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Abstract

Hydropower plays an important role within the renewable energy sector and supports the
achievement of international energy security targets. Yet this sector is also vulnerable to
droughts which affect generation potential, and high flows which can cause structural and
operational damage. Here we use river flows calculated using a multi-model ensemble to
investigate the potential water risks which current and planned global hydropower
generation capacities may face at 1.5°C and 2.0°C warmer worlds. We find that the global
hydropower sector will have to face diverse, simultaneous, and compound water risks.
We estimate that about 65% of current global hydropower installed capacity will be
exposed to risk from recurrent high river flows (here understood as the change in the 1-
in-100-years flow). Up to 75% of existing hydropower capacity in Europe, North America
and MENA is located in areas where droughts are projected to become at least 10% longer
when compared to historical conditions. Achieving a 1.5°C warming target would reduce

these risks, compared to a 2.0°C scenario.
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1. Introduction

The hydropower sector contributed to approximately 15% of global electricity generation
in 2019, supplying over 70% of global renewable energy (IEA, 2019). In that year, annual
hydropower production was approximately 4,306 TWh (Bartle, 2016; IHA, 2020). By
2040 the energy output from hydropower sources is projected to reach about 7,000
TWh/year. This figure is expected to be reached by maintaining the current growth in
installed capacity (about 15-25 GW/year) through rapid expansion in the developing
world (Hoes et al., 2017; IEA, 2019).

Maintaining a reliable hydropower sector is important not just for country-level energy
security interests but also to assist regional and global development ambitions (Dincer,
2000; Giiney, 2019). Although hydropower expansion is both politically and
environmentally controversial, sectoral estimates suggest that hydropower outputs need
to be maintained at an average yearly increase of 2.5% in order to support the achievement
of Sustainable Development Goals by 2030 (IEA 2019). Also, while about 10% of the
world’s hydropower facilities, especially in tropical areas, may emit as much greenhouse
gases as conventional coal-fired power plants, hydroelectricity is still considered a low-
carbon source of renewable energy (Demarty and Bastien, 2011; Edenhofer et al., 2014;
Scherer and Pfister, 2016). Indeed, estimates suggest that emissions from most global
hydropower projects are within the range of other renewable energies, especially when
they are adequately planned, built, and operated (Almeida et al., 2019). At the same time,
the high ramp rate of hydropower plants can serve to balance the variability and potential
shortages in wind and solar generation. Thus the hydropower sector may support reliable
integration of other renewable energies into supply grids (Berga, 2016; Dujardin et al.,

2017; Graabak et al., 2019; Muller, 2019).
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Acknowledging these opportunities (as well as limitations), the hydropower sector may
also help achievement international climate goals. In particular, the Paris Agreement,
apart from “limiting the increase in global average temperature to well below 2°C above
pre-industrial levels, and to pursue efforts to limit the temperature increase to 1.5°C above
pre-industrial levels” (Christoff, 2016) also requires the promotion of sustainable energy

sources as sources of mitigation and adaptation policies.

Yet, hydropower dam sites, and their expected benefits are vulnerable to various types of
water risks. These risks are mainly connected to changes in the variability of seasonal
hydrological conditions, low flows resulting in droughts, and the occurrence of high flows
and floods (Blomfield and Plummer, 2014). This vulnerability has been evident in recent
years as increases in hydropower production have been small or even negative in the
period 2006-2008 and 2015-2017 (IEA, 2019). For instance, in 2017, severe drought in
Brazil reduced the country’s yearly outputs by approximately 5% (Brazil alone accounts
for nearly 40% of Latin America’s energy output) (British Petroleum, 2019). Similarly,
declines of yearly average hydropower outputs of nearly 15% over Southern Africa
coincided with the continuous droughts observed over the region between 2015-2017.
Elsewhere the risks associated with low flows at the hydropower project-level have been
widely documented (Gaudard et al., 2014; Harto et al., 2012; Kuusisto, 2004; Loisulie,
2010; Madani and Lund, 2010; Mukheibir, 2013; Piman et al., 2013; Riibbelke and
Vogele, 2011; van Vliet et al., 2016a). As for high floods, record rainfalls and floodwaters
in California in 2017 damaged the spillway of the Oroville Dam which resulted in the
largest evacuation registered in California and nearly caused the complete failure of the

tallest dam in the United States (Hollins et al., 2018). Similarly, stormwaters in the



90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

Uttarakhand region in north India in 2013 are thought to have damaged about 70

hydropower dams and even inundating powerplants (Mishra, 2015; SANDRP, 2013).

In spite of the important previous efforts to estimate future risks and changes in
hydropower production (Antwi and Sedegah, 2018; Koch et al., 2011; van Vliet et al.,
2016b), the specific hydrological conditions facing the sector as it contributes to meeting
the targets of the Paris Agreement are still not clear. This problem is particularly acute if
the sector aims to build resilience to hydroclimatic conditions, to sustain its role in
reducing the carbon footprint of energy systems. Ultimately, this is a key element for the
Nationally Determined Contributions (NDCs) to reduce greenhouse gas emissions while
being aligned to international climatic goals and the sustainable development agenda

under the United Nations Framework Convention on Climate Change.

In this study, we characterize the type of hydrological conditions and potential water risks
which current and planned global hydropower generation capacities may need to face in
their contribution towards the Paris Agreement targets. To address this, we use river flow
simulations derived from a multi-model ensemble to estimate future changes in potential
water risks which may affect the hydropower sector. Here we define water risks as
changes in mean flows and gross hydropower potential (GHP), changes in drought
frequencies, durations, and intensities, and shifts in high flow conditions. These
calculations are then used to examine exposure levels of current and future hydropower

installed and planned capacities at major global regions.
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2. Materials and Methods

2.1 Multi-Model ensemble

For the two climate target thresholds agreed in Paris we use generated river flows
computed, from our previous study, under the Half a degree Addition warming,
Projection, Prognosis, and Impacts (HAPPI) protocol (Mitchell et al., 2017; Paltan et al.,
2018). HAPPI is a multi-model experiment which provides data from three 10-year
simulation periods per ensemble member with prescribed atmospheric forcing, sea-
surface temperature and sea-ice coverage. By using prescribed future Sea Surface
Temperatures (SSTs) this framework reduces the influence of model sensitivity while
simulating a narrowly defined range of future temperature targets (Mitchell et al., 2017).
The three scenarios are: 1) The reference or historical period which ranges from 2006 to
2015, 2) a future decade that is 1.5 °C warmer than pre-industrial levels, and 3) a future
decade that is 2.0 °C warmer than pre-industrial levels. In the HAPPI protocol, the 2006—
2015 decade is chosen since it contains a range of different SST patterns which allows an

assessment of how the ocean conditions vary on inter-annual timescales.

Also, each of the three scenarios contains the outputs of four HAPPI AGCMS: CanAM4
(100 ensemble members); CAM4-2degree (100 ensemble members); NorESM1-HAPPI
(125 ensemble members), and MIROCS (50 ensemble members). It is important to note
that each simulation within an experiment differs from the others in its initial weather
state. So, the use of 50-125 10-year time slices in reality provide us with 500-1250 years
of data per scenario (including the 2006-2015 baseline). This extensive record in turn

provides the basis for robust hydrological calculations.
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2.2 Runoff Routing and River Flow

Daily runoff derived, or calculated, from the four AGCMS and their ensembles were
routed following a grid-based hydrological routing scheme as presented by Dadson et al.,
(2011). This scheme follows a discrete approximation to the 1-D kinematic wave equation
with lateral inflow using an approximation to the St. Venant equations for gradually-
varying flow in open channels (Oki and Sud, 1998). Under this scheme, kinematic routing
is applied separately to surface and sub-surface runoff, and the routing model also
distinguishes between land and river pathways by using different wave speeds. Also, this
scheme uses the river network derived from a vector-based network tracing method
(NTM) which dictates river channel directions, paths, and locations (Olivera and Raina,
2003). Due to its simplicity and more realistic representation this method has been widely
used for river routing large-scale studies (as this one). Further details about the validation
as well as description of characteristics of the flows calculated under this approach and

for this climatic protocol can be found in (Paltan et al., 2018)

The spatial resolution of river flows used in our study is half degree (0.5° x 0.5°). Our
daily flow values do not include anthropogenic interventions such as impoundments,

diversions or water abstractions.

2.3 Change in Gross Hydropower Potential
The calculation of Gross Hydropower Potential (GHP) is based on the approach following

equation (1) (Gross and Roppel, 2012; Lehner et al., 2005):

GHP = Q+*pxg=*AH (1)

Where GHP at each grid location is expressed in Watts; O is volumetric flow rate

expressed in m*/s (derived from our multi-ensemble river flow data) for each grid point;
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p is the density of water (1000 kg/m?); g is the gravitational acceleration (9.807 m?/s),

and AH is the elevation difference (in meters) calculated within each grid cell.

Elevation differences within a grid cell were obtained from the GMTED2010 Global
Grids DEM at 7.5-arc-seconds (~225 m)(Danielson and Gesch, 2011). Thus, this finer
spatial resolution permits us to calculate elevation differences found within an input grid
river flow grid cell (0.5° x 0.5°). Using Eq.(1) we obtained global daily GHP estimates
for both climate scenarios (1.5°C and 2.0°C) and for the reference period at each grid

location.

2.4 Change in Drought Conditions

We describe future changes in drought conditions in terms of the frequency (number of
drought events), duration (length of drought events), and intensity (cumulative water
deficit) of hydrological droughts at both climate targets, when compared with its
historical flow values at each grid point. Hydrological droughts are diagnosed using the
commonly-used threshold level method (Fleig et al., 2006; Hisdal and Tallaksen, 2003;
Van Loon, 2015a; Van Loon and Van Lanen, 2012; Yevjevich, 1967). This technique is
known for capturing the patterns and deficiencies in seasonal high-flows especially in
areas with abrupt changes in river flows and is recommended for use in global scale
studies (Beyene et al., 2014). With this technique, a drought episode is detected when
river flow values fall below a determined threshold level. In this study, we assume that
the threshold level for any given day is calculated based on the 80™ percentile derived
from the flow duration curve of flow in the 30-day-average time window for that day of

the year. This time window is moved through the daily river flow time series in order to
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calculate threshold values per day. The 80" percentile threshold was chosen based on

previous studies (Van Loon and Van Lanen, 2012)

Drought events are considered mutually-dependent and, consequently, they are pooled if
the inter-event time is 10 days or less (Fleig et al., 2006). Next, minor droughts are
eliminated if they are of 15 days duration or less. From here, the intensity measure used
is the water deficit volume, which is obtained as the sum of the difference between the
historical threshold level and the projected river flow at both scenarios (1.5°C and 2.0°C)
(Zelenhasi¢ and Salvai, 1987). More details on the definitions and applications of drought
definitions, the variable threshold approach and smoothing procedures used in this study

can be found in Van Loon, (2015b)

Last, shifts in frequency, duration, and intensity are represented by the ratio of changes
between the historical and the two projected scenarios, as used in previous global
hydrological risk studies (Hirabayashi et al., 2008). Ratios of Change (RC), at each grid
location, is given by Equation (2):

RC = Lprojected )

b
VRe ference

where Vprojecrea1s the future state of each variable (frequency, duration, or intensity) under
1.5°C or 2.0°C warming scenarios. Vreference 18 the historical-reference state of such

variable.

2.5 Changes in high river flows
The shift in extreme high flows was obtained by calculating the change in the probability
(return period) of the historical 1-in-100-year river flow under both climatic scenarios.

For this, we adjusted the annual maximum daily river flows of our scenarios to a two-
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parameter Gumbel distribution (Paltan et al., 2018).

2.6 Current and planned hydropower capacities and exposure levels

In order to estimate global and regional changes in exposure levels of current hydropower
generation capacities, we use the Global Dams and Reservoir Dataset (GRanD) (Lehner
et al 2011)**. From this dataset we selected those dams where the main or secondary use
is for hydroelectricity generation out of multiple uses, resulting in obtaining 7,033
locations of dam assets around the world. For future hydropower projects, we obtained
the spatial distribution of planned global hydropower projects from the Future
Hydropower Reservoirs and Dams Database (FHReD) (Zarfl et al., 2015). This dataset
consists of 3,700 records of hydropower dams with a capacity greater than 1 MW. Both
datasets provide generation capacities for each hydropower project, from which we
estimate total regional, and thus global, hydropower capacities expressed in GW. Note
also that for various countries (such as Egypt) there is no information on current

hydropower dams.

Next, for each hydropower asset we determine the level of exposure to each of the
hydrological conditions described above. This is done by overlapping the spatial
distribution of existing and planned hydropower assets with the layers describing the
changes in GHP, hydrological droughts, and high flows. Asset-level exposures were then
aggregated at the regional level by summing the total exposed capacity, within each

region, describing shifts in a given hydrological condition.

Individual grid locations capture upstream catchment processes via the river routing

approach described previously in section 2.2. So, single-point exposure levels, for the

water risks examined here, already consider grid cells, and processes, upstream of

10
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individual dam sites. We acknowledge that while our single-dam grid approach does
capture upstream processes, in some cases reservoir areas may expand over more than
one grid cell. Yet, by overlapping GRanD reservoir extents for the current dam-sites used
here, we find that less than 5% of them share two or more grids. In particular, in less than
1% of dams, their reservoirs span across five or more grid cells (51 largest global dams,
list provided in Supplementary 1). As such, almost all global reservoirs (and their dams)
and thus our hydropower and exposure level calculations fall within individual grid cells.
As our dataset of planned dams does not have reservoir layers we assume that the same

association is valid.

Overall, the aim of the above approach is to provide a high-level understanding of the
potential implications of water risks on hydropower capacities. We recognize limitations
of our approach and note that our assumptions result in a conservative assessment. Also,
we have considered the dam sites and their production capacities to be constant in the

future climate change scenarios.

Lastly, the presentation of our global results are split into the following major global
regions we use are the following: Commonwealth of Independent States (CIS), East Asia,
Europe, Latin America and the Caribbean (LAC), Middle East and North Africa

(MENA), North America, South Asia and Oceania, and Sub-Saharan Africa

11
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3. Results

Our results first project a slight increase in current mean global GHP for both climate
scenarios. We estimate current global GHP (multi-model ensemble mean) at
61.40PWh/year (standard deviation of 16.40 PWh/year) while in the 1.5°C scenario,
global GHP is 63.25 PWh/year (increase ~3%) and at 2.0 °C this value reaches 64.50
PWh/year (increase ~4.95%) (a map of GHPs spatial distributions is given in
Supplementary Figure 2). We find the spatial distribution of GHP does not vary
significantly across the four models used in our study (see Supplementary Figure 3) and
our current GHP estimation is consistent with recent global GHP estimates (Bartle, 2002;
Hoes et al., 2017; Pokhrel et al., 2008; Van Vliet et al., 2016). Also, our projected values
are similar to previous estimates that also project an increase in GHP of 2.4% and 5.3%

for the RCPs 2.6 and 8.5 scenarios, correspondingly (van Vliet et al., 2016b).

3.1 Changes in Hydropower Potential

The increase in GHP leads to about 215GW of global capacity (or approximately 20% of
the total) seeing a growth in GHP of at least 10% under a 1.5°C scenario (See Figure 1).
The global region where this is important is East Asia. Nonetheless, existing and planned

hydropower potentials in other global regions may be severely diminished.

Considerable generation potentials and plants in both existing and planned hydropower
assets in Latin America, the Caribbean (LAC) and Sub-Saharan Africa will be at risk of
reductions in GHP for both climatic scenarios. In LAC about 20% (~35 GW) of current
capacity and about 30% (about 55 GW) of that planned would see GHP decreasing by

10% or more, at a 1.5 °C scenario. In Sub-Saharan Africa about 5% of current (6 GW)

12
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and 10% (2.5 GW) of planned hydropower capacities would lose 10% or more GHP under

a 1.5°C scenario.
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Figure 1. Global hydropower dam sites exposed to changes in GHP at 1.5 °C for a) current
and b) planned hydropower projects; multi-model ensemble global mean of total
generation capacity exposed to levels of change in GHP at 1.5 °C and 2.0 °C scenarios for
¢) current and d) planned hydropower capacity. Exposure maps for a 2.0 °C scenario are

found in the Supplementary Section 7.

3.2 Hydropower Exposure Levels to Changes in Drought Frequencies

Our results in Figure 2 indicate that most of the current and planned hydropower
generation plants may benefit from less frequent droughts under either climate scenario.
For instance, less than 5% of current installed capacity and none of that planned would
experience RC > 1.25 at a 1.5°C. By contrast, ~900GW (or ~85%) of global installed
capacity would experience either no change or less frequent droughts. This apparent
benefit may be explained by the general global decrease in the frequency of droughts at

1.5°C and 2.0°C scenarios (yet some regions in LAC and East Asia may experience more
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frequent droughts) (see Supplementary Figure 4). This in turn may be due to the projected
increase in the number of days with precipitation found between the two climate scenarios

in various global regions including West-central North America and Siberia (within CIS).

Yet, within these estimates, it should be noted that about 20% of current and planned
installed capacity in East Asia (about 70 GW) is in areas where the frequency of droughts
will tend to generally increase in a 1.5°C warmer world. More importantly, in this region
the total amount of planned hydropower capacity which would be at risk of the most

frequent droughts would increase twofold under a 2.0°C scenario.
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Figure 2. Exposed hydropower generation capacity to changes in drought frequencies at
1.5 °C relative to the historical baseline, for a) current and b) planned hydropower
projects. Exposure maps at a 2.0 °C scenario are found in the Supplementary Section 7.
Panels on the right show total exposure values for key global regions at 1.5°C and 2.0 °C
scenarios for c¢) current and d) planned hydropower capacity. Change in exposure
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used in this study.
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3.3 Hydropower Exposure Levels to Changes in Drought Durations

Opposite to changes in GHP and drought frequencies we find that the exposure levels of
global hydropower to drought durations importantly increase in both scenarios (Figure
3(c)). Globally, about half of global current hydropower (about 500GW) capacity would
be exposed to droughts at least 10% longer (RC>1.1) than the historical ones in a 1.5 °C
scenario. For planned hydropower projects, about 15% (120GW) of such projects will be
exposed to longer droughts under 1.5 °C scenario. In a 2.0 °C scenario, the hydropower
capacity at risk progressively increases to 400GW and 140GW for current and planned
projects, accordingly. This global trend may be explained by the projected decrease in the
number of rainy days (and drying trends) which has been previously identified in areas
such as the Mediterranean basin (here within Europe and MENA) , Central and Northern
regions of Europe, various areas in South America (within LAC) , and Australia (within
East Asia and Oceania) (Lehner et al., 2017; Schleussner et al., 2016). See Supplementary
Figure 5 and Supplementary 6 for an expanded discussion on changing droughts

characteristics at both scenarios across the range of AOGCMs used here.

The regions where most of its current plants are expected to be at risk of longer droughts
include Europe (~70% of total capacity, or 115GW at a 1.5 °C scenario), North America
(~40% of current capacity or 70GW), and the Middle East and North Africa (MENA)
region (~16%; 5.5GW). Also, in both, North America and Europe about 35% of their
existing hydropower capacity is located in areas with expected RC > 1.25. In Europe it is
worth noticing that the total hydropower capacity located in areas where drought
durations rise by 50% or more (RC > 1.5) would increase four-fold from a 1.5°C to a 2.0

°C scenario (from ~12 GW to ~50 GW).
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Figure 3. Exposed hydropower generation capacity to changes in drought durations at 1.5
°C relative to the historical baseline, for a) current and b) planned hydropower projects.
Exposure maps at a 2.0 °C scenario are found in the Supplementary Section 7. Panels on
the right show total exposure values for key global regions at 1.5 °C and 2.0 °C scenarios
for ¢) current and d) planned hydropower capacity. Change in exposure represents the
mean value calculated across the ensemble members of the four AOGCMs used in this

study.

Moreover, a major and critical share of planned hydropower capacity is also expected to
be affected by longer droughts in LAC, Africa Sub-Saharan, South Asia and Oceania, and
CIS (Figure 3b,d). In these regions about 80%, 70%, 60%, and 25%, correspondingly, of
planned hydropower projects may have to face droughts which are at least 10% longer.
Also, unlike drought frequencies, hydropower assets in East Asia may expect to

experience a decrease in duration of historical dry periods.

3.4 Hydropower Exposure Levels to Changes in Drought Intensities
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Next, we find that, globally, ~240 GW of global installed capacity (~25% of total) and
~100GW (~60%) of planned hydropower capacity is exposed to droughts which are 10%
more intense, or more, under a 1.5 °C scenario (Figure 4). In a 2.0 °C scenario these
estimates increase to ~340 GW (~35%) for current capacities, whereas for planned ones,

the estimates just increase by 5 GW.
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Figure 4. Exposed hydropower generation capacity to changes in drought intensities at
1.5 °C relative to the historical baseline, for a) current and b) planned hydropower
projects. Exposure maps at a 2.0 °C scenario are found in the Supplementary Section 7.
Panels on the right show total exposure values for key global regions at 1.5°C and 2.0 °C
scenarios for c¢) current and d) planned hydropower capacity. Change in exposure
represents the mean value calculated across the ensemble members of the four AOGCMs

used in this study.

For current plants, the most affected regions in a 1.5 °C scenario include Europe (50%, or
80GW), LAC (70%) or 130GW, North America (55% or 100GW), and MENA (75% or
25GW). Yet it is important to note particular regional clusters exposed to more intense

droughts in specific sub-regions. For instance, large existing hydropower plants are
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exposed to more intense droughts in South East Australia, South Africa, and the Iberian

Peninsula; this in turn may reduce energy generation potentials in these regions.

Moreover, while in most of these regions a 2.0 °C scenario leads to minor increases in
hydropower exposed, maintaining a 1.5 °C scenario reduces future hydropower losses in
Europe. In this region, a 2.0 °C scenario would expose an additional ~30GW of
hydropower capacity to more intense droughts; thus putting about 70% of the continent’s
existing capacity at risk. Hydropower dams in other regions such as CIS and East Asia

are also expected to experience increases in drought intensities, yet of less severity.

On the other hand, an important proportion of planned hydropower plants in regions such
as LAC (~80% or 140GW), Africa Sub-Sahara (~75% or 80GW) and South Asia and
Oceania (~60% or 70GW), are at risk of more severe droughts in a 1.5 °C climate
scenarios. In these regions, a 2.0°C scenario would cause only a negligible increase in the

total planned hydropower capacity at risk (< SGW across all these regions).

3.5 Exposure Levels to Changes in Extreme High Flows

Last, we identify the global hydropower capacity at risk due to changes in high flow
conditions. In a 1.5 °C scenario, about 65% ( about 600GW) of current global hydropower
would face more frequent extreme high flows (the historical 1-in-100 years flow
occurring with a frequency of 1-in-75 years or less; Figure 5). Approximately 50% (or
90GW) of planned hydropower capacity would have to face this type of risk. Ata 2.0°C
scenario the fraction of exposed hydropower capacity increases to ~66% (~690GW) of
current installed capacity and to ~72% (~125GW) of planned. This change may be

explained by the general wetting trend observed under both scenarios and particularly the
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reported increase in global high flow characteristics (Paltan et al., 2018), particularly in

Asia and Africa where considerable hydropower investments are planned.

We find a significant fraction of East Asian capacity is at risk from high flows. Here over
90% of both its current and future hydropower capacities will see an increase in high
flows at a 1.5 °C scenario. Similarly, South East Asia and Oceania will see an important
share of their current and planned capacities at a greater risk (~80% and 55 GW; ~75%
and 70 GW, accordingly). In LAC and CIS about 50% of both current and planned
capacities are expected to be at risk. It is important to note that the difference between 1.5
°C and 2.0 °C scenarios is highly relevant across all these regions. For example, in East
Asia an extra 30% of current installed capacity would be at risk of more recurrent high
flows (the historical 1-in-100 years flow occurring with a frequency of 1-in-25 years) at

a 2.0 °C scenario.
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Figure 5. Exposed hydropower generation capacity to changes in occurrences of high
flows (100-year return period) at 1.5 °C relative to the historical baseline, for a) current

and b) planned hydropower projects. Exposure maps at a 2.0 °C scenario are found in the
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Supplementary Section 7. Panels on the right show total exposure values for key global
regions at 1.5 °C and 2.0 °C scenarios for ¢) current and d) planned hydropower capacity.
Change in exposure represents the mean value calculated across the ensemble members

of the four AOGCMs used in this study.

4. Discussion

In this study we have described the water risks that the global hydropower sector may
have to face in its path towards achieving the climatic goals agreed in Paris. Here, by
calculating exposure levels of hydropower capacities, we provide an initial diagnostic
which could be used as a first screening which identifies potential vulnerable regional
hotspots. Our findings would facilitate the application of more sophisticated approaches
(including more advanced modelling and methodological techniques) which estimate

energy production vulnerabilities and, indeed, risk at finer resolutions.

Our results show that the global hydropower sector will have to face diverse,
simultaneous, and compound water risks. We find that the increase in high river flow
frequencies (in this study understood as the change in the 1-in-100-years flow) would be
the dominant water risk that existing and planned hydropower sites may have to face in
the future. As such, we find that, about 65% (about 600GW) of current global hydropower
installed capacity will be exposed to more frequent high flows at a 1.5°C scenario (the
historical 1-in-100 years flow occurring with a frequency of 1-in-75 years or less). In
particular, about 90% of installed capacity and 50% of that planned in East Asia will be
exposed to this type of water risk. While the actual extent at which specific global sites

would be damaged or not by these increases depend primarily on their design
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characteristics, more frequent extreme flows may lead to shifts in sedimentation rates and
the subsequent reduction of the available reservoir depth and volume (diminishing the
hydropower generation potentials), structural damage to dams which may result in dam
failures, inundation of key infrastructure such as powerplants, inundation of downstream
lands (as result of contingency floodwater releases), or general diminishing of life
expectancies of hydropower projects. In this case, decision makers in these affected areas
may look to strategies looking to modify operational rules of projects, provide additional
flood mitigation interventions at the catchment scale (traditional or green), or even

reinforce and change the structural characteristics of such projects.

We also find that low flows would be an important risk to the hydropower sector across
multiple regions as most, existing or planned, hydropower projects would be exposed to
one or more type of droughts. For instance, in East Asia more frequent droughts would
expose about 20% of both their current and planned hydropower capacities. In Europe,
North America, LAC, and the MENA region we find that between 40 and 75% of current
installed hydropower capacity would have to face longer and/or more intense droughts.
In fact, in Europe, maintaining a 1.5°C scenario avoid about additional 40 GW of installed
capacity to be exposed to droughts which are 50% longer and more intense. Furthermore,
we also find that up to 80% of planned capacities in LAC, South Asia and Oceania, and
Sub-Sahara would experience at least 10% more intense or longer drought at both

scenarios.

Low flows would threaten expected energy generation while also increasing competition

for water with other sectors. Thus, other sectoral strategies would have to be considered

including looking at diversification of energy production sources, modification of grid
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types, and management of energy demands. Similarly, our results emphasize that
activities in the energy sector in areas affected by low flows require coordinated actions
with water users in other sectors such as household and industrial consumption and

irrigation looking to minimize and manage water competition.

We also find that the global aggregate of current and planned hydropower plants may
benefit from both greater GHP and less frequent droughts. In line with this, other studies
have also suggested how climate change would lead to more hydropower global
production in the regions highlighted here (e.g. the South Asia region) (Ali et al., 2018;
Antwi and Sedegah, 2018; Hamududu and Killingtveit, 2012; Van Vliet et al., 2016). Yet
our results suggest that while, indeed, global GHP, and in consequence global electricity
generation, may increase in the future as the world warms, there may be regional
imbalances in electricity production as well as other type of water risks which would
exacerbate water competition with other sectors. This is particularly important for
developing regions since important amounts of their planned hydropower capacities and
plants are located in areas which would experience more intense and longer droughts or

high flows risk.

Thus, in regions with depleting GHP energy security agendas as well as plans to
decarbonize energy systems, and potential commitments to meet the Paris Agreement,
may be compromised. Accordingly, in these regions, our results suggest the need of
decision makers to evaluate the tradeoffs between the costs (financial, social,
environmental, or others) of the potential interventions which may be needed to address
the type of risks discussed here, apart from the traditional costs that hydropower projects

have, vis-a-vis the benefits obtained from them. Such tradeoffs and potential risks need
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to be considered in the broader context, at regional or global spheres, when addressing
strategies to meet climatic goals, such as the ones agreed in Paris. Ultimately, failing to
address the risks discussed here, may threaten not just energy security goals at national
scales but may also limit the ability of the hydropower sector to contribute to climate

change mitigation.

5. Conclusions

Our results are expected to provide the general water context which decision makers in
the hydropower sector may have to face while delivering the Paris climate goals. We first
find that high river flow frequencies and potential floods would be the dominant water
risk (65% of global installed hydropower capacity exposed to more frequent high flows).
At the same time, we find that most existing or planned hydropower projects would be
exposed to one or more types of drought. In general, our results find that in various global
regions, mainly in the developing world, up to 80% of existing and planned hydropower
capacities are located in areas where droughts are projected to become at least 10%
longer, compared to historical conditions, and where historical 1-in-100 year flows would

occur with a frequency of at least 1-in-75 years.

Yet, we also acknowledge the other technical, social, environmental or economic factors
that describe a hydropower project as well as other sectorial metrics which are not
considered here. This includes additional detailed understandings of the roles of
compounding and reservoir characteristics. We do not consider the complex dynamics
which dominate hydropower and energy demand which may aggravate the impacts

discussed here. For example, water shortages resulted from more intense droughts in the
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key regions described here may affect local communities and the surrounding
environment of a hydropower project causing knock-on effects on hydropower
generation; especially if water is diverted for agriculture, industry and municipal drinking
water supplies. Similarly, we do not consider dam operational characteristics which
would help to understand electricity generation dynamics and in turn the vulnerability of
generation rates to future change. So our results should be interpreted considering these
limitations. Incorporating this wide range of factors and their interplay, along with
project-level hydroclimatic characteristics, could ultimately describe the specific level of

risk of energy generation and conditions of energy security of the regions discussed here.

We do not expect that the patterns described here would substantially differ when
evaluated using CMIP6 model outputs. Recent estimates suggest similar overall patterns
of increase and decrease in runoff and flood frequency between CMIPS models used here
and those from CMIP6 (Hirabayashi et al., 2021). Also, various of the drought hotspots
identified here such as the Amazon, Southern Africa, and Australia, have also been
acknowledged in recent studies (Cook et al., 2020). Yet, it is important to note that the
HAPPI ensemble used in this study is designed to quantify the relative risks associated

with 1.5°C and 2°C warmer worlds, rather than looking at specific emission scenarios.

Taken together, the results of this study help to determine whether, at the regional scale,
the cost of designing in water-risk resilience and adaptation strategies would outweigh
the benefits expected from such hydropower projects. In turn, this analysis could help
align the international hydropower sector towards climatic and sustainable development

agendas.
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