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Abstract
Numerous reservoirs around the world provide multiple flow regulation functions; key among
these are hydroelectricity production and water releases for irrigation. These functions contribute
to energy and food security at national, regional and global levels. While reservoir operations for
hydroelectricity production might support irrigation, there are also well-known cases where
hydroelectricity production reduces water availability for irrigated food production. This study
assesses these relationships at the global level using machine-learning techniques and multi-
source datasets. We find that 54% of global installed hydropower capacity (around 507 thousand
Megawatt) competes with irrigation. Regions where such competition exists include the Central
United States, northern Europe, India, Central Asia and Oceania. On the other hand, 8% of
global installed hydropower capacity (around 79 thousand Megawatt) complements irrigation,
particularly in the Yellow and Yangtze River Basins of China, the East and West Coasts of the
United States and most river basins of Southeast Asia, Canada and Russia. No significant
relationship is found for the rest of the world. We further analyze the impact of climate variables
on the relationships between hydropower and irrigation. Reservoir flood control functions that
operate under increased precipitation levels appear to constrain hydroelectricity production in
various river basins of the United States, South China and most basins in Europe and Oceania.
On the other hand, increased reservoir evaporative losses and higher irrigation requirements due
to higher potential evaporation levels may lead to increased tradeoffs between irrigation and
hydropower due to reduced water availability in regions with warmer climates, such as India,
South China, and the Southern United States. With most reservoirs today being built for multiple
purposes, it is important for policymakers to understand and plan for growing tradeoffs between
key functions. This will be particularly important as climate mitigation calls for an increase in
renewable energy while agro-hydrological impacts of climate change, population and economic
growth and associated dietary change increase the need for irrigated food production in many
regions round the world.
1. Introduction

Reservoirs are generally built with multiple functions
in mind, and irrigation and hydroelectricity genera-
tion are often the main functions. The construction
and operation of reservoirs has led to tradeoffs
(negative relationships) and complementarities (or
positive synergies) among these functions within the
food-energy-water (FEW) nexus (Perrone and
© 2017 IOP Publishing Ltd
Hornberger 2014). Reservoirs or dams with both
hydropower and irrigation functions buffer the
fluctuations of natural streamflow and can provide
reliable water supply for irrigation during dry
periods. At the same time, reservoirs are operated
to store water to build up a hydraulic head and then
release water to generate hydroelectricity. When water
stored in reservoirs is reserved for a future irrigation
season, the elevated hydraulic head would increase
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hydroelectricity generation; similarly, water released
for irrigation may reduce reservoir storage, thereby
reducing hydroelectricity generation, especially dur-
ing dry and hot periods, when demand for irrigation
and energy might be largest (Tilmant et al 2009).

Several national and regional case studies have
investigated the relationships between hydropower and
irrigation. For example, Cai et al (2003) studied
irrigationdevelopment in theAral Sea regionand found
tradeoffs between upstream and downstream needs.
Upstream Kyrgyzstan’s need to save summertime
runoff in its reservoirs for hydroelectricity generation
during winter months conflicted with the downstream
republics’ need for irrigation in the summer crop
growing season. The authors proposed that down-
stream countries could provide alternative energy
sources to Kyrgyzstan in exchange for releasing
irrigationwater during the irrigation season, essentially
reverting to the Soviet era flow release regime. On the
other hand, Räsänen et al (2015) found that multi-
purpose cascade reservoirs on a transboundary
tributary of theMekong created considerable irrigation
potential at the expense of a relatively small hydroelec-
tricity generation loss. Another study in the Nam
Ngum, a sub-basin of the Mekong, similarly showed
that full hydropower development allowed irrigation
water use to triple and also improved environmental
flow requirements during low-flow periods (Lacombe
et al 2014). Both studies concluded that hydropower
development increased and would continue to increase
dry-season streamflow, the main water source for dry-
season irrigation due to the monsoon climate of this
region. Studies in Pakistan (Yang et al 2016), Tanzania
(Kadigi et al 2008), Turkey (Yüksel 2010), Sri Lanka
(Molle et al 2008) and for the Western US (Chatterjee
et al 1998) also reported differing relationships between
irrigation and hydropower.

The purpose of this paper is to provide a global
assessment of the relationships between hydropower
and irrigation. We explore if there are tradeoffs,
complementarities or no strong linkages between
these two key functions of reservoirs globally. We also
highlight the spatial distributions of the various
relationships at the global scale, and discuss associated
potential risks for the food and energy sectors under
growing resource demands and changes in key climatic
variables. As a result of growing populations, both
irrigation and hydropower needs are expected to grow,
especially in the group of developing countries (Zarfl
et al 2015). According to International Energy Agency
(IEA 2016), hydroelectricity accounted for more than
85% of global renewable electricity generation in 2015.
Similarly, irrigation has been critical in sustaining food
security around the world (Rosegrant et al 2009), and
irrigated area continues to grow in key developing
regions. Hydropower construction has slowed consid-
erably during the past decades due to growing
attention to its social and environmental impacts
(WCD 2000), but both climate change impacts and
2

climate mitigation policies under both the Sustainable
Development Goals (SDGs) and the Paris Climate
Agreement have renewed interest in this key and
currently largest renewable source of electric power.
Similarly, investments in irrigation slowed down
during the 1980s and 1990s in response to various
factors, such as declining food prices, high costs and
competition with other demands for water, but climate
change and more volatile food prices and, more
recently, the SDGs have contributed to somewhat
faster development over the last decade.

In this global context, we explore both the current
relationships between hydropower and reservoir-
supported irrigation in different regions and the
potential evolution of these relationships. Climate
change is expected to modify hydrological regimes in
many regions, increasing uncertainties in water
availability for both hydropower and irrigation (IPCC
2014). We therefore also analyze how changes in key
climatic variables affect these relationships. The rest of
this paper introduces the datasets and methods for
deriving hydropower-irrigation relationships used in
this study (section 2), presents the spatial pattern of
hydropower-irrigation relationships (section 3), dis-
cusses how changing climatic conditions might affect
multi-purpose reservoir operations and hydropower-
irrigation relationships (section 4), and draws con-
clusions (section 5).
2. Datasets and methods

Hydropower datasets, including installed hydropower
capacity and annual hydroelectricity generation
between 2005 and 2013, were collected from multiple
public sources, including the BP Statistical Review of
World Energy (BP 2012), the World Energy Council
(WEC 2016), the International Hydropower Associa-
tion (IHA 2016), and the International Commission
on Large Dams (ICOLD 2016). In addition, sub-
national level data were obtained from annual
statistical bulletins published by national governments
or hydropower companies for the largest hydroelec-
tricity producer countries, such as Canada (CHA
2016), China and the U.S. (EIA 2016).

The spatial unit used for this global analysis is the
Food Production Unit (FPU) defined as cross-sections
between river basin and national boundaries in the
International Model for Policy Analysis of Agricultural
Commodities and Trade (IMPACT) (Cai and Rose-
grant 2002, Robinson et al 2015). A high-level of
similarity in climatic and hydrological characteristics
essential for food production commonly exists within
the boundary of each FPU. The various hydropower
datasets were aggregated (for Canada, China and the
U.S., where hydropower datasets are available at the
state or province level) or disaggregated (national and
regional datasets, where hydropower datasets are
available at the national or regional level) into
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320 FPUs covering the globe. The disaggregation was
largely based on dam locations from the ICOLD
(2016) and FAO geo-referenced dam database (FAO
2016). Further, the locations of recently commissioned
dams that were not included in the ICOLD and FAO
databases were obtained from individual governmen-
tal sources and Wikipedia. Scale conversion is not
conducted for those countries or regions that are
relatively small by area and are delineated as separate
FPUs in the IMPACT model.

Annual time series data of installed hydropower
capacity were temporally interpolated from the
survey taken every three years (i.e. 2004, 2007, 2010
and 2013) by WEC (2016). In total, the processed
dataset includes around 900 000 Megawatt of
installed hydropower capacity and 3000 terawatt-
hours of actual generation, globally. Note that the
hydropower dataset does not include hydroelectric-
ity generation from small-scale hydropower (SSH)
since there is no spatial information for assigning
the SSH data to FPUs. The complete references for
the data sources and comparison among different
data sources is included in tables S1 and S2 in the
supporting information available at stacks.iop.org/
ERL/12/034006/mmedia.

Annual irrigation water uses between 2005 and
2013 in each FPU were generated by IFPRI’s IMPACT
model (Robinson et al 2015). The core model of
IMPACT is a partial equilibrium, multi-market
economic model. It couples economic, water resour-
ces, and crop models to represent biophysical and
socioeconomic dynamics around food supply and
demand out to 2050. Irrigation water use was
calculated by minimizing the water supply deficit
across all water-using sectors, considering water
availability, irrigation and non-agricultural water
requirements, capacities of water storage and with-
drawal infrastructures, environmental flow require-
ments, in addition to sector-wise water supply
priorities and economic water productivity of crops
(Robinson et al 2015).

To summarize, the datasets compiled for the
assessment of hydropower-irrigation relationships
include hydroelectricity generation, installed hydro-
power capacity, irrigation water use and climate
variables (i.e. precipitation and potential evapotrans-
piration) between 2005 and 2013 at the FPU level. In
total, 93 out of the 320 global FPUs included the
necessary information and were further analyzed.
Their spatial coverage is shown in figure 2. The rest of
the FPUs were not included in the analysis because
irrigation water consumption was negligible and/or
hydropower was not developed in these FPUs.

Hydroelectricity generation is concentrated in a
relatively small number of countries. Brazil, Canada,
China, France, India, Japan, Norway, Russia, Sweden,
Turkey, United States and Venezuela each account for
more than 2% of global hydroelectricity generation
and jointly for 72% of global production. Of note,
3

during 2005–2013, China experienced a significant
increase in both installed capacity and hydroelectricity
generation, with the latter doubling from 400 terawatt-
hours in 2005 to 800 terawatt-hours in 2012. The
installed hydropower capacity in other major producer
countries remained relatively stable.

As expected, we find a strong correlation between
hydroelectricity generation and installed hydropower
capacity. Therefore, classical regression methods failed
to detect the contribution from other variables (e.g.
precipitation and potential evaporation), since the
corresponding regression coefficients would be very
small. Thus we explored the hydropower-irrigation
relationship using support vector machines (SVM), a
machine learning technique which has been widely
used for regression and surrogate modelling in
environmental modeling (Xu et al 2014, Schnier
and Cai 2014). Classical regression methods such as
linear or polynomial regression fit observed data by
assuming a specific type of functions (e.g. linear or
quadratic). SVM is not subject to this assumption, and
is hence more flexible. In addition, SVM utilizes
various kernel functions to classify the nonlinearity
embedded in the data. SVM first projects the input
variables to a higher dimensional feature space using a
kernel function, and then performs linear regression in
the feature space. In this study, the radial basis kernel
was used; and the resulting feature space is infinite
dimensional. The training and validation of SVM
followed four procedures sequentially: 1) Clustering:
Given the limited data availability (i.e. only 8 year time
series of irrigation use and hydroelectricity genera-
tion), meaningful relationships between hydropower
and irrigation were unlikely to be derived for each
FPU. We therefore conducted an initial clustering to
classify the 93 FPUs into three groups based on the
correlation between irrigation water use and hy-
droelectricity generation. Eventually, one SVM was
constructed for each group of FPUs characterizing the
heterogeneities within the group. 2) Scaling: Since the
magnitudes of irrigation water use and hydropower
vary significantly among FPUs due to differing FPU
size and geographies, all data were log-transformed so
that the SVMs were built in a scaled space. The results
were interpreted after being transformed back into
values with physical units. 3) SVM training: The input
variables for an SVM include annual precipitation,
potential evaporation, installed hydropower capacity
and irrigation water use, and the output is hydroelec-
tricity generation. For each SVM, hyper-parameters
controlling the model complexity and goodness of fit
were tuned according to 70% of the data, which were
randomly selected for each group. The training data
were randomly divided into ten equal subsets for
cross-validation; during each cross-validation nine
subsets were used to tune the hyper-parameters, and
the remaining one was used to calculate root-mean-
square error (RMSE). The procedure was repeated ten
times so that each subset was used to train the SVM
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nine times and to calculate RMSE once. The optimal
hyper-parameters were set under the minimal average
RMSE in ten-fold cross-validation. 4) Validation of
SVM: The remaining 30% of data in each group were
compared with trained SVMs and the goodness-of-fit
was calculated to evaluate the performance of the
trained SVMs. Readers are referred to Chang and
Lin (2011) for the details of the SVM toolbox used in
this study.
3. Results
3.1. Clustering of the correlation levels between
irrigation water use and hydroelectricity generation
The correlation coefficients between annual irrigation
water use and hydroelectricity generation for the 93
FPUs are displayed infigure 1. In total, the 93 FPUs have
installed hydropower capacity of 817 560 Megawatt
(about 87.4% of the global installed capacity) and the
mean annual hydroelectricity generation (2895 Tera-
watt-hours) accounts for about 90% of the global total.
In 62 FPUs, hydroelectricity generation is negatively
associated with irrigation water use, indicating that
hydroelectricity generation is competing with irrigation
water use. The remaining 31 FPUs exhibit a positive
correlation between hydroelectricity generation and
irrigationwater use, implying a complementary relation
between the two. For the purpose of further analysis, the
93 FPUs are divided into three groups: 1) Competing
relationship where the correlation coefficient is less
than �0.2; 2) complementary relationship where the
correlation coefficient is larger than 0.2; and 3)
insignificant relationship where the correlation coeffi-
cient is between �0.2 and 0.2. There are 56, 19 and 18
FPUs inClusters 1, 2 and 3, accounting for 54.3%, 8.4%
and 24.8% of global installed hydropower capacity,
respectively.

The competing group contains about half of all
FPUs studied, and the complementary and insignifi-
cant groups each contain about one quarter of FPUs.
4

An SVM is built for each group to quantify the factors
contributing to hydroelectricity generation. The R-
squared values for SVM validation for each group are
0.9407, 0.6088 and 0.7487, respectively. The values
assessed from the various data sources are compared
with those from the SVM prediction in both
training and validation, as shown in figure S1 in the
supplementary information.

3.2. Response of hydroelectricity generation to
irrigation water use
The response of hydroelectricity generation to climatic
inputs and irrigation water use is obtained through
sensitivity analysis for the trained SVMs. Each
independent variable (i.e. precipitation, potential
evaporation and irrigation water use) is perturbed
by one standard deviation around its mean value, and
the corresponding change of the hydroelectricity
generation is compared to that calculated from the
mean value of the perturbing variable. Figure 2
presents the sensitivity of hydroelectricity generation
to irrigation. The FPUs with positive sensitivity values
(i.e. in red and yellow color depicting complementary
hydroelectricity- irrigation relationships) are mostly
located in Southeast Asia, the Yellow and Yangtze
rivers of China, the East and West Coast of the U.S.,
Russia, Canada and FPUs along the Andes. That is,
storage for hydroelectricity generation in these FPUs
enhances water supply for irrigation. Reservoirs
constructed for hydroelectricity regulate streamflow,
which benefits irrigation. Moreover, water stored
during the wet season for irrigation in the dry season
elevates the water head in reservoirs, leading to larger
hydroelectricity generation, and the timing of the two
is complementary, i.e. demands for hydroelectricity
and for irrigation are complementing each other. Thus
the constructed infrastructure and its operation
contribute to the complementarity between hydroelec-
tricity and irrigation.

FPUs with negative sensitivity values (i.e. in blue
color showing competing hydroelectricity-irrigation
relationships) are mostly located in regions such as the
Central U.S., Northern Europe, India, Central Asia
and Oceania. In these FPUs, increased hydropower
coincides with reduced irrigation. Some of these
regions have limited streamflow, especially during the
irrigation season. In other regions, timing between
demands for irrigation and hydropower releases
differs. For example, an upstream region or country
holds water in the summer irrigation season for
hydroelectricity generation during the following
winter, as is the case in the Syr Darya River Basin
in Central Asia (Cai et al 2003). Given the limited
water resources in these regions, the tradeoff
relationship between irrigation and hydropower
may be mitigated through changes in food and energy
trade with other regions. For example, Cai et al (2003)
proposed that downstream countries could provide
energy in other forms (e.g. coal) to reduce the demand
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Figure 2. The sensitivity of hydropower generation to irrigation (percentage change of mean hydropower generation corresponding
to one standard deviation change of irrigation water use in each FPU).
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for hydroelectricity generation and increase summer
water releases for irrigation from upstream countries.
In some regions, profits from food production can also
be used to compensate for losses in hydroelectricity
generation. Although hydroelectricity generation does
not result in large consumptive water use (except for
reservoir evaporative losses and seepage in some
places), irrigation water access of downstream regions
may suffer from streamflow regulation through
reservoir operations. In other regions, reservoir
storage capacity may not be large enough to properly
regulate streamflow such as to meet both hydroelec-
tricity and irrigation demand. Reservoir operations in
those regions have to partition water stored in the
reservoir between hydropower and irrigation, and deal
with the tradeoffs between the two functions. In these
places, reservoir construction might help to alleviate
these tradeoffs. In yet other places, storage augmenta-
tion might not address tradeoffs, at least not during
climate extremes. Harou et al (2010) found, for
example, that a ‘mega-drought’ in California would
not allow to fill existing reservoirs, and thus expanding
storage capacity would be useless to address ensuing
increased tradeoffs.
4. Discussion
4.1. Climatic factors influencing the hydropower—
irrigation relationship
The relationship between hydropower and irrigation
can be better understood by considering climate
conditions, since both water supply and demand for
hydropower and irrigation are substantially affected by
climate. Irrigation water requirements are calculated
as the difference between effective precipitation and
evaporative demand determined from potential
evapotranspiration. Data on actual irrigation water
consumption used in SVM regressions from IMPACT
5

furthermore take into account water availability for
irrigation in each FPU, which depends both on
climatic factors and non-irrigation water demands
that are prioritized over water uses for irrigation.
Furthermore, hydroelectricity generation can be
affected by flood regulation due to excessive rainfall
or by low reservoir inflow during drought periods.
High hydraulic head is favorable for hydroelectricity
production and flexible irrigation supply (lower water
pumping and delivery cost). Meanwhile the elevated
hydraulic head results in increased water surface area,
leading to evaporative losses, especially in arid and
semi-arid regions. Furthermore, reservoir operations
may consider both short-term and long-term climate
conditions, which are subject to uncertainty.

The sensitivity of hydroelectricity generation to
precipitation is shown in figure 3. FPUs with positive
sensitivity values, such as those in Northern China,
India, Central Asia and Canada, (i.e. in red and yellow
color) indicate that hydroelectricity generation will be
larger under increased precipitation. This means that
current hydropower capacity in these FPUs is possibly
constrained by water availability and greater precipi-
tation may increase hydroelectricity generation with
existing facilities. FPUs with negative sensitivity
values, that is, where hydroelectricity generation will
be lower with increased precipitation, are located in
most basins in the U.S., Southern China, and most
basins in Europe and Oceania, as shown in blue color
in figure 3. In these cases, hydropower production can
decline by more than 5%, such as in the East Coast of
Australia, parts of Southeast Asia, South Korea and
parts of the Southeastern U.S. Since these FPUs
generally have abundant rainfall which may result in
high streamflow and thus flooding, a possible
explanation for the reduced hydroelectricity genera-
tion is that flood control purposes of the reservoirs in
these FPUs constrain hydropower generation. During
the flooding season, reservoir storage is held below a
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Figure 4. The sensitivity of hydropower generation to potential evaporation (percentage change of mean hydropower generation
corresponding to one standard deviation change of potential evaporation in each FPU).
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Figure 3. The sensitivity of hydropower generation to precipitation (percentage change of mean hydropower generation
corresponding to one standard deviation change of precipitation in each FPU).
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certain level so that sufficient storage is reserved for
receiving flood waters during a storm. The decreased
hydraulic head can lead to losses in hydroelectricity
generation during increased precipitation and prep-
arations for potential flooding.

The sensitivity of hydroelectricity to potential
evaporation is shown in figure 4. Potential evaporation
is an indicator of available radiative energy and
evaporative demand. The FPUs with positive sensitiv-
ity values (in red and yellow color) are generally
located in high latitude cold or cool regions (such as
Russia, Canada, most basins in Europe). In these
regions, an increase in potential evaporation indicates
a warmer condition that may change the amount and
timing of snow water storage (e.g. less snow, or larger/
faster glacier melting) and can result in larger runoff in
these FPUs. Thus, higher hydroelectricity generation is
expected due to increased streamflow and elevated
hydraulic head. Those FPUs with negative sensitivity
6

values (in blue color) are mostly located in regions
with warmer climate (such as India, South China, and
some areas in the Southern U.S.). In these warm or hot
regions, an increase in potential evaporation indicates
more intensive evaporative loss from reservoirs and
larger irrigation water requirements. Both conditions
will result in either lower hydraulic head or decreased
water availability, resulting in unfavorable conditions
for hydroelectricity generation. In those FPUs, trade-
offs between irrigation and hydropower might well
further increase due to the high evaporative loss from
reservoirs.

The analysis of the sensitivity of hydropower-
irrigation relationships to climate variables helps
identify regions vulnerable to, as well as those that
might benefit from a changing climate. Regions, such
as parts of Canada, Russia and Northern China that
would benefit from both increased precipitation and
increased evaporative demand could start to expand
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cross-border energy trade or develop regional power
pools with those regions or countries where decreased
precipitation or higher potential evaporation reduces
hydroelectricity generation. The latter countries and
regions, such as California or Florida, in turn, could
focus on expanding renewables that are less dependent
on these climatic variables or others, like in parts of
Southern China could additionally consider to
strengthen irrigated food exports in return for energy
purchases from other regions. In general, regions
vulnerable to future climatic changes would want to
find solutions, such as enhanced food or energy trade
from other regions to alleviate adverse impacts on
hydroelectricity and/or irrigated food production.

4.2. Extension of the global hydropower and
irrigation analysis
The hydropower versus irrigation assessment in this
study can be extended in several aspects. First, the
study does not explicitly consider the impact of
evaporation losses from reservoir surfaces and also not
seepage losses. When large volumes of water with large
open water surfaces are stored, evaporative and
seepage losses can be considerable. Both types of
losses reduce water availability for irrigation and
hydroelectricity generation, although the decrease in
hydroelectricity generation can be partially offset by
the increased hydraulic head. Such losses affect
irrigation water availability even when the timing of
hydropower and irrigation needs coincide, especially
in arid and semi-arid regions where potential
evaporation is high. Several recent studies estimated
the impact of evaporation losses on hydroelectricity
generation, but the results vary significantly depending
on the definitions and methods to calculate of
reservoir water loss (Zhao and Liu 2015, Mekonnen
and Hoekstra 2012, Herath et al 2011, Arnøy 2012, Liu
et al 2015). The uncertainty from different reservoir
water consumption estimation methods would be
larger in regions where hydroelectricity generation is
sensitive to potential evaporation. To address this,
losses due to hydroelectricity generation with a dam
should be compared to evaporative losses prior to dam
construction. In addition, the partitioning of reservoir
water into different functions depends not only on
physical conditions, such as reservoir geometry and
meteorological conditions, but also on reservoir
operation decisions and institutional regulations,
which can affect water uses for the various purposes
such as hydropower and irrigation.

The relationships assessed in this study mainly
reflect those between surface water use and hydro-
power. However, groundwater irrigation is a major
source of agricultural water in many regions (Siebert
et al 2010). Although hydropower generation may not
directly affect groundwater irrigation, groundwater use
may indirectly affect hydropower generation through
stream depletion (Zeng and Cai 2014) through joint
management of surface- and groundwater resources
7

(Sophocleous 2002) and there might well be
increased incentives to tap groundwater resources
for irrigation in those areas where hydropower and
irrigation are highly competitive. This could be an
important area for further study.

Due to data and model limitations, this study
cannot assess intra-FPU spatial heterogeneity of
hydropower and irrigation relationships. However,
the location of an irrigation district relative to that of a
reservoir can have significant impacts on their
relationship. For example, a reservoir generally does
not deliver water to an upstream irrigation district;
and an upstream irrigation district may reduce
reservoir inflows. In contrast, water stored in a
reservoir is able to provide water for downstream
irrigation. Further disaggregation of the FPUs should
be considered in future studies.

Finally, while the study does not implement
climate change analysis, the sensitivity analyses
showed that the relationship between hydroelectricity
generation and irrigation varies with changing climatic
factors. Future studies should analyses the relation-
ships under various future climate and socioeconomic
scenarios. As discussed by Berga (2016), hydropower
can contribute to climate change mitigation and also
play an important role in climate change adaptation by
regulating variable streamflows to increase water
availability for irrigation and other purposes; at the
same time, depending on the hydroclimatic manifes-
tations of climate change, hydroelectricity production
can be either positively or negatively affected
Rheinheimer et al (2013), which in turn would affect
irrigation outcomes and vice versa. In addition, the
influence of hydropower generation on meeting
environmental flow requirements has become a
growing concern (Rheinheimer et al 2016). Thus, a
future task will be to assess the resilience of all, or at
least several additional of the multiple purposes of
reservoir systems under changing natural and social
conditions.
5. Conclusions

In this study, we presented a global-scope analysis of
the relationships between hydroelectricity generation
and irrigation water consumption. Data for the
analysis on inter-annual variability of climate,
hydropower and irrigation water consumption were
compiled from existing, publicly-available survey
and modeling data. The correlation between hydro-
electricity generation and irrigation was derived
from the data set. A machine learning technique was
applied to quantifying the tradeoffs and positive
synergies between the two key reservoir functions
within each of several clusters identified by correla-
tion coefficients.

The study has identified global spatial patterns of
the tradeoffs and synergies between hydropower and
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irrigation. By analyzing 96 FPUs, which account for
about 90% of the global total mean annual
hydroelectricity generation (2895 Terawatt-hours),
we find that hydropower and irrigation relationship
matter in only a relatively small part of the globe.
Second, when relationships do exist, they are largely
competitive in nature: hydropower and irrigation
compete for water in 56 FPUs with installed
hydropower capacity of 507 thousand Megawatt (or
54.3% of the global total) and mean annual
hydroelectricity generation of 1860 Terawatt-hours
(or 57.6% of the global mean annual hydroelectricity
generation). The relationship is competitive in FPUs in
the Central U.S., Northern Europe, India, Central Asia
and Oceania. The competing relationships can be
attributed to multiple causes, including low streamflow
availability, the inconsistent timing of hydropower
and irrigation, as well as the evaporation water losses
from the reservoir surface in warmer climates. The
relationships are complementary in Southeast Asia, the
Yellow and Yangtze River Basins of China, the East and
West Coast of the U.S. and Canadian and Russian river
basins, covering 19 FPUs, which account for 79
thousand Megawatt (or 8.4% of the global installed
hydropower capacity). The mean annual hydroelectri-
city generation (229 Terawatt-hours) in these FPUs
accounts for only 7.9% of the global total.

Third, we find that climate conditions such as
precipitation and potential evaporation introduce
further complexity into hydropower-irrigation rela-
tionships. The FPUs currently constrained by limited
water availability compared to storage (such as those in
North China, India, Central Asia and Canada) may
generate more hydroelectricity with increased precip-
itation; meanwhile hydropower in FPUs with in-
creased excessive rainfall (including the U.S., South
China, most basins in Europe and Oceania) may be
constrained by flood control regulations. Increase in
potential evaporation can enhance hydropower
generation in high latitude cold or cool regions
(including Russia, Canada, and some basins in
Europe) due to increasing streamflow from additional
snowpack and glacier melting. Increased reservoir
evaporative losses and irrigation requirements due to
larger potential evaporation may lead to larger
tradeoffs and competition for water use in those
regions with warm climates, such as India, South
China, and parts of the Southern U.S.

The global assessment of hydropower-irrigation
relationships will be used for global food, energy and
water modeling to assess the FEW nexus and the
impact of further hydropower development (as well as
irrigation development) in some regions, as well as
climate change in the future. Local irrigation and
hydropower development may have far-reaching
impacts due to their linkages with global and regional
food and energy trade. The virtual water embedded in
agricultural commodities and hydroelectricity links
reservoirs and rivers that are hydrologically separated,
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propagating local tradeoffs and synergies within a
global virtual water network (Konar et al 2011).

As an example, regional power grids such as the
Southern African Power Pool connect hydroelectrici-
ty generation from different watersheds and countries
(Conway et al 2015). It is thus possible that changes
in energy demand in one country propagate through
power grids and affect the irrigation water availability
and thus food security in another country. The global
assessment in this study thus provides a basis for the
global analysis of the water, food and energy nexus
underlying the connections in international food
and energy trade. Furthermore, research on the
relationship between hydropower and irrigation
should take into account the role of and impacts
on environmental flow requirements, especially
under climate change.
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