Science of the Total Environment 676 (2019) 595-612

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Science o«
Total Environment

Assessing the water and carbon footprint of hydropower stations at a L))

national scale

Check for
updates

Jinyan Wang ?, Xiuzhi Chen ?, Zhongwei Liu ¢, Veronica F. Frans ®, Zhenci Xu ™*, Xinjiao Qiu ¢,

Feipeng Xu ¢, Yunkai Li **

2 College of Water Resources and Civil Engineering, China Agricultural University, Beijing 100083, China

b Center for Systems Integration and Sustainability, Department of Fisheries and Wildlife, Michigan State University, East Lansing, MI 48823, USA
¢ Division of Materials, China Institute of Water Resources and Hydropower Research (IWHR), Beijing, China

4 Water Resources Department, Construction Management and Quality Safety Center, Beijing, Haidian 100038, China

HIGHLIGHTS

GRAPHICAL ABSTRACT

Water and CO, footprint of hydropower
have not been studied simultaneously at
a large scale.

We firstly assess water and CO, foot-
print of China's hydropower at a na-
tional scale.

We include all life cycle stages of hydro-
power for the assessment.

Water footprint of China's hydropower
is equal to 18.9% of Yellow River's an-
nual runoff

Most carbon footprint is from the opera-
tion and maintenance stages

ARTICLE INFO

ABSTRACT

Article history:

Received 17 September 2018

Received in revised form 18 March 2019
Accepted 10 April 2019

Available online 22 April 2019

Editor: Deyi Hou

Keywords:

Water-energy-CO, nexus
Footprint

Environmental impact assessment
Life Cycle Assessment

China

Reservoir

Hydropower is among the most widely-adopted renewable energy sources worldwide. Its development has,
however, led to environmental impacts such as carbon emissions and water loss. To date, the water footprint
(WF) and carbon footprint (CF) of hydropower stations have been assessed, but not simultaneously or at a
large scale such as national scale. Previous WF and CF studies rarely assessed all life-cycle stages of a hydropower
station, calling for a more holistic understanding of the environmental impacts of hydropower. We developed a
complete WF and CF assessment method and applied it to a case study on 50 of China's most influential hydro-
power stations, representing over 80% of the country's total hydropower. The total annual WF of these hydro-
power stations was 5.50 x 10'" m>, equal to 18.9% of Yellow River's annual runoff. The total CF of these
stations was 1.06 x 107 tCO,e, with extremely large variations found, ranging from 1850 to 1.56 x 10 tCO-e.
This study provides the first environmental impact assessment to simultaneously include the WF and CF of mul-
tiple influential hydropower stations at a national scale. We were able to show spatial variations in their environ-
mental impacts from different life-cycle stages of the hydropower station. Most of the WF was due to surface
water loss from reservoirs, while most of the CF was derived from the operational and maintenance stage of
these stations. This initial WF and CF assessment of hydropower at a national scale provides insights for water
resource management and carbon reduction during hydropower development.
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1. Introduction

The world's environmental and socioeconomic sustainability is fac-
ing unprecedented challenges as a result of the global energy and
water crisis (Rothausen and Conway, 2011). Worldwide, more than
one billion people lack access to electricity (International Energy
Agency, 2015), and four billion people face water scarcity (Mekonnen
and Hoekstra, 2016). Economic development and population growth,
coupled with energy-water nexus, present further challenges to resil-
ient infrastructure development. Hydropower has been proposed as a
potential solution, due to its advantages on improving resource utiliza-
tion and bringing socio-economic benefits (Barnaby, 2009). It currently
accounts for 71% of global renewable energy (Edenhofer et al., 2013),
contributing to almost 100%, over 80%, and over 50% of national electric-
ity in 13, 32, and 65 countries, respectively (Yiiksel, 2009).

Hydropower is considered by some to be the most important type of
renewable energy (Wiistenhagen et al., 2007; Mekonnen et al., 2016). It
satisfies renewable energy demands under climate change policies and
can bring substantial economic benefits (Delucchi and Jacobson, 2011).
Hydropower has been developed and used in many countries world-
wide (Fthenakis and Kim, 2010). According to the 2013 World
Renewable Energy Development Report (2014), hydropower makes
up to 85% of the world's renewable energy. There are 65 countries
around the world that rely on hydropower to support >50% of their na-
tional electricity, of which 32 countries rely on hydropower for >80% of
their national electricity, and 13 countries rely on hydropower for al-
most 100% of their national electricity (Yiiksel, 2009).

Recently, however, some studies have found that hydroelectric res-
ervoirs are a large source of greenhouse gas (GHG) emissions (Shakya
and Shrestha, 2011; Li et al., 2009; Zhang et al., 2015). There is also
growing concern about water loss in hydropower development
(Gleick, 1992). Comprehensive methods assessing the environmental
impacts of hydropower stations from a life-cycle perspective are thus
urgently needed. Water footprint (WF) and carbon footprint (CF) are
among the promising tools to assess water consumption
(Gerbensleenes et al., 2009) and carbon emissions across the life cycle
of hydropower stations. Various studies have assessed the WF and CF
of hydropower stations. Nevertheless, most of these studies did not pro-
vide a full life-cycle assessment and tend to focus only on the opera-
tional stage (Gleick, 1993; Hung and Ma, 2009), leading to a possible
underestimation of WF and CF. As a result of these limitations, govern-
ments lack a complete picture of the environmental impacts of hydro-
power stations, risking an incomplete understanding of hydropower
development for policy management. Furthermore, fewer studies em-
braced a geographic coverage of China, which has the largest hydro-
power development project in since 1994 (the three George reservoir)
and has one of the worlds' oldest hydropower stations (Dujiangyan).
More importantly, no research has simultaneously studied the WF and
CF of hydropower stations at a national scale for China.

Many footprint indicators have been proposed to assess human im-
pacts on the earth's environment (Chapagain and Hoekstra, 2002; Galli
et al,, 2012; Mekonnen and Hoekstra, 2011; Wackernagel, 1999). For
example, the water footprint (WF) concept provides a method to esti-
mate the water resources consumed by products and services over a
given period of time (Chapagain and Hoekstra, 2002; Mekonnen and
Hoekstra, 2011; Pellicer-Martinez and Martinez-Paz, 2016). Another
well-known tool, the carbon footprint (CF) concept, relates GHG emis-
sions relevant to climate change with human production or consump-
tion activities (Wiedmann and Minx, 2009). With regard to
hydropower, both of these concepts can be used as important indicators
to assess water consumption (Gerbensleenes et al., 2009) and carbon
emissions across the life cycle of these stations.

Some studies have assessed the water and carbon footprints of hy-
dropower stations (Bueno et al., 2016; Zhao and Liu, 2015; Prairie
et al,, 2017; Zhang et al., 2015). For example, Gleick (1992) used the
evaporation of reservoirs to measure the WF of hydropower stations

around the world. Herath et al. (2011) used net water consumption the-
ory and net water balance theory to estimate the average WF of power
generated in a hydropower station in New Zealand. However, they did
not assess all stages of the hydropower life cycle. For example, Gleick
(1993) focused on water consumed due to water evaporation during
hydropower station operation, but they did not considered the water
consumption from construction and material manufacturing. Similarly,
the construction stage was excluded from a hydropower station reser-
voir CF study by Hung et al. (2009), leading to a possible underestima-
tion of carbon emissions. As a result of these limitations, governments
lack a complete picture of the environmental impacts of hydropower
stations, risking an incomplete understanding of hydropower develop-
ment for policy management.

A comprehensive assessment that includes all stages of the hydro-
power station life cycle is urgently needed. More importantly, no re-
search has simultaneously studied the water and carbon footprints of
hydropower stations at a national scale for China. As more hydropower
stations are being developed in response to energy shortages and cli-
mate change (Soito, 2011), such information is critically needed. A
large-scale, spatially-explicit analysis of the environmental impact of
hydropower stations can therefore provide useful information for gov-
ernments to manage the construction and operation hydropower sta-
tions and maximize their function and benefits while lowering its
environmental impacts. A more complete assessment, covering a
broader scope of stages during the hydropower stations life cycle can
also present a more comprehensive picture of the environmental im-
pacts of developing hydropower (Min and Zhang, 2003).

To fill these knowledge gaps, we selected 50 of China's most influen-
tial hydropower stations as a first demonstration. These 50 stations are
the largest hydropower stations located across China (Fig. 1). We aimed
to solve the following questions: (1) what is the total WF and CF of all
these hydropower stations? (2) What is the WF and CF of each stage during
the life cycle of these hydropower stations? (3) What is the relationship be-
tween the WF and CF of these hydropower stations? We also developed a
complete assessment that accounts for the WF and CF from all life-cycle
stages of the hydropower stations. Further, we provide policy recom-
mendations for the development and utilization of hydropower stations
in the future.

2. Materials and methods
2.1. Study area and data sources

For this study, we selected 50 of China's largest and most influential
hydropower stations (Fig. 1; see Appendix A for hydropower station
names). They generate 81.21% of the nation's annual hydropower
(Zheng, 2006), and account for over 78% of the total national installed
capacity. The geographic distribution of these hydropower stations is
shown in Fig. 1.

We used monthly meteorological data from 48 meteorological sta-
tions in China, dating from 1981 to 2016 (China Meteorological Data
Service Center; http://data.cma.cn/). We obtained data for the energy
consumables involved in each stage of the hydropower stations' life cy-
cles from data record books (e.g., China Hydropower Project in the 21st
Century—Peng, 2006; Water Conservancy Yearbooks 1981 to 2016). We
obtained satellite imagery from Landsat-8 (https://landsat.usgs.gov/
landsat-8) for land cover classifications.

2.2. Methods for calculating the water and carbon footprint of hydropower
stations

2.2.1. Water footprint (WF) calculation

The water footprint calculation for reservoir construction is based on
ISO 14046-1:2006 (ISO, 2006). The calculation of the WF of each hydro-
power station (Ma et al., 2018) consisted of two main parts: the amount
of water evaporation from the hydropower station's reservoir (WF,),
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Fig. 1. Geographic distribution of 50 of China's most influential hydropower stations. The numbers assigned to each hydropower station correspond to Appendix A, where the name, size

and storage capacity of each hydropower station are listed.

and the amount of water consumed during the construction stage of the
hydropower station's life cycle (WF,). The total hydropower station WF
(WFsotqr) Was the sum of these two parts:

WFtoml = WF. + WFy, (1)

To calculate WF, (m?), we multiplied the product of the hydropower
station's reservoir water surface evaporation (E(mm)) and the hydro-
power station's reservoir water surface area (A(hm?)) by 10:

WF, =10-E-A (2)

E was calculated by using a reservoir surface evaporation optimiza-
tion model proposed by Min and Zhang (2003). This model extends
the Penman-Monteith (PAO) model equation (Penman, 1948) into a
multi-factor surface evaporation model that combines meteorological
factors to estimate water surface evaporation. E was thus calculated as
follows (Min and Zhang, 2003):

E=Aex f(AT, r, W) 3)

fAT, r, W) =g(AT) - @(r) - (W) (4)
- 0.192 + 0.08W, (W<1.5m/s)

W) = { 0312 + 0.078(W—1.5)'00BW 150" g 5 ey ()

o(r) =0.153 + 0.651(1—r2) "2 (6)

g(AT) = 0.92 + 0.0363AT" 8 (7)

VPD = 0.611{(Tax1727)/(Tas2372)x(1-1/100)} (8)

The nomenclature for these calculations is provided in Appendix B.

The major materials used during the construction of hydropower
stations included concrete, wood, steel, fuel, natural gas and explosives.
In the production and processing of these raw materials, we calculated
WEF,, as:

n
WFn = - X, 9
i

where «; is the WF of material i, as defined by Bribian et al. (2011), and X;
is the amount of material i that was used.

2.2.2. Carbon footprint (CF) calculation

To calculate the CF of each hydropower station, we adopted a basic
carbon emission calculation approach proposed by the United Nations
Intergovernmental Panel on Climate Change (IPCC; Gleick, 1993). CF is
expressed in terms of greenhouse gas emissions for specific activities
calculated using CO, equivalents. In this approach, CF represents carbon
footprint, calculated in metric tonnage of the carbon dioxide equivalent
(tCOze).
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The carbon footprint calculation formula is:

5

CF=> B R (10)

i=1

where CF is the total carbon footprint in the life cycle; 3; is the carbon
emission factor of a specific activity; R; is the measure of an activity.

In this study, we adopted the Life Cycle Assessment (LCA) theory to
calculate the CF of hydropower stations during all five stages of its life
cycle (Ribeiro and Silva, 2010; Zhang et al., 2007): (1) raw material
and equipment manufacturing or production; (2) transportation;
(3) construction; (4) operation and maintenance; and (5) dam
decommissioning. We calculated each hydropower station's total CF
(CFtorar) by taking the sum of the CF values across the life-cycle stages
as follows:

CFrotal = CFm + CF¢ + CF + CF, + CFy, (11)

where CF; is the CF from all life-cycle stages, and CF,,, CF,, CF, CF,, and
CF, are the carbon emissions from the 5 respective stages (see Appendix
B for nomenclature; Moomaw et al., 2011a, 2011b).

We calculated the CF of the first stage (raw material and equipment
production; CFy,) as:

n
CFn =Y M;-v;, (12)
i=1

where vy; is the carbon emission factor of material or equipment i
summed across n types of materials or equipment, and M; is the amount
of material or equipment i. Table 1 shows a list of carbon emission fac-
tors for each material or equipment and their units of measure.

For a hydropower project, raw materials, metal structure installa-
tions and electromechanical equipment are mainly transported to the
construction site by way of water, roads and railways (Peng, 2006).
The CF from the transportation stage (CF;) mainly derives from the car-
bon emissions emitted by fuels consumed during transport (Lu, 2015).
It is the sum of the product of the distance traveled (D), the volume of

Table 1

Carbon emission factors for construction materials (i) and modes of transport (j), used in
calculating the carbon footprints of the construction and transportation stages of the hy-
dropower station life cycle.

Emission  Unit Data source®

factor
Type of material (i)
Concrete 79.0 kg CO,/t pcc?
Reinforced steel 2200.0 kg COy/t CIAE®
Fuel 142.0 kg CO,/t Liet al. (2012b)¢
Wood 23.9 kg COy/t Garrain et al. (2015)¢
Explosive substances 543.0 t EIO":Ammunition production
CO,/million
usD
Metal construction 640.0 t EIO":Hardware manufacturing
CO,/million
usD
Electromechanical 644.0 t EIO":Other engine equipment
equipment COy/million  manufacturing
usD

Mode of transport (j)
Highway

Railway

Waterway

NDRC®
NDRC®
NDRC®

0.184 t/kt-km
0.02215 t/kt-km
0.024 t/kt-km

Data sources:

Intergovernmental Panel on Climate Change (https://www.ipcc.ch/).

China Institute of Atomic Energy (http://www.ciae.ac.cn/index.jsp).

Chinese Life Cycle Database (http://www.ike-global.com/products-2/clcd-intro).
European Life Cycle Database (https://simapro.com/databases/elcd/).

Economic Input-Output (http://www.eiolca.net/).

& National Development and Reform Commission (http://www.ndrc.gov.cn).

a
b
c
d
e
f

the workload or material transported (W), and the carbon emission fac-
tor (EF) for each mode of transport (j; see Table 1). We thus calculated
CF; as follows (Xue and Jiang, 2004):

CFr =) EF;-D-W (13)
j

During the third stage, construction activities (e.g., excavation, con-
crete pouring, curtain grouting, backfill grouting and consolidation
grouting) consume fuels such as diesel or electricity and simultaneously
emit carbon. To calculate the CF from the construction stage (CF.), we
first omitted fuel consumption as a factor to avoid a potential overlap
(or, double-counting) in the CF, estimate, as it was already included
in the materials production stage (CF,;). Thus only including the electric
power consumption of construction machinery (§; Hertwich et al.,
2015), we followed the formula from Zhang and Pang (2015) and calcu-
lated CF. as:

CFe =2 kb My - 73, (14)

where 6 is the unit of electric power consumption of construction pro-
jectk; M, is the quantity of work in project k (see Peng, 2006 for details);
and T; is the carbon emission constrants of the electricity generated in
each hydropower station's respective region (Zhixu, 2013; Table 2; Ap-
pendix B).

We calculated the CF of the hydropower stations' operation and
maintenance stage (CF,) as the sum of two parts: the daily maintenance
of the hydropower station (CF,;,,) and the net GHG flux from its reser-
VOIr (CFyer):

CFy = CFmq + CFpet (15)

Due to a lack of detailed data on the daily maintenance of the hydro-
power stations in our study area, we used the Economic Input-Output
Life Cycle Assessment (EIO-LCA) method to estimate CF,,, (Lave,
2006). To support their operation, hydropower stations typically cost
1% to 4% of the total investment (i.e., at base year; Xu, 1987). These
costs mainly comprise the maintenance and replacement of equipment,
material purchases and updates, maintenance of the hydropower sta-
tions themselves (e.g., line fault and rust prevention), and daily opera-
tion. Following previous research (Yang, 2004), combined with the
actual state of hydropower station construction in China
(e.g., completion quality, acceptance level), the maintenance costs for
the 50 hydropower stations were found to be relatively low, so we set
the maintenance and operation costs to 1% of the total initial invest-
ment. Using the United States in 2002 as a benchmark for the EIO-LCA
model (Hendrickson, 2006), we then obtained the flexible price in

Table 2
Carbon emission factors for electricity in different provinces, according to Zhixu (2013).

Electrified wire Provinces Carbon
netting emission
factor
(kg/kW-h)
North China Beijing, Tianjin, Hebei, Shanxi, Shandong, 1.25
Western Inner Mongolia
Northeastern Liaoning, Jilin, Heilongjiang, Eastern Inner 1.10
Region Mongolia
East China Shanghai, Jiangsu, Zhejiang, Anhui, Fujian 0.93
Central China ~ Henan, Hubei, Hunan, Jiangxi, Sichuan, 0.80
Chongging
Northwest Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang 0.98
Region
Southern Guangdong, Guangxi Autonomous Region, 0.71
Region Yunnan, Guizhou
Hainan Hainan 0.92
Province
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2002 based on the producer price index (PPI) and the total initial invest-
ment (see Table 3 for sources). As a base year, we used the initial year of
construction, by using the PPI and purchasing power parity (PPP) from
2002. Combined with additional parameters (see Table 3), we also esti-
mated the GHG emissions in 2002. Finally, with the intensity of GHG
emissions as the proportional factor, we calculated China's GHG emis-
sions during the respective hydropower station's base year from the
output of the EIO-LCA model. The conversion formula is as follows
(see Appendix B for nomenclature):

_ PPl5002
Paooz = Py x PRI, (16)
_ P2
Ezon2 = Ppp > Fp (17)
I
En = Ezo2 17" (18)
2002

To calculate the second portion of the operation stage, CFe, we di-
vided the measure of GHG flux in the reservoir water bodies into two
parts: (1) the total flux from the reservoir water bodies (CF,) and
(2) the GHG flux in the basin prior to water storage (CF;). Adopting
the formula from Gagnon and Van (1997), we calculated CF,; as:

CFpet = CF—CF;—CF, (19)

The additional parameter, CF,, is an estimate of the human CF. Here,
since the hydropower stations were generally built in remote areas with
little to no human activity (Li et al,, 2017a), and economic development
was relatively small with low population densities, we assumed that
human activities would have very small impacts on hydropower sta-
tions in China. We thus assigned a value of 0 to CF, to exclude it from
the calculation.

To calculate CF,, we used the GHG Risk Assessment Tool (Beta Ver-
sion; United Nations Educational, Scientific and Cultural Organization
International Hydropower Association; Goldenfum). This tool models
and estimates the total GHG release of freshwater hydropower stations.
The parameters required by the model are the age of the reservoir, mean
annual temperature, mean annual runoff depth and mean annual
rainfall.

As there were different land cover types in the reservoir areas prior
to water storage, we used Landsat TM8 satellite imagery (https://
landsat.usgs.gov/landsat-8) to identify them for each area. These land
cover types included plowed land, forest, woodland, gardens and
water bodies (Lou et al., 2004; Penman, 1948; Zhang et al., 2005; Zhao
et al,, 2011). The GHG emissions of each land cover type are listed in
Table 4, which we obtained by multiplying the carbon emission factor
of the respective land cover type by the area it covered in each reservoir
(Yang and Zhang, 2016). We then estimated CF; by taking the sum of the
CO, and CHy4 fluxes for the different land cover types of each reservoir.
Positive sums indicated carbon (CO;) sources, while negative values

Table 3

Parameters used in the Economic Input-Output Life Cycle Assessment (EIO-LCA) (Lave,
2006) to estimate the carbon footprint during the materials and production stage of the
hydropower station life cycle.

Parameters Units Data sources®
Produce Price Index (PPI) - NBS®
Purchase Power Parity (PPP) - WorldBank®
Greenhouse gas (GHG) emission (megaton) CDIAC?

GDP based on PPP million dollars IMF®

¢ Date sources:

b National Bureau of Statistics of the People's Republic of China (http://www.stats.gov.
cn/).

¢ http://www.shihang.org/.

4" Carbon Dioxide Information Analysis Center (http://www.treasurer.ca.gov/cdiac/).

€ International Monetary Fund (http://www.imf.org/external/index.htm).

indicated carbon sinks. We then used a method adapted from Varis
et al. (2012) to convert the CH, flux to its CO, equivalent, with a global
warming potential factor (GWP) of 28 (Lu, 2015). We thus calculated
CF; as follows (see Appendix B for formula nomenclature):

CFi = Eco, + Ecty(in cosequivatenty = Eco, + Ecri, x GWP (20)

We calculated CF; as 10% of the total CF from the material produc-
tion, transportation and construction stages. (Zhang et al., 2007):

CFy = (CFm + CF + CFc) x 0.1 (21)

2.2.3. Hydropower station classification and analysis of the water and car-
bon footprints

We calculated the total CF and WF of the 50 hydropower stations by
taking the sum of the WFy and CFo across each of them.

To analyze the spatial and environmental characteristics of these hy-
dropower stations, we classified the 50 hydropower stations according
to various conditions. We grouped the hydropower stations by the
type of climate at each location (tropical monsoon, subtropical monsoon,
monsoon climate of medium latitudes and temperate continental). We also
divided all of the hydropower stations' reservoirs into four storage ca-
pacity (reservoir size) classes: large I (>1 billion m?), large I (0.1to1 bil-
lion m?), medium (0.001 to 0.01 billion m*) and small I (0.01 to 0.1
billion m?; Sheng and Zhong-You, 2010). All of the hydropower stations'
locations were also categorized under five large basins, corresponding
to the river in which they are located (Bohai Sea basin, Yangtze River
basin, Pearl River basin, Lancang River basin, and Yellow River basin).
These characteristics are listed for each hydropower station in Appendix
A

Following previous research that calculates annual average CF of res-
ervoirs (Deshmukh et al., 2013; Zhang and Pang, 2015), we also distrib-
uted the total CF value over 50 years for each year of the life cycle. We
distributed CF to each year to be consistent with WF and analyze the im-
pact of the reservoir's CF.

We calculated and analyzed the product water footprint (PWF)
across these characteristics, which is the WF per unit of hydropower
generation (m>/GJ; Liu et al., 2015). To simultaneously evaluate the
WF and CF of each hydropower station, we also calculated the product
carbon footprint (PCF) in units of tCO,e/GJ. We analyzed the correlation
between the PWF and PCF of each hydropower station. We assigned
each hydropower station's PWF as the independent variable, and used
the PCF value of the hydropower station as the dependent variable for
input into SPSS (IBM Corp., 2017) for regression analysis.

2.3. Methods for uncertainty analysis and sensitivity analysis

2.3.1. Uncertainty analysis in the different parameters

As an effective tool for decision-making process of energy conserva-
tion and emission reduction, LCA is widely used in various industries for
environmental quantification. In theory, the results of LCA are reliable
and effective for decision makers to make the best decisions. In practice,
however, the uncertainty of the underlying data can affect the accuracy
of the LCA results. Therefore, in recent years, people have emphasized

Table 4
Carbon footprint flux parameters of each land cover type.

Land cover types CO, flux (mg/(m?-h)) CH4 flux (mg/(m?-h))

Plowed land 41.1 —0.012
Woodland, garden plot —274 —0.012
Meadow 180 —0.24
Water bodies 20.5 0.06
Town 180 —0.24
Hardened land 0 0
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Table 6b
Carbon emission probability distribution.

Table 5a
Reservoir water footprint data quality indicator matrix.

Water footprint parameter Data quality indicator matrix DQI fraction

Average temperature (54,5,5,5) 4.8

Average wind speed (4,5,5/4,5) 4.6

Relative humidity (5,5/4,5,4) 4.6

Reservoir age (54,3,3,5) 4

Table 5b
Reservoir carbon footprint data quality indicator matrix.

Carbon footprint parameter Data quality DQI
indicator fraction
matrix

Concrete pouring (4.5.5.4.4) 44

Wood usage (5,44,4,4) 4.2

Reinforced steel (44,45/4) 4

Explosive fuel (3,5/4,3,5) 4

Diesel consumption (4,4,3,5,5) 4.2

Mechanical and electrical engineering (4,44,5,5) 44

Metal structure equipment and installation (54,44,5) 44

engineering

Total construction power consumption (5,4,534) 4.2

Hydropower station routine maintenance (4,4,43,5) 4

the importance of uncertainty analysis behind the results of LCA (Ciroth
et al,, 2002; Geisler et al., 2005).

We adopted the hybrid data quality indicator and statistical method
(HDS) to analyze the uncertainty of the WF and CF results for each hy-
dropower station (Wang and Shen, 2013). We first referred to a data
quality matrix to classify and score the parameters of each stage in the
reservoir evaluation model and perform equal weighting (Tables 5a-
5b). Based on the data quality score, the data can was then transformed
into various forms of probability distributions, which approximates the
true distribution of the simulated data and reduces the uncertainty of
the data (Kennedy et al., 1997). This study uses the most widely used
beta (3) distribution (Tables 6a-6b).

After converting the data quality score into 3 distribution, according
to the literature data and engineering examples, we determined the
range of values of the WF and CF parameters, assuming the maximum,
minimum and possible values. We inputted the possible values and
probability distribution functions in the Crystal Ball software
(Goldman, 2002) for simulation analysis. We performed a total of
50,000 simulations and extracted the Monte Carlo simulation results
and the possible values and confidence intervals of WF and CF.

2.3.2. Sensitivity analysis for study

We conducted a sensitivity analysis was carried out to examine the
effects of various main parameters (Tables 7a-7b) on the results of
water and carbon footprints of hydropower stations. We used a sensi-
tivity index (Liu and Ashton, 1998) to quantify how sensitive the results
are to the fluctuations in parameters:

Sx = (AX/X)/(AP/P) (22)

where X is the evaluation index under original conditions, AX is the dif-
ference of the evaluation index between original and modified

Table 6a
Water consumption probability distribution.

Water consumption related Beta(o,3) Range endpoint

parameters

Average temperature (4.5,4.5) (£15%) = (140.96, 190.71)
Average wind speed (4.5,4.5) (£15%) = (15.80, 21.37)
Average relative humidity (4.54.5) (£15%) = (64.32,87.02)
Reservoir water surface area (4,4) (£15%) = (8.5 x 107, 1.2 x 10%)

Carbon emissions related activities Beta Range endpoint
(aP)
Concrete pouring (4,4) (£15%) = (66.73, 90.28)
Wood (4,4) (£15%) = (1.49, 2.01)
Reinforced steel (4,4) (£15%) = (2.74,3.71)
Explosive fuel (4,4) (+15%) = (45.15,61.0)
Diesel (4,4) (£15%) = (3.48,4.71)
Mechanical and electrical engineering (4,4) (£15%) = (17.77,24.04)
Metal structure equipment and installation (4,4) (£15%) = (3.15, 4.26)
engineering
Total construction power consumption (4,4) (£15%) = (9957.481,
13,471.89)
Hydropower station routine maintenance (4,4) (£15%) = (226.98,
307.09)

conditions, P is the reference value of the parameter, AP is the resulting
fluctuation value of the parameter variation and Sx represents the sen-
sitivity of the parameter. We conducted sensitivity analysis on reservoir
water footprint and carbon footprint respectively. Firstly, we analyzed
the sensitivity of the main parameters of each reservoir in 50 reservoirs,
and then took the average value of 50 reservoirs and analyzed the sen-
sitivity of its main parameters.

The sensitivity results are shown in Fig. 2a-e. By recalculating the
reservoir water footprint value by +10%, we found that the deviation
of the results was small (<1.5%).

We found that the average temperature is the most sensitive to the re-
sults, followed by the average wind speed and reservoir area, while the
relative humidity is relatively less sensitive to the reservoir's water foot-
print results. When the average temperature increases by 10% and the
water footprint will increase by 1.175%; the corresponding average tem-
perature will decrease by 10% and the water footprint will be reduced
by 1.400%. When the average wind speed is increased by 10%, the result
fluctuates by 0.150% in the positive direction; when decreased by 10%,
the corresponding result value decreases by 1.090%. For relative humidity,
the result will be the opposite. When the relative humidity is increased by
10%, the water footprint results will be reduced by 0.982%, and when the
relative humidity is reduced by 10%, the result will be increased by 0.575%.

3. Results

3.1. The hydropower station water footprint (WF)

Fig. 3 shows the WF of the 50 hydropower stations and their geo-
graphic distributions. The combined WF;,, of these stations was 5.50

Table 7a
Water footprint sensitivity analysis results.

Sensitivity Low value (10% reduction) High value (10% increase)
Average temperature —1.400 1.175

Average wind speed —1.090 0.150

Relative humidity 0.575 —0.982
Reservoir area —1.00 1.00

Table 7b
Carbon footprint sensitivity analysis results.

Sensitivity Low value (10% High value (10%
reduction) increase)

Reservoir age —1.059 1.059
Average temperature —1.245 1.241
Average annual rainfall 1.457 —1.521
Annual average runoff —1.141 1414
Construction power consumption —1.149 1.149
Material equipment production —1.479 1.479
Hydropower station routine maintenance —0.682 0.707
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x 10" m>. Among these stations, the WF substantially varied. The WF
ranged from 1.25 x 10° (Black Mi Peak Pumped Storage Hydropower
Station; no. 48) to 8.50 x 10'® m> (Three Gorges Hydroelectric Power
Station; no. 1). The mean WF was 1.10 x 10'° m>. The WF for most hy-
dropower stations ranged from 5.0 x 10° to 5.0 x 10'® m? (17 stations)
and from 5.0 x 102 to 5.0 x 10° m? (22 stations). The WF;o of each hy-
dropower station is listed in Appendix A.

The source responsible for the largest proportion of the WF in the
hydropower station life cycle was reservoir water surface evaporation
(99.30 £ 0.10%). The remaining proportion from material production
was 0.70 + 0.08% (Fig. 4).

The reservoir PWF differed among climate types (Nunes et al,, 2017;
Table 8). Among hydropower stations, the PWF ranged from 2.13 to
8.89 m3/GJ. Among storage types, the average PWF also varied
(Table 8). The average PWF across hydropower station basins ranged
from 0.09 to 0.3 m>/GJ. The relationship among the mean values of the
PWF by climate was as follows: subtropical monsoon climate > temperate
continental climate > tropical monsoon climate > monsoon climate of me-
dium latitudes (Table 8). These lowest hydropower station PWF values
found in the temperate monsoon climate zone ranged from 0.013 m>/GJ
to 11.87 m>/GJ, while the average PWF of the hydropower stations in
the other three climate zones was approximately 8 m?/GJ (Table 8).
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Fig. 2. a. Water footprint sensitivity analysis results (main parameters: average temperature, average wind speed and relative humidity). b. Carbon footprint sensitivity analysis results
(Reservoir CH, flux: reservoir age, average temperature, average annual rainfall). c. Carbon footprint sensitivity analysis results (Reservoir CO, flux: average annual rainfall, reservoir
age, annual average runoff). d. Carbon footprint sensitivity analysis results (Secondary parameter: construction, material, routine maintenance). e. Sensitivity analysis of water and

carbon footprint results of 50 reservoirs.
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Fig. 2 (continued).

3.2. The hydropower station carbon footprint (CF)

The results of the CF analysis of the life cycle of the 50 hydropower
stations are shown in Fig. 5. The combined CF;,across these stations
was 1.06 x 107tCO,e. Among hydropower stations, the CF varied con-
siderably, ranging from 1850 tCO,e (Panlong Pumped Storage Power
Station; no.47) to 89,000 tCO,e (Three Gorges Hydroelectric Power Sta-
tion; no.1). The mean CF of these stations was approximately 1.07 x 107
tCOe. Most individual CFs ranged from 1850 tCO,e to 89,000 tCOe (26
stations), and from 100,500 tCO,e to 214,800 tCO,e (10 stations). The
CFyoq0f each hydropower station is listed in Appendix A.

Among the life-cycle stages, the operation and maintenance stage
had the largest CF, accounting for 87.36% of the CF,, across hydro-
power stations (Fig. 6). The second-largest contribution was from the
construction stage, accounting for 8.35% of the combined CF,,, across
hydropower stations. The remaining three stages (raw material and
production, material transportation, and dam decommissioning) collec-
tively accounted for <5% of the combined CFyq (Fig. 7).

Across the life-cycle stages, storage capacity classes and types of
dams, PCF was consistently the largest during the operation and main-
tenance stage (Figs. 8-9). Across these same categories, we found PCF
to be the smallest at the dam decommissioning and transportation
stages.

3.3. The relationship between water and carbon footprints

The regression analysis of the PWF and PCF is shown in Fig. 11. The
CF was significantly positively correlated with WF in hydropower sta-
tions (p <0.01); when the WF of a hydropower station was large, its
CF also tended to be large.

3.4. The results of uncertainty analysis and sensitivity analysis
From the distribution map of the uncertainty analysis (Fig. 12), min-

imum and maximum WF are 2.4 x 10’ m? and 1.42 x 10° m?, respec-
tively (95% CI: 2.0 x 108 m> to 1.0 x 10° m?). The minimum and
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Fig. 2 (continued).

maximum CF are 1,295,742 thousand tCO,e and 1,701,449 thousand
tCO5e, respectively (95% CI: 1.4 x 10° m> to 1.6 x 10° m?). The data re-
sults are normally distributed, in line with the actual situation. The CF
distribution is small, indicating that the change of parameters has little
effect on the results, and the sensitivity of the parameters is small; the
distribution of WF is wider, indicating uncertainty of sensitive parame-
ters, having great influence on the simulation results.

The uncertainty of the reservoirs' CF is mainly derived from the GHG
emissions of the reservoirs themselves. Since this is a national-scale
study, it is difficult to achieve high precision in this part of the data col-
lection. Nevertheless, the emission parameters used in the calculations
were from official websites, published books and published papers, giv-
ing us confidence in the data quality. The error caused by part of the un-
certainty may also be nested in the combination of parameters in the

formula calculations of the different stages. However, we collected
these parameters from peer-review papers and published books, and
we strictly calculated CF based on specifications proposed by the IPCC,
making this part of the uncertainty very small.

For the sensitivity analysis of the reservoir CF, we mainly investi-
gated the most important parameters affecting the reservoir carbon
emissions. As can be seen from Fig. 2b-c, among these parameters, the
GHG emissions of the reservoir itself (mainly related to reservoir age,
average temperature, annual average rainfall, annual average runoff
depth, etc.) are most sensitive to the results, followed by power con-
sumption during construction and hydropower stations. For daily main-
tenance, with reservoir age, average temperature and average annual
rainfall increase by 10%, respectively; the corresponding carbon emis-
sions will increase by 1.059%, 1.241%, and 1.414% (Table 7b). When
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Fig. 2 (continued).

these parameters are reduced by 10%, carbon emissions will be reduced
by 1.059%, 1.245%, and 1.141%. Fluctuations in annual precipitation are
the opposite; increasing precipitation will reduce carbon emissions by
1.0521%, and reducing precipitation will increase carbon emissions by
1.457%. For the power consumption during the construction phase
and the parameters of the two parts of materials and equipment pro-
duction, respectively, increase by 10%, the corresponding carbon emis-
sions will fluctuate by 1.414% and 1.149%, respectively, and the points
will be reduced by 10%, respectively, and the corresponding carbon
emissions will be negative. The fluctuation was 1.414% and 1.149%. For
the parameter change of routine maintenance of hydropower station,
when the parameter increases by 10%, the carbon emission result

fluctuates by 0.707%. When the parameter decreases by 10%, the carbon
emission result fluctuates by 0.682%.

In short, a certain range of parameter changes will have a slight de-
viation (<1.5%).

4. Discussion
4.1. Hydropower station water and carbon footprint characteristics
This study presents the first environmental impact assessment to si-

multaneously include both CFs and WFs at a large, national scale with
spatially-explicit components (Bonamente et al., 2016). We developed
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a complete environmental impact analysis that included all life-cycle
stages of hydropower stations based on LCA theory. The selected 50 hy-
dropower stations together generated over 80% of China's hydropower.
From these, we found that the water surface evaporation of hydropower
stations accounted for >99% of the WF,, across hydropower stations,
while material manufacturing accounted for <1%. The CF from the oper-
ation and maintenance and construction stages accounted for the larg-
est proportion of the CF,q, wWhile <5% of the total CF derived from the
raw material and equipment production, transportation, and dam
decommissioning stages. These results are similar to Lu (2015), giving
us confidence in our findings.

The results of our study indicate that water resource consumption
and GHG emissions in the construction and operation of the hydro-
power stations were still very large. The combined total WF of these hy-
dropower stations was equivalent to 18.9% of Yellow River's annual
runoff (Zhang et al., 2009). Considering this, the addition of more hydro-
power development in the future without regard to its impacts on the
environment could aggravate water shortages and climate change.

Hydropower as a clean, renewable energy source may therefore have
a new challenge to face. In order to reduce its negative impacts on the
environment, we must rationally develop and utilize hydropower en-
ergy. In the future, assessments about environmental footprints of hy-
dropower stations at a global scale should be conducted to help
thoroughly reveal the environmental impacts of hydropower develop-
ment. Also, future research can set different scenarios to explore the en-
vironmental impacts of national hydropower stations under different
construction technologies. This would increase the opportunities for
policy-makers and managers to decrease the level of negative environ-
mental impacts seen in this study. For example, one possible solution to
reduce carbon emissions could be to use low-carbon, environmentally-
friendly, water-saving and recyclable materials (Zhuo et al., 2019).

4.2. WF and CF under different classifications

We found that the PWF was largest for subtropical monsoon cli-
mates, followed by temperate continental climate, tropical monsoon
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Fig. 3. Water footprint distribution of the 50 hydropower stations. The numbers assigned to each hydropower station correspond to Appendix A, where each hydropower station's water

footprint is listed.

climate and monsoon climate of medium latitudes (Table 8). This pat-
tern is possibly because the temperate monsoon climate is in rotating
control by winter and summer monsoons. There is a cold and dry cli-
mate in the winter, while temperatures in the summer are high, and

0.70%

m Reservoir surface
evaporation

H construction
materials

99.30%

Fig. 4. Water footprint from different parts of the 50 hydropower stations' life cycle.

rainfall is mainly concentrated during the later months. Also, hydro-
power stations with larger reservoirs always had a larger PWF, as ex-
pected for the amount of water being evaporated due to the
reservoir's size. This was an advantage to medium-sized hydropower
stations; although their reservoirs' storage capacities are relatively
small, their installed capacity and annual generated power are large,
resulting in a small PWF.

We found that among drainage basins, the PWF of hydropower sta-
tions in the Bohai Sea basin were the largest, while the PWF Pearl River
basin were the smallest (Table 8). This is possibly because the Bohai Sea
basin belongs to the temperate East Asian monsoon climate zone.
Spring is affected by the Mongolian continental air mass, resulting in
quickly rising temperatures and high wind speeds. Moreover, its climate
is dry and often forms arid weather, which results in a large evaporation
capacity rate. In summer, it is affected by the neighboring oceanic air
mass, with greatly varied rainfall which sometimes results in droughts
and flooding. Such climatic characteristics drive the large amount evap-
oration of hydropower stations in the Bohai Sea basin. The Yangtze
River basin features a subtropical monsoon climate, with a hot and
rainy summer and cold rain in the winter. Zhuhai basin's temperature
does not change intensely, and its rainfall is abundant, which likely
drives our finding that the PWF of hydropower stations in this area
are smaller. This is consistent with the calculation and analysis of
PWFs by Yang et al. (2015).
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Table 8
Product water footprints (PWF) under different classifications.
Climate type Installed capacity (MV) No. of stations Average PWF (m*/GJ)
Climate Subtropical monsoon climate 10,030 5 8.89
Temperate continental climate 2021 4 8.08
Tropical monsoon climate 93,938 31 7.79
Monsoon climate of medium latitudes 12,640 10 2.13
Storage class Installed capacity (MV) No. of stations Average PWF (m>/GJ)
Reservoir storage capacity Large | 3787.8 22 111
Large Il 1159.7 12 5.70
Medium 1028.6 7 3.81
Small [ 1575.6 9 242
Drainage basin Installed capacity (MV) Generating capacity (billion kW-h) Average PWF (m>/G])
Drainage basin Bohai Sea Basin 1100.0 1.74 0.30
Lancang Basin 39333 16.92 0.23
Yellow River Basin 1898.7 6.94 0.15
Yangtze River Basin 2748.4 11.12 0.15
Pearl River Basin 1510.0 3.78 0.09
We found that regardless of classification method, the CF in the op- corresponding CF is therefore large, and the rest of the stages have a
eration and maintenance stage was the largest, followed by the con- short span in the life cycle with a smaller CF.
struction and material stages (Figs. 7-10); the CF of the transportation
and dam decommissioning stages was small enough to be almost negli- 4.3. The water and carbon footprint relationship
gible. A large CF in the operation and maintenance stage was expected,
as it was the most important and the longest part of the hydropower Through a regression analysis of the PWF and PCF, we found a signif-

station life cycle, followed by the construction stage, and they both icantly positive relationship between WF and CF (Fig. 10); when the WF
also have many energy and material-intensive requirements. The of a hydropower station was large, its CF also tended to be large. For
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Fig. 5. Carbon footprint of the 50 hydropower stations across their entire life cycle. The numbers assigned to each hydropower station correspond to Appendix A, where each hydropower
station's carbon footprint is listed.
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example, China's largest power station, Three Gorges Hydroelectric
Power Station (no. 1; Appendix A), has both the largest WF and CF
among hydropower stations. These results indicate that in order to
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B transportation
H operation

B decommission

87.36%

Fig. 7. Proportion of carbon footprint for each life-cycle stage across all 50 hydropower
stations.

realize the sustainable development and use of hydropower stations,
it is necessary to simultaneously control a hydropower station's carbon
emissions (Kumar et al., 2019) and water resource consumption. In this
regard, we should focus efforts on reducing both types of environmental
impacts together, by reducing the intensity of water consumption and
carbon emissions and improving power generation efficiency of hydro-
power stations.

4.4. Relationship between reservoir construction and water shortage in
river basin

The first-level water resources are designated as the nine major
rivers, Songliao, Haihe, Yellow, Huaihe, Yangtze, Southeast, Pearl,
Southwest and Northwest. The reservoirs in the nine major river ba-
sins are unevenly distributed. The number of reservoirs in the Yang-
tze, Pearl and Yellow Rivers account for >70% of the total, while the
reservoirs in the Huaihe, Haihe, and Northwest Rivers are sparsely
distributed. The local geographical location, meteorological factors
and economic development are closely related. Reservoir construc-
tion will have a great impact on local production and living environ-
ment and the ecological environment, especially water resources.
This study focuses on the impact of reservoir construction on the
water shortage in various river basins from the perspective of river
basin water resources.

We compared the WF calculation results of 50 representative reser-
voirs with the effective water consumption of water resources in the
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Fig. 9. Proportion of carbon footprint for each hydropower station life-cycle stage according to the reservoirs' storage capacity class.

national basins (Fig. 13). The water resources consumed through na- and utilize reservoir resources to better solve local practical problems
tionwide reservoir construction accounted for 0.3103% of the total (Table 9).
water resources available, indicating that the construction of these rep- As the second-largest river, Yellow River runoff is only 65.9 billion

resentative reservoirs did not have a serious impact on local water m?, ranking only fourth in the country, and the average annual water re-
shortage. Therefore, in the future, it is possible to rationally develop sources is only 2% of the country (Liu et al., 2014). In addition, the
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Fig. 10. Proportion of carbon footprint across hydropower stations of different types of dams.
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Yellow River has poor water quality and large sediment concentration,
which leads to the small water consumption of the Yellow River, low
water shortage and fragile water resources (Jia et al., 2006). The water
consumption of reservoirs in the Yellow River basin accounts for
18.98%. When reservoirs are built in the Yellow River in the future, it
is important that water consumption is considered. Reservoirs with a
smaller WF could instead be selected to alleviate water resources in
the Yellow river. For the Southwestern river, due to its complex topog-
raphy (Zhao, 2011), large area, small population, backward economic
and social development, and low level of water resources development
and utilization, water consumption from reservoir construction
accounted for a higher amount of the water resources. This shows the
importance of considering water consumption in the construction
stage. In future reservoir development and construction, it is necessary
to fully consider reservoir water consumption indicators, rational devel-
opment and utilization, and also reduce the WF of the reservoir by im-
proving technology.

Due to the limitation of data and methodology, current research
doesn't explore the impacts of hydropower development at water
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quality on a national scale. But water quality has important implications
for biodiversity, ecosystem services, and even socioeconomic develop-
ment. Considering the great significance of this topic, we are eager to
fill this knowledge gap in future after we collect enough data.

5. Conclusion

To our knowledge, this study provides the first environmental im-
pact assessment to simultaneously include the WF and CF of multiple
influential hydropower stations at a large scale. We were able to show
spatial variation in their environmental impacts from different stages
of the hydropower station life cycle and potential causes of these varia-
tions and impacts.

In this study, we found that the total water loss and carbon emis-
sions from hydropower stations at a national scale are substantial. Cen-
tral governments should not overlook such a large environmental
impact, and should support more scientific research aimed at compre-
hensively exploring the environmental impacts of hydropower stations
at national scales to get a more holistic understanding of hydropower
generation. This study can be used as an example for further research
on hydropower stations in other nations in the future, as we demon-
strate the use of multiple models and tools to calculate water resource
consumption and GHG emissions. Our results show that the CF of the
operation and maintenance stage accounted for most of the hydro-
power stations' total carbon emissions, while the WF mainly originated
from reservoir water surface evaporation. Based on these findings, we
suggest that governments pay special attention to the operation and
maintenance stage and water surface evaporation to reduce carbon
emissions and water loss, respectively. Furthermore, since water loss
and carbon emissions are significantly positively correlated to each
other, governments should focus on both impacts simultaneously, as
one large footprint likely indicates large environmental impacts from
the other footprint. Thus, more cross-sectoral cooperation should be
constructed among different departments within governments to ad-
dress this issue. A more integrated management policy for hydropower
that considers multiple kinds of environmental impacts should be de-
veloped to maximize the efficiency of hydropower management, fur-
ther sustainable development and to further its continual, efficient
utilization.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.04.148.
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Fig. 13. Nine major rivers distributions and WAVE+ distribution.
Table 9
Water resources and reservoir characteristics in different river.
River Number WF (107m3) WC (10°m3) WC/WE WAVE+ WDI BIER runofr
Songliao river 1 0.01 119.51 0.0001% 0.55 0.56 0.01
Haihe river 4 23.36 155.47 0.1502% 0.67 0.79 0.01
Yellow river 6 103.98 50.92 2.0421% 0.57 0.68 0.04
Huaihe river 1 25.90 342.52 0.0756% 0.28 0.28 0.03
Yangtze river 21 586.32 1676.35 0.3498% 0.27 0.28 0.04
Southeastern 1 5.18 50.92 0.1018% 0.38 0.38 0.02
Pearl river 3 112.99 724.10 0.1560% 0.08 0.08 0.05
Southwestern river 3 174.76 8.16 21.4218% 0.18 0.18 0.06
Northwestern river 10 143.88 663.26 0.2169% 0.79 0.80 0.01
Total 50 1176.39 3791.20 0.3103% 0.40 0.53 0.03

Note: WC: effective water consumption of water resources; WAVE+: vulnerability of watersheds affected by lack of freshwater resources; WDI: water shortage index; BIER-;,of: Water-
shed runoff evaporation rate; WF/WC: reservoir water consumption accounts for effective water consumption of water resources.
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