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Vulnerability of existing and planned coal-fired
power plants in Developing Asia to changes in
climate and water resources†
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Coal power generation dominates electricity supply in Developing Asia, and more than 400 gigawatts

(GW) of new coal-fired capacity is planned for operation by 2030. Past studies on thermal electricity-

water nexus have not accounted for this new capacity, and use coarse spatial and temporal resolutions

in the assessment of long-term power system reliability. Here, high-resolution hydro-climatic

simulations and asset-level power plant water use models are integrated to quantify water constraints

on coal-fired power plants in Developing Asia, for different scenarios of future climate change, cooling

system choice, and capacity expansion. Future climate change and capacity expansion decrease the

annual usable capacity factor (UF) of coal power generation in Mongolia, Southeast Asia, and parts of India and

China. The negative impacts are lessened by widening the geographic areas of aggregation. Under near-term

mitigation scenarios with high penetrations of CO2 capture technology, the regional average water withdrawal

intensity of coal power generation is 50–80% higher than current conditions. With careful siting, the increased

water withdrawal intensity does not necessarily constrain future electricity production on annual or monthly

time scales, but decreases system reliability by increasing the probability of low UF at daily time scale. Our

findings highlight the unaccounted-for-risk in Developing Asia’s long-term power plan featuring coal

power generation. Regional capacity expansion should consider the reliability of future thermal power

assets under long-term hydroclimate change using high-resolution models and multiple scenarios.

Broader context
Many aspects of modern energy systems rely on the availability of water. Planning for energy infrastructure must consider this availability in order to minimize
conflicts with other demands for water (e.g., industry, ecosystems). The study investigates the electricity planning problem in Developing Asia, where rapid
expansion of coal-fired power plants and low water availability co-exist with interdependencies that evolve with the makeup of the energy system and with the
climate. Using high-resolution hydro-climate simulations and datasets of the existing and planned power plants, the water constraints on coal-fired electricity
generation were quantified at the power-plant level under various climate and energy planning scenarios. Coal-fired power plants in Mongolia, Southeast Asia,
and parts of India and China are projected to confront substantially greater water constraints under current capacity expansion plans, regardless of the
implementation of CO2 capture technology that requires additional water. The results suggest three strategies to mitigate water limitations: (1) selectively
reducing the existing/planned power plants in water-scarce regions; (2) integrating electricity markets so that interregional electricity transmission can
compensate for local water stress; and (3) widely adopting dry cooling in northern Asia where the technology does not incur high losses in thermal efficiency.

1 Introduction

Thermal power plants (e.g. natural gas, nuclear, and coal)
accounted for 75% of the global net electricity generation in
2017.1 Many of these power plants use water for cooling, which
is increasingly constraining their electricity output because of
low water availability or high intake water temperatures –
sometimes both.2–6 Changes in streamflow and water temperature
due to climate change could exacerbate these constraints,7–13 and
previous studies have suggested that the usable capacity of thermal
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power generation could decrease by 1.6–16% in the United States,
6.3–19% in Europe, and 8–16% on average globally by the middle
of the 21st century.7–10

Power plants in Asia account for approximately 37% of
the global electricity generation and 41% of CO2 emissions,
because 64% of their electricity is generated from coal.14,15

Population growth and economic development continue to
increasingly drive water scarcity and electricity demand in
Asia.15,16 Some existing regional regulations seek to address the
environmental impacts of current and future coal-fired power
plants by banning the use of groundwater for cooling, limiting
the construction of new power plants, and mandating the use of
wet cooling towers.17–19 Still, about 490 GW of new coal-fired
power generation is under planning or construction in the rapidly
developing countries of Asia (hereafter referred to as Developing
Asia) for operation before 2030, including 168 GW in China and
110 GW in India.20 This planned capacity adds 30% more to the
existing coal-fired generation capacity, and will engender substantial
water requirements and amounts of pollutants that can exacerbate
global climate change and regional air pollution.21 Although there
have been much discussion about incentivizing wider use of CCS to
mitigate the CO2 emissions, current amine-based post-combustion
CO2 capture technology will increase the water requirements of
coal-fired power plants even further.22–24 As such, there is an
urgent need to understand the water requirements of coal-fired
capacity expansion in Developing Asia, and whether water
scarcity may reduce the availability of thermal power capacity
and impede the ability to reliably provide the energy services
that are motivating addition of coal capacity.

There have been many previous assessments of the inter-
actions between thermal electricity generation and water, but
the unique situation of Developing Asia, and the fact that water
availability and water requirements have considerable small-
scale spatial and temporal variability that can change over time,
remain largely unaddressed. One group of studies examined
the impact of water constraints on the usable capacity of
thermal power generation,7–13,25,26 most of which focused on
existing power plants in developed countries (e.g., Europe,
United States) that have much lower population density and
expect much less growth in electricity demand than Developing
Asia.7–10,12,13,25 A second group examined the water require-
ments of thermal power production under historical and future
electricity demand, capacity changes, and climate conditions,
and sometimes included the associated impacts on water
quality and scarcity.24,27–43 Some of these studies focused on
China and India, but only considered present conditions, or have
calculated water requirements at low spatial and temporal resolu-
tions using scenarios of future electricity demand from integrated
assessment models (IAMs) or policy outlooks.24,29–31,37–39,41–43 A third
group of studies incorporated water constraints into power systems
models or IAMs, but these studies are also for existing capacity or are
at coarse spatial and temporal resolutions.44–46 As such, the third
and fourth group of studies use either of two assumptions: (1) the
water availability and the water requirements of power plants remain
the same as historical conditions, or (2) the water availability and
requirements are evenly distributed over a large region. The first

assumption cannot deal with a situation like the rapid capacity
expansion in Developing Asia. The second assumption can miss
‘hotspots’ of water scarcity that may coincide with large power
plants that require much water, and fails to account for low- or
high-temperature and streamflow events. A fourth group of
studies investigated the feasibility and costs of adaptations to
climate and hydrologic variability, such as the transition to
renewable energy technologies,47 alternative water sources,48,49

and cooling systems with low water requirements.48,49

This study assesses the impacts of future water constraints on
the usable capacity of coal-fired power generation in Developing
Asia. In contrast to prior studies, that have used IAM-projected
scenarios to assess the thermal electricity-water nexus under
capacity expansion,29–31,37,50 this study integrates asset-level
geospatial databases describing the location, type and capacity
of existing and future coal power generation20 with high-
resolution hydrological projections at 5 arcmin (B10 km at
the equator). The analysis reveals local and daily variations in
the water constraints on thermal power generation. To simulate
future hydrological conditions, we used climate scenarios that
correspond to 1.5 1C, 2 1C, and 3 1C increase in global temperature
above pre-industrial levels. The 1.5 1C and 2 1C warming are
consistent with the temperature and mitigation targets in the Paris
Agreement,51 while 3 1C (or higher) warming is likely to happen if
current trajectory of greenhouse gas emissions continues.52 We
further implemented different scenarios of cooling system choice,
evolution of the power generation fleet, and the deployment of CO2

capture and storage (CCS) technologies, that are consistent with
1.5 1C, 2 1C, and 3 1C warming in order to understand the potential
impacts of adaptation to water scarcity and CO2 emissions
mitigation. The analysis here promotes understanding of the
energy-water nexus by filling the knowledge gap for an impor-
tant region (Developing Asia) in the global energy system, and
by substantially enhancing the spatial and temporal resolution
at which the water implications of future capacity expansion are
studied. The analysis also gives valuable insight into planning
future power generation investments in Developing Asia.

2 Data and methods
2.1 Climate change and hydrological modeling

We based our analysis on 30 year time series that represent
future climate conditions consistent with 1.5, 2 and 3 1C global
mean temperature change above pre-industrial levels.53 The
30 year periods are derived from the original outputs of five global
climate models (GCMs) forced by the Representative Concentration
Pathway 6.0 (RCP 6.0) emission scenario in the Coupled Model
Intercomparison Project Phase 5 (CMIP5)53 (Table 1 below). We
used the 0.51 � 0.51 downscaled and bias-corrected meteorological
data (air temperature, relative humidity, and surface air pressure)
of the five GCMs from the Inter-Sectoral Impact Model Inter-
comparison (ISI-MIP) Project54 as meteorological inputs for our
hydrological and cooling water withdrawal simulations.

We used the global hydrological model, PCRaster Global
Water Balance model version 2 (PCR-GLOBWB 2)55 to simulate
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streamflow and water temperature at 5 arcmin (B10 km at the
equator) spatial resolution and daily temporal resolution for
Asia. The water temperature module is an improvement of a
previous energy balance model.56,57 We conducted the simulations
consecutively for the historical period (1950–2005) and the future
period under RCP6.0 scenario (2006–2100). The PCR-GLOBWB
2 model considers the impacts of water demands from the
irrigation, livestock, industry, and household sectors, and the
impact of reservoir management on streamflow under the ‘‘Middle
of the Road’’ Shared Socioeconomic Pathway (SSP2).55 By including
upstream demand we ensure that the simulated streamflow reflects
the streamflow that can be withdrawn for thermal power generation
after removal of the demands of other users.

2.2 Existing and planned coal-fired power plants

The publicly available Global Coal Plant Tracker (GCPT17)
dataset20 provides the location, capacity, status, heat rate,
combustion technology, and vintage for 3456 existing and 751
planned (under construction, permitted, or pre-permitted for
operation before the year 2030) coal-fired power plants that are
within the spatial extent of the analysis for the following
countries that comprise Developing Asia: Bangladesh, Cambodia,
China, India, Laos, Myanmar, Pakistan, Sri Lanka, Thailand, Viet-
nam, and South Korea (see Fig. S1 and S2 in the ESI†).20 We verified
and supplemented these data with the cooling system types and a
second set of heat rates for the existing coal-fired power plants from
a geo-referenced dataset of global thermal power plants.28,58

2.3 Usable capacity and usable capacity factor of the coal-fired
power plants

As in previous studies,8,10,59 we defined the usable capacity
(UCt, where t is the day) of a coal-fired power plant with
nameplate capacity (C), to be the maximum amount of power
that can be generated under water constraints:

UCt ¼ min 3600
Qt �Qenv;t

WIt
;C

� �
(1)

where the water withdrawal intensity, WIt (m3 MW�1 h�1), of the
power plant is the sum of cooling and non-cooling water with-
drawal intensities of the power plant, the available streamflow,
Qt � Qenv,t (m3 s�1), is the difference between the simulated
streamflow, Qt, and the environmental flow that is necessary to
support the aquatic ecosystem and associated ecosystem services,
downstream usage, and the cultural role of the river, Qenv,t.

60 The
number 3600 in eqn (1) is unit conversion so that UC is in MW.

We calculated the water withdrawal intensity at each power
plant as the sum of cooling water withdrawal intensity and the
water withdrawal intensities of three major non-cooling processes

(CO2 capture, flue-gas desulfurization, and wet ash handling). We
estimated the cooling water withdrawal intensities of once-through
cooling and wet cooling tower systems with heat and water balance
models from prior work,10 and set to zero the cooling water with-
drawal of combined heat-and-power plants, power plants that use
dry cooling, or power plants that use once-through cooling with
ocean water. For CO2 capture, we assumed that the technology will
be post-combustion amine-based CO2 capture, which is the only
currently commercially available capture technology for coal-fired
power plants.23 We calculated the water withdrawal intensities of
CO2 capture as the difference between the median water withdrawal
intensities of subcritical, supercritical, and integrated gasification
combined cycle coal power plants with and without CO2 capture
that were reported in a widely-accepted review.61 These calculated
water withdrawal intensities are very similar to the values reported
by more recent simulation studies for Asian coal-fired power
plants.24,62,63 The review61 does not provide the water withdrawal
intensities of CO2 capture for circulation-with-fluidized-bed and
ultra-supercritical power plants.61 So we used the withdrawal inten-
sities of CO2 capture for subcritical and supercritical power plants
for each, respectively. We used data from the literature for flue-gas
desulfurization64,65 and developed and implemented a material
balance method for wet ash handling. Detailed formulas, sensitivity
analyses, and validation against previously reported water with-
drawal intensities are provided in Sections S3 and S4 of the ESI.†

For Qenv,t, we compared three environmental flow methods that
have been previously applied at large scale: the annual flow quantiles
method (Q90_Q50), the variable monthly flow method (VMF), and the
shifted flow-duration-curve method (ShiftFDC).60,66,67 We selected
the ShiftFDC method with environmental management class ‘‘C’’
because it provides medium-level estimates for environmental flow
among the three environmental flow methods. Sensitivity analysis
on the environmental flow methods are in Section S5 of the ESI.†

The UC increases linearly with the nameplate capacity of the
power plant until the constraint of available streamflow (eqn (1)).
To better compare between regions and scenarios with different
amounts of total installed nameplate capacity, we defined the Usable
capacity factor (UFt) of one or more power plants to be the ratio of
UCt and the total nameplate capacity of the power plant(s):

UFt ¼

PN
n¼1

UCt;n

PN
n¼1

Cn

(2)

where N is the number of power plants that are considered.
A thermal electricity generation unit cannot operate effec-

tively with a UFt below a minimum load level, which is typically

Table 1 The 30 year periods that correspond to the warming scenarios in each global climate model (GCM) under the RCP6.0 scenario

Warming scenario GFDL-ESM2Ma HadGEM2-ES IPSL-CM5A-LR MIROC-ESM-CHEM NorESM1-Ma

1.5 1C 2036–2065 2005–2034 2002–2031 2004–2033 2028–2057
2.0 1C 2058–2087 2023–2052 2029–2058 2025–2054 2051–2080
3.0 1C — 2053–2082 2067–2096 2053–2082 —

a These GCMs did not project 3 1C warming before 2099.
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20–50% depending on the design of the generation process.68

We set the UFt (and the associated UCt) of each generation unit
in each power plant to zero if the UFt is below 20%, which
results in optimistic estimates of UFt at power plant and
regional levels. Sensitivity analyses on the minimum load level
are in Section S5 of the ESI.†

Since UF is relative to the total nameplate capacity of the
plant(s), we used UF as the metric to compare individual coal-fired
power plants that differ in nameplate capacities, and between
regions and scenarios that do not have the same amount of
coal-fired power plants. We calculated UC and UF at daily time
step for the coal-fired power plants for every combination of
climate change scenario and capacity retirement case, and later
averaged them to annual or monthly levels.

Multiple coal-fired power plants often occupied the same 5
arcmin grid cell that was simulated by PCR-GLOBWB 2. To
account for competition between power plants for limited water
resources, we allocated the available streamflow (Qt � Qenv,t) in
each grid-cell level to each power plant in proportion to their
nameplate capacities.

2.4 Future coal-fired power plant capacity

Since the evolution of power plant capacity is uncertain, we
investigated four cases of capacity expansion for the coal-fired
power plants under each scenario of climate change (1.5 1C,
2 1C, and 3 1C increase in global mean temperature above pre-
industrial level):

1. Existing capacity – assumes that only existing coal-fired
power plants will operate in the future.

2. Expanded capacity – assumes that all existing and
planned coal-fired power plants will operate in the future.

3. Capacity retirement – similar to the expanded capacity
case, but the existing coal-fired power plants are retired based
on when the plants became operational in six ten year batches
beginning 1970, and following the common practice of retiring
older plants first.69,70

4. Regional transformation – explores possible spatial distri-
butions of coal-fired power plants that are consistent with climate
policies under 1.5 1C, 2 1C, or 3 1C climate goals.51 While the
other three scenarios assume zero use of CO2 capture except at
the two power plants indicated in the GCPT17 dataset,20 this
scenario allows any power plant to use CO2 capture. We used a

combination of convergence downscaling, proportional down-
scaling, and random sampling techniques to translate future
projections of regional coal consumption in Asia into power
plant-level binary decisions between operation and retirement
(or cancellation) and between the use or not of CO2 capture. The
Asia regional coal consumptions are from global-IAM simulations
that use SSP2 drivers and achieve approximately 1.5 1C, 2 1C, and
3 1C climate goals.71 The binary decisions consider the age of the
power plant and local water availability in such a way that newer
power plants and the power plants at more water-abundant
locations are more likely to be operational, but no power plants
are absolutely excluded. It should be noted that the simulations
that achieve the 3 1C climate goal do not require the use of CCS.
Details of the downscaling procedure are in Section S6 of the ESI.†

Table 2 displays the total number and capacity of coal-fired
power plants for each case of capacity expansion. Table S1 of
the ESI† provides the distribution of capacities at disaggregated
administrative unit levels.

2.5 Cooling systems: planned coal-fired power plants

Since the cooling systems for the planned coal-fired power
plants are not publicly available, we investigated four cases of
the choice of cooling system for the planned capacity:

1. Freshwater once-through – all the planned coal-fired
power plants implement once-through cooling systems using
freshwater.

2. Freshwater cooling tower – all the planned coal-fired
power plants implement wet cooling towers using freshwater.

3. Business-as-usual (BAU) – unless otherwise required by
legislation, each planned power plant uses the same type of
cooling system as the nearest existing power plant. In the study
region, most of the existing inland coal-fired power plants use
wet cooling towers with freshwater and most of the existing
coastal coal-fired power plants use once-through cooling with
sea water cooling (see Fig. S1 and S2 of the ESI†).

4. Adaptation – assumes that each coal-fired power plant (a)
that uses once-through cooling systems with freshwater in the
BAU case will switch to wet cooling towers, and (b) that uses wet
cooling towers in the BAU case will implement dry cooling if the
power plant has low UF under a combination of climate change
scenario and case of capacity expansion. Low UF means that the
annual average UF of the power plant, further averaged across

Table 2 Capacity expansion cases – magnitudes of the coal-fired electricity generation fleet in the study region. Numbers in parenthesis are the
percentage of power plants or capacity of power plants that use CCS

Number of power plants Total capacity (GW)

Existing capacity 3456 1041
Expanded capacity 4207 1454
Capacity retirement (decade before which
the retired plants became operational)

1970 4111 1447
1980 4036 1437
1990 3783 1386
2000 3325 1281
2010 1988 899
2020 751 413

Regional transformation (% of which CCS) SSP2 1.5 1C 1691 (84.6%) 623 (76.6%)
SSP2 2 1C 1741 (66.4%) 640 (54.3%)
SSP2 3 1C 2876 (0%) 1005 (0%)
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the five GCMs and the random samples (for the regional
transformation cases of capacity expansion), is below the
historical average capacity factor of coal-fired power plants of the
country, province (for China), or state (for India). The historical
average capacity factors are shown in Table S2 of the ESI.†

For the adaptation case, we also investigated the trade-offs
between a higher UF and the loss in thermal efficiency due to
the use of dry cooling instead of a wet cooling tower. To do so,
we used an approach developed by the U.S. Environmental
Protection Agency72 to estimate the loss in thermal efficiency
for switching from a wet cooling tower to a dry cooling system
as a function of ambient temperature (see Section S7 of the
ESI†). We calculated the changes in UF and losses in thermal
efficiency for annual and summer (June–August) averages.

3 Results
3.1 Future changes in streamflow and water temperature

Across the ensemble of climate change scenarios, the results
from PCR-GLOBWB 2 in Fig. 1 suggest that annual mean
streamflow will decrease in southeastern China, Southeast Asia,
part of Pakistan and western India, and increase in most of
India and central China. Variations between the different
climate models are shown in Fig. S3–S7 of the ESI.† Relative
to the historical level of annual mean streamflow, the majority
(defined to be between the 25th and 75th percentile) of the
decreases are between �7% and �20%, and the majority of the
increases are between 10% and 50% for the 2 1C scenario of
climate change (see Fig. S8 of the ESI†). In the 1.5 1C and 3 1C
scenarios, the increases in streamflow are slightly less and
more widespread, respectively, but the overall spatial patterns
are similar. These streamflow changes will impact the UF of the
coal-fired power plants that use once-through cooling and wet
cooling towers. The results also suggest that water temperatures
will increase throughout Asia. For the most part, increases in
water temperature will reduce the UF of the coal-fired power
plants that use once-through cooling systems, because the water
withdrawal intensity of once-through cooling systems is highly
sensitive to the inlet water temperature, whereas the water
withdrawal intensity of wet tower cooling systems is much less
sensitive (see Section S3 of the ESI† for the relevant equations).
Because far fewer power plants use once-through cooling than
wet cooling towers in the study region, the impacts of changes in
streamflow will be greater than the impacts of water temperature
on the regional UF.

3.2 Water constraints on annual average UC and UF in the
study region

The total annual average UC of the coal-fired power plants is
highest in the 3 1C climate change scenario, followed by the
2 1C scenario, and lowest in the 1.5 1C scenario, regardless
of the case of capacity expansion or cooling system choice
(Fig. 2a). This overall increase in UC occurs because of the
increases in streamflow in most locations. For each climate
change scenario, the freshwater once-through cooling system

case consistently has lower UC than the freshwater cooling
tower case (Fig. 2a). Both cases have consistently lower UC than
the BAU case (Fig. 2a), which is due to the many power plants
that use ocean water for cooling or dry cooling systems in
the BAU case (see Fig. S1 in the ESI†). The uncertainties due
to different climate projections of the GCMs, and random
sampling for the regional transformation cases, in the total
annual average UC are relatively small compared with the
differences across cooling system scenarios.

In Fig. 2a, the total annual average UC increases by about
25% from the existing capacity case to the expanded capacity
case in the freshwater cooling tower and BAU cases of cooling
system choice, which suggests that the planned power plants can
access streamflow resources that are not used by the existing plants.
In contrast, there is only a small increase in the total annual average
UF for the freshwater once-through case, suggesting that nearly all
of the streamflow resources would have been used by the existing
plants, if they used once-through cooling.

The total annual average UC in each capacity expansion case
is always higher with higher total nameplate capacities (Fig. 2a
and Table 2), which is confirmed by the mostly small changes
in the regional annual average UF between the different cases
of capacity expansion (Fig. 2b). But the UC and UF decrease
between the capacity retirement 2010 and 2020 cases of capacity
expansion for all cooling system choices, with the largest
decrease occurring for the freshwater once-through case, and
the smallest decrease for the BAU case (Fig. 2). These decreases
occur because the planned plants are in locations with lower
streamflow than the existing plants. When a capacity expansion
case has a higher percentage of planned power plants, a lower
fraction of the power plants are at locations with streamflow of
100 m3 s�1 to 1000 m3 s�1, and a higher fraction at locations
with B1 m3 s�1 streamflow (Fig. 3). This phenomenon applies
to all the GCMs and scenarios of climate change (Fig. S9 of the
ESI†). The typical water withdrawal intensity of power plants
with once-through cooling systems is around 100 m3 MW�1 h�1

(see Section S4 of the ESI†). Therefore, water availability con-
straints will be especially limiting for the planned power plants
in the freshwater once-through case.

Focusing on the BAU case of cooling system choice, the
expanded capacity case and capacity retirement cases mainly
have lower UF than the existing capacity case, while the retire-
ment 2010 case has a similar UF. These differences arise from
the interactions between local water availability and the com-
petition between power plants for water. For most capacity
retirement cases, the power plants are distributed at locations
with lower streamflow than the existing capacity case (Fig. 3),
which would lead to lower UF. The competition between power
plants, which is measured by the percent of power plants that
occupy a grid cell with at least one other power plant, is similar
between most capacity retirement cases and the existing capacity
case (B97%, Table S3 of the ESI†). The retirement 2010 case also
has low water availability (Fig. 3), but lower competition than the
existing capacity case (B94%, Table S3 of the ESI†), which implies
that there is more available water for each individual power plant.
The retirement 2020 case has very low water availability (Fig. 3).
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Compared to the existing capacity case, the regional
transformation-1.5 1C case have lower UF, while the regional
transformation-2 1C and -3 1C cases have similar UF. Due to the
use of CCS in the regional transformation-1.5 1C and -2 1C

cases, their regional average water withdrawal intensity of the
power plants are considerably higher than the other capacity
expansion cases (Table S4 of the ESI†), which implies lower
regional average UF and is likely the main reason why the

Fig. 1 Impacts of climate change on water availability and temperature in Developing Asia. (a) Annual mean streamflow, and (b) annual mean water
temperature. Results are from PCR-GLOBWB 2 simulations, averaged over the five GCMs. (i) Historical baseline (1961–1990), and the differences
between the (ii) 1.5 1C, (iii) 2 1C, and (iv) 3 1C scenarios of climate change and the historical baseline.
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regional transformation-1.5 1C case has lower UF. On the other
hand, all three regional transformation cases have much lower
competition between the power plants (72–88%, Table S3 of the
ESI†) than the existing capacity case, which implies higher
regional average UF. The direction of the effect of local water
availability on the regional transformation cases is ambiguous,
because there are more power plants in the grid cells with
streamflow at the ends of the distributions (very low and very
high), and fewer in the grid cells with streamflow between the
extremes, than the existing capacity case (Fig. 3). But the
regional transformation-2 1C and -3 1C cases have more power
plants in the grid cells with high streamflow than the regional
transformation-1.5 1C case (Fig. 3), which explains the higher
regional UF of the former two cases than the last one.

3.3 Spatial and temporal distribution of the impacts of
climate change and capacity expansion

The following sections explore the future changes in UF for the
BAU cooling system choice, and the existing capacity, expanded

capacity, retirement 2020, and regional transformation cases of
capacity expansion in more detail. We focused on these cases
due to a few reasons. The BAU case for cooling system choice
considers existing cooling system choices. The case has the
highest regional UF because of the wide use of ocean cooling
near the coastlines and some use of dry cooling in land,
although we did not consider the effects of climate change on
coastal ocean water temperatures. The existing capacity,
expanded capacity, and retirement 2020 cases serve as references
that reflect, respectively, the pure effect of climate change, the
compound effect of climate change and partial shift in power plant
locations (i.e. from existing to existing + planned), and the
compound effect of climate change and complete shift in power
plant locations (i.e. from existing to planned). The regional trans-
formation cases explore the potential effects of carbon emission
mitigation policies. It should be emphasized that the spatial
distribution of power plants in the regional transformation cases
only consider the influences of age and water availability on siting,
which are consistent with past literature but do not capture the full
range of siting factors.73 Therefore, these cases illustrate the
influence of considering these siting factors in capacity expansion
and the deployment of CO2 capture on UF, but are not intended to
represent likely future distribution of coal-fired power plants.

Fig. 3 Nameplate capacity-weighted probability density distribution of
the annual mean streamflow at the grid cells occupied by coal-fired power
plants, for selected scenarios of climate change and all cases of capacity
expansion. The annual mean streamflow were pooled across the five
GCMs and (for the regional transformation cases of capacity expansion)
random samples. The displayed probability density distributions were
smoothed by kernel density estimation for better readability.

Fig. 2 Annual average (a) total usable capacity (b) usable capacity factor
of the coal-fired power plants in Developing Asia. The error bars indicate
the range between the five GCMs, and (for the regional transformation
cases of capacity expansion) random samples.
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3.3.1 Spatial distribution of the annual average UF. If the
existing coal-fired power generation fleet does not change,
the spatial pattern of changes in annual average UF from the
historical baseline to the 2 1C climate warming scenario
(Fig. 4a) is similar to the spatial pattern of changes in stream-
flow in Fig. 1: the annual average UF’s decreases in south-
eastern China and Southeast Asia, and increase elsewhere. The
changes in annual average UF are moderate, with a maximum
decrease of �12.7% (Laos), and a maximum increase of +11.7%
(Karnataka in India) (Fig. 4a; the labels of the administrative
units are in Fig. S10 of the ESI† along with the historical UF).

Variations in results among the GCMs do not substantially alter
the spatial patterns (Fig. S11 and S12 of the ESI†).

Changes in the power generation fleet in other cases of
capacity expansion lead to considerable changes in the annual
average UF’s, and in many places the effects outweigh the
impact of climate change on annual average UF’s (Fig. 4b–f).
The broad spatial patterns in Fig. 4b–f are similar: decreases in
the UF in Mongolia, central to southeastern China, Southeast
Asia, northern India, and southernmost India, and increases in
the UF in northern China, Pakistan, and central India. The
historical annual average UF is lower in eastern China than the

Fig. 4 Average changes in the annual average usable capacity factors (UF) from the historical baseline (1961–1990, the existing capacity case)
to selected climate change scenarios and cases of capacity expansion. ‘‘Average’’: the values displayed in the maps are based on the average of the
state-level (India), province-level (China), or country-level (the other Asian countries) UF’s across the GCMs and (for the regional transformation cases of
capacity expansion) random samples.
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other parts of China (Fig. S10 of the ESI†), and the results in
Fig. 4 suggest that the combination of climate change and
capacity expansion will further decrease this low UF. In Pakistan
where the historical UF is low (Fig. S10 of the ESI†), climate
change and capacity expansion will increase the low UF.
Although Fig. 4 mostly shows the results of the 2 1C climate
change scenario, the signs and magnitudes of the results for the
1.5 1C and 3 1C climate change scenarios are nearly the same
(Fig. S13 of the ESI†). The two additional capacity retirement cases
shown in Fig. S13 of the ESI† also confirm that the capacity
expansion and retirement 2020 cases are generally representative
of the changes in the UF for all the capacity retirement cases.

The similarity in spatial patterns between the capacity
expansion and regional transformation cases, and the retirement
2020 case in Fig. 4 suggest that the difference in local water
availability between the existing and planned power plants
(Fig. 3) plays a dominant role in the changes in UF at adminis-
trative unit-levels. As in the changes at the regional level
(Section S3.2), the various differences between Fig. 4b–f are due
to competition by power plants for water, the local availability of
that water, and the intensities of withdrawal of that water. In the
capacity expansion case, various power plants have a lower UF
than they would if only the existing or planned power plants
operate in the region (Fig. 5a and Fig. S14a of the ESI†). In all

three of the regional transformation cases, some power plants
have lower UF than if only the existing or planned power plants
operate in the region, but some have higher UF (Fig. 5b, c and
Fig. S14b and c of the ESI†). The higher UF runs counter to the
increase in water intensity due to the use of CO2 capture, or to the
higher installed capacities that the regional transformation cases
usually have in each administrative unit than the retirement 2020
cases (Table S1 of the ESI†). Therefore, the higher UF is likely
attributable to the random sampling approach that was used to
create the regional transformation cases, which leads to a more
spatially-diverse expansion plan compared to the age-based
retirement scenario. Geographic diversification decreases the
competition by power plants for the local water (Table S3 of the
ESI†), and reduces the aggregate effects of temporal streamflow
variability across the study region. Importantly, the benefits of
geographic diversification are only realized through the integration
of regional electricity markets.

3.3.2 Seasonal and daily distributions of UF’s at power grid
level. Electricity markets in Asia have achieved subnational
integration in China and India, which creates power grids that
balance supply and demand over large sub-national regions.
We investigated seasonal and daily variations in the impacts of
climate change on UF for five of the seven wide-area synchronized
power grids in China (Northwest China, Central China,

Fig. 5 Changes in the usable capacity factors of individual coal-fired power plants that are in the existing fleet between the historical baseline (1961–
1990, the existing case) and selected future climate scenarios and cases of capacity expansion. Gray dots indicate where the changes are within �1% of
the nameplate capacity. The values are averages across the GCMs and (for the regional transformation cases of capacity expansion) random samples.
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North China, East China, and South China), all the regional power
grids in India (North Region, East Region, West Region, South
Region, North East Region), and the national power grid of
Vietnam74–76 (Fig. S15 of the ESI†). These power grids were selected
because they represent the most densely populated countries in
the study region, and cover the regions where the most severe
impacts of climate change and capacity expansion occur (Fig. 4).

The power-grid level UF’s have substantial changes and
seasonal variations for some regional grids (North China, East

Region India, South Region India, Vietnam), and inconsistent
changes between the GCMs and cases of capacity expansion for
other regional grids (Central China, Northwest China, East
China, North Region India, West Region India, North East
Region India) (Fig. 6). In the North China grid, the largest
positive changes occur in summer in the existing capacity case,
but occurs in winter in the capacity retirement 2020 case. This
contrast suggests that the existing and planned power plants in
the North China grid have such spatial separation as to cause

Fig. 6 Monthly variations in the changes in usable capacity factor at power grid level between the existing capacity case under historical conditions and
various cases of capacity expansion under the 2 1C scenario of climate change: (a) the existing capacity case; (b) the expanded capacity case; (c) the
capacity retirement 2020 case; (d) the regional transformation 1.5 1C case; (e) the regional transformation 2 1C case; (f) the regional transformation 3 1C
case. The whiskers show the maximum and minimum across the GCMs.
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them to experience different climate change signals. The power-
grid level changes in UF smooth out some local variability at
administrative unit-level. For example, although the South Region
India grid generally has positive changes in UF, the southernmost
state of India has negative changes in UF (Fig. 4). This cancellation
of negative changes suggests that regional electricity market
integration can reduce the vulnerability of electricity supply to
water scarcity. Still, the negative changes in UF at administrative
unit-level persists into the power-grid level in the East China grid,
and small countries like Vietnam may not have enough sub-
national variability in climatic conditions to balance out local
negative changes (Fig. 4 and 6). If all the power plants in the study
region are inter-connected, the resulting regional-level changes in
monthly UF are positive for all the climate change scenarios and
cases of capacity expansions in Fig. 6.

Considerable day-to-day variability exists in power-grid level
UF, and the changes in the probability distributions of daily UF
(hereafter referred to as the pdf) provide information that may
not be present in the changes in the mean UF (Fig. 7). For
example, in the Northwest China power grid, the monthly mean
UF of all the cases of capacity expansion increase compared to
the historical baseline (Fig. 6), but both the mode of the pdf of
the capacity retirement 2020 case and the left tail of the pdf of
the regional transformation 1.5 1C case shift left, suggesting a
greater possibility of water shortage for power generation
(Fig. 7). Similar situations exist for the Central China, East
Region India, West Region India, and South Region India grids,
where the mean changes are insignificant or positive in various
cases of capacity expansion, but changes in the mode or left tail
of the pdf of the same cases are negative (Fig. 7).

Fig. 7 Probability distributions of daily usable capacity factor (UF) at the power grid level. The probability density distributions were pooled over the five
GCMs and (for the regional transformation cases of capacity expansion) random samples for each power grid, scenario of climate change, and case of
capacity expansion. The displayed probability density distributions were smoothed by kernel density estimation for better readability.
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The regional transformation cases do not necessarily
have systematically lower daily UF than the existing capacity,
expanded capacity, and capacity retirement cases (red colors).
The modes of the regional transformation cases (blue colors)
are generally in-between or similar to the latter three cases (red
colors) (Fig. 7). The regional transformation cases also have left
tails that are in-between or similar to the latter three cases in
some of the power grids (Fig. 7). But in the Central China, East
China, East Region India, and South Region India grids, the
regional transformation 1.5 1C case has the heaviest left tail
among all the displayed cases, which suggests the highest
possibility of water shortage (Fig. 7). The regional transformation
2 1C has the heaviest left tail among all the displayed cases in
Vietnam (Fig. 7). These phenomena suggest that using CO2

capture has some negative impact on the water availability for
power supply, but the negative impact is not universal. At the
regional level, the regional transformation cases have higher
possibilities of water shortage than the other cases of capacity
expansion (Fig. 7k and 6), but the possibilities of water shortage
are generally smaller at the regional level than the individual
power grids.

3.4 Adaptation to climate change through cooling system
changes

In our results, the power plants that switch from once-through
cooling to wet cooling towers are mainly near the Yangtze River,
while the power plants that switch from wet cooling towers are
in northern China and throughout India (Fig. S16, ESI†).
Switching to wet cooling towers and to dry cooling can increase
the UC and UF of the power plants: (1) directly for those that
switch, and (2) indirectly for those that are near the plants that
switch, because there is less competition for water. In our
results, the indirect effects are negligible (Fig. 8 and Fig. S17,
S18 of the ESI†), although this may be because our study
allocates the available water proportional to the nameplate
capacities of the plants in a grid cell. Plants that share a grid
cell and have the same cooling system in the BAU case will have
identical UF’s, so that all or none will switch their cooling systems in
the adaptation case based on our criteria (see Section S2.5).

The total increases in UC from the BAU case to the adaptation
case are broadly proportional to the total nameplate capacity of
the power plants that switch (i.e. ‘‘total affected nameplate
capacity’’ in Fig. 8). About 25% of the total capacity in the study
region switches to less water-dependent cooling systems, and the
total increase in UC amounts to nearly 20% of the total capacity
(Fig. 8 and Fig. S17, S18, ESI†). The total affected capacity
comprise a higher portion of the total regional capacity in the
existing capacity, expanded capacity, and retirement 2020 cases
than in the regional transformation cases, which suggests that
the former three cases are more constrained by water availability
than the regional transformation cases. For the power plants that
switch cooling systems, the increase in UC is highest for China,
India, Mongolia, and Pakistan, lower for Laos, Thailand, Vietnam,
Taiwan, and South Korea, and negligible for Bangladesh, which
implies different levels of benefit per unit investment on dry
cooling.

The changes in national UF from the BAU to the adaptation
case of cooling system choice (Fig. 8 and Fig. S17, S18, ESI†)
suggest that wider use of dry cooling can have considerable
benefit on the reliability of electricity supply of some countries
in the study region. But dry cooling also induces an energy
penalty due to higher turbine backpressure than in cooling
systems that use water.77 Here, we measured the energy penalty
using the relative loss in thermal efficiency (%) if a power plant
switches from wet cooling tower to dry cooling. Based on the
projected air temperature under 2 1C warming, the estimated
losses in thermal efficiency in western India and Pakistan are
more than 12% on annual average and 15–20% in the summer.
These losses are only slightly lower under 1.5 1C warming and
slightly higher under 3 1C warming (Fig. 9).

The regional average decrease in thermal efficiency at the
power plants that switch to dry cooling under the adaptation
case is significant (7.71% to 9.65%, Table 3). Consistent
with the general spatial distribution of the losses in thermal
efficiency (Fig. 9), the highest losses occur in India (11.79% to
12.92%), Pakistan (12.82% to 15.13%), and Thailand (10.86% to
12.10%), while the lowest losses occur in Mongolia (0.74%
to 3.29%) (Table 3). The high decreases in thermal efficiency
suggest that adaptation to dry cooling may challenge the
economic feasibility of dry-cooled coal-fired power plants for
India, Pakistan, and Thailand, while also increasing CO2 emissions.
On the other hand, dry cooling can be valuable for securing
power supply under low water availability in Mongolia, northern
China, and South Korea.

4 Discussion and conclusions

Growing populations and economies engender more demand
for electricity and stress on water resources. Planning for the
future thermal generation capacity requires reliable water
resources. We investigated the impacts of climate change, the
addition and retirement of coal-fired power plants under
different age-based and climate change mitigation scenarios,
and different cooling system choices on the usable capacity
(UC) and usable capacity factor (UF) of coal power production
in Developing Asia. The main findings are:

(1) If the use of dry cooling remains at present-day levels, the
planned expansion of coal-fired power plants in Developing
Asia will increase the regional UC, which increases the amount
of electricity that can be supplied. But this capacity expansion
also decreases the UF, which implies more severe water con-
straints on electricity generation. Wide deployment of CCS for
achieving the 1.5 1C and 2 1C climate goals have small impacts
on regional annual or monthly mean UF, but leads to higher
probability of low regional average UF on the daily time scale.
Climate change will lead to slight increases and decreases in
streamflow that also affect UC and UF, but the impacts are
smaller than capacity expansion.

(2) Location choices of individual coal-fired power plants
can affect the UF at aggregated spatial levels, because of the
uneven distribution of local streamflow and the competition
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between the power plants for local water. In some parts of the
study region, the cases of capacity expansion that use CO2

capture have similar or even higher annual average UF than the
cases that do not. This counterintuitive result is because the
cases that use CO2 capture explore diverse deployment patterns
that favor locations with higher water availability, whereas
the cases that do not use CO2 capture use simple age-based
retirement. Nonetheless, CO2 capture increases the possibility
of water shortage for coal-fired electricity generation on the
daily time scale.

(3) At administrative-unit level (provinces for China, states
for India, and countries elsewhere), regions that expect the
most negative impact from climate change and capacity expansion
are Mongolia (20–74% decreases in UF), central China (up to 74%),
Southeast Asia (up to 65% decreases), central India (up to 40%

decreases), southeastern China (up to 20% decreases), and south-
ern India (11–14% decreases) (Fig. 4).

(4) At power-grid level (covering 1–7 administrative units),
the changes in UF tend to be less negative than the changes at
individual administrative units within the grid-region, because
local positive and negative changes cancel out each other.
Considerable seasonal and day-to-day variability exist in the
UF at power-grid level. It is possible for a case of capacity
expansion to lead to higher annual and monthly mean UF than
the historical baseline, and yet higher probability of low UF at
the daily time scale, for the same power grid.

(5) Wider deployment of dry cooling can considerably increase
the UC and UF within the study region. But dry cooling has high
energy penalty in South Asia, which can challenge its economic
feasibility and counteract future efforts to reduce CO2 emissions.

Fig. 8 Effects of switching to wet cooling tower and dry cooling systems on the national-level UC.
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Our findings advance understanding of the global energy-
water nexus in a few ways. First, past studies that consider
capacity expansion are often at coarse spatial scales and annual
level,29–31,37,41,43–46 but this study shows that water constraints
on thermal power generation have considerable spatial and
temporal variability, and that the variability at finer spatial
scales can affect water constraints at coarser spatial scales. One
case illustrated in this study is the deployment of CO2 for CCS.

When one assumes that water availability is uniform in a large
region, wider use of CO2 capture naturally increases water
constraints on thermal power generation due to higher water
requirements.13,43,45,46 But when one considers local variability,
wider use of CO2 capture at water-abundant locations may not
increase the regional water constraint on thermal power gen-
eration, whereas wider deployment at water-scarce locations
will. Second, the finding that climate change has mixed

Fig. 9 The spatial distribution of annual average and summer average dry cooling penalty at all the existing and planned power plants and for all the
climate scenarios. The energy penalties are averaged over the GCMs.
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impacts on UC and UF in Developing Asia contrasts with past
findings for Europe and United States, where the impacts of
climate change are likely negative.9–12,78 This contrast is partly
due to regional differences in the impacts of climate change on
the hydrological cycle. The increases in streamflow in South
Asia and large parts of East Asia are consistent with the expected
increase in Monsoon rainfall under global warming,79,80 and
may also reflect some influences from increased glacier melt.81

Another potential reason for the contrast is that human-related
withdrawals (i.e. irrigation, industrial, municipal) are expected
to increase substantially in Asia in the future and will lead to
lower streamflow.82 Third, some previous studies have noted
that the shift in thermal power plants towards the more water-scarce
west in China will have negative effect on water resources.30,42 This
study provides a similar finding for the broader Developing Asia –
the planned power plants tend to be located at more water-scarce
locations than the existing power plants, for the broader Developing
Asia, and quantitatively explores the potential effects of this shift
under diverse scenarios of climate change and cases of capacity
expansion.

Our findings also have implications for future studies on
energy systems modeling and for energy planning in Developing
Asia. Current optimization studies on power systems or energy
planning rarely consider changes in nameplate capacity at high
spatial resolution.44–46 Model development activities toward
higher spatio-temporal resolutions may reveal new synergistic
pathways for joint water management, energy planning, and
CO2 emissions mitigation. Although some water-saving policies
already exist for the electricity sector in China and India,19,83 our
findings suggest that policy makers can achieve more sustain-
able short-term and long-term power planning by considering
the abundance of, and competition for, local water resources in
the dispatch of electricity, the approval of new power plants, use
of CO2 capture, and the management of regional transmission
corridors. Economic concerns may incentivize the building of

large CCS clusters where power plants share CO2 compression
and transport infrastructure,13 but large clusters will also lead to
high local water demands by the power plants. Thus, it will be
important to consider the cost-water availability trade-off in
designing CCS networks. As the electricity market becomes more
integrated in Asia,84 regional cooperation in the electricity markets
may provide opportunities to reduce the vulnerability of thermal
power generation to water constraints. This study shows that
pooling together the coal-fired power plants for the whole region
results in positive changes in UF for the different cases of capacity
expansion in general, and reduces the temporal variability in UF,
thus reducing the possibility of water shortages for power genera-
tion. Although past studies have noted that dry cooling is a potential
option to de-couple electricity generation from water availability,11,83

this studies shows that dry cooling may lead to high losses in
thermal efficiency, equivalent to 12–15% of the generated electri-
city, in South Asia due to higher air temperatures and humidity.

Finally, we note a few opportunities for future investigations
that build upon this work. Although we designed the regional
transformation scenarios by downscaling from regional energy
pathways that lead to 1.5 1C, 2 1C, and 3 1C warming, the
scenarios are random samples, and the regional energy pathways
are not the only available options for Asia or Asian countries.29,37,71

Therefore, the regional transformation cases are meant to be
illustrative, rather than representative of future capacity expansion
and CCS deployment at local resolution. Second, the hydrological
model, water withdrawal intensities, environmental flow, and
real-world rules of water allocation between power plants are
also important sources of uncertainty that should continue to be
investigated.85–89 Recent work shows that CO2 capture at the
plant-level can be better optimized for water use,88 which can
lead to lower water withdrawal requirements than in the regional
transformation cases in this study. There are also continuous
developments in dry cooling technology to reduce the energy
penalty.90 Future work can develop more robust local scenarios

Table 3 The annual average and summer average energy penalty (%) experienced by the coal-fired power plants that switch from wet cooling towers to
dry cooling from the business-as-usual to the adaptation case. The energy penalties are averaged over the GCMs, and weighted-averaged over the
switched coal-fired power plants in the study region (‘‘All’’) or in each country by nameplate capacity. Missing values indicate that none of the coal-fired
power plants switched

Unit: % Country 2 1C existing 2 1C expanded 2 1C retirement 2010 1.5 1C SSP2 2 1C SSP2 3 1C SSP2

Annual All 7.28 7.71 8.11 8.13 8.91 9.65
China 4.86 4.75 4.41 4.47 4.73 5.43
India 12.38 12.37 12.36 11.79 12.26 12.92
Laos 8.96 8.96 8.96 8.62 8.96 9.77
Mongolia — 1.89 1.89 0.74 2.70 3.29
Pakistan 13.41 13.42 13.42 12.82 13.42 15.13
South Korea — 3.70 3.70 3.49 — 4.12
Taiwan 8.84 8.84 — 8.55 8.83 9.23
Thailand 11.27 11.27 — 10.86 11.27 12.10

Summer All 11.20 11.41 11.70 11.45 12.29 13.11
China 9.69 9.53 9.25 9.02 9.44 10.78
India 14.48 14.42 14.45 13.73 14.36 14.93
Laos 9.88 9.88 9.88 9.53 9.88 10.72
Mongolia — 6.81 6.81 5.45 7.72 8.66
Pakistan 20.65 18.59 18.59 17.80 18.59 20.66
South Korea — 6.96 6.96 6.68 — 7.68
Taiwan 11.14 11.14 — 10.88 11.15 11.56
Thailand 11.44 11.44 — 11.11 11.44 12.36
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by adding dynamic capacity into power systems models, adding
meteorological impacts on demand and capacity-dispatch,
increasing the resolution of energy planning models, considering
more advanced generation, CO2 capture, and cooling technologies,
and considering feedbacks between hydrological flows and
water for energy.
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