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a b s t r a c t

Coal is the dominant fuel for electricity generation around the world. This type of electricity generation
uses large amounts of water, increasing pressure on water resources. This calls for an in-depth investi-
gation in the water-energy nexus of coal-fired electricity generation. In China, coal-fired power plants
play an important role in the energy supply. Here we assessed water consumption of coal-fired power
plants (CPPs) in China using four cooling technologies: closed-cycle cooling, once-through cooling, air
cooling, and seawater cooling. The results show that water consumption of CPPs was 3.5 km3, accounting
for 11% of total industrial water consumption in China. Eighty-four percent of this water consumption
was from plants with closed-cycle cooling. China’s average water intensity of CPPs was 1.15 l/kWh, while
the intensity for closed-cycle cooling was 3e10 times higher than that for other cooling technologies.
About 75% of water consumption of CPPs was from regions with absolute or chronic water scarcity. The
results imply that the development of CPPs needs to explicitly consider their impacts on regional water
resources.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, the water-energy nexus related to electricity
generation has received much attention (Siddiqi and Anadon, 2011;
Ackerman and Fisher, 2013). Between 1950 and 2010, global water
consumption of the power industry increased 18 times thanks to
the rapid expansion of power capacity (Zhang et al., 2014).
Improving water use efficiency in electricity generation is
becoming an urgent issue in countries like China, which are
enduring a growing water stress problem (Zhang and Anadon,
2013). The cooling technologies employed in power plants are the
key factor that determines the magnitude of water consumption in
ngyu@sustc.edu.cn (Y. Tang).
electricity generation (Macknick et al., 2012; Meldrum et al., 2013;
Mekonnen et al., 2015). The choice for cooling technologies is often
influenced by regional specific factors, such as affluence,
geographic locations and water availability (Liao et al., 2016; van
Vliet et al., 2016). For example, inland areas are difficult to
employ seawater cooling. It is thus important to understand the
advantages and limitations of certain cooling technologies brought
about by regional disparities and implications for freshwater
management.

With a growing population and economy, demand for electricity
has been increasing over the years (Olsson, 2012; Mertens et al.,
2015). It is projected that global electricity generation could in-
crease by a factor of five from 60 EJ/yr (1018 J/year) in 2005 to
300 EJ/yr in 2095 under the current structure of electricity gener-
ation technologies (Davies et al., 2013). This means an increase in
consumptive water use. The limited water availability will cause
vulnerability in electric generation, especially in water scarce
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regions and may be exacerbated by increase in drought frequency
and intensity under future climate change (van Vliet et al., 2016).

Coal is the primary energy source for electricity generation in
the world. According to Key World Energy Statistics (2016), elec-
tricity generation from coal-fired power plants (CPPs) accounted
for 40.8% of global electricity generated (International Energy
Agency, 2016). Electricity generation in China relies heavily on
coal. About 75% of China’s electricity was generated from CPPs
(Zhang and Anadon, 2013; Jia et al., 2016; China Electricity Council,
2013a). According to the National 12th Five-year Plan for the power
industry, the target of the installed capacity of CPPs was 0.93 TW in
2015, compared to 0.71 TW in 2010. The figure will increase to
1.17 TW in 2020 (China Electricity Council, 2012). The increase in
coal-fired electricity generation is expected to exacerbate water
conflicts with other industrial water users (Zhang and Anadon,
2013).

Several studies have quantified water consumption for the
renewable and non-renewable (including CPPs) electricity sector at
global, regional and national levels (Fethenakis and Kim, 2010;
Siddiqi and Anadon, 2011; Macknick et al., 2012; Meldrum et al.,
2013; Mekonnen et al., 2015). Few studies however have investi-
gated the water-energy nexus with consideration of spatial loca-
tions of CPPs and the water resources status in their localities.
Zhang and Anadon (2013) assessed the water use of electricity
production and its environmental impacts in China. Feng et al.
(2014) investigated the total life-cycle water consumption for
eight electricity generation technologies. Both studies were con-
ducted at an aggregated level for energy production from different
fuel sources, including coal. These studies were however unable to
identify plant-level water consumption for coal-fired electricity
generation with different cooling technologies. They also did not
specify the spatial distribution of CPPs and associated water con-
sumption. A notable exception is the study by Jiang and
Ramaswami (2015) who have assessed the water withdrawal in-
tensity and water balance for Shandong province in China based on
19 CPPs. However, the results were insufficient to represent the
whole of China and the linkage to the local water resources status is
not discussed. Owing to the important role of the coal-fired elec-
tricity production and consumption in China, there is a need for an
in-depth investigation and analyses of the water-energy nexus
involved in the processes on a spatial dimension. Such study also
has global significance due to the large share of coal-fired electricity
production in the energy budget in many countries in the world,
and the excessive water consumption has put substantial pressure
onwater resources in these countries, particularly those with water
scarcity. Given the growing demand for electricity, such pressure is
likely to intensify in the future. An in-depth analysis of the water-
energy nexus concerning coal-fired electricity power plants in
China can shed lights on the global development of the sector amid
the intensification of water scarcity.

In this study, we aim to fill in the gaps specified about by
assessing thewater consumption of 621 CPPs, accounting for 81% of
electricity generated in all CPPs in 2012 in China (79% for installed
capacity). Water consumption here refers to the water use or
removal from a river basin that renders it unavailable for further
use (Liu et al., 2009). It has the same meaning as “water depletion”
as defined by Molden (1997) or consumptive water use by
Falkenmark and Lannerstad (2005). Four different cooling tech-
nologies were assessed, i.e. once-through cooling, closed cycle
cooling, air cooling and seawater cooling. We also investigate the
sources of water supply (e.g. surface water, groundwater, or the
highly treated waste water which can be used for cooling and other
uses, i.e. reclaimed water) and link these with water scarcity status
of regions where the power plants are located. This comprehensive
assessment will make a significant contribution to the
improvement of the understanding of the water-energy nexus and
provide the information support to the formulation of pertinent
policies to address the water scarcity while meeting the growing
demand for electricity both in China and in the world.

2. Methods

2.1. Data description

The basic source of the database was from the Annual Compi-
lation of Statistics of the Power Industry (China Electricity Council,
2013a). It contains the key information of 621 CPPs in China by the
end of 2012 (Appendix Fig. B1). At the plant level, the data of CPPs
included the generated electricity (E), installed capacity and cooling
type. Within these CPPs, 77 plants are with once-through cooling
system, 358 plants with closed-cycle cooling system, 73 plants with
seawater cooling system, and 113 plants with air cooling system
(Appendix method and Figs. B2eB.3). The installed capacity of
power plants was all higher than 6 MW.

There are two types of CPPs in China, one only generates elec-
tricity, the other generates both electricity and heat, named com-
bined heat and power plants (CHP). For both types of plants, we
only considered the water consumption for electricity generation.
In this study, the water consumption of power plants concerns the
total consumption at the operational stage, in which cooling con-
sumes the bulk of thewater (Mekonnen et al., 2015). Apart from the
cooling purpose, there are other processes, such as dust removal,
flue gas desulfurization, boiler water make up, which also consume
water.

2.2. Consumptive water intensity and water consumption of CPPs

CWI was defined as the amount of water consumption to pro-
duce each unit of electricity. Water consumption of CPPs was
calculated through CWI and electricity generated. Hence, the water
consumption for CPPs was calculated using the following equation:

WCn ¼ En � CWIn (1)

where WCn (m3) is the water consumption for coal-fired power
plant n. En is the electricity generated by coal-fired power plant n.
CWIn is the consumptive water intensity for coal-fired power plant
n.

Among the 621 CPPs included in this study, consumptive water
intensity (CWI) of 365 power plants were collected from China
Electricity Council (CEC) (China Electricity Council, 2013b). CEC is a
joint organization of China’s power enterprises and institutions. An
annual energy efficiency benchmarking competition for CPPs is
organized by CEC. Detailed technical information and water con-
sumption data can be collected from the competition. CWIs of the
remaining power plants were derived from our own calculation as
shown in Equation (2).

CWIjk ¼

P
i
cwiijk � Eijk
P
i
Eijk

(2)

where CWIjk(l/kWh) is the average consumptive water intensity of
all the CPPs using cooling system k for the level of installed capacity
j. cwiijk(l/kWh) is the consumptive water intensity of coal-fired
power plant i employing cooling system k for the level of
installed capacity j. Eijk(kWh) is the electricity generated by coal-
fired power plant i employing cooling system k for the level of
total installed capacity j. The CPPs can be classified into four levels:
j < 250; 250 � j < 600; 600 � j < 1000; j � 1000.
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Hence, for those CPPs which have no data of CWIn, CWIjk is used
to the coal-fired power plant according to its cooling system k and
total installed capacity j.

2.3. Freshwater sources for CPPs

The percentages of different water sources (surface water,
groundwater, and reclaimed water) for CPPs also collected from
CEC. Geographic locations of 621 CPPs were identified using Google
Earth software by the plant names.

The amount of water consumption from different sources was
calculated by multiplying the total water consumption by the
percentages of different water sources.

FWCkr ¼
P
n
WCnkr � Fnkr
P
n
WCnkr

(3)

where FWCkr (%) is the share of water consumption from certain
kind of water resource consumed by CPPs using cooling system k in
region r. WCnkr is the water consumption of coal-fired power plant
n using cooling system k in region r. Fnkr is percentage of water from
certain kind of water resource consumed by coal-fired power plant
n using cooling system k in region r.

2.4. Water scarcity

We quantified water scarcity at the grid level with the data of
water availability (WA) and population (P) based on the long-term
average run-off assessment (GWSP Digital Water Atlas, 2008) and
population for the year of 2000 (CIESIN, 2005) at a spatial resolu-
tion of 30 arc-minutes.

To address the water-energy nexus concerning CPPs, we first
Fig. 1. Water consumption of coal-fired power plants of
assessed the water stress levels at grid level based on their per
capita water resources. According to the location of CPPs, we can
allocate the information of water stress level to each CPP. We then
calculated the water consumption of the 621 CPPs with different
cooling technologies in the context of water scarcity.

WSI ¼ WA
P

(4)

SWCgk ¼
X

n
WCngk (5)

where WSI(m3/cap/yr) is the water stress index, i.e., water avail-
ability (WA, m3/yr) divided by population (P). WCnkl is the water
consumption of coal-fired power plant n located in water stress
level g using cooling system k. SWCkl is the sum of the amount of
water consumption for CPPs located in water stress level g using
cooling system k.

The water scarcity here is categorized into four levels: no water
stress (>1700m3/capita/yr), water stress (1000e1700m3/capita/yr),
chronic water scarcity (500e1000m3/capita/yr), and absolute water
scarcity (<500m3/capita/yr) (Falkenmark et al.,1989; Liu et al., 2013).
3. Results

3.1. CWI of coal-fired power plants

The CWI varied within and across cooling technology categories
(Fig. 1). The average CWI was 1.15 l/kWh for all CPPs. For the power
plants with closed-cycle cooling, the CWI was 2.02 l/kWh. For
plants with once-through cooling, air cooling and seawater cooling,
the averages were 0.34 l/kWh, 0.39 l/kWh, and 0.28 l/kWh,
respectively. The highest CWI for all cooling systems was related to
different sizes of power units and cooling systems.
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the use of closed-cycle cooling system, at approximately the upper
bound of 2.95 l/kWh. The median value of CWI employing closed-
cycle cooling system was between 1.71 and 2.09 l/kWh depend-
ing on the sizes of power units, about 6e7 times higher than that of
once-through cooling system and about 3e6 times higher than that
of air cooling system. Seawater cooling had the lowest CWI, the
median value ranging from 0.16 to 0.39 l/kWh for different sizes of
power unit, the lowest CWI at the lower bound was 0.02 l/kWh.
Therewas a common trend that themedian value of CWI decreased
with the increase in the size of power units for closed-cycle cooling,
once-through cooling and air cooling systems (Fig. 1). The median
value of CWI for seawater cooling system with installed capacity
lower than 300MWwas the lowest, and for those installed capacity
higher than 300 MW, the median value of CWI decreased with the
increase in the size of power units.

3.2. Water consumption and freshwater sources for coal-fired
power plants

Water consumption of CPPs in China totaled 3.5 km3 in 2012,
accounting for 11% of the total industrial water consumption of
33.1 km3 of the year (The Ministry of Water Resources of the
People’s Republic of China, 2012)). Water consumption of CPPs
varied widely among plants, from 0.01 � 106 m3 to 40 � 106 m3

(Fig. 2). Of the 621 power plants, 358 (58%) plants are with closed-
cycle cooling system, accounting for 84% of total water consump-
tion. While those employing once-through cooling, air cooling, and
seawater cooling system accounted for 5%, 6%, and 5% of the total
water consumption, respectively.

Surface water was the dominant freshwater source for CPPs,
accounting for 70% of the total water consumption (Fig. 3a). Inter-
estingly, reclaimed water, which is treated wastewater, was the
second important water source of water consumption, accounting
for 17%. Groundwater followed closely behind with 13%. In most
provinces in southern China, where water is relatively abundant,
CPPs consumed mainly surface water. These included Anhui,
Fig. 2. Spatial distribution of water cons
Guangxi, Hunan, Jiangsu and Shanghai, which accounted for more
than 90% of the total water consumption of CPPs in the south.
Reclaimed water and groundwater were the alternative choices for
CPPs in some provinces in the north where water is scarce, ac-
counting for more than 50% of the total. These included Beijing,
Shaanxi, and Hebei. Owing to the cooling technology design, the
main water source for once-through cooling system was surface
water (Fig. 3b), accounting for more than 90% of the total. For
closed-cycle cooling system, the share of water sources was 68% for
surface water, 18% for reclaimed water, and 14% for groundwater.
For air cooling system, the proportions of surface water, reclaimed
water, and groundwater were 64%, 22% and 14%, respectively.

3.3. Regional disparity in water consumption of coal-fired power
plants

Most provinces in northern China are under water stress
(Fig. 4a). The total water consumption of CPPs in northern China
was 2.36 km3/year, which was twice as high as for southern China
(Fig. 4d). The top five largest water consumption provinces in the
north were Shandong, Henan, Hebei, Anhui and Inner Mongolia,
which together accounted for 59% of the northern total (Fig. 4b).
While the top five largest water consumers in the south were
Jiangsu, Guangdong, Zhejiang, Guizhou, and Jiangxi, accounting for
56% of the southern total (Fig. 4c). Closed-cycle cooling system is
currently the dominant cooling system type in China. About 57% of
CPPs assessed applied this system. In the north, closed-cycle cool-
ing system contributed to 88% of the water consumption of CPPs,
while the percentage was 78% in the south (Fig. 4d).

As a large water consumer, closed-cycle cooling system
consumed 2.9 km3, of which 75% were located in the regions
suffering from absolute or chronic water scarcity. While 82% of total
water consumption of air cooling system occurred almost exclu-
sively in the regions with water scarcity. As shown in Fig. 5, 64% of
total water consumption of CPPs occurred in the regions with ab-
solutewater scarcity, 11% in regions with chronic water scarcity and
umption of coal-fired power plants.
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10% in the regions with water stress. Only 15% of total water con-
sumption occurred in regions with no water stress.
4. Discussion

4.1. Comparison of CWI with other countries

Table 1 shows the comparison of the average CWI in CPPs of
China from this study with results of the world and other countries
from other studies. China’s average CWI of CPPs of 1.15 l/kWh was
lower than several previously reported CWIs: e.g. 1.75 l/kWh by
Mekonnen et al. (2015) for the global average, 1.8 l/kWh for the
United States (Torcellini et al., 2004), 1.7e2.00 l/kWh for the EU
(Koulouri and Moccia, 2014), and 1.55 l/kWh for Spain (Rio Carrillo
and Frei, 2009). The cooling technology structure may have
contributed to the relatively low CWI (Yu et al., 2011) in China. For
example, in Spain and the EU, the water-intensive closed-cycle
cooling technology is commonly used, leading to high average CWI
(Dudgeon et al., 2006; van Vliet et al., 2012). Another reason is that
the results of this study reflect the situation of year 2012. The CWI
values referenced for other countries in the literature are mostly for
years before 2005 (although the publications are in later years). The
technological innovation and advances since 2005 may have
contributed to the lower CWI in China. This is particularly so
because of China’s very rapid development in CPPs in recent years,
leading to a higher weight of the latest technologies in the
respective cooling systems compared with other countries.
Fig. 3. Share of different water sources in wate
4.2. Effects of cooling technologies and national policy

Although once-through cooling system consumes far less water
than closed-cycle cooling, water withdrawals (total freshwater
taken from surface and ground water) for cooling are much higher.
In China, 73% of the CPPs with once-through cooling system were
located in the Yangtze River basin (Appendix Fig. B2). Although the
return water of once-through cooling system is available for uses
downstream, the temperature of the receiving water bodies rises,
which can cause additional evaporation and adverse ecological
impacts of the receiving bodies, also called “thermal pollution”
(Dudgeon et al., 2006; van Vliet et al., 2012). These shortcomings
may favor reduced commissioning of once-through cooling system.

Closed-cycle cooling system, the predominant cooling technol-
ogy in northern China until the late 2000s (Zhang et al., 2014),
required relatively less water withdrawal. However, the high water
consumption overall increased water stress in northern China.
Some policies issued by the Chinese government have promoted air
cooling as an alternative measure to relieve water stress in the
northern regions since the mid-2000s (National Development and
Reform Commission, 2004; 2005). The National Development and
Reform Commission has issued the water resource management
regulation for thermal power industry to require new CPPs in these
regions to adopt air cooling system to meet targets to limit water
consumption (National Development and Reform Commission,
2004). According to the latest water resource conservation regu-
lation, air cooling has become a mandatory requirement for new
CPPs in water scarce regions (Ministry of Water Resources (2013)).
r consumption of coal-fired power plants.



Fig. 4. Water consumption and consumptive water intensity of coal-fired power plants in north and south China. The South-North boundary line for provinces was drawn based on
an acknowledged south-north dividing line shown in panel (a) (Xie et al., 2004).

Fig. 5. Water consumption of coal-fired power plants per cooling technology with respect to water stress status of the regions they locate. The pie shows the proportion of total
water consumption with respect to water stress.
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Amid the increasing water scarcity, the proportion of China’s
newly installed thermoelectricity power plants with air cooling
system increased from 3% in 2004 to 24% in 2010 (China Electricity
Council, 2012). The demand for air cooling system in China is ex-
pected to increase further in the future amid the increasing water
scarcity. According to the National 12th Five-Year Plan and 13th



Table 1
Comparison of CWI of coal-fired power plants from different studies.

Study
area

Cooling
technology

CWI (l/kWh) References

Global all technology
combined

1.75 Mekonnen et al., 2015

Spain all technology
combined

1.55 Rio Carrillo and Frei, 2009

EU all technology
combined

1.7e2.00 Koulouri and Moccia, 2014

US all technology
combined

1.8 Torcellini et al., 2004

China once-through Min: 0.04e0.25 This study
Median: 0.29e0.35
Max: 0.39e0.63

closed-cycle Min: 0.82e1.64
Median: 1.71e2.09
Max: 2.01e2.99

all technology
combined

1.15
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Five-year Plan for the Electricity Industry, there will be an increase
of 63%e66% in new CPPs that are mostly located in the water scarce
regions, including Songhuajiang, Liaohe, Huaihe, Yellow River, and
the Northwest river basins (China Electricity Council, 2012). Air
cooling system will dominate these newly developed CPPs.

Several CPPs in China’s coastal areas use seawater cooling to
relieve fresh water resource stress. By the end of 2013, 88.3 km3 of
seawater was used for cooling in power plants (State Oceanic
Administration People’s Republic of China, 2014)). Seawater cool-
ing system have the merits of low freshwater withdrawal and
discharge, less capital cost and water pollution, which makes them
a promising cooling system in coal-fired electricity generation.
Apart from these advantages, sea water cooling also has the same
problem “thermal pollution”, which can cause adverse ecological
impacts on the marine ecology.
4.3. Further development of the electricity sector in the context of
water scarcity

Relieving the pressure of growing water consumption on water
resources requires comprehensive measures. Air cooling and
seawater cooling are possible alternatives to closed-cycle cooling or
once-through cooling. But these two cooling systems need to
conquer some disadvantages, like high capital cost for air cooling
system and restriction of region for seawater cooling. It is estimated
that air cooling system might increase the cost of electricity gen-
eration by 3%e8% compared with closed-cycle cooling system
(Turchi et al., 2010). Besides, air cooling system generally have a
lower overall thermal efficiency, i.e., the energy consumption is
usually higher (Zhang et al., 2014). Seawater cooling system are
limited by the locally available salt water. Utilizing reclaimed water
is another approach that could relieve water stress in water scarce
regions. A switch to renewable energy resources with lower water
consumption (e.g. wind, solar and photovoltaic plants) could also
reduce water consumption (Mekonnen et al., 2015). According to
the national plan, the target for total installed capacity of wind
farms was 100 GW in 2015 and it will increase to 180 GW in 2020
(China Electricity Council, 2012). The proportion of installed ca-
pacity of wind electricity to total installed capacity will increase
from 5% in 2012, 7% in 2015 to 10% in 2020 (China Electricity
Council, 2012). In China, wind farms are mainly located in the
north and southeast coastal regions. Most provinces in these re-
gions are suffering from severe water stress. Utilizing air cooling
system, non-freshwater sources in combination with a shift to-
wards non-hydroelectric renewable energy would reduce water
scarcity in these regions.
4.4. Limitation of this study

Our study has several limitations. First, the study is based on 621
CPPs, which contribute 81% of electricity generated from all CPPs in
China. We calculated the values only for these CPPs and did not
adjust values to the full (100%) power plant coverage. Hence, the
results represent conservative estimates of water consumption.
Second, this study focuses onwater consumption rather thanwater
withdrawal. Water withdrawal rates are also important for under-
standing the vulnerability of CPPs to limited water availability and
in respect to competition for water resources with other sectors.
Unfortunately, these cannot be handled by the present analytical
approach due to the inconsistent and incomplete water withdrawal
data for CPPs. Third, in essence, our study considers only the water
consumption during the operation of power plants and addresses
the impact on the local water resources. The study did not consider
water consumption at other stages, e.g. for coal mining, mainly
because of data constraints. At the power plant level, there is no
data on the sources of fuel supply, i.e., we do not know the origin of
the coal used for each power plant. In reality, the sources of coal
supply come from different regions which can be produced by
different technologies. This further deterred the effort to include
the other stages in thewater consumption assessment at the power
plant level. Despite the above limitations, this study addresses an
important gap in understanding China’s water-energy nexus and
highlights significant implications for energy and water planning
and technological development.

5. Conclusion

Increasing water demand for power production amid water
shortages has raised concerns for the water-energy nexus in China
and elsewhere in the world. This study provided a thorough
assessment on water consumption of CPPs with four different
cooling technologies in China, as well as impacts on regional water
scarcity. The results have highlighted the spatial heterogeneity of
cooling technologies in the context of water endowment in China.
Water scarcity in northern China leads to the extensive use of
closed-cycle cooling, but the higher water consumption in this
technology was often overlooked. The need for increasing elec-
tricity supply amid the increasing water stress calls for a water-
energy nexus approach in both water and energy management.
Other limiting factors that influence the choice of cooling tech-
nologies and implications on water and energy consumptions
should also be further studied.

Although this study focused on China in addressing the water-
energy nexus with specification of regional disparities in water
consumption under different types of cooling systems and water
scarcity status, the analytical procedures and perspective adopted in
this study provide a useful basis for the in-depth investigation of the
nexus in other countries in the world, particularly those which
heavily rely on coal-fired power plants for electricity supply while
facing with increasing water scarcity. The policies and efforts to
tackle the relevant problems in China can provide useful references
andexperience forothercountries indevelopingpertinentmeasures
to deal with their ownproblems relating to thewater-energy nexus.
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Fig. B.2. Locations of coal-fired power plants with different cooling systems.
Appendix A. Description of cooling technologies

There are four types of cooling systems: (1) once-through
cooling; (2) closed-cycle cooling; (3) air cooling; and (4) seawater
cooling. The first two systems use freshwater for cooling, while the
last two use air and seawater for cooling, respectively.

(1) Once-through cooling system (Fig. B3a) is the technically
simplest cooling system, which requires withdrawing large
quantities of water and directly returns that water to its
source. Only a small fraction of the water is consumed
through evaporation. In China, once-through cooling
accounted for 12% of total coal-fired power plants (CPPs).
Most CPPs with this technology are located in the Yangtze
River basin.

(2) Closed-cycle (wet tower) cooling (Fig. B3b) is the most
commonly used cooling system in China. In this cooling
system, water goes through the condenser, then goes down
the cooling tower where some of the water is consumed
through evaporation. The water is cycled for cooling. In
China, this system accounts for 58% of the CPPs. More than
65% of the plants with this cooling system are located in the
northern regions of China.

(3) Air cooling system (Fig. B3c), sometimes referred to as dry
cooling, include direct air cooling and indirect air cooling.
This cooling system uses air-cooled condensers and reject
the heat from steam to air, which can avoid water evapora-
tive losses compared with water cooling system. In China,
this system is mainly used in north and northwest China,
accounting for18% of the total CPPs.

(4) Seawater cooling system can be categorized as either once-
through cooling or closed-cycle cooling, but using seawater
instead of freshwater as a heat transfer fluid to remove waste
heat. In China, this system is mainly located along the coast,
accounting for 12% of the total.
Appendix B. Figures
Fig. B.1. Locations of 621 coal-fired power plants studied in the paper. Fig. B.3. Diagram of different cooling system.
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