14%, and 12% of
local annual total water consumption, with notable
seasonal variations for all crop species. For instance,
grassland/pasture contribution ranges from 15% in
northern hemisphere fall to 30% in spring. Asa result,
irrigated agriculture in these basins also provides the
most water mitigation opportunities (e.g. grassland/
pasture in particular) in most seasons. Unlike the
other four basins, power sector water consumption,
especially for hydroelectricity generation, contributes
60% of annual total water consumption in Volga
basin (Europe) and 30% in Negro basin (South Amer-
ica), with seasonal contributions ranging from 52%-—
74% and 27%-38%, respectively. Therefore, power
sector in these two basins (primarily hydro power)
provides significantly larger water mitigation oppor-
tunities than in other basins. Notable variations are
observed not only across basins and sectors, but also
across seasons, which consequently affect water mit-
igation opportunities significantly. For instance, in
the Volga basin, 4% of power sector water mitiga-
tion in northern hemisphere fall and 79% mitiga-
tion in winter is needed to tackle local water scarcity.




10P Publishing

Environ. Res. Lett. 16 (2021) 064091

Meanwhile, this same basin has sufficient water sup-
ply in spring, yet power sector water mitigation will be
inadequate in Volga basin’s summer months. There-
fore, cross-season water management (e.g. reservoir
storage of seasonal water) can play an important role
in water scarcity alleviation among basins with sim-
ilar features.

4, Discussion

This study developed a systematic global analysis to
characterize seasonal competing water uses for irrig-
ated agriculture and power electric production under
both a historical (2006-2015) and a potentially warm-
ing climate (4 °C warming scenario) across global
major river basins. Our study highlights that, under
annual accounting, the majority (87%) of global pop-
ulation are located in basins dominated by agricul-
tural water consumption, among which 23% and 27%
are exposed to high and extremely high water scarcity.
In comparison, power sector-dominant basins only
accommodate 13% of total population, with the
majority exposed to relatively low water scarcity.
Therefore, almost all global basins currently exposed
to high and extremely high water scarcity are domin-
ated by agricultural water consumption under annual
accounting, which are often simultaneously exposed
to potential decreasing water availability under a 4
degree warming climate. Nevertheless, power sec-
tor becomes much more important in causing local
water scarcity under seasonal accounting, particu-
larly in winter seasons for high northern latitude
basins. As a result, the number of population exposed
to power-dominant extremely-high-scarcity basins
increase significantly in DJF months (190 million) in
comparison to annual accounting (negligible).
Across mid-latitude basins exposed to water
scarcity, irrigated agriculture provides the most water
mitigation opportunities across all four seasons.
Power sector, on the contrary, provides the most
targeted mitigation opportunities in northern hemi-
sphere winter months. Only a few basins provide
mitigation opportunities in both sectors, yet there
are quite a few basins (particularly in northern
hemisphere winter across central and eastern Russia,
northeastern China, central India, and northwestern
parts of Africa) requiring alternative water resources,
and/or better cross-season water management, as
mitigation in either sector alone is insufficient to
significantly alleviate local scarcity. As this analysis
only focuses on water mitigation opportunities in
the power and agriculture sectors, it tends to over-
estimate seasonal water scarcity and hence required
levels of power and agriculture sector water mitiga-
tion in places where other water management prac-
tices (e.g. inter-basin transfer, reservoir storage) are
already in place. Figure S5 demonstrates the potential
water scarcity alleviation role by global reservoirs.
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Substantial cross-season and cross-basin water
competition differences draw attention to different
targeted water mitigation opportunities across sea-
sons and regional hotspots facing severe water scarcity
and potential water availability decreases. There-
fore, this work highlights notable geospatial and
sub-annual variations in water competition for food
and energy production. Irrigation water consump-
tion is likely to be the key in addressing severe water
scarcity in most regions under both the current and
a potentially warming climate. Nevertheless, power
sector can also provide unique water scarcity allevi-
ation opportunities in different seasons and different
basins. Follow-up analysis should also evaluate future
changes in location-specific power sector transition
and irrigated agriculture evolvement to characterize
future cross-sector water use competition and result-
ing social and environmental impacts.

Data availability statement

All data that support the findings of this study are
included within the article (and any supplementary
files).

Acknowledgment
Y Q acknowledges helpful discussions with S Siebert.
Conflict of interest

The authors declare no competing financial interests.

ORCID iD

Yue Qin ® https://orcid.org/0000-0003-1664-4516

References

[1] D’Odorico P et al 2018 The global food—energy—water nexus
Rev. Geophys. 56 456531

[2] Mekonnen M M and Hoekstra A Y 2020 Blue water footprint
linked to national consumption and international trade is
unsustainable Nat. Food 1 792—800

[3] Brauman K A, Richter B D, Postel S, Malsy M and Florke M
2016 Water depletion: an improved metric for incorporating
seasonal and dry-year water scarcity into water risk
assessments Elementa Sci. Anthropocene 4 000083

[4] Mark Stafford-Smith M, Griggs D, Gaffney O, Ullah F,
Reyers B, Kanie N, Stigson B, Shrivastava P, Leach M and
O’Connell D 2017 Integration: the key to implementing the
sustainable development goals Sustain. Sci. 12 911-9

[5] Oki T 2006 Global hydrological cycles and world water
resources Science 313 1068—72

[6] Zhang C and Anadon L D 2013 Life cycle water use of energy
production and its environmental impacts in China Environ.
Sci. Technol. 47 14459—67

[7] Postel S L, Daily G C and Ehrlich P R 1996 Human
appropriation of renewable fresh water Science 271 785-8

[8] Vorosmarty C J 2000 Global water resources: vulnerability
from climate change and population growth Science
289 284-8


https://orcid.org/0000-0003-1664-4516
https://orcid.org/0000-0003-1664-4516
https://doi.org/10.1029/2017RG000591
https://doi.org/10.1029/2017RG000591
https://doi.org/10.1038/s43016-020-00198-1
https://doi.org/10.1038/s43016-020-00198-1
https://doi.org/10.12952/journal.elementa.000083
https://doi.org/10.12952/journal.elementa.000083
https://doi.org/10.1007/s11625-016-0383-3
https://doi.org/10.1007/s11625-016-0383-3
https://doi.org/10.1126/science.1128845
https://doi.org/10.1126/science.1128845
https://doi.org/10.1021/es402556x
https://doi.org/10.1021/es402556x
https://doi.org/10.1126/science.271.5250.785
https://doi.org/10.1126/science.271.5250.785
https://doi.org/10.1126/science.289.5477.284
https://doi.org/10.1126/science.289.5477.284

10P Publishing

Environ. Res. Lett. 16 (2021) 064091

[9] Rasul G 2014 Food, water, and energy security in South Asia:
a nexus perspective from the Hindu Kush Himalayan region
Environ. Sci. Policy 39 35-48

[10] Strzepek K and Boehlert B 2010 Competition for water for
the food system Phil. Trans. R. Soc. B 365 2927-40

[11] Siddiqi A and Anadon L 2011 The water—energy nexus in
Middle East and North Africa Energy Policy 39 4529-40

[12] Scott C, Pierce S, Pasqualetti M, Jones A, Montz B and
Hoover ] 2011 Energy Policy 39 6622-30

[13] Biggs E M et al 2015 Sustainable development and the
water—energy—food nexus: a perspective on livelihoods
Environ. Sci. Policy 54 389-97

[14] Rulli M C, Bellomi D, Cazzoli A, De Carolis G and
D’Odorico P 2016 The water-land-food nexus of
first-generation biofuels Sci. Rep. 6 22521

[15] Scanlon B R, Ruddell B L, Reed P M, Hook R I, Zheng C,
Tidwell V C and Siebert S 2017 The food-energy-water
nexus: transforming science for society Water Resour. Res.
53 3550-6

[16] Schewe J et al 2014 Multimodel assessment of water scarcity
under climate change Proc. Natl Acad. Sci. USA 111 3245-50

[17] Rasul G 2016 Managing the food, water, and energy nexus
for achieving the sustainable development goals in South
Asia Environ. Dev. 18 14-25

[18] Xiang X Z, Svensson J and Jia S F 2017 Will the energy
industry drain the water used for agricultural irrigation
in the Yellow River basin? Int. J. Water Resour. Dev.
33 69-80

[19] Conway D et al 2015 Climate and southern Africa’s
water—energy—food nexus Nat. Clim. Change
583746

[20] Booker J F and Colby B G 1995 Competing water uses in the
southwestern United States: valuing drought damages J. Am.
Water Resour. Assoc. 31 877-88

[21] Franks T, Lankford B and Mdemu M 2004 Managing water
amongst competing uses: the Usangu wetland in Tanzania
Irrig. Drain. 53 277-86

[22] Siebert S and Doll P 2010 Quantifying blue and green virtual
water contents in global crop production as well as potential
production losses without irrigation J. Hydrol. 384 198-217

[23] QinY, Abatzoglou ] T, Siebert S, Huning L S,
AghaKouchak A, Mankin J S, Hong C, Tong D, Davis S J and
Mueller N D 2020 Agricultural risks from changing
snowmelt Nat. Clim. Change 10 459—65

[24] Macknick J, Sattler S, Averyt K, Clemmer S and Rogers J
2012 The water implications of generating electricity: water
use across the United States based on different electricity
pathways through 2050 Environ. Res. Lett. 7 045803

[25] Mekonnen M M, Gerbens-Leenes P W and Hoekstra A Y
2015 The consumptive water footprint of electricity and
heat: a global assessment Environ. Sci. Water Res. Technol.
1285-97

[26] Ando N, Yoshikawa S, Fujimori S and Kanae S 2017
Long-term projections of global water use for electricity
generation under the shared socioeconomic pathways and
climate mitigation scenarios Hydrol. Earth Syst. Sci. Discuss.
11-25

[27] Kyle P, Davies E G R, Dooley J J, Smith S J, Clarke L E,
Edmonds J A and Hejazi M 2013 Corrigendum to ‘Influence
of climate change mitigation technology on global demands
of water for electricity generation’ Int. J. Greenhouse Gas
Control 17 549-52

[28] Macknick J, Newmark R, Heath G and Hallett K 2011 A
review of operational water consumption and withdrawal
factors for electricity generating technologies National
Renewable Energy Laboratory (NREL). Technical Report
NREL/TP-6A20-50900

[29] Davies E G R, Kyle P and Edmonds J A 2013 An integrated
assessment of global and regional water demands for
electricity generation to 2095 Adv. Water Resour.
52296-313

10

Y Qin

[30] Fricko O, Parkinson S C, Johnson N, Strubegger M, Van
Vliet M T H V and Riahi K 2016 Energy sector water use
implications of a 2 °C climate policy Environ. Res. Lett.

11 034011

[31] Siebert S, Burke J, Faures ] M, Frenken K, Hoogeveen J,

Doll P and Portmann F T 2010 Groundwater use for

irrigation—a global inventory Hydrol. Earth Syst. Sci.

14 1863-80

Siebert S and Doll P 2008 The global crop water model

(GCWM): documentation and first results for irrigated

crops Research Report (Institute of Physical Geography

University of Frankfurt (Main))

[33] Siebert S, Doll P, Hoogeveen J, Faures J-M, Frenken K and
Feick S 2005 Development and validation of the global map
of irrigation areas Hydrol. Earth Syst. Sci. 9 535-47

[34] Siebert S, Henrich V, Frenken K and Burke J 2013 Update of
the digital global map of irrigation areas to version 5
(available at: www.lap.uni-bonn.de/research/downloads/
gmia/siebert_et_al 2013_gmia5/)

[35] Siebert S et al Global Map of Irrigation Areas Version 4.0.1
[CD-ROM] FAO Land and Water Digital Media Ser. 34
(Rome: FAO)

[36] Portmann F T, Siebert S and Doll P 2010 MIRCA2000-Global
monthly irrigated and rainfed crop areas around the year
2000: a new high-resolution data set for agricultural and
hydrological modeling Glob. Biogeochem. Cycles 24 1-24

[37] FAO 2018 Food and agriculture data (Food and Agriculture
Organization of the United Nations) (available at:
www.fao.org/faostat/en/#data)

[38] Qin Y, Mueller N D, Siebert S, Jackson R B, AghaKouchak A,
Zimmerman ] B, Tong D, Hong C P and Davis S J 2019
Flexibility and intensity of global water use Nat. Sustain.
2515-23

[39] World Electric Power Plants (WEPP) 2017 Database 2017
Version (available at: www.platts.com/products/world-
electric-power-plants-database)

[40] Gelaro R et al 2017 The modern-era retrospective analysis
for research and applications, version 2 (MERRA-2) J. Clim.
30 5419-54

[41] Majidi M, Alizadeh A, Farid A and Vazifedoust M 2015
Estimating evaporation from lakes and reservoirs under
limited data condition in a semi-arid region Water Resour.
Manage. 29 3711-33

[42] Makkink G F 1957 Testing the Penman formula by means of
lysimeters J. Inst. Water Eng. 11 277-88

[43] Wr H 1963 Computation of direct runoff amounts from
storm rainfall Int. Assoc. Sci. Hydrol. Publ. 63 52—62

[44] Lehner B et al 2013 Global Reservoir and Dam (GRanD)
database Technical Documentation

[45] Xie X, Jiang X, Zhang T and Huang Z 2019 Regional water
footprints assessment for hydroelectricity generation in
China Renew. Energy 138 316-25

[46] IEA Electricity statistics International Energy Agency
(available at: www.iea.org/subscribe-to-data-services/
electricity-statistics)

[47] Mankin J S, Viviroli D, Singh D, Hoekstra A'Y and

Diffenbaugh N S 2015 The potential for snow to supply

human water demand in the present and future Environ. Res.

Lett. 10 114016

Abatzoglou J T, Dobrowski S Z, Parks S A and

Hegewisch K C 2018 TerraClimate, a high-resolution global

dataset of monthly climate and climatic water balance from

1958-2015 Sci. Data 5 170191

[49] NSIDC, National Operational Hydrologic Remote Sensing

Center 2004 2004 Snow Data Assimilation System (SNODAS)

Data Products at NSIDC, Version 1. [SWE] (Boulder, CO:

National Snow and Ice Data Center (NSIDC)) (Accessed 12

2018)

Richter B D, Davis M M, Apse C and Konrad C 2011 A

presumptive standard for environmental flow protection

River Res. Appl. 28 1312-21

[32

[48

[50


https://doi.org/10.1016/j.envsci.2014.01.010
https://doi.org/10.1016/j.envsci.2014.01.010
https://doi.org/10.1098/rstb.2010.0152
https://doi.org/10.1098/rstb.2010.0152
https://doi.org/10.1016/j.enpol.2011.04.023
https://doi.org/10.1016/j.enpol.2011.04.023
https://doi.org/10.1016/j.enpol.2011.08.013
https://doi.org/10.1016/j.enpol.2011.08.013
https://doi.org/10.1016/j.envsci.2015.08.002
https://doi.org/10.1016/j.envsci.2015.08.002
https://doi.org/10.1038/srep22521
https://doi.org/10.1038/srep22521
https://doi.org/10.1002/2017WR020889
https://doi.org/10.1002/2017WR020889
https://doi.org/10.1073/pnas.1222460110
https://doi.org/10.1073/pnas.1222460110
https://doi.org/10.1016/j.envdev.2015.12.001
https://doi.org/10.1016/j.envdev.2015.12.001
https://doi.org/10.1080/07900627.2016.1159543
https://doi.org/10.1080/07900627.2016.1159543
https://doi.org/10.1038/nclimate2735
https://doi.org/10.1038/nclimate2735
https://doi.org/10.1111/j.1752-1688.1995.tb03408.x
https://doi.org/10.1111/j.1752-1688.1995.tb03408.x
https://doi.org/10.1002/ird.123
https://doi.org/10.1002/ird.123
https://doi.org/10.1016/j.jhydrol.2009.07.031
https://doi.org/10.1016/j.jhydrol.2009.07.031
https://doi.org/10.1038/s41558-020-0746-8
https://doi.org/10.1038/s41558-020-0746-8
https://doi.org/10.1088/1748-9326/7/4/045803
https://doi.org/10.1088/1748-9326/7/4/045803
https://doi.org/10.1039/C5EW00026B
https://doi.org/10.1039/C5EW00026B
https://doi.org/10.5194/hess-2017-27
https://doi.org/10.5194/hess-2017-27
https://doi.org/10.1016/j.ijggc.2013.03.017
https://doi.org/10.1016/j.ijggc.2013.03.017
https://doi.org/10.1016/j.advwatres.2012.11.020
https://doi.org/10.1016/j.advwatres.2012.11.020
https://doi.org/10.1088/1748-9326/11/3/034011
https://doi.org/10.1088/1748-9326/11/3/034011
https://doi.org/10.5194/hess-14-1863-2010
https://doi.org/10.5194/hess-14-1863-2010
https://doi.org/10.5194/hess-9-535-2005
https://doi.org/10.5194/hess-9-535-2005
https://www.lap.uni-bonn.de/research/downloads/gmia/siebert_et_al_2013_gmia5/
https://www.lap.uni-bonn.de/research/downloads/gmia/siebert_et_al_2013_gmia5/
https://doi.org/10.1029/2008GB003435
https://doi.org/10.1029/2008GB003435
https://www.fao.org/faostat/en/#data
https://doi.org/10.1038/s41893-019-0294-2
https://doi.org/10.1038/s41893-019-0294-2
https://www.platts.com/products/world-electric-power-plants-database
https://www.platts.com/products/world-electric-power-plants-database
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1007/s11269-015-1025-8
https://doi.org/10.1007/s11269-015-1025-8
https://doi.org/10.1016/j.renene.2019.01.089
https://doi.org/10.1016/j.renene.2019.01.089
https://www.iea.org/subscribe-to-data-services/electricity-statistics
https://www.iea.org/subscribe-to-data-services/electricity-statistics
https://doi.org/10.1088/1748-9326/10/11/114016
https://doi.org/10.1088/1748-9326/10/11/114016
https://doi.org/10.1038/sdata.2017.191
https://doi.org/10.1038/sdata.2017.191
https://doi.org/10.1002/rra.1511
https://doi.org/10.1002/rra.1511

10P Publishing Environ. Res. Lett. 16 (2021) 064091

[51] Baldassarre G D, Wanders N, AghaKouchak A, Kuil L,
Rangecroft S, Veldkamp T, Garcia M, Oel P R, Breinl K and
Loon A F 2018 Water shortages worsened by reservoir effects
Nat. Sustain. 1 617-22

[52] ABS 2019 Water Use on Australian Farms, 2017-18 financial
year. Final estimates of agricultural water use, irrigation
water sources and expenditure (Australian Bureau of

Y Qin

Statistics) (available at: www.abs/gov.au/statistics/indutry/
agriculture/water-use-australian-farms/2017-18#data-
download)

[53] STATSSA 2017 Census of commercial agriculture, 2017
Financial and production statistics. Department Report No.
11-02-01 (Statistics South Africa: Republic of South
Africa)

11


https://doi.org/10.1038/s41893-018-0159-0
https://doi.org/10.1038/s41893-018-0159-0
https://www.abs/gov.au/statistics/indutry/agriculture/water-use-australian-farms/2017-18#data-download
https://www.abs/gov.au/statistics/indutry/agriculture/water-use-australian-farms/2017-18#data-download
https://www.abs/gov.au/statistics/indutry/agriculture/water-use-australian-farms/2017-18#data-download

	Global competing water uses for food and energy
	1. Introduction
	2. Methods
	2.1. Water consumption for agriculture and power production
	2.2. Monthly runoff under historical and a warming climate

	3. Results
	3.1. Historical water use competition for agriculture and power production
	3.2. Competing water uses and impacts on water scarcity
	3.3. Water competition under a warming climate
	3.4. Targeted water mitigation opportunities

	4. Discussion
	Acknowledgment
	References


