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Optimizing water–food–energy (WFE) relations has been widely discussed in recent
years as an effective approach for formulating pathways toward sustainable agricultural
production and energy supply. However, knowledge regarding the WFE nexus is
still largely lacking, particularly beyond the conceptualdescription. In this study, we
combined a grid-based crop model (Python-based Environmental Policy Integrated
Climate—PEPIC) with a hydropower scheme based on the Distributed Biosphere
Hydrological (DBH) model to investigate the WFE interplays in China concerning irrigated
agricultural production and hydropower potential. The PEPIC model was used to
estimate crop yields and irrigation water requirements under various irrigated cropland
scenarios, while the DBH model was applied to simulate hydrological processes and
associated hydropower potential. Four major crops, i.e., maize, rice, soybean, and
wheat, were included for the analyses. Results show that irrigation water requirements
present high values (average about 400 mm yr� 1) in many regions of northern China,
where crop yields are much higher on irrigated land than on rainfed land. However,
agricultural irrigation has largely reduced hydropower potential up to 50% in some regions
due to the substantial withdrawal of water from streams. TheYellow River basin, the Hai
River basin, and the Liao River basin were identi�ed as the hotspot regions concerning
the WFE interactions and tradeoffs. Further expansion the irrigated cropland would
increase the tradeoffs between supporting sustainable food production and conserving
hydropower potential in many parts of China. The results provide some insights into
the WFE nexus and the information derived is useful for supporting sustainable water
management, food production while conserving the potential for hydropower generation
in China.

Keywords: water–food–energy nexus, irrigation water requi rements, crop yields, hydropower potential, PEPIC,
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INTRODUCTION

Water, food, and energy are the most important resources
supporting the development of human society. Due to the highly
intrinsic linkages between them, it is essential to manage the
three sectors in an integrated way. The Water–Food–Energy
(WFE) nexus was emerged as a concept to deal with the complex
relations among the three sectors. The WFE nexus was �rstly
highlighted by the Bonn 2011 Nexus Conference through its
background paper (Ho�, 2011). It is vital to optimize the WFE
nexus for the purpose of achieving the ambitious Sustainable
Development Goals (SDGs) rati�ed by the United Nations in
September 2015, as 10 out of the 17 SDGs are related to the WFE
nexus (Bieber et al., 2018). Our planet is facing great challenges to
feed the growing and increasingly a�uent population. Thinking
and acting with a WFE concept is the key to improving overall
resource use e�ciency (Ringler et al., 2013). However, current
research on the WFE nexus is still on the initial phase with a large
number of review papers focusing on clarifying its de�nition
and out looking the major research directions (Perrone and
Hornberger George, 2014; Smajgl et al., 2016; Liu J. et al.,
2017; Cai et al., 2018; D'odorico et al., 2018). Without detailed
understanding of the WFE nexus and tradeo�s, it is di�cult to
use the WFE concept to facilitate the success of SDGs by 2030
(Galaitsi et al., 2018).

Water, especially that for irrigation, is recognized as the
central position in framing the WFE nexus (Cai et al., 2018;
D'odorico et al., 2018). As the largest water consumer, irrigation
accounts for about 70% of global water withdrawal and is
responsible for 40% of total grain production (Ringler et al.,
2013). Hydropower is the most important renewable energy
resources, which receive increasing attention worldwide (Stickler
et al., 2013; Liu et al., 2016c). There is a con�ict between irrigation
water withdrawal and hydropower generation, especially in dry
seasons. For instance,Zeng et al. (2017)found that 54% of
global installed hydropower has competitive relationships with
irrigation. On the other hand, irrigation pumping could be
high energy consuming. Concerning resource use e�ciency,
optimizing the WFE nexus does not always correspond to
maximum crop yields, with the potential to save water and
energy (Zhang et al., 2017). Therefore, using the irrigation as a
connection provides good case to demonstrate the WFE nexus
and understand its complex interplays.

China is particularly facing great challenges associated with
optimizing the WFE, as it has to use< 10% of the global arable
land to feed one �fth of the global population. Water resources
distribute extremely unevenly in China, with very low water
availability in the northern parts of the country. Furthermore,
irrigation is important to increase crop yields there (Piao et al.,
2010). The annual average of gross hydropower potential in
mainland China was estimated as high as 650 GW (billion watt)
over the period 1971–2000 (Liu et al., 2016c). However, it is
still lacking in the literature that explores the extent to which
the WFE nexus is interrelated and which regions are facing
more challenges. In order to �ll in this research gap, we used a
unique approach by coupling a grid-based large-scale crop model
(Python-based Environmental Policy Integrated Climate, PEPIC)

with a hydrological model (Distributed Biosphere Hydrological,
DBH) to estimate irrigation water requirements, crop yields, and
hydropower potential in mainland China. The WFE interplays
were investigated by considering various irrigation scenarios with
respect to four major crops: maize, rice, soybean, and wheat. The
study will identify the hotspot regions regarding the WFE nexus
and provide a preliminary reference for the integrated resources
management in China.

MATERIALS AND METHODS

The PEPIC Model
The PEPIC model (Liu et al., 2016a) was used to simulate
irrigation water requirements and crop yields. PEPIC is a
grid version of the EPIC (Environmental Policy Integrated
Climate) model (Williams et al., 1984). The EPIC model was
initially developed to estimate the e�ects of soil erosion on soil
productivity in the mid-1980s. Since its inception, EPIC was
continuously extended to simulate a wide range of complex
processes related to crop growth, e.g., hydrology, soil erosion, soil
temperature, carbon dynamics, and nutrient cycles (Williams,
1995; Izaurralde et al., 2006). EPIC has been widely used and
validated around the world (Gassman et al., 2005). However,
EPIC is a �eld level model. The grid-based PEPIC model
facilitates the application of EPIC on large scales with high spatial
resolutions. The PEPIC model has been used to simulate crop
yields, crop water use, and irrigation water requirements (Liu
et al., 2016a). It performed well on simulating national crop
yields, which match the data reported by FAO around year 2000.
The PEPIC model can also capture the interannual variabilityof
crop yields caused by climate forcing (Müller et al., 2017). Beyond
this, PEPIC was successfully used to simulate global nutrient
cycling, e.g., nitrogen losses (Liu et al., 2016b), and phosphorus
cycles (Liu et al., 2018) relating to production of major crops on
a global scale. We used the calibrated PEPIC in this study.

PEPIC simulates crop growth at a daily scale. Daily
potential biomass is simulated by considering an energy–biomass
conversion approach. Potential biomass is reduced by a major
plant stress (including temperature, water, nutrient, aeration, and
salinity) to get the actual biomass. Crop yields are then estimated
by multiplying a crop-speci�c harvest index and actual biomass
accumulation when crop is mature. In this study, both rainfed
and irrigated cultivations were simulated separately. For irrigated
cropland, irrigation water requirements were estimated by using
an automatic irrigation application approach. With this method,
PEPIC applies water for irrigation automatically with su�cient
amount of water when plant water stress limits potential biomass
increases by a given threshold, e.g., 10% used in this study. This
strategy can eliminate the plant water stress and is widely used
in large scale crop modeling (Folberth et al., 2016; Liu et al.,
2016b). The annual irrigation water requirements were calculated
by summing up the applied water in each irrigation event during
the whole growing season. An irrigation e�ciency of 0.378 (Rost
et al., 2008) was used for the whole of China in this study.

PEPIC requires digital elevation model (DEM), slope, climate,
soil, fertilizer, and crop calendar as input data. Climate
data, including precipitation, maximum and minimum daily
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temperature, wind speed, and relative humidity, were obtained
from Weedon et al. (2014). Soil data were downloaded from
the ISRIC-WISE dataset (Batjes, 2006). Fertilizer data, including
nitrogen and phosphorus of mineral fertilizer and manure, were
derived from the EarthStat dataset (Mueller et al., 2012; West
et al., 2014). Crop calendar, including planting date and crop
growth period, was based on the SAGE dataset (Sacks et al., 2010).
The simulation period of this study is 1981–2010 with the �rst
20 years treating as spin-o� period to phase out the impacts of
unknown initial soil conditions. Four major crops, maize, rice,
soybean and wheat, were simulated in the mainland of China
with a spatial resolution of 0.5� .

The Hydropower Scheme Based on the
DBH Model
A hydropower scheme (HPS) was developed based on the DBH
model to estimate the gross hydropower potential (GHP) under
di�erent irrigation scenarios. The DBH model is a spatially
distributed model integrating hydrological processes and soil-
vegetation-atmosphere transfer processes (Tang et al., 2007,
2008). It incorporates a land surface model SiB2 (Sellers et al.,
1996) and a distributed hydrological scheme. The hydrological
scheme in the DBH model is based on geomorphological
characteristics to estimate the surface and subsurface �ow. Both
saturated and unsaturated overland �ows are considered in the
model. The area-amount relationship for e�ective precipitation
and the part of precipitation that becomes runo�, is used to
estimate the overland �ow. A linear reservoir routing model
is used for large scale hydrological routing simulation (Liu
et al., 2016d; Liu X. et al., 2017). The DBH model was initially
developed and calibrated for large-scale hydrological simulations
in the Yellow River basin (Tang et al., 2008) and showed
fairly good performance. It was then improved for hydrological
simulations taking human impact into account at a spatial
resolution of half-degree and was veri�ed in China (Liu et al.,
2016c, 2019) and the globe (Liu et al., 2016d; Liu X. et al., 2017)
with monthly and annual hydrological observations.

GHP is de�ned as the total energy of available runo� falling
to the lowest level of a speci�c region. Based on the DBH model,
�ows for GHP estimation are considered from (1) cell-internal
runo� (Q1) that falls from the mean to the minimum elevation
(h1) of the considered cell and (2) in�ow (Q2) that falls from
the minimum elevation of the upstream cell to the minimum
elevation (h2) of the considered cell (Liu et al., 2016c). In the HPS,
GHP at each grid cell is estimated as:

GHP D Q1 � h1 � g C Q2 � h2 � g (1)

where Q1 and Q2 are the cell-internal �ow and the in�ow
(m3 s� 1, cubic meter per second), respectively;h1 and h2 are
the hydraulic head de�ned above (m); andg is gravitational
acceleration (m s� 2).

The HPS was coupled with the PEPIC model to represent
the links between hydropower and agricultural irrigation atlarge
scale (Figure 1). To do this, HPS was fed with irrigation water
requirements at the monthly scale, which were estimated by
the PEPIC model. HPS runs at a daily time step; therefore, the

FIGURE 1 | Flow chart for the hydropower potential scheme (HPS).

monthly irrigation requirements were evenly disaggregated into
daily values. The estimated irrigation water requirementsby the
PEPIC model were provided for the �ow routing process in
the DBH model. Discharge was withdrawn from the considered
cell and then its adjacent grid cells (up to four adjacent grid
cells) if necessary to ful�ll the irrigation requirements before the
GHP estimation. GHP was calculated based on the remaining
discharge and the natural hydraulic head along the river network.
At each grid cell, 20% of daily stream�ow was arbitrarily reserved
for environmental �ows (Hanasaki et al., 2008; Pastor et al.,
2014). The withdrawn water in HPS will be lower than the
estimated irrigation water requirements if stream�ow is not
su�cient. Annual GHP was aggregated based on daily values at
each grid cell. In this study, we focused on GHP and no reservoir
regulation was applied in the HPS. The feedback of irrigation on
runo� generation was not considered, from which uncertaintyin
discharge simulations may arise in some regions (Liu et al., 2019).

Irrigated Cropland Scenarios
In this study, the MIRCA-2000 land use data (Portmann et al.,
2010) were used as the benchmark of cropland for wheat,
rice, maize, and soybean. The MIRCA-2000 dataset provides
crop-speci�c irrigated and rainfed land use data for 26 crops
throughout the whole world around the period 1997–2003. We
considered 12 irrigated cropland scenarios on the basis of the
MIRCA-2000 dataset: the baseline scenario (represents the reality
around year 2000, then the national average irrigated cropland
was about 70% of the total cropland, with substantial regional
variations); the zero scenario (no irrigated land, that is,the whole
cropland as rainfed land), and 10 incremental irrigated cropland
(i.e., 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100%) scenarios, which
take respective fractions of total cropland to irrigated landin each
grid. It should be noted that the baseline scenario is di�erent
from the 70% incremental irrigated cropland scenario, as thelater
considers the equal percentage of cropland as irrigated land in all
the river basins and grids. In the study, we kept the total cropland
area unchanged, but adjusted the fraction of irrigated landto
total cropland. These 12 irrigated cropland scenarios were used
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to examine the e�ects of varied irrigation water withdrawalson
the hydropower potentials for mainland China and its 10 major
river basins (Figure 2A).

RESULTS

Irrigation Water Requirements
Figure 2A shows the spatial distribution of area-weighted
average of irrigation water requirements of the four crops, under
the 100% irrigated cropland scenario, representing the max
irrigation water requirements. Irrigation water requirements of
the four major crops present very high values (400 mm yr� 1,
millimeter per year) in the north parts of China, e.g., in the
Hai River basin, the Liao River basin, the middle of the Yellow

River basin, and the north part of the Huai River basin. The
highest values are found in the northwest part of China with
irrigation water requirements> 500 mm yr� 1. On the other hand,
the irrigation water requirements are small in the southernparts
of China, with values generally below 100 mm yr� 1.

Irrigated cropland based on the MIRCA-2000 dataset (the
baseline scenario) mainly located in the north parts of China,
especially in the Hai River basin, the Huai River basin, and the
Yellow River basin with high values over 200 kha (thousand
hectares) in one grid (Figure 2B). Multiplying the irrigation
water requirements with irrigated cropland of the four major
crops, the Hai River basin required the largest amount of water
up to 18 km3 yr� 1 (cubic kilometer per year), followed by the
Yellow River basin (13 km3 yr� 1), the Northwest River basins

FIGURE 2 | Maps of irrigation water requirements over cropland(A) and total irrigation land area in each 0.5 degree grid cell(B) of the four crops. Irrigation water
requirements were estimated by considering the whole cropland (the MIRCA-2000 dataset) as irrigated land for each crop and then aggregated by using
area-weighted average of maize, rice, soybean, and wheat. Ten large river basins (presenting on the top panel) in the mainland of China were used to aggregated
regional information, including the Hai River basin (HaiR), the Huai River basin (HuaiR), the Liao River basin (LiaoR),the Northwest River basins (NwR), the Pearl River
basin (PeR), the Southeast River basins (SeR), the Songhua River basin (ShR), the Southwest River basins (SwR), the Yangtze River basin (YaR), and the Yellow River
basin (YeR).
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(10 km3 yr� 1), and the Huai River basin (10 km3 yr� 1) (Table 1).
The Yangtze River basin has the largest irrigated cropland area in
total, while its irrigation water requirements are relatively small
due to the relatively high rainfall (3.1 km3 yr� 1).

Effects of Irrigation on Crop Yields
The area-weighted average of rainfed yields (the zero scenario) of
the four major crops shows high values in the east parts of China,
over 5 ton ha� 1 yr� 1 (ton per hectare per year), while the rainfed
yields are particularly low (< 1 ton ha� r yr� 1) in the northwest
parts of China (Figure 3A). Therefore, irrigation in these low
rainfed yield regions can greatly improve crop yields, especially
in the Northwest River basins and the middle of the Yellow
River basin (Figure 3B). It is not surprising that the di�erences in
crop yields (Figure 3B) between the full irrigated and full rainfed
cultivation show similar spatial patterns to the irrigation water
requirements under the 100% scenarios (Figure 2A). At the river
basin level, irrigation under the baseline scenario can increase
crop production by 5.5 times of that under the zero scenario in
the Northwest River basins, followed by the Yellow River basin
(by 40%), and the Hai River basin (by 38%) (Table 1). As for
the whole mainland of China, current irrigation (the baseline
scenario) increases its crop production by 13%.

Hydropower Potential Under the Zero and
Baseline Scenarios
Under the zero irrigation scenario, i.e., without irrigation water
withdrawal, the hydropower potential is mainly concentrated
in the southwest parts of China (Figure 4A), including the

Southwest River basins and the head of the Yangtze River basin,
with high values> 1,000 MW (million watt). This is mainly
because there are abundant water resources and large elevation
di�erences in these areas. The hydropower potential is relatively
small in the north parts of China, especially in the vast regionsof
the Northwest River basins, which is lower than 100 MW.

Water used for irrigation under the baseline scenario has
largely reduced the hydropower potential in the north parts
of China (Figure 4B). In some areas of the Northwest River
basins and the Yellow River basin, the percentage reduction
in hydropower potential is more than 50%. At the river basin
level, the baseline irrigation results in the largest reduction of
hydropower potential in the Yellow River basin by 10,354 MW
(Table 1), which accounts for about 17% of its hydropower
potential in the condition of zero irrigation. The percentage
reductions in hydropower potential in the Hai River basin, the
Liao River basin, and the Huai River basin are 11, 10, and 6%,
respectively. At the national level, the percentage reductionis
only 1.8%, mainly because the reduction in hydropower potential
is very small in the four southern river basins of China, i.e., the
Southwest River basins, the Yangtze River basin, the Pearl River
basin, and the Southeast River basins, where the irrigation water
requirements are very small relative to their water resources.

Water-Food-Energy Nexus Under Various
Irrigated Cropland Scenarios
Agricultural irrigation has strong e�ects on the WFE nexus in
the north parts of China, especially in the Yellow River basin,
the Hai River basin, and Liao River basin, i.e., increases in crop

TABLE 1 | Impacts of irrigation on the Water-Food-Energy nexus under the baseline scenario.

Variables HaiR HuaiR LiaoR NwR PeR SeR ShR SwR YaR YeR Nation

Irrigated area (kha) 10556.5 12353.7 3392.2 4131.7 5295.9 2502.4 4389.8 1044.7 20574.2 7733.4 71974.4

Irrigation water requirement
(km3 yr� 1)

17.9 9.8 4.1 9.8 0.4 0.2 3.4 0.3 3.1 12.8 61.7

Irrigation water supply
(km3 yr� 1)

47.2 25.8 10.9 26.1 1.0 0.4 9.1 0.8 8.1 33.8 163.1

Total water resources (km3 yr� 1) 22.0 88.1 39.3 141.9 499.7 234.0 128.4 517.2 806.0 56.4 2533.0

Percentage of irrigation water
supply to total water resources

214.5 29.3 27.7 18.4 0.2 0.2 7.1 0.2 1.0 59.9 6.4

Crop production under zero
scenario (kton yr� 1)

37482.1 75212.5 20454.7 1720.6 32327.0 10341.5 33062.3 7828.2 128337.6 27632.0 374398.6

Increases in production
(kton yr� 1)

14380.4 6215.4 2764.4 9662.7 244.7 49.5 1958.8 361.3 1134.4 11033.0 47804.6

Percentage increases in
production (%)

38.4 8.3 13.5 561.6 0.8 0.5 5.9 4.6 0.9 39.9 12.8

Hydropower potential under zero
scenario (MW)

7125.6 3720.7 6607.0 56024.6 61684.4 19267.1 18597.7 275875.5 280801.4 60052.3 789756.3

Reduction in hydropower (MW) 797.3 221.9 624.5 1206.8 225.7 8.7 396.1 89.1 624.7 10354.1 14549.0

Percentage reduction in
hydropower (%)

11.2 6.0 9.5 2.2 0.4 0.0 2.1 0.0 0.2 17.2 1.8

Irrigated area is based on MICRA-2000 dataset. Irrigation water requirement was estimated under the baseline scenario. Total water resources were based onMWRC (2007). Increases
in production: increases in crop production between baseline and zeroscenarios. Reduction in hydropower: reduction of hydropower potential between baseline and zero scenarios.
HaiR, the Hai River basin; HuaiR, the Huai River basin; LiaoR, the Liao River basin; NwR, the Northwest River basins; PeR, the Pearl River basin; SeR, the Southeast River basins; ShR,
the Songhua River basin; SwR, the Southwest River basins; YaR, the Yangtze River basin; YeR, the Yellow River basin; Nation: the mainland ofChina. Location of each river basin is
described in Figure 2A . Bold values highlight regions with strong WFE nexus.
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FIGURE 3 | Maps of rainfed crop yields(A) and differences between irrigated crop yields and rainfed crop yields (B) of maize, rice, soybean, and wheat. Rainfed crop
yields were estimated by considering the whole cropland (the MIRCA-2000 dataset) as rainfed land for each crop and then aggregated by using area-weighted
average of the four crops. Irrigated crop yields were estimated by using the same way as rainfed crop yields but considering the whole cropland as irrigated land.

production by more than 10% accompanied with reduction in
hydropower potential by over 10%. Besides, the Northwest River
basins and the Huai River basin have also relative strong WFE
nexus. Crop production increases by 560% in the Northwest
River basins due to irrigation, although the reduction in
hydropower potential is relatively small (2.2%). In the Huai River
basin, both the increase in crop production and the reductionin
hydropower potential reach 6% (Table 1). Therefore, we focus on
these �ve hotspot river basins and the mainland China to further
investigate the impacts of irrigation under 10 di�erent scenarios
on the WFE nexus (Figure 5). Generally, the impacts of irrigation
on the WFE nexus get more evident with increasing irrigated
areas. The Yellow River basin demonstrates the most signi�cant
responses, that is, crop production could increase by 53% under
the 100% irrigation scenario compared to crop production under
the zero scenario, while hydropower potential would decrease

by 25%. At the national level, crop production would have 16%
increases and reduction in hydropower potential is about 2.8%.

For the �ve presented basins and also the mainland China
in Figure 5 except the Liao River basin, points for the
baseline scenario locate at the upper and left side of the
points for the other di�erent irrigation fraction scenarios. This
means that the distribution of current irrigation land (the
baseline scenario) has advantages on the WFE nexus over
the indiscriminate irrigation fraction scenarios. For example,
about 86% of total cropland in the Hai River basin is irrigated
land under the baseline scenario. If we consider 86% of
total cropland in each grid as irrigated land, irrigation would
result in the same increases (about 38%) in crop production
compared to the baseline scenario, while it may cause about
2% more reduction in hydropower potential relative to the
baseline condition.
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FIGURE 4 | Maps of hydropower potential under the zero irrigation scenario (A) and percentage reduction in hydropower potential between the baseline and zero
irrigation scenarios(B).

DISCUSSION

The WFE nexus shows various tradeo�s in terms of increasing
crop production with irrigation and conserving hydropower
potential in China (Table 1). Generally, the northern parts of
China have stronger WFE interactions than the southern partsof
China. This is mainly because growing season precipitation inthe
south parts of China is much higher than that in the north parts
of China (Liu et al., 2018), hence crop production only faces slight
water de�ciency and less irrigation water is required. Another
reason is due to the high amount of hydropower potential in the
south parts of China (Figure 4A). The reduction in hydropower
potential caused by irrigation has therefore little e�ects onthe
overall hydropower potential in these regions. In contrast, the
north parts of China demonstrate strong WFE tradeo�s. We
identi�ed the Yellow River basin, the Hai River basin, and the
Liao River basin as the hotspot regions regarding the WFE nexus.

By considering high fractions of total cropland as irrigated
land, e.g., the 70, 80, 90, and 100% scenarios, we found that
the reductions in hydropower potential are less signi�cant
than that under the lower fraction scenarios, e.g., 10, 20,
and 30%, in the Huai River basin and the Northwest River
basins (Figure 5). For instance, the percentage reductions in
hydropower potential are 1.2 and 0.3% between 10 and 20%
irrigation scenarios for these two basins, respectively. Butthey
decrease to only 0.5 and 0.2% between 90 and 100% irrigation
scenarios. It indicates that stream�ow is not su�cient to support
irrigation water withdrawal under the high irrigation fraction
levels in these regions and hence less reduction in hydropower
potential is observed. In these cases, reservoir regulationor
groundwater withdrawal is necessary to compensate surface
water insu�ciency for irrigation (Siebert et al., 2010). Reservoir
regulation is not considered since we mainly focus on GHP
in this study. However, a previous study (Liu et al., 2016c)
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FIGURE 5 | The water-food-energy nexus under different irrigated cropland scenarios for Hai River basin (HaiR,A), Huai River basin (HuaiR,B), Liao River basin
(LiaoR,C), Northwest River basins (NwR,D), Yellow River basin (YeR,E) and the mainland China (Nation,F). Increases in crop production: percentage increases in
crop production between different irrigation scenarios and the zero scenario. Reduction in hydropower potential: percentage reduction in hydropower potential
between different irrigation scenarios and the zero scenario. Color presents different irrigated cropland scenarios. Size presents irrigation water supply. Baseline
fraction means the fraction of irrigated cropland area under the baseline scenario to the total cropland area. HaiR, HaiRiver basin; HuaiR, Huai River basin; LiaoR, Liao
River basin; NwR, Northwest River basins; YeR, Yellow Riverbasin; Nation: mainland of China. Location of each river basin is described inFigure 2A .

showed that the changes in hydropower based on reservoirs
were often consistent with the GHP changes. Therefore, here
we can infer similar changes in hydropower potential based on
existing reservoirs/hydropower facilities as those in the GHP.
Nevertheless, further investigation is needed to address the
important role of reservoirs in optimizing the WFE nexus. As a
large amount of energy is consumed to pump groundwater for
irrigation (Scott, 2013), groundwater consumption for irrigation
provides another dimension of the WFE nexus in comparison
to surface water consumption. Merging surface water and
groundwater into an integrated research system can demonstrate
a more comprehensive picture of the WFE nexus and deserves
detailed investigation in future studies.

We found that the baseline irrigation pattern performs
better in terms of e�ects on hydropower potential than the
indiscriminate irrigation fraction of total cropland in the
northern basins. However, in the Liao River basin, it is not
the case. The baseline irrigation land accounts for 65% of total
cropland. Although the baseline irrigation scenario has higher
increases in crop production than that when 65% of cropland
as irrigation land in each grid, interpolated from the trend line
in Figure 5, the percentage reduction in hydropower potential
under the baseline scenario is more than the percentage increase

in crop production. It implies that there are spaces to optimize
the current irrigation patterns for enhancing the WFE nexus
there. Transforming more cropland into irrigated land in the
regions with higher increase in crop yields and lower reduction in
hydropower potential can be a possible pathway toward irrigated
land optimization. As climate conditions can have impacts on
WFE nexus (Conway et al., 2015; Berardy and Chester, 2017),
especially due to the more frequent drought events (Zhang et al.,
2017; Cai et al., 2018), such optimization is essential to improve
the overall resource use e�ciency in the framework of the WFE
nexus (Ringler et al., 2013). However, a detailed analysis of
optimizing irrigation patterns is beyond the scope of this study.

We acknowledge some limitations in this study. We only
considered four major crops in the investigation. Excluding
other crops would have some impacts on the analysis the WFE
nexus. For example, irrigation water requirements for cotton
production are much higher than that for maize and wheat
cultivation in the northwest parts of China (Shen et al., 2013).
The impact of irrigation on hydropower potential could be largely
underestimated without considering cotton. Cotton was excluded
from the analysis mainly because it is not a food crop and this
study focuses on the tradeo�s between food production and
hydropower potential. Besides, the irrigated areas of the four

Frontiers in Environmental Science | www.frontiersin.org 8 April 2019 | Volume 7 | Article 50



Liu et al. Understanding WFE Nexus in China

crops in the whole of China account for about 80% of the total
irrigated areas of the 26 major crops in the country included
in Portmann et al. (2010). Based on our estimation, for all the
26 crops, the total irrigation water requirements will be 25%
higher. Consequently, the reduction of hydropower potential
will be � 25% higher. Also, the estimated values by large-scale
models are subject to high uncertainties due to model structure
and parameters. For example, a previous study shows that
the selection of di�erent potential evapotranspiration methods
built-in PEPIC can have large e�ect on the estimation of crop
yields and irrigation water requirements (Liu et al., 2016a).
Large uncertainty arisen from hydrological models including
DBH were reported (Schewe et al., 2014; Liu X. et al., 2017),
which indicates that improving model structure and parameters
is needed. Although the uncertainty issue is out of scope of
this preliminary analysis, it is in our agenda to address this
issue in detail. Despite these limitations, this study provides
the �rst attempt to illustrate the WFE nexus with respect to
water, food, and hydropower potential relations. The information
is of importance for understanding the WFE nexus in China
and for formulating appropriate policies to tackle the nexus
related challenges.

CONCLUSIONS

In this study, the PEPIC crop model was coupled with the DBH
hydrological model to investigate the WFE nexus in mainland
China under various irrigated cropland scenarios. The northern
parts of China show strong WFE nexus and tradeo�s due to
large amount of irrigation water requirements and relatively low
water resources there, while irrigation had only little e�ects on
the WFE nexus in the southern basins of China. The Yellow
River basin, the Hai River basin, and the Liao River basin were
identi�ed as the hotspot regions regarding the tradeo�s in the
WFE nexus, where more attention should be paid for detailed
investigation. The current irrigated cropland generally presents
good performance compared to the indiscriminate irrigation
fraction of total cropland. Still, there are spaces for improving the
distribution of irrigated cropland to maximize the WFE bene�ts.
Complexity and uncertainties in studying the WFE nexus call
for more comprehensive research to promote the usefulness of

this concept as a robust tool for managing emerging challenges
related to integrated and e�cient management of water, food, and
energy sectors.

This paper addressed the WFE nexus by specifying
quantitatively the tradeo�s between food production increases
through irrigation expansion (increased water withdrawal)
and the loss of hydropower potential due to the reduction
of stream�ow. The information is useful for supporting
integrated management of water resources for energy and food
sustainability in China. However, the study did not go further
to address the economic/social signi�cance of the tradeo�s,
as such analysis would be location/river basin speci�c. It is
beyond the scope of this study to judge whether a speci�c river
basin/region/country should choose to forego its hydropower
potential in order to gain more food production. Such a
decision would need much more information on socioeconomic
conditions, regional development strategies, environmental
status, etc. This would be the topic of our future study. Finally,
we should like to mention that although this study focuses
on China, the approaches developed can be used in other
countries and basins in the world for addressing the WFE
nexus quantitatively.
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