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General Introduction



Chapter 1

1.1 Energy security challenges worldwide

Energy is essential to human society and energy security is vital in maintaining many
services, from health to education. Energy demand has been growing rapidly around
the world over recent decades, due to rapid industrialization and population growth.
Meeting this demand is a crucial but challenging task in many regions !. Energy
infrastructure is inadequate in some developing countries and 11% of the global
population still lacks access to a reliable electricity supply 2. This issue was
recognised by Sustainable Development Goal 7 (SDG 7), which calls for universal

access to affordable, reliable, and modern energy services by 2030°.

However, improving the supply and security of energy is challenging for a number
of reasons. With the global energy system still largely reliant on fossil fuels, there is
a direct conflict with the ambitions to limit climate change®. Moreover, an energy
system based on fossil fuels also creates other environmental problems, such as
biodiversity threats due to extraction of fossil fuel resources; emission of toxic
substances, such as PM2.5, during use; and water stress due to both the use of water
for cooling in power plants and the impact of hydropower plants on water systems >
6. In recent decades, many studies have focused on the air pollution caused by energy
production, while lately the conflict between energy and water resources is also
raising concerns around the world 7 8. Given that both energy and water are key
resources for human development, understanding their nexus is an important step
toward achieving both SDG7 and several other, interconnected SDGs. Yet this nexus
between energy and water resources is still insufficiently understood, especially for

key, highly populous regions, such as China.
1.2 Energy-water nexus

In the past, resource governance mostly focused on single resource categories, such
as water, land, or energy, but policymakers and researchers are now increasingly
aware of the interdependencies of resources and the need to manage resources from
a nexus perspective. The ‘nexus’ concept was formulated in response to siloed
thinking, and emphasizes the examination of critical linkages across resources °. The
nexus between water and energy is one of the most critical '°. Analyses of problems
and solutions for current and future energy-water nexus challenges are of significant
interest to policy and research "4, The energy-water nexus can be investigated in

two directions, that is ‘energy for water’ and ‘water for energy’. The former focuses
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on energy inputs needed at various elements of the water system, including
extraction from lakes, rivers, and aquifers, desalination, and water treatment '°. The
latter focuses on the water required at every stage of the energy cycle, from the
extraction and processing of fossil fuels to the generation of electricity '°. Compared
with the energy constraints on water, the water constraints on energy are more
prominent and have raised many concerns. Water shortages have already impacted
national energy systems quite regularly in recent years, forcing reductions in energy
supply . This situation is likely to become worse in the future, due to growing
national water consumption and climate change '*%°. In view of this important

challenge, the focus of this thesis is the water requirement for energy.

The energy system comprises various energy types, with both primary and secondary
energy sources. Primary energy sources are available in many forms, including
nuclear energy, fossil energy — such as oil, coal, and natural gas — and renewable
sources, such as wind, solar, geothermal, and hydropower. These primary sources
can be converted to electricity, a secondary energy source. Electricity is becoming
increasingly important, since the ambitions to reduce greenhouse gas emissions are
prompting the world to shift to a much more electrified energy system, for instance
by replacing the direct use of fossil fuels for mobility and home heating with
electricity-based solutions, such as electric vehicles and heat pumps 2!. At the same
time, the electric power sector has become the largest water user among all energy
types 2> 23. Water is an essential requirement for operating the global power plant
fleet and, as mentioned above, this has knock-on implications for energy security> '
2425 Power plants face water stress and even reductions in usable capacity if their
water withdrawal requirements cannot be met . For example, numerous power
plants in Europe had to be throttled back in the summers between 2015-2018 due to
water shortages !7. Understanding the water-electricity nexus is therefore essential to

the sustainable development of water and energy systems.

It is worth noting that the impact of using water for electricity production does not
end at water resources but often extends to other systems. Water resources are a
major carrier of ecosystems. The impact of the increase in human water use on
ecosystems is already a deep concern in many regions ?’. The water use of electric
power results in freshwater ecosystem impacts caused by its water consumption and

28,29

pollution , which have often been neglected. Assessing the associated ecosystem
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impacts of the water use of electricity production is an important step toward

ecosystem protection.

1.3 Cross-regional transfers of the impacts of electricity production on water

resources

The picture is complicated by electricity transmission, which can separate the users
from the producers of energy products and services. Depending on the extent of
transmission, electricity produced at power plants can be transported over long
distances for eventual use by consumers. National and regional grid systems balance
the supply and demand and enable the development of power plants that are remote
from centers of energy use. Electricity transmission is becoming increasingly
important for global energy security >3% 3!, but this also creates a situation where the
production-related impacts occur in a different location than the electricity use.

This ‘telecoupling’ of impacts via transmission has attracted much attention. Via the
electricity grid, electricity users consume ‘virtual’ water, i.e., water used in electricity
production; this is also referred to as ‘virtual water transfer via power transmission’
32.33 The virtual water concept, first introduced by Allan (1993), is the water required
for the production of goods and services along their supply chains ** %, Water-scarce
regions can import electricity to satisfy their domestic consumption instead of
producing it locally and can thus conserve their domestic water resources ¢, whereas
electricity-exporting regions see the water available in their region providing
services for other regions. Understanding virtual water use in relation to power
transmission is highly relevant for water management and should be assessed in grid

planning.
1.4 China’s water-electricity nexus

Globally, electricity generation grew by 1.3% in 2019 — around half its 10-year
average. Growth was weak or negative in most regions and mainly occurred in China,
which increased electricity generation by 340 TWh (4.7%), accounting for 95% of
net global growth (360 TWh) 3738, In China, the electric power sector has become
the second-largest water user, after irrigation *. Water availability is therefore a key

16, 24 Of the total human water

component of China’s electricity production
withdrawal, a lower percentage is used for electricity in China than in other countries,

but China is one of the world's most water-stressed regions. That is, water availability
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per capita is classified as close to the international warning level of water stress (1700
m? per capita) *’, and the situation is likely to be further exacerbated by economic
development and urbanization *!. Additionally, studies have shown that there is a
severe geographic mismatch between available water resources and thermal power
plant locations across China **. Thus, there is an urgent need to understand the current

and future conflicts between China’s power production and water resources.

As the world’s largest carbon dioxide (CO») emitter **, China has set a carbon-neutral
target of 2060 **. Many scenarios suggest that this will be met with substantial carbon
capture and storage (CCS) ** 6, potentially making the carbon available for use in
the power sector (which emitted 4.2 GtCO; in 2019, comprising 41% of China’s
emissions) 4> 47 ¥ Most power systems modelling research has been aimed at
optimising the energy mix for CO, reduction or optimising cost for various low-

49

carbon goals *’, while the water impacts and challenges of water use for power

production have not been incorporated into power system planning.

It is also of specific interest to examine the impacts on biodiversity related to the
water-electricity nexus, as biodiversity conservation is attracting attention in China,
where the new Biodiversity Conservation in China regulation *° was implemented in
2021, with an emphasis on water biodiversity protection.

China is not only a large electricity producer but also has a large-scale power
transmission infrastructure. It exchanges very little electricity internationally, but the
scale of interprovincial power transmission within China is large and increasing (it
increased 220% between 2008 and 2019 3!). Interprovincial electricity transmission
increased more rapidly than electricity generation, with 19.7% of the total electricity
transmitted across provinces in 2019, mainly from the west to the east *%, although
water scarcity is generally more severe in the west than in the east. Electricity-
importing provinces are outsourcing water stress and water biodiversity impacts via
transmission to other provinces, which may aggravate the water issues for some
exporters. In assessments, it is increasingly important to quantify the virtual water
embedded in transmission systems to provide insights for mitigating water stress
across the country.

Although water and electricity are closely connected in China, the water-electricity
nexus has not been fully incorporated into the country’s water and electricity

planning, due to a lack of information on this nexus. There is a need to depict a more

5



Chapter 1

detailed and complete map of the current water-electricity nexus and also its changes
in the future.

1.5 Research questions

As discussed above, electric power production requires water resources and many
power plants around the world are facing water stress. The situation is especially
problematic in China due to the high water stress in most subnational regions and a
geographic mismatch between water resources and the large-scale, water-intensive
power production. The main research question posed in this thesis is: What are the

impacts and challenges of water use of electric power production in China?

Investigating this question requires several studies at different stages, and prompts

several further subquestions, which are listed below.

First, there are many types of electricity technologies, which have different
requirements for water resources. These requirements can differ across countries due
to different geographic conditions. It is necessary to understand the water

requirements of various technologies across different regions.

SQ1. What are the water requirements of different electricity technologies and what
is the availability of regionally specific data?

To answer this question, a literature review of the existing research is needed. This
also requires an assessment of the data availability and results of data on water use
of power production. Here there is a focus on what country-specific data are

available, because different technologies require different amounts of water.

802. How much water is required for power production in China and how much

water is virtually transferred via power transmission?

To answer this question, an inventory of power production, transmission, and China-
specific water intensity is used. On the basis of the answers, we can move on to the
next stage, i.e., to assess the impacts of power production on the water system.

S03. What are the impacts of power production on freshwater biodiversity in China?

To answer this question, both freshwater consumption and freshwater thermal
pollution of power production need to be quantified. Freshwater biodiversity loss
will be estimated, to assess the extent of the impacts. The above three stages show
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the impacts of power production on water resources and the related biodiversity; on
the other hand, power production faces challenges from water resources if its water

requirements cannot be met. This issue is studied in the next stage.

SQ4. What are the changes in water stress and the consequent impacts on power
production in the future, and how might future carbon capture and storage (CCS)

requirements exacerbate water issues in China?

To answer this question, we combine a hydrological model and a thermoelectric
power model. We assess the water stress faced by thermal power in the future and
the impact that CCS as a solution for net-zero carbon emissions could have on water

issues faced by the power sector.
1.6 Guide to this thesis

This thesis consists of 6 chapters (Figure 1.1). This first chapter gives a general
introduction, describing the motivation, research questions, and outline of the thesis.

> Chapter 2

The state of the studies on energy-water nexus (Question 1)

Methodological and data support

!

Chapter 1 Assessments of energy-water nexus in China Chapter 6
General 1 B General
introduction discussion
Chapter 3 A Chapter 4 Chapter 5

Quantifying erS}elSSIItlgr Examining

water use and bif)sdi\:ear:i t vulnerability of

virtual water impacis o fy power

transfer in the P production to
power .

power system production water scarcity

(Question 2) (Question 3) (Question 4)

Figure 1.1 Outline of this thesis.

Chapter 2 addresses the first research question. It presents the available data on

water use of power production at different life cycle stages, gathered by conducting
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a global meta-analysis. The differences in water use estimates within and across
power types are reported, and the key drivers behind them are analyzed. We then
analyze the uncertainties in assessments from the perspective of both methodological
theories and the data inventory that we compiled. Finally, gaps in knowledge are
identified to guide future studies.

Chapter 3 addresses the second research question. It quantifies the water use of
power production and virtual water transfer via power transmission across China,
using information on numerous renewable and non-renewable power-generating
units and interprovincial power transmission. On this basis, it investigates the spatial
and seasonal variations in water use and virtual water, and the impacts of power

production and transmission on provincial water stress.

Chapter 4 addresses the third research question. It assesses the freshwater
biodiversity loss caused by China’s power production and the embodied biodiversity
loss in power transmission. In this process, the characterization factors of water use
impacts on freshwater biodiversity are developed for China. Further, based on the
results, we analyze the decoupling relationship between biodiversity loss and

electricity and the driving factors of the changing biodiversity loss.

Chapter 5 addresses the fourth research question. It examines the vulnerability of
power production to water scarcity in China by developing a hydrology-electricity
modelling framework, which quantifies the impacts of the changes in water
availability and climate change mitigation actions of power plants (i.e., CCS) on
power production. It also tests a set of adaptation options that have the potential to

mitigate the vulnerabilities of power production.

Chapter 6 presents a synthesis of the answers to the research questions given in
the preceding chapters, followed by a general discussion and outlook for future

work.
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Water use of electricity technologies: A global

meta-analysis

This chapter has been published as: Jin, Y., Behrens, P., Tukker, A., Scherer, L.
Water use of electricity technologies: A global meta-analysis. Renewable and

Sustainable Energy Reviews. 2019,115,109391.
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Abstract: Understanding the water use of power production is an important step to
both a sustainable energy transition and an improved understanding of water
conservation measures. However, there are large differences across the literature that
currently present barriers to decision making. Here, the compiled inventory of the
blue water use of power production from existing studies allowed to uncover the
characteristics of water use, and to investigate current uncertainties. The results show
that photovoltaics, wind power, and run-of-the-river hydropower consume relatively
little water, whereas reservoir hydropower and woody and herbaceous biomass can
have an extremely large water footprint. The water consumption of power production
can differ greatly across countries due to different geographic conditions. Only a few
studies provided the values for the influencing factors of water use, such as the
capacity factor. Values that are reported came mainly from assumptions and other
literature rather than direct measurement. Omitting a life cycle stage may lead to
significant underestimations. Water scarcity is attracting more attention, but the few
existing results are not useable for a regional comparison due to data gaps and
inconsistent measurements. In the future, a clear and detailed definition of the water
footprint and system boundary of power production is essential to improving

comparisons and energy systems modelling.
2.1 Introduction

Electric power production is a major driver of water stress worldwide > 6. This
situation is likely to be exacerbated due to growing energy demands and climatic
change '8 %3253 In recent decades, technically plausible energy transition pathways
have been designed to meet climate goals, but a concurrent analysis of the
implications for water resources is mostly lacking. In some scenarios, emission
mitigation benefits drive increased pressure on water resources >* 3. For instance,
many climate stabilization scenarios rely on bioenergy with carbon capture and
storage (BECCS) as a negative-emission technology, but it is a very water-intensive

56, 57 2458 and

option . Rising water stress is of increasing concern to both renewable
non-renewable power production 223, Further energy system planning would greatly
benefit from the incorporation of water stress perspectives and there are increasing
efforts to include water resources as significant components in energy transition
modeling "%, The existing scientific literature provides a variety of water use

estimates for various energy technologies and life cycle stages. However, many of
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these estimates differ widely or are even conflicting, giving an unclear picture of the

energy-water nexus.

The use of water in the electricity system can be assessed using multiple metrics.
The most common measure is the volumetric water footprint. It includes direct (i.c.
water use for cooling at the point of generation) and indirect water use (i.e. upstream
water use in the supply chain of fuels or equipment). It is defined by the volume of
freshwater used by a consumer or producer over the entire supply chain 3% ¢, In
recent years this concept has been extended to impact-oriented water footprints that
assess not just the volume of water use but the potential environmental impacts ©'.
The impact-oriented approach additionally considers regionalized impact indicators
as part of traditional impact assessment frameworks 2. Although both methods have
been applied to studies on the water use of power production, most existing studies
consider only the volume of water use of power production, which is therefore the

main focus of our study.

Previous reviews on the water use of power production have focused on the United
States (U.S.) %%, Global assessments ° ¢7 often rely on data from the U.S. and
assume that generation in other countries has similar water use characteristics. A
global overview of the differences in water use of power production is currently
lacking. Water use covering the life cycle of power production have been used for
estimating water use at the global ®%® and country level 72, For power production,
the life cycle of water use can be split into fuel cycle, plant operation, and plant
infrastructure stages. Analyses typically focus on the operational stage,
distinguishing the water use by different cooling technologies and energy types.
However, there are other important factors driving water use including fuel type,

power plant type, and environmental conditions.

Although there must be uncertainties in the water use of power production, these are
often not estimated in studies generally. This is often due to a lack of information on
how to assess these uncertainties. This systematic literature review serves to
investigate the above knowledge gaps by tearing apart the differences between

previous studies, and presenting a picture of the current state of knowledge.
2.2 Methodology and data
Estimates from the literature were gathered following the PRISMA guidelines *. The

11
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meta-analysis focuses on the variations in water use estimates across technologies
and locations, and the completeness of data reported across papers. In terms of the
type of water uses, this study focuses on blue water (i.e. the use of surface or
groundwater, such as irrigation water for biomass). In the framework of volumetric
water footprints, blue, green (soil moisture), and grey water (hypothetical volume
needed to dilute pollutants) are often added as if they were equivalent. In contrast in
the life cycle assessment (LCA) community, green water use and water pollution are
assessed through separate impact categories due to their fundamental differences 7,
and are beyond the scope of this study. The gathered data represent two types of blue
water use: withdrawal and consumption, with more emphasis on the latter. The
former reflects the volume of water diverted from a water source for use, while the
latter refers to the volume of withdrawn water not returned to the source due to

evaporation, transpiration or incorporation into products 37577,

The database search was conducted in April 2019 using Web of Science and
ScienceDirect without applying a time restriction. Search terms related to water
footprints were used: water footprint, water use, water consumption, water
withdrawal, water demand, water requirement, in combination with other terms
representing both renewable and non-renewable power production: renewable, non-
renewable, fossil fuel, coal, oil, natural gas, shale gas, nuclear, hydropower, biomass,
biofuel, geothermal, wind, solar, photovoltaic and electricity. The full list of terms
and their relevant variations, together with the numbers of results for each stage of

screening, are shown in Supplementary information.

This search yielded 910 publications, which were filtered depending on whether the
following inclusion criteria were met: (1) the value of the water use during the entire
life cycle or a specific life cycle stage was reported; (2) the type of water use
(consumption or withdrawal) could be distinguished; and (3) the information on the
energy type was provided. Snowball sampling was also used. The final sample
included 93 publications. (see Figure S7.1.1 for the full selection processes)

Data were extracted from publications either directly from tables, or from figures
using WebPlotDigitizer, version 4.1. Common categories of analysis included: the
type of energy (e.g. natural gas), energy sub-type (e.g. shale gas), type of water use
(i.e. consumption or withdrawal), and the life cycle stage (e.g. fuel cycle). Extracted

information on other factors included the country of assessment (e.g. Canada),

12
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cooling type (e.g. dry cooling), generator technology (e.g. combined cycle),
conversion efficiency, capacity factor, lifetime, and environmental conditions (e.g.
solar irradiation). The full dataset and influencing variables are shown in

Supplementary information, respectively.

Due to data limitation and inconsistency for impact-oriented water footprints
(namely water scarcity footprints), these are discussed separately (Section 2.4.2).
Generally, studies estimated blue water use based on the values of the influencing
factors, such as the conversion efficiency. However, the effects of such factors on
water use lack quantitative assessment. In this study, correlation analysis and linear
regression are used to investigate the relationships between key factors and water
use of power production. As for linear regression, this study investigates the relations
between operational water consumption and its influencing variables (cooling type
and conversion efficiency) for five power types (coal, natural gas, oil, nuclear and

biomass).
2.3 Results
2.3.1 Overall results

Blue water consumption and withdrawal for the total life cycle were reported in 32
studies (34% of sample, see Figure 2.1 for consumption and Figure S7.1.2 for
withdrawal). As expected, there is a large range in water uses across energy types.
For instance, the median life cycle water consumption for biomass is 8.5x10*
L/MWh, one to three orders of magnitude larger than other types. Generally, biomass
can be classified into four groups, including wood and woody biomass, herbaceous
biomass, aquatic biomass, and animal and human waste biomass 8. Previous studies
on the water use of biomass power focused on the first two above-mentioned groups,
as they are the main feedstock of biomass power. Hence, the latter two biomass types
are not included in this study. The extreme estimate represented the large requirement
for irrigation of herbaceous perennials in the arid Southwestern U.S. %, Although the

23, 68, 79-81 and

water consumption for wind power is widely thought to be negligible
it is characterized by the lowest median water consumption, it can still reach 700
L/MWh if direct and indirect material inputs for wind power are included using
hybrid LCA (see detailed discussion in section 2.4.1) 32, Similarly for photovoltaics

(PV), the outliers of life cycle water consumption were caused by using a hybrid

13
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method 8> ¥, For geothermal energy, the only outlier resulted from the large
belowground water consumption for an enhanced geothermal system (EGS), in
which case 10% belowground water loss during operation was assumed 3. However,
as the belowground water consumption is for maintaining the reservoir, the water
does not need to be of high quality. If the water used for belowground operation was
not freshwater, then its life cycle water consumption would decrease dramatically
from 7037 L/MWh to just 185 L/MWh.

Biomass(n=23, mdn=85100) | =t :D~ i1 o

Hydropower(n=1133, mdn=4961) | .
Qil(n=7, mdn=3220) |
Nuclear(n=25, mdn=2290)

Coal(n=227, mdn=2220) | [ _m 1 e

CSP(n=28, mdn=1250) | bt D:'.,

Geothermal(n=22, mdn=1022)

Natural Gas(n=91, mdn=598) - Dﬂ- - 1

PV(n=10, mdn=330) |
Wind(n=7, mdn=43) - . 1

10! 10 10° 10* 10° 10° 10

Water Consumption (L/MWh)

Figure 2.1 Blue water consumption over the life cycle across energy generation types. Water
consumption is visualized on a log scale. The annotation mdn gives the median value of water
consumption for each fuel type. Circles represent the outliers, while the dots represent the

mean for each power type.

Another point to note is the generally high variability in water consumption across
power plants of the same type. Coal power plants has relatively low variabilities in
life cycle water consumption, whereas hydropower has a marked variability, with a
coefficient of variation of 634% (Table S7.1.2). Local estimates are especially
important for biomass, oil power and hydropower. For water withdrawal, the ranking
of energy technologies based on the median or average values remains the same,
except for natural gas which ranks higher than geothermal energy in terms of water
withdrawal (Figure S7.1.2). The range of water withdrawal is generally much wider

than of consumption due to large withdrawal differences between once-through

14
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cooling and other cooling types. Water consumed during once-through cooling is

generally negligible (around 1%).
2.3.1.1 Water use of fuel supply

The water uses of fuel supply reported in this section only apply to fuels for
electricity generation, that is: coal, natural gas, oil, nuclear, and biomass, as shown
in Figure S7.1.3. The water uses here refer to the blue water used for fuel supply, i.e.
extraction (for biomass, it refers to crop cultivation), processing and transport. For
biomass power, the key stage of life cycle water consumption is the fuel cycle due
to the considerable water input in crop cultivation %> 8¢, Herbaceous and woody
biomasses are separately examined in terms of the fuel cycle, as they have different
water demands for growth. The median water consumption for herbaceous biomass
(7.6x10* L/MWh) is much larger than that of other fuel types by more than two
orders of magnitude, but still much smaller than that of woody biomass (8.3x10°
L/MWHh). Within biomass, water consumption varies greatly, from 7200 L/MWh ¥
to 2.8x10” L/MWh 36, An exception excluded in this figure is *® where hybrid poplar
was assumed to be rain-fed (i.e., no irrigation water is used). In terms of fuel cycle,
natural gas has the lowest median water consumption (128 L/MWh), lower than that
of nuclear (156 L/MWh) and coal (231 L/MWh). Within natural gas, there are three
fuel sub-types: conventional gas, coal-bed methane and shale gas, with median
consumptions of 60 L/MWh, 70 L/MWh, and 222 L/MWh respectively. Water use
in fracturing rock for shale gas explains the large volume (65% of the median
variation), with the remaining from indirect water use in the supply chain (33% of
the median variation) %, QOil is a large water consumer at the fuel cycle, with
median water consumption of 891 L/MWh for conventional and 1658 L/MWh for
unconventional oil (oil sand and oil shale) 7, Studies generally assume that water

withdrawal in the fuel cycle is equal to water consumption in the fuel cycle 76

93

2.3.1.2 Operational water use

The water uses here refer to the blue water used in the operational process of power
plants. Studies typically focus on cooling systems, as it accounts for most of the
operational water use. Hereinafter, cooling water consumption refers to the blue

water evaporated during operation for cooling purposes. Water consumption is
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reported first. Hydropower is the largest water consumer during the operational
phase (median = 5.1x10* L/MWh), one to three orders of magnitude larger than that
of other types (Figure S7.1.4). Large differences exist within hydropower, ranging
from 0 °*% to 1.2x10® L/MWh ?*. Most studies estimated water consumption based
on the gross water evaporation from reservoirs, which changes as a function of the
reservoir surface area. According to ** and *°, the gross water consumption was
regarded as zero for those hydropower stations running without reservoirs (i.e. run-
of-river plants). Similarly, for plants running with reservoirs, evapotranspiration was
assumed to occur from the same area prior to the establishment of the reservoir ».
Taking this into account, some studies calculated the net water consumption by
subtracting the evapotranspiration before the dam construction from the gross water
evapotranspiration 2+ 7% 96 These studies show that net water consumption is on
average 54% of the gross water consumption. However, because reservoirs offer
multiple purposes, such as water supply, flood control, and navigation, some studies
suggest that for a fair comparison with other energy types the impacts of the reservoir

should be allocated among its multiple purposes **.

For coal, extremely large operational water consumption was generally caused by
closed-loop plants with low conversion efficiency or with carbon capture equipment
64.65,99. 100 Once-through cooled units may also have high water consumption rates,
driven by low electricity output and large incoming flows of cooling water in unique

locations %% 101,

In terms of water withdrawal, nuclear is a large water withdrawer, with a median
value of 2.67x10* L/MWh (see Figure S7.1.5). Compared to other thermal power
plants, nuclear plants generate steam at lower temperatures and pressure for
operational safety, and consequently, are less thermally efficient and withdraw more

cooling water per unit of electricity '

. The median value for oil is much larger than
for coal and gas because studies on oil mainly focused on wet cooling technology,
especially once-through cooling ** 1%, PV plants may withdraw a considerable
amount of water for mirror washing, but in practice, PV panels are seldom washed

by operators .

Figure 2.2 and Figure S7.1.6 present detailed values for water consumption and
water withdrawal for different cooling technologies, indicating that water uses of

operation show greater agreement when grouped according to cooling types as
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opposed to power types. For coal, natural gas, oil, nuclear and biomass, power plants
with closed-loop cooling technology are the largest water consumers, while plants
with once-through cooling technology are leading water withdrawers. For

concentrating solar power (CSP) and geothermal, water withdrawal was widely

assumed to be equal to water consumption at the operational stage 3¢ 64 65,75, 104-106
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Figure 2.2 Blue water consumption of operation distinguished by power type and cooling
type. The dots represent mean water consumption, while the line segments represent the
standard error of mean. The annotation mdn gives the median value. Hydropower, wind, and
PV do not have cooling needs and are not included. The two-letter codes are as follows: WC
wet cooling, CL closed-loop cooling, HC hybrid cooling (combining wet and dry cooling),
OT once-through cooling, and DC dry cooling. Colors map to fuel type for the estimate.

2.3.1.3 Water use of plant infrastructure

The water uses of plant infrastructure refer to the blue water used to manufacture
each material input of power plants, with the indirect blue water embodied in
material inputs also included. The water use of plant infrastructure was often
neglected due to its small proportion in the total life cycle for most power types.
However, this does not apply to all types. As shown in Figure S7.1.7 and Figure
S7.1.8, large amounts of water consumption and withdrawal are required for the
plant infrastructure of CSP. PV can consume more water than CSP, reaching up to
794 L/MWh if the PV material is crystalline silicon . Wu et al. '°7 indicated that
coal thermal power plant requires significantly more water for infrastructure than
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natural gas combined cycle plant. According to our study, coal thermal plant’s
infrastructure is the largest water user among all fuel-powered thermal plants.
Nuclear power has the lowest water consumption per unit of power production due
to the high electricity output over generally longer lifetimes.

2.3.1.4 Water use of carbon capture and storage

Carbon capture and storage (CCS) heavily influences the water use of thermal power
plants 19112 The water uses of CCS refer to the additional blue water used due to
the addition of the CCS system. All estimates related to CCS adopted by natural gas
and biomass power were available for combined cycle cooling only. Due to the
additional water requirement for CCS equipment and the loss in operation efficiency
85, plants using CCS generally consume more water than the counterparts without
CCS (Figure 2.3). Biomass also faces the challenge of large water uses for the
feedstock, while for BECCS, water use is increased further by the CCS additions.
Direct air capture (DAC) is an emerging technique that capture the carbon dioxide
from the ambient air, and may potentially provide negative emissions. Yet, it may
have large water requirements due to the evaporative loss of the DAC unit based on
amine technology 7 '3, DAC water requirements may change as the technology

scales but further research is necessary.
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Figure 2.3 Additional blue water consumption due to the addition of CCS for different fuels
and cooling types. The numbers on the right of each bar indicate the percentages for CCS
compared to operational water consumption (OWC) without CCS. Only the literature which
reports both the OWC with and without CCS are included.

2.3.2 Country-specific water use of power production

18



Chapter 2

The number of studies per region and per power type are shown in Figure 2.4.
Hydropower and coal are widely studied across many regions, whereas geothermal
lacks research in all regions except the U.S. The water consumption and withdrawal
of each life cycle stage for the different countries studied previously are shown in
Tables S2.4-S2.8. China and the U.S. are the predominant focus, and their specific
water uses of power production are presented in Tables S2.9-S2.14 with the
consideration of both cooling type and generating technology (e.g. combined cycle
or steam turbine).
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Figure 2.4 Number of studies per energy source per region. Many studies investigated more

than one energy source and region, and can therefore occur multiple times.

Studies on shale gas in China focused on the shale-rich Sichuan basin ''* !> whereas
U.S. shale plays are distributed more widely !'® "7, The more complicated shale
formations and water-intensive fracturing techniques in China led to higher water
consumption for shale gas extraction and power production as compared to the U.S.
'8 For nuclear power, the water use of the fuel cycle depends on the type of mining
activities and enrichment > %3, There are three types of mining activities: in-situ
leaching (ISL), surface mines, and underground mines. There are also two types of
enrichment: diffusion and centrifugal enrichment. In France, Uranium used was
mainly from underground mines, and processed through the diffusion enrichment,
both activities generally consume less water than counterparts in the U.S.. Poinssot
et al. (2014) indicated that the use of ISL techniques in France could consume a
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larger amount of water than underground mines **. However, the water consumption
of underground mines varies greatly. For countries where underground mines
consume more than 87 L/MWh, the maximum of ISL techniques, the application of

ISL instead becomes a way to save water %.
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Figure 2.5 Operational blue water consumption for each power type and country. Countries
are indicated by ISO3 codes 2. GLO denotes the globally median value and is represented
as a triangle. For clarity, the contents of PV and coal power in the dashed box are enlarged
and shown inset in the bottom right. Codes denote WC wet cooling, HC hybrid cooling
(combining wet and dry cooling), CL closed-loop cooling, and OT once-through cooling. “C”
in parentheses denotes combined cycle power plants. “CCS” in parentheses denotes power
plants using carbon capture and storage technology. The median operational water
consumption of wind power is zero for all countries herein. The operational water
consumption of hydropower is not included in this figure due to its wide range, but is
available in Table S7.1.5.

For both CSP and nuclear, China consumes more water than the U.S. (Figure 2.5).

Direct normal irradiation (DNI) determines CSP operating efficiency ''°. As such 99%
of U.S. CSP capacity is in three states: California, Arizona, and Nevada '*.
According to "2, DNI of these U.S. regions ranges from 2400 to 2940 kWh/m?/year.
In China, CSP plants are mainly in northwest and Wu et al. '*' indicated high
operational water consumption of a CSP plant in Gansu province. According to the
World Solar Atlas '??, this area receives less DNI (a maximum: 2193 kWh/m?/year)

than in the U.S., contributing to a lower operating efficiency and a higher water use.
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Geographic conditions also influence the water uses of nuclear power 2. In the U.S.,
operational water consumption for nuclear power plants with closed-loop cooling
could be more than 3000 L/MWh 6365 9,105,124 " with a minimum of 1408 L/MWh.
Even within China, differences in the nuclear power water requirement could reach
24% due to climate differences between northern and southern regions '°. Coal
power plants with closed-loop cooling consume more water in India and China than
in Canada and the U.S. Conversely once-through cooling consumes less water in
India and China than in Canada and the U.S.

2.3.3 Key factors influencing the water use of power production

Studies generally presented estimates of water uses without simultaneously
presenting their influencing factors. Compiling the key factors from the literature
and analyzing their effects on water uses allows for a better understanding of the

drivers behind different water uses.

Missing Data Literature Data Government Data  Assumptions Measurements Not Applicable

Figure 2.6 Factors reported across the literature. The x axis presents each study, numbered
from 1 to 93 chronologically from left to right (these studies are listed in Supplementary
information). The y axis (left) presents influencing factors: CE (conversion efficiency), CF
(capacity factor), LT (lifetime), AT (ambient temperature), WS (water scarcity), HC (heat
content of fuel), DNI (direct normal irradiation), WV (Wind velocity), GT (geofluid
temperature), RA (reservoir area), ER (evaporation rate). The y axis (right) presents the
percentage of reporting in the literature overall (the ratio of reporting to the total applicable
studies). Colors denote the data sources of factors in the literature. “Measurements” means
that values were directly measured, or came from primary data. “Not Applicable” means that

the factor is not relevant to the study i.e. reservoir area only applies to studies including
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hydropower.

Beyond cooling and power type there are other important factors driving footprints.
These can include the resource quality (e.g. heat content of fuel), power plant
specifications (e.g. conversion efficiency, capacity factor, lifetime) !23° and
environmental conditions (e.g. ambient temperature '*!, direct normal irradiation %4,
wind velocity 132, geofluid temperature '%, reservoir area '*, evaporation rate *).
Influencing factors were collected from the literature for each life cycle stage of
power production. As shown in Figure 2.6, there are many data gaps across studies.
Further, most values came from assumptions and other literature rather than direct
measurements. There is no evidence of increased reporting of these factors over time.
Water scarcity is an exception, having received more attention recently, even though
the numbers of studies are still limited. Ambient temperature is typically a
determinant of the operational water use due to its influence on production efficiency,
cooling efficiency, evaporation rate, etc. However, it is not generally reported. The
reported conversion efficiency, capacity factor, plant lifetime, and heat content of
fuel are shown in Tables S2.15-S2.18.

Of the common factors, conversion efficiency is most frequently cited in the
literature (31% of studies). It has been identified as a key driver of operational water
consumption for most power types, especially those with cooling water demands >4,
Here a regression model is used to calculate the impact of each factor on water
consumption with cooling type and conversion efficiency included. Since the
operational water consumption of five power types (coal, natural gas, oil, nuclear,
and biomass power) closely agree when grouped by cooling type (Figure 2.2), these
five power types are considered in the model without distinctions. The model
established is shown in Supplementary information, and the results are presented in
Table S7.1.20. The impact of conversion efficiency on operational water
consumption varies across cooling types. On average, -36.8,-16.2, and -10.3 L/MWh
of operational water can be saved with every 1% increase in conversion efficiency
for closed-loop cooling, once-through cooling, and dry cooling, respectively.
Compared to improving conversion efficiency, adopting dry cooling technology is a
direct approach for conserving water but generally increases investment costs 3% 136
and lowers plant efficiency '*7- ¥, Wet cooling can bring synergistic benefits, e.g.

energy conservation and emission reduction '¥.
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There are additional factors for each power type. The heat content of fuel is important
for coal, natural gas, and biomass. Generally, biomass has a lower heat content than
natural gas and coal. The operational water consumption of hydropower varies
greatly depending on two factors: the evaporation rate and the surface area of
reservoir 24 133 140. 181 "The evaporation rate in different locations could range from
486 mm yr! to 3059 mm yr! >, The reservoir area also varies over time due to
changes in water volume throughout the year 133142 143 However, these are usually
only estimated annually due to data limitations in monitoring area over the year. This
may change as better remote sensing methods become available; already some
studies have estimates at a monthly resolution '**. An analysis of variance is
conducted to look at the contributions of both evaporation rate and surface area on
the operational water consumption of hydropower. Results show that the evaporation
rate typically plays a more important role in determining the operational water
consumption (Table S7.1.21). For geothermal energy, the plant type (flash cycle,
binary cycle) typically determines the water requirement. For flash power plants, a
lot of freshwater can be saved, as most cooling water is provided by the geothermal
fluid that flashes to steam and during the generation process condenses to form high

quality water that can be used for cooling '%.

Finally, the water source (i.e. freshwater water and sea water) for plant cooling
differs across regions. For example, many nuclear power plants in Spain and the U.S.
use water from rivers and lakes for cooling, whereas China has all presently operable
nuclear power plants in coastal areas with seawater as cooling medium to save
freshwater 4> 146, The deployment of power plants and cooling water sources make

big differences to the blue water use of power production.
2.4 Discussion
2.4.1 Uncertainties in water use assessment

Uncertainties derive from the methodological choice, the system boundary cut-off,

and the water source.

Methodological choices: The two main methods are process-based LCA (PLCA)
and hybrid LCA (a method linking PLCA and input-output analysis (I0A)). PLCA
is a bottom-up approach based on production processes > 47 whereas I0A is a top-

down approach ¥ 1% Hybrid LCA was developed based on PLCA and IOA to
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combine their strengths and reduce weaknesses from data quality, system boundary,
difficulty of application, etc. 132, In recent decades, hybrid LCAs have
increasingly been employed in energy-related environmental footprint analyses 4
153-155 and water footprint analyses (as mentioned above). The application of both
methods to carbon footprinting for wind power indicated that emissions for hybrid
LCA was more than double that for PLCA '*°. Equivalent differences by method in
water use estimates are shown in Table S7.1.22. Hybrid LCA leads to larger water
use estimates for most power types, especially wind and PV. The additional input
from economic sectors not covered by process analysis was the major contributor to
the differences. Though it remains an open question of which method should be
recommended for life cycle inventory compilation, since both are in line with the
ISO standard "7, the differences between PLCA and hybrid need to be appreciated.
Firstly, using a pure PLCA approach may lead to significant underestimation because
power production relies indirectly on large amounts of inputs from various sectors,
especially heavy industries (steel, metal and cement) 3% 8% 91 158 and agriculture (e.g.
wood used for fuel extraction and construction; agricultural products used for

) 22, 89

chemical production , which are generally water-intensive - 3% 16°_ Second,

using [0-based hybrid LCA presents a challenge in sector disaggregation. Power

161,162 "even though each

production is typically a homogenous sector in 1O tables
power type has a distinctive water use. Efforts are needed to isolate the targeted
power type from the power production sector '®!. Third, IO tables are normally
released later than process-based data '’. This may be an issue for emerging power

production technologies.

For some energy technologies, there are specific methodologies that influence water
use estimates. For hydropower, the main issue is the lack of methodological
consistency in allocating water consumption among multiple purposes %16, Many
allocation methods were used to separate the water consumption of electricity from
the total reservoir evaporation by using an allocation factor. The allocated water
consumption of electricity may be much lower than the reservoir evaporation or

d 24 141, 164

remain unchange , depending on the allocation factors as shown in Table

S7.1.23. The temporal resolution of models can also lead to different estimates due

to the seasonal fluctuations in the reservoir water level.

Choices for boundary cut-off: Although some studies cover the entire life cycle of
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power production, operational water uses are a focus across the literature. The water
uses of the fuel cycle and plant infrastructure are often omitted. Omitting the water
uses of a certain stage can lead to a bias that varies across power types (Figure 2.7).
Over the total life cycle of water consumption, the share of water consumption from
the plant infrastructure varies greatly, especially for renewable energy with the
exception of bio-power. Likewise, the fuel cycle of coal, natural gas, oil, and nuclear,
ranges from 2 to 79%, largely depending on the cooling water consumption of power
plants. Within the fuel cycle, the water consumption of each sub-stage is presented
for coal and natural gas (Figure S7.1.10). For coal, the transport by pipeline,
especially the slurry pipeline, is a highly water-consuming choice. For natural gas,
processing and pipeline transport are large water consumers. The sum of their
median water consumption is approximately half of the median water consumption
of fracturing, thus narrows the gap between conventional gas and shale gas for total
fuel-cycle water consumption.

Plant infrastructure Fuel cycle
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Figure 2.7 Proportions of the blue water consumption of fuel cycle and plant infrastructure

in the total life cycle. Values are shown in Table S7.1.24.

Water source: For biomass and geothermal, water sources considered in the
assessment make a difference. Irrigation (blue water) and soil moisture from
precipitation (green water) are main sources of water required for biomass growth.

The former accounted for 0-60% of the total water consumption % 87 165 Tt is

essential to identify the feedstock type, as water demand varies across types '

Geothermal fluid and freshwater are two sources of operational water use of
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geothermal power production but geothermal fluid is not typically considered as
freshwater consumption because it is not sourced from a body of freshwater 1%,
Either or both types of water resources are used in operation, depending on the
practical situation ¥ 1% which leads to variations in estimates. Nuclear power plants
in coastal areas typically use seawater for cooling '°, which is irrelevant to blue

water use.
2.4.2 Water scarcity related to power production

The large amount of water abstracted for power production might exacerbate local
water scarcity '3 19719 This depends on two factors: the life cycle water use of
power production, and the water scarcity in the region '"°. A certain amount of water
use in water-poor regions typically has larger impacts on other local water users than
in water-rich regions. To alleviate the risk of water use in water-scarce regions, the
regional water scarcity needs to be considered in addition to volumetric water use 7*.
However, there is no consistent measurement to reflect the impact of power
production on water scarcity. Two main approaches have been used, which are both
related to water scarcity indices. One measures the energy-related water scarcity
index by dividing the water use of power production either by total water availability
9. 168 171 "or by the remaining water availability after subtracting non-power
production uses in a water basin 3. Another approach uses the water scarcity
footprint, which is calculated by multiplying the water use of power production with
a regional water scarcity index 2% 2% 16% 172173 Thys, the water scarcity footprint
includes the information of both the volumetric water footprint (i.e. the water use

inventory) and regional water scarcity.

Apart from the different approaches to assess water scarcity, the differences in the
scaling of the water scarcity index used across studies also imply that their water
scarcity measurements are not comparable 7. Hence, it is suggested to still report
water use besides the water scarcity footprint. According to #, the value of the water
scarcity indicator exceeds 100% when the blue water use is higher than 20% of the
natural runoff within a region (i.e. the water availability), whereas in !> and 176177,
the scaling of 0.01 to 1 and 0.1 to 100 were used for the values of the water scarcity
indicator, respectively. In addition, it is worth noting that the terminology “water
scarcity footprint” is used by the LCA community. A similar concept was proposed
by the Water Footprint Network and named water footprint impact index >°. The
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impacts of power production on local water scarcity have raised increasing concerns.
However, the existing studies on water scarcity footprinting seldom provided cross-
regional strategies for mitigating water scarcity. More efforts are needed to figure
out synergies between water and energy management (i.e. water allocation and
energy deployment).

2.4.3 Water in energy system modelling

Energy systems typically consider three aspects: reliability, affordability, and
sustainability *!. Integrating water use into energy system modelling is important
from both reliability and sustainability perspectives. The two key factors influencing
reliability are capacity factor and installed capacity, both of which dictate the
reliability of plants when water availability changes. However, relevant information
is seldom provided in studies on water use, making it difficult to link water and

energy system modelling.

For example, natural gas plants are used in many different modes on different
electricity grids. While some studies assume a capacity factor of natural gas of 80%
92 or 85% 7!, natural gas plants can often act as ‘peakers’, that is they only operate
during high demand. According to EIA 7%, the capacity factor of natural gas thermal
power plants in the U.S. in 2017 was 6.7% and 10.4% for combustion turbines and
steam turbines, respectively; and even for the combined cycle plants it was only
51.2%. Clearly, this also has a temporal aspect since plants may be peaking under
high cooling loads, which may be at the same time as low water availability or

thermal constraints.

Additionally, installed capacity is often underreported in studies (except those on
hydropower), as is cooling type. Both variables are needed for a realistic and
complete energy system model. For instance, if the water use of energy systems is
optimized without data on the capacity of each cooling technology, results may
suggest that plants convert to dry cooling (a water-saving technology), despite the
fact that this may not be suitable in regions where air temperature is high and results

179

in low production efficiencies '””. Providing the capacity of each operating

technology is essential to give a baseline when looking for trade-offs between water
saving and energy production.

The studies on the water sustainability of energy systems rely on the information of

27



Chapter 2

water availability. Hydrological models are often used to show water availability at
regional or basin level. Although there are many global hydrological models '*°, they
are highly uncertain and need to move to a finer spatial resolution to address more
targeted water scarcity at plant levels. In addition, the upper limit of water use in
regulations is another index that has been used as a reference to water availability ',
In practice, the water availability of energy systems is sometimes more restricted by

water use regulations ' 17!

other than the water scarcity limitation shown in
hydrological models, to ensure long-term water security #1183, To figure out whether
water will be a barrier for energy systems, a better understanding of both the natural

water scarcity and water use regulations is needed.

Besides water, there is also a need to consider other critical resources that are
required as an input into energy systems and influence its sustainability. To do so,
the exergy concept has recently been applied to evaluate the environmental impacts

184,185 186, 187

or economic performance of energy systems. Exergy accounting enables

studies to reveal the resource depletion and measure all impacts in homogeneous

units %8,

2.5 Conclusions and future prospects

This study gathered available data of water uses of power production at different life
cycle stages. Differences and uncertainties in water use estimates were analyzed for

each power type. The following conclusions are reached:

Renewable energy may be water-saving or water intensive: PV, wind power, and run-
of-river hydropower consume relatively little water; CSP and geothermal consume
intermediate volumes of water; whereas woody and herbaceous biomass and
reservoir hydropower may possess an extremely high volumetric water footprint.
Non-renewable energy falls within the two higher water use classes, except for
natural gas between the two lower water use classes of renewable energy. The
deployment location of power production largely affects countries’ water use of
energy systems due to different climate conditions and water resources, as well as
the impacts caused by it due to water scarcity; however, the latter are rarely
considered. For thermal power plants, the operational water consumption increases
up to 81% (natural gas) due to the addition of CCS.

Inconsistent system boundaries may cause uncertainties in water use estimates across
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studies. For example, the fuel cycle of biomass, nuclear power and natural gas is
worth more consideration in the future. Besides clarifying the water use type
(consumption vs. withdrawal), clarifying the water sources also helps reduce
uncertainties in water use estimates for biomass (precipitation vs. irrigation),
geothermal (geofluid vs. freshwater) and nuclear power (seawater vs. freshwater).
Emphasis for future studies should be to increase transparency and report key
influencing factors, such as conversion efficiency, capacity factor, lifetime, ambient
temperature, and depending on applicability also the heat content of the fuel, direct
normal irradiation, wind velocity, geofluid temperature, evaporation rate, and
reservoir area. Finally, the inclusion of water scarcity in energy system optimisation

models is essential for mapping the energy transition.
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Chapter 3

The energy-water nexus of China’s interprovincial

and seasonal electric power transmission

This chapter has been published as: Jin, Y., Behrens, P., Tukker, A., Scherer, L.
The energy-water nexus of China’s interprovincial and seasonal electric

power transmission. Applied Energy. 2021,286,116493.
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Abstract: Modern energy systems use large amounts of water for electric power
production. This has important impacts on future water management and energy
system planning decisions. In this study, we quantify the physical water use of power
production and virtual water transfer via power transmission between Chinese
provinces using the information on 5408 electricity-generating units and
interprovincial power transmission. We show that China’s power production
withdrew 62.7 billion m?® of freshwater in 2017, of which 13 billion m® was
consumed (i.e. not returned to the original water basin but lost via evaporation, etc.).
A large volume of freshwater was virtually traded through the transmission system.
Overall, 6.2 billion m* of freshwater withdrawals and 2.1 billion m® of water
consumption was traded. Nationally, power transmission reduced freshwater
withdrawal but increased consumption in China because, compared to the east, the
west generally has a larger water consumption factor but a lower withdrawal factor.
Water stress was more equally distributed across provinces through power
transmission. We find large seasonal variations in inter-regional virtual water
consumption transfer, with an August peak. While the Yangtze River basin and
downstream of the Yellow River basin have abundant water relative to other basins,
the many power plants located along the two rivers aggravate local water stress.
These dynamics will become increasingly important for policymakers and energy

planners as China undergoes climatic changes and a rapid energy transition.
3.1 Introduction

Global electricity demand grew 4% in 2018 and is already a major driver for water
stress worldwide 2°. Meanwhile, climate change and water shortages have increased
the sensitivity of power systems to water availability '*, raising both research and
policy concerns >*. In 2017, 26% of global electric power was produced by China 37,
with thermal and hydropower the main contributors. Both technologies depend on
water resources and satisfying this requirement is a key component of energy
security '®2*, Specifically, China accounts for 29% and 28% of the world’s thermal
power and hydropower production, respectively **. An assessment of the water use
of the two energy technologies in China is important for understanding the global
energy-water nexus. Across China’s border regions, especially in the South and
Southwest, power production may have impacts on transboundary water resources,
for instance across the Lancang Mekong river basin ', depending on what choices
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are made for electricity generation and cooling as these regions develop further. The
operations of hydropower dams in the mainstem on the Lancang Mekong Basin have
effects on the downstream water flows, generally reducing the flow during the wet
season and increasing it during the dry season. Another example of transboundary
water resources originating in China is the Brahmaputra River, which directly flows
through three countries: China, India, and Bangladesh, and is an important water
source for the domestic and agricultural practices in these countries ' 12, Since the
river flows through some highly disputed areas, the potential for riparian conflicts of
interest over water resources development is significant 3. In China’s recently
released (November 2020) China’s national development plan, more water resources
of the Brahmaputra River will be used for hydropower generation '°4. The type of
hydropower plant (i.e. run-of-river or running with reservoirs '¢) will determine the
impacts of power generation on the water availability of downstream users inside
and outside of China. As the world’s largest carbon dioxide (CO,) emitter **, China
promises to make efforts to be carbon neutral before 2060 . This is likely to entail
the large-scale use of carbon capture and storage (CCS) which requires additional
water resources . This may be used both in the power sector (which comprises 50%
of China’s emissions) and in the development of negative emission technologies *
19 For the regions that lack sufficient water resources to meet the additional water
demands of CCS, the adoption of CCS can exacerbate the vulnerability of power
plants to water scarcity. A spatially explicit mapping of power plants’ water use is
essential to the trade-offs between CO. emissions reduction and water scarcity

mitigation for China and the world.

Water use is typically split into two forms: withdrawal and consumption '’. The
former reflects the volume of water diverted from a water source for use, all or part
of which may be returned (but generally at a lower quality), while the latter refers to
the volume of water not returned to the water body due to evaporation, transpiration
or incorporation into products, i.e. water consumed always reduces the remaining
water quantity '°® 1%, The cooling requirement of thermal power production needs a
significant amount of water ' !”1:7° There are three common cooling types: 1) once-
through cooling, requiring large amounts of water withdrawal and directly returning
most of that water to its source; 2) closed-loop (wet tower) cooling in which some

of the water is consumed through evaporation (it withdraws less but consumes more
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than once-through cooling); and 3) air cooling using air-cooled condensers for steam
cooling, which avoids evaporative water losses 2°. Power plants with closed-loop
cooling technology are large water consumers, while plants with once-through
cooling technology are leading water withdrawers °% 9% 193109 111 previous studies
showed that 57.6 billion m*® of freshwater was withdrawn for thermal power
production in China in 2015 ?*, approximately 9.4% of the national total water
withdrawal in that year **'. Estimates for the annual freshwater consumption of
thermal power production in China range from 3.8 to 5.7 billion m? 2168202 "Jargely
depending on the assumed water consumption factors. Hydropower was not
considered in these studies but consumes large amounts of water through reservoir
evaporation '°. Hydropower can be water-intensive depending on the reservoir area
and local evaporation rate ** '*°. Previous research indicates a wide range for
hydropower water use, from negative values (due to reservoir water storage
increasing availability downstream) to more than 115000 m*> MWh' 2%, In China
specifically, Liu et al. showed hydropower water use ranges of 13 to 15244 m*> MWh"
1204 Zhu et al. ** and Liao et al. 2> estimated that 11.5 to 14.6 billion m* of
freshwater was consumed for hydropower production in China in 2010. However,
they used water consumption factors at subnational or provincial levels, neglecting

differences in evaporation across individual reservoirs.

A further complication to understanding power-related water dependence is that
different power plants may use different types of water resources. Four types of water
can be discerned: surface water, groundwater, reclaimed water, and seawater.
Depending on the technology installed, thermal power plants have the potential to
use all four water resources, whereas hydropower uses surface water only. Without
distinguishing these water uses, studies omit important factors for estimating

205

freshwater security. For instance, in contrast to Zhu et al. **> where the freshwater

consumption of thermal power was not reported separately (and which found 10.2

202

billion m? of water consumed in China in 2010), Liao et al. ** focused on freshwater

and found that around 3.8 billion m* was consumed in that year.

Water is used for power production and then transmitted, virtually, across the power
transmission network. Chini et al. studied the virtual water flows of the US electric
grid, finding freshwater transfer of 11.2 billion m? in 2016 °. In China, around 13.7%

of total national electricity was transported inter-provincially via transmission in
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2011 72, growing to 16% in 2017 3'. This implies an increasing amount of water
withdrawal and consumption which is serving other provinces as where withdrawal
or consumption takes place. The volume of virtual water transfer via transmission
has already raised concerns in China ''®:2%, He et al. assessed China's virtual water
transfer at the subnational level, finding that virtual water transfer accounted for 9%
of the total water consumption for electricity generation in 2016 2°’. Zhang et al.
showed that the volume of virtual water transfer increased by a factor of 1.5 between
2006 and 2016 (however, hydropower was not considered) 2%. Zhang et al. used
national average water intensities and showed that virtual water in electricity
transmission increased five-fold between 2005 and 2014 2%, Zhu et al. *'° analyzed
virtual water transfers of the West-East Electricity Transmission project in China and
found that 2.4 billion m® of virtual water was transmitted eastward in 2017. Previous
studies have shown 1.4 billion m* of water consumption transfer through electricity
transmission among China’s six subnational regions in 2012 ?!!, and 6.3 billion m?
of withdrawal transfer between China’s provinces in 2014. Wang et al. 2% looked at
the impacts of electricity transmissions on water scarcity at the river basin level
rather than provinces, and calculated changes in the water-stressed population. Our
work differs from these previous studies as follows. We explicitly differentiate
between withdrawal and consumption, and types of cooling water used (in which
particularly the differentiation between fresh and seawater is essential). Further,

previous studies did not examine the seasonal variations in water transfer.

Virtual water transfer via power exports could reduce overall water withdrawal and
consumption for power generation in China if the exporting region has higher water
productivity or availability than the importing region ''®. Conversely, in the opposite
situation power transmission may have negative impacts on water use. These
dynamics are rarely quantified. An identical amount of water consumption may
result in different impacts on exporting or importing regions with different levels of
water stress 2!2. Zhang et al. 2'* tried to link power-related water transfer and regional
water stress for China, but this study had limitations that it was based on water use
factors from studies on the US and did not differentiate between types of water

resources. Zhang et al. !4

quantified the impact of the spatial distribution of power
generation on water consumption at a provincial level in China, indicating that

transferring part of power generation tasks away from water-deficient areas could
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have significant impacts on the mitigation of water scarcity. However, more detailed
technical causes of water use and transfer could not be deeply analyzed since it was

not conducted at the plant level.

We compiled a state-of-the-art database of over 5,000 power-generating units and a
model of the Chinese power transmission network. We investigated the water use of
power plants and virtual water transfer by power transmission. Water consumption
and water withdrawal are differentiated for a better understanding of water use.
Water types (surface water, groundwater, reclaimed water, and seawater) are also
distinguished in the assessment. The extensive inventory of plant information allows
for a detailed analysis of the drivers of spatio-temporal variations in water use and
transfer. Besides, we presented the impact of power production and transmission on
provincial water stress using a metric of ‘power-related water use to availability’
(UTA,), which is the ratio of power-related water use to regional water availability.
Meanwhile, a counterfactual scenario was set to assess the counterfactual UTA,, that
would be at stake if the province would fully generate its own power, and make a
comparison to the actual UTA, related to power consumption in a province. The
difference between actual and counterfactual UTA, represents the contribution of
power transmission in terms of increasing or ameliorating water stress *°. This work
represents a significant improvement to the understanding of the energy-water nexus
across China at multiple spatial scales and water resource levels. This work also

provides a template for similar analyses in other nations.
3.2 Materials and Methods
3.2.1 Materials

Power: we include coal, gas, biomass, geothermal, nuclear and hydropower. Thermal
plant information included: plant name, installed capacity, the beginning year of
operation, unit type, location, operation status, cooling system, and monthly
electricity generation. Hydropower information included: plant name, installed
capacity, year of operation start, location, operation status, reservoir area, and
electricity generation. Data were sourced from the Global Coal Plant Tracker ,
World Electric Power Plants Database 2'3, GRanD v1.3 2! and Liu et al. 2**. For the
cooling system of thermal power plants, we used Google satellite imagery cross-

checked with information from the China Electricity Council ?'7. We collected the
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installed capacity of each plant and used the monthly provincial capacity factor to
estimate the electricity generation of each plant. The provincial capacity factor was
calculated by dividing the provincial power production by provincial installed
capacity. Both provincial power production and installed capacity are provincially
available data, obtained from the Chinese National Bureau of Statistics 2'® and China
electric power yearbook 2! respectively. The compiled database covered 96%, 75%,
50% and 23% of the national installed capacity for coal, nuclear, hydropower and
gas power plants, respectively. In total, 5408 power production units were included.
The information of these units was used to assess the provincial power-related water

use factors and total water use.

Transmission: The power transmission data in 2017 were obtained from the China
Electricity Council *'. These data are mostly reported in the form of province-to-
province transmission. A small amount of transmission data are from provinces to
the subnational grid. We disaggregate them into the province-to-province
transmissions based on actual electricity transmission lines "> 2°, Monthly
provincial power transfers were obtained from the Professional Knowledge Service

System for Energy ?2!. The provinces are shown in Figure S7.2.1a.

Water consumption and withdrawal: We use China-specific water withdrawal and
consumption factors for power plants. Specifically, water use factors of most coal
power units were obtained from the National Energy Efficiency Benchmarking
Competition 2!'7. We also obtained data for other power units from the inventory
compiled in our previous study '¢. Finally, some once-through cooling water

withdrawals were obtained from Zhang et al. #

, who used the monitoring data of
withdrawals for some plants with once-through cooling systems in the Yangtze River
basin (The nine river basins are shown in Figure S7.2.1b). A once-through cooling
system is a technically simple system, which requires large amounts of water
withdrawal and directly returns most of that water to its source. In a closed-loop (wet
tower) cooling system, water goes through a cooling tower where some of the water
is consumed through evaporation. Closed-loop cooling generally withdraws less but
consumes more water than once-through cooling. An air cooling system uses air-
cooled condensers for steam cooling and can avoid evaporative water losses 2%°. The

1 217

water type was obtained from the China Electricity Counci and the Power

222

Industry Statistical Information System “**. For hydropower, water use was
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determined by the evaporation factor and reservoir area. The reservoir evaporation
factor for each month was extracted from the Noah Land Surface Model ?23. Water
consumption and withdrawal within basins were obtained from the World Resources
Institute Aqueduct database ?** and adjusted for the year 2017 using China’s water
use data from the National Bureau of Statistics 2°!. The provincial available water,
comprising both surface water and groundwater supply, was obtained from the Water
Resources Bulletin 22, Supplementary information discusses in more detail how we
build our database with these data sources above and presents more specific
information on each power plant. Two assumptions were made for water use
assessment: that the water use factors of thermal power plants and the reservoir area

of hydropower plants were assumed to be constant throughout the year.

3.2.2 Methods
Plant water use Plant power production
A 4
Regional water use Regional power »|  Regional water use
factors production

Power transmission

Regional virtual water Regional water savings Regional |
export via power due to power transmission > e\%‘ﬁ“‘i VVV;t/erWOSSS
transmission (VW) (WS) (WL)= -

Regional water stress changes due to Regional water
power transmission = WL/WA availability (WA)

A

Figure 3.1 Flow chart of the calculation process.
The modeling schematic is shown in Figure 3.1. We outline each step in detail below
but provide a brief overview here. First, we use individual plant data to estimate
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regional water use factors. We then combine this with data on regional power
production and regional power transmission, and we can assess regional water use
and virtual water transfers. Finally, we examine the impacts of the electric power

system on water stress.
3.2.2.1 Calculating the water use of power production

A bottom-up approach was used, discerning six power production technologies: coal,
gas, biomass, geothermal, nuclear and hydropower. Wind and photovoltaic power
technology were not included because they consume negligible water. Four types of
water resources were considered: surface water, groundwater, reclaimed water and
seawater. Water use was specified as water consumption and water withdrawal. The
water use of power production can be estimated in several steps.

1. The first step is to estimate water use at the plant level, beginning with thermal
power:

WU; = F; - PP; (1
In which, WU; denotes the water use of power plant i (m?); F; denotes the water use
factor of power plant i (m>’MWh); PP; denotes the power production of power plant
i (MWh). The water use of hydropower plants is calculated as follows:

WU; =E;-A;-n;- 1000 2)
In which, E; denotes the evaporation factor at the site of hydropower plant i
(mm/month); A4; denotes the reservoir area of hydropower plant i (km?); #; is a
dimensionless parameter to allocate the water use of a reservoir to hydropower plant
i, determined by the economic values of the different purposes of the reservoir 2%,
The water withdrawal of hydropower is assumed to be equal to water consumption,
i.e. the surface water evaporated from the reservoir.

2. The power production for each plant is calculated as:

RPP,
Ppiz%'cpr,e,i (3)

Where RPP,, ;. denotes the provincial power production using technology e in region
r in month m (MWh); CP,.. denotes the provincial installed capacity using
technology e in region » (MW); CP,.; denotes the installed capacity of plant i with
technology e in region » (MW). Equation (3) implies an assumption that in each
province the power production for each plant is proportional to the installed capacity
of this plant. This assumption is made based on the small differences in the capacity
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factor across plants according to the information (described in Table S7.2.1) on the
capacity factor of 1111 electricity-generating units in 28 provinces.

3. The third step is to calculate water use at the regional level:

WUnresu = 2iWUnresui “4)

Where WU, ,..,» denotes the regional water use of power production from the power
plants in the database we complied (m?) in month m, region r, for power production
technology e; water resource type s; water use type, i.e. water consumption vs. water
withdrawal is given by u. The power production of plants in the database is
aggregated to the regional level using:

PPm,r,e = ZiPPm,r,e,i (5)
In which, PP, .. denotes the power production using technology e in region r in
month m from the power plants in the database we complied (MWh); e is categorized
into three types: hydropower, nuclear, and other thermal power (not six types due to
data limitations on the availability of power production).

Then, the regional water use factor of each power-generating technology (WUF) can
be obtained by dividing the total water use of plants by their total power production

in the region.

_ WUmresu
WUEnresu =25 (6)
PPm,T,e

Where, WUF, ;... denotes the quantity of water of type s consumed/withdrawn per

unit of power production from technology e in region » in month m (m*/MWh). The

regional water use (RWU) of power production can now be obtained:

RWUy,r,s,u = Zm RWUm,r,s,u = Ze WUFm,r,e,s,u ' RPPm,r,e (7)
Where, RWU,,.;. gives the quantity of water of type s consumed/withdrawn for

power production in region r in the year 2017 (m*); RWU,, ;. gives the quantity of
water of type s consumed/withdrawn for power production in region r in month m

(m?). The regional water use factor of power production can be obtained for assessing

the virtual water transfer via power transmission:

— RPPm,T,e
RW UF;n,r,s,u = Ze W UFm,r,e,s,u '
RPPy

®)

Here, RWUF 5. denotes the quantity of water of type s consumed/withdrawn per
unit of power production in region » in month m (m*/MWh); RPP,, , denotes the total
power production in region » in month m (MWh).

RPPp,
RWUE, ;y = S WUEy, :

,T,e,5uU RPPy,r

©)
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Where RWUF;,s., denotes the quantity of water of type s consumed/withdrawn per
unit of power production in region 7 in the year 2017 (m*); RPP,, denotes the total

power production in region 7 in the year 2017 (MWh).

3.2.2.2 Calculating virtual water transfer via power transmission

The virtual water transfer across regions can be estimated by:

VW jsu = RWUF,, ;. - PT;; (10)

Where VW;;,. denotes the virtual water exported from region i to j through power
transmission (m?); RWUF,,;;, denotes the quantity of water of type s

consumed/withdrawn per unit of power production in region i in the year 2017

(m*MWh); PT;; denotes the yearly power transmission from region i to j (MWh).

Power importing regions save water, which can be estimated by using a

counterfactual where a region does not import power but satisfies the local demand

by producing power itself using the expression:

WSjsu = RWUF, j s, - X PT (11)
Where WS, denotes the water-saving in region j by importing power (m?). The

impact of power transmission on regional water use can now be estimated:

WLj,s,u =2 VVVj,i,s,u - WSj,s,u (12)
In which WL;, denotes the water loss in region j due to power transmission (m?). A
negative value of WL;,, indicates that in region j the water-saving achieved by
importing power is larger than the water export by exporting power, thus region j
saves water through power transmission; a positive value of WL, indicates that

there is water loss in region j.
3.2.2.3 Assessing the impact of the power system on water stress

Power production is a large water user, but its impact on water use differs across
regions due to the differences in power-generating technologies. Also, regional water
use already differs across the country. The proportion of the power-related water use
to the total water use is estimated at the basin level using:

WPy, = E—imV/VUlZ’:'i (14)
Where WP, denotes the proportion of the power-related water use to the total water
use in basin b; WU,,; denotes the water use of power plant i within basin b (m?);
WU, denotes the total water use of basin b (m?). To assess the changes in water
stress caused by power transmission, we use the above counterfactual method. The
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indicator use-to-availability (UTA,), which is the ratio of power-related water use to

168 was used to assess the impact of power

regionally available water resources
transmission on regional water resources. Specifically, both water consumption and
water withdrawal were considered, i.e. we calculated both C74, (consumption-to-

availability) and WTA, (withdrawal-to-availability) using:

RWU
PCTA, = = (15)
RWU-WL
CCTA, = == (16)
DCTA, = CCTA, — PCTA, (17)

Where PCTA, denotes the CTA, driven by the present power system; CC74, denotes
the counterfactual C74, without power transmission; DCTA, denotes the CTA,
decrease induced by power transmission, a positive value means provincial C74, is
reduced via power transmission; RWU denotes the provincial water consumption for
power production; WL denotes the water consumption increased by power
transmission (eq.12); WA denotes the provincial water availability. WTA, is
calculated analogously.

3.3 Results
3.3.1 Water use characteristics at the plant and national level

In 2017, 14.6 billion m* of water resources were consumed for power production in
China, comprising of 12.8 billion m* surface water, 0.23 billion m*® groundwater,
0.27 billion m? reclaimed water and 1.25 billion m® seawater. Hydropower was
responsible for 68% of the surface water consumed by power generation. Power
plants using groundwater and reclaimed water are generally situated in northern
China (Figure 3.2a). In northwestern China, both direct and indirect air-cooling
systems are commonly used to save water. There are many power plants with closed-
loop cooling systems located downstream of the Yellow River basin, which increases
local water consumption. All nuclear power plants in China are located along the
coastline and use seawater for cooling. Coal power plants comprise 4 billion m* of
freshwater consumption in 2017.

With respect to total water withdrawals (as opposed to consumption), power
production in China withdrew 62.7 billion m*® of freshwater, which amounts to

approximately 10% of the national total for all sectors in 2017. In this study, we
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define freshwater as surface water and groundwater 225, Compared to other regions,
water withdrawal in southeastern China is much larger due to the preponderance of
once-through cooling systems at generation units, cooling systems that require larger
water withdrawals. Many of these once-through plants are in the Yangtze river basin
(Figure 3.2b) and aggravate local water competition (Figure S7.2.2). There are
heterogeneities in freshwater use of power production across plants. 80% of power
production withdrew just 10% of the total water for power in China whereas the
remaining 20% withdrew 90%. Large water withdrawers are hydropower with large

reservoirs and thermal power plants with once-through cooling systems.
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Figure 3.2 Water consumption (a, ¢) and water withdrawal (b, d) of power at the
plant and province level in China in 2017. For more details of plants’ location, water

use and power output, see Supplementary information.

Power-related water use differs widely across provinces (Figures 3.2c-d). The top
three freshwater consumers are Hunan (1.2 billion m?), Hubei (0.9 billion m?), and
Guangdong (0.9 billion m?). Hunan province is the largest freshwater consumer due

to the high water consumption factor of hydropower. The top three freshwater
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withdrawers are Jiangsu (22.4 billion m?), Shanghai (5.8 billion m?), and Anhui (5.4
billion m?®). Jiangsu sees the largest freshwater withdrawal due to its large-scale
power production and wide use of once-through cooling systems. In terms of
monthly figures, July sees the largest consumption and withdrawal in Hunan (147
million m?®) and Jiangsu (2261 million m®), respectively. Groundwater is mainly
consumed in water-scarce regions: Hebei (65 million m*), Shandong (62 million m?),
and Inner Mongolia (25 million m?). Reclaimed water is mainly used in the northern
regions: Liaoning (65 million m*), Hebei (36 million m?), and Beijing (35 million
m?). Seawater is used in coastal provinces such as Jiangsu, Guangdong, and Zhejiang.
From the perspective of power type, hydropower dominates surface water
consumption (9 billion m?), while thermal power dominates surface water
withdrawal (52 billion m?). The descriptive statistics of electricity-generating units

by region are shown in Table S7.2.2.
3.3.2 Power transmission transfers freshwater across provinces

Provinces export virtual water by exporting power and import virtual water by
importing power (Figure 3.3). As the largest electricity importer, Guangdong sees a
virtual inflow of 0.58 billion m*® in water consumption, mainly by importing
hydropower from Yunnan. Large volumes of water withdrawals are exported from
Anhui, where once-through cooling systems are used for thermal power, to Jiangsu
(0.55 billion m?) and Zhejiang (0.7 billion m?) provinces. Liaoning and Guangdong
export large amounts of virtual seawater used for nuclear power plants. Focusing on
freshwater, power transmission accounts for total virtual water withdrawal and
consumption of 6.2 and 2.1 billion m?, respectively. Compared with the
counterfactual scenario with no interprovincial power transmission, power
transmission reduced national freshwater withdrawal by 10.1 billion m® but
increased consumption by 0.21 billion m® in 2017 (Table S7.2.3). These
counterintuitive results are caused by the differences in electricity technologies and
cooling systems between western and eastern regions. As shown in Figs. 4a-b, in
Ningxia, Sichuan and Yunnan provinces, power production is much larger than local
power demand and more than 35% of power-related water use is exported to other
provinces via power export. The proportion is less than 5% for 11 provinces, most
of which are in the developed Southeastern and Northern regions with high power
demand.
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Figure 3.3 Net exports of water consumption (a) and water withdrawal (b) across regions in
China in 2017. The positive values designate net water export, while the negative values

designate net water import.

Large seasonal variations exist in inter-regional water transfer (Figures 3.4).
Specifically, both consumption and withdrawal transfer peaked in August. There are
two causes: first, large amounts of electricity were transferred from southwest to
south and east in summer due to the high power demand of cooling, especially in
economically developed regions, such as Guangdong, Shanghai, Jiangsu, Zhejiang,
and Beijing. In the peak month of August, 19% of the national electric power is

transferred across provinces, 5% larger than in February. Second, higher
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temperatures during the summer cause higher evaporation, leading to higher water
exports from hydropower plants in the southwest and central provinces. Specifically,
the median provincial water consumption factor of hydropower varies significantly
throughout the year, with 3,355 and 21,133 m?*/GWh in February and August
respectively. In the peak month, the largest exporter and importer of water
consumption are Yunnan (43 million m*) and Guangdong (76 million m?), while the
largest exporter and importer of water withdrawal are Anhui (126 million m?) and
Jiangsu (147 million m?). The water export of the central region, which does not
exhibit the typical peak in August, is determined by Hubei province. There is a
trough in the water export of the central region in August because of the decrease in

power export in Hubei province from 10.7 TWh in July to 8.4 TWh in August.
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Figure 3.4 Interprovincial transfer of freshwater consumption (a) and freshwater withdrawal
(b), the colour shows the proportions of provincial water consumption and withdrawal of
power production that are exported respectively; Monthly net transfer of freshwater
consumption (c¢) and freshwater withdrawal (d) via power transmission in China in 2017. A
positive value means virtual water export in a region is larger than import. Provinces are
classified into seven regions as in Cai et al. 225, The transfers of all water types are provided

in Supplementary information.

Nationally, seasonal virtual water consumption transfer is dominated by hydropower,
while withdrawal transfer is dominated by thermal power (Figure S7.2.3). Yunnan,
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Sichuan and Hubei are large virtual water exporters via hydropower, exporting
between 264-329 million m* each. The top 3 transmission corridors of hydropower-
related virtual water consumption transfer are Yunnan to Guangdong (277 million
m?), Guizhou to Guangdong (99 million m?), and Sichuan to Zhejiang (79 million
m?) (Figure S7.2.4). Inner Mongolia, Anhui and Guizhou are large virtual water
exporters via thermal power, exporting between 71-94 million m? each. The top 3
transmission corridors for thermal power-related virtual water consumption transfer
are Guizhou to Guangdong (55 million m*), Anhui to Zhejiang (43 million m?), and
Anhui to Jiangsu (34 million m®) (Figure S7.2.5). There are considerable flows of
virtual water withdrawal among Anhui, Jiangsu, Shanghai, and Zhejiang provinces,
mainly due to the use of once-through cooling systems for thermal power. Since
these provinces are within the eastern region, their withdrawal transfers do not
involve the other six regions. The east and south are net water importers throughout
the year.

3.3.3 The impacts of the power system on water stress

Power-related virtual water transfer through transmission networks changes
provincial water stress for both freshwater consumption (Figure 3.5a) and
withdrawal (Figure 3.5b). We define the water stress in terms of the consumption-
to-availability (CTA) ratio and the withdrawal-to-availability ratio (WTA). Power
transmission exacerbates issues when the CTA or WTA is larger than in the
counterfactual scenario. Overall, water stress was more equally distributed through
power transmission. The relative standard deviations of provincial CTA (from 130%
to 127%) and WTA (from 186% to 136%) decreased through power transmission.
Yunnan province sees the largest increase in CTA with 2.2%, mainly due to
hydropower exports. In terms of WTA, power transmission appears to be an effective
way to help reduce pressures in regions such as Shanghai, Jiangsu, and Chongqing,
where WTA reduces 46%, 7%, and 5% respectively. If Shanghai were to satisfy its
power demand itself, the freshwater demand for power production would exceed the
total current water supply, unless it were to shift to cooling systems with a lower
water intensity or that use more seawater. Anhui province contributed to the water
stress alleviation in the above regions, with a WTA increase of 4.2%.

The environmental impact of power production depends on both provincial water

consumption and water scarcity. Provinces are classified into four categories
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according to provincial water consumption and water stress index (WSI) (Figure
S7.2.6). The provincial WSI is assessed in this study according to Scherer et al. 2’
using annual withdrawal data, and a WSI of 0.5 defines the threshold between
medium and high water scarcity 2% 2%°, For water consumption, the median value
(373 million m?) is used as the line between medium and high water consumption.
There is large heterogeneity in water scarcity across provinces. Shandong, Xinjiang,
Liaoning supply large amounts of freshwater for power production even though they
face severe water scarcity. Hunan and Hubei have low water stress despite large

amounts of power-related freshwater consumption.
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Figure 3.5 The changes in provincial CTA (a) and WTA (b) caused by interprovincial power

transmission in 2017.
3.4 Discussion

3.4.1 Trends in water use and transfers of virtual water through the power
system
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Several recent trends are particularly important for the electric power system and its
water use in China. First, the volume of freshwater withdrawal for thermoelectric
cooling has decreased since 2011 due to increasing numbers of air-cooled and
seawater cooled units 2> 23°, As once-through cooling systems are being phased out
and replaced with more efficient systems in terms of water withdrawal 2!, the total
withdrawal for power production is expected to continually decrease. Meanwhile,
since air cooling systems are increasingly used for new plants and there is no
significant increase of closed-loop cooling plants, thermal power plants will very
likely also reduce water consumption per unit of electricity production in the future.
In any case, water consumption is mainly driven by hydropower plants and is hard
to reduce given that annual reservoir areas do not change greatly. While this study
focuses on annual water scarcity, there may be large seasonal variations, and the
impact of hydropower on water scarcity is often alleviated by storing water in the
wet season and releasing it in the dry season ?*. Second, although thermal power and
hydropower still dominate power production, renewables and their low water-
intensity are expanding quickly, especially wind power and photovoltaic (PV), with
increases in capacity of 12.4% and 34% in 2018, respectively 2*>. Due to reduced
costs and decreased power curtailments, the expansion of wind and PV in western
and northern China is expected to reduce local water export and alleviate local water
stress 2. Nuclear power is also growing, but will not put pressure on freshwater

resources as only seawater is used.

Third, despite the rapid expansion of low water-intensity technologies, there are still
large uncertainties in total water use in the future due to the growth of China's power
demand. Coal power and hydropower generation increased by 5.3% and 3.2% in
2018 respectively 232, Also, increasing hydropower production is crowding out
thermal power in many provinces, especially Yunnan, Zhejiang, Fujian, Hunan, and

Guangdong 2**

, which would increase water consumption. Fourth, as part of air
pollution mitigation, China began the construction of twelve long-distance power
transmission lines in 2014 235, These lines transmit inland electricity eastwards to
coastal areas 2. Ten lines carry mainly hydropower and coal electricity, with the
other two carrying both coal and wind power '8, Among the twelve lines, there are
eight ultra-high voltage, all completed at the end of 2017 2", Nationally, these lines

are contributing to an increase in interprovincial water transfer. The power
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transmission of the transmission corridor from Yunnan to Guangdong has increased
rapidly (Figure S7.2.7) and virtual water transfer is expected to continue increasing.
The transmission corridor between Guizhou and Guangdong is the largest for both
hydropower- and thermal power-related virtual water transfer because of its large
amount of power production and transmission of both energy types.

Last, in recent years China has been paying more attention to groundwater resources
and has banned its use in new power plants and units in the northern water-deficient
areas since 2004 2!, Combining our results with Liao et al. ¥, we see that although
groundwater is still consumed for power production in the Huang-Huai-Hai area of
northern China, the volume consumed is significantly decreasing. In the coming
years reclaimed and surface water will substitute groundwater in many areas of
northern China due to stricter regulations on water use and the completion of the
‘South-to-North Water Diversion’ project. Currently, the freshwater requirement is
high in some coastal regions such as Jiangsu, Shanghai, and Guangdong. However,
seawater use is expected to increase in these regions with the development of
seawater treatment projects encouraged by the government 2" 27, Although
hydropower is the largest water consumer among all energy technologies previous

studies and government reports usually neglect the technology.
3.4.2 Comparison with previous studies

Our estimates show that in 2017 the freshwater consumption for the cooling of
thermal power was 4.3 billion m?, falling within the range of published values 2> 1%
202 This study also examines the detailed technical causes of water use. 54% of the
coal-power units are equipped with closed-loop cooling systems, resulting in a high
level of water consumption. As for freshwater withdrawal, Zhang et al. > '*® found
68 billion m* in 2010 and 57 billion m?® in 2015 for thermal power. Our estimates
suggest that this was further reduced to 52 billion m* by 2017. The capacity factor is
a key variable in water use assessment but has been seldom indicated in previous
studies. We show that both the median and average capacity factor of coal power
units are 70% in China in 2017. Zhu et al. > and Liao et al. ** estimated the water
consumption of China’s hydropower production, indicating water consumption
between 11.5 and 14.6 billion m* in 2010. Both studies were conducted at the
regional level using national or provincial averaged water consumption factors for

assessments but did not consider the differences in the reservoir area and evaporation
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rate across regions. This study is based on plant-specific data, including evaporation
factors. The results show the large differences in the water consumption factors of
hydropower across provinces, demonstrating the importance of the high spatial detail.
Liao et al. ' indicated that power transmission could save 20.1 billion m? of water
withdrawals nationally in 2014 due to differences in water productivity in exporting
and importing provinces, but water resources were not specified. Our study
distinguishes water types and we show that power transmission saved 33 billion m?
of water withdrawal in 2017, but 69% is seawater, which would not reduce regional
freshwater stress. The technical details show that in the western power-exporting
provinces, such as Guizhou, Sichuan and Yunnan, hydropower and the thermal
power plants with closed-loop cooling systems are commonly adopted, whereas the
eastern power-importing provinces, such as Shanghai, Jiangsu and Anhui, have more
plants with once-through cooling systems. Compared to the east, the west generally
has a larger water consumption factor but a lower withdrawal factor. Power
generation that consumes large amounts of water is often transmitted from west to
east 2%, consequently reducing water withdrawal but increasing water consumption

nationally. Zhang et al. '7

estimated virtual water transfers through interprovincial
power transmission, finding 0.6 billion m* of water consumption was transferred in
2011. However, water consumption of hydropower was not included, which is
crucial in some province-relationships, e.g. from Yunnan province to Guangdong
province. Interprovincial power transmission was 1.6 times higher in 2017 than in
2011 %172 which is also a contributor to the increase of water transfer. Besides,
previous studies were on a yearly resolution, while our results show the variations in

monthly water transfer.

Thermal power production accounts for 45% of total water withdrawal in the US 2%
and 43% of total freshwater withdrawal in Europe #*°. This is explained by the wide
use of once-through cooling systems using freshwater across the US and Europe 2.
In contrast, China’s total power production is responsible for only 10% of national
freshwater withdrawals. Though power plants with once-through cooling systems in
China account for 21% of all plants, only 48% of them use freshwater. Furthermore,
the relatively high water withdrawal in the US and Europe may be a result of strict
temperature regulations since power plants have to withdraw more water for heat

241,242

discharge in order to keep the cooling water temperature under limits , whereas
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China has only vague guidelines on water temperature 2#*. It is important to note that
low withdrawal does not mean low consumption. China withdraws much less
freshwater for annual thermal power production (54 billion m?) than the US (230
billion m?) but sees higher consumption (4.3 billion m* compared to 4 billion m* in
the US) 2%%. Previous research showed that seasonal variation has a significant
influence on power demand for many countries (e.g. India, Algeria, and Germany)
244246 This influence can result in variations in power-related water use and virtual
water transfer. Moreover, the seasonal variations in virtual water transfer differ
across regions. Electricity and virtual water transfer peak in the winter (due to
heating demands) in Europe *°, whereas they peak in the summer in China (due to
cooling demands). For countries like China and Brazil, wind and solar power are
concentrated in some subnational regions 4" 2*®. Improving the interconnection of
electricity transmission across these regions not only reduces energy curtailment but

can also conserve water resources.
3.4.3 Limitations and implications

Although we examined a large database, we were unable to include all power plants.
Since 50% of hydropower plants were covered and the average water use factor of
them was applied for other unknown plants, there would be uncertainty in the total
water use estimate for hydropower. However, since we separately calculated the
water use of thermal power and hydropower, the results did not have a bias in the
water use of hydropower in the power mix. In China, coal, hydropower and nuclear
power dominate power production, while gas power plants account for less than 5%
of the total in 2017 (and oil power accounts for only 0.05% so it is not included due
to data limitation) >'- 2%, For future global research, efforts are needed to compile a
more complete database of power plants. We estimated the power production of
individual plants based on installed capacity per plant and the monthly provincial
power production data. Precise information on the actual power production at the
plant level would allow for more detailed insights. The water use factor of thermal
plants was assumed to be constant throughout the year yet plants often have higher
water requirements in summer than in winter due to lower thermodynamic
efficiencies '®2*!, The reservoir area of hydropower plants was also assumed to be
constant throughout the year. Both assumptions would lead to an underestimation of
the seasonal variations in power-related water use. Our database covers 80% of the
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total installed capacity of thermal, nuclear, and hydropower in China. Considering
the water demand for power and the current coverage of capacity, efforts are needed
to include more gas and hydropower plants in the future. For a better understanding
of power-related water use, we suggest power data at a higher spatio-temporal
resolution should be provided by power suppliers, such as capacity factor and
monthly power production at the plant level, and more detailed province-to-province

power transmissions.

The electric power system poses threats to water stress in some regions. There are
several ways to reduce the dependence of power system on freshwater: first, we can
reduce the water demand of power by developing photovoltaics and wind power,
using air cooling systems, replacing coal with gas, and improving the capacity factor
of hydropower; second, more seawater and reclaimed water should be used for
cooling. Third, we can improve power transmission from low water-scarce to high
water-scarce regions. By improving the interconnectivity of electricity grids,
capacity in high water-scarce regions can be downsized and less affected by
freshwater scarcity. A quantitative analysis is out of scope for this paper. Our study
provides an international perspective in terms of the application of methods and
results. First, the methods can be applied to other nations if sufficient data on power
production and water use are available. Specifically, in this study, the electric power
system is examined from two perspectives: power production and power
transmission. The method of assessing water use for power production we present
here can be applied to other nations if plant data are available, particularly the
cooling type of thermal power plants and the reservoir area of hydropower plants.
For nations where plants’ water use is not available, the methods of studying the
impacts of power transmission on water stress can still be applied by using national
water use factors, though it would entail increased uncertainties. Second, our results
for China, as one of the major energy users worldwide, can be used as an important
part of a database of global energy-related water use and thus support further
analyses of global water use and transfer. Third, the general implications of our study
also apply to other countries, e.g. related to the risk to increase water stress through
power transmission, the trade-offs between water withdrawal and consumption

changes, and the differences between technologies.
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3.5 Conclusions

This study assessed the water use of power production in China for numerous
renewable and non-renewable power-generating units, from the perspective of both
water consumption and withdrawal. Water sources (surface water, groundwater,
reclaimed water, and seawater) are distinguished in the assessment. Based on the
results, we also examined the seasonal shift in water stress caused by power

transmission. The following conclusions are drawn:

China’s power production withdrew 62.7 billion m? of freshwater in 2017, of which
13 billion m* was consumed. There are large heterogeneities in the water use of
power production across plants. Hydropower plants with large reservoirs are large
freshwater consumers whereas thermal power plants with once-through cooling

systems are large freshwater withdrawers.

Water stress was more equally distributed across provinces through power
transmission. Nationally, power transmission reduced freshwater withdrawal but
increased consumption in China because, compared to the east, the west generally
has a larger water consumption factor but a lower withdrawal factor. Power-related
water transfer varied greatly throughout the year, with an August peak due to the

high cooling demands in the east and high reservoir evaporation in the southwest.
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Biodiversity loss from freshwater use for China’s

electricity generation

This chapter has been published as: Jin, Y., Behrens, P., Tukker, A., Scherer, L.
Biodiversity loss from freshwater use for China’s electricity generation.
Environmental Science & Technology. 2022, 56, 5, 3277-3287.
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Abstract: Electricity generation has two major, under-investigated impacts on
freshwater biodiversity due to its water use: the consumption of freshwater and
thermal emissions to freshwater. Here we analyze the spatio-temporal freshwater
biodiversity impacts of China’s electric power system and the driving factors for
these impacts. We show that between 2008 and 2017, the freshwater consumption of
electricity generation peaked in 2013 (13.6 Gm?). Meanwhile the freshwater
consumption factor of China’s electricity generation decreased from 3.2 to 2.0
L/kWh. However, due to increasing thermal emissions the biodiversity loss via
freshwater use increased from 1.1x10% in 2008 to 1.6x10® PDF m® yr. The overall
biodiversity loss per unit of electricity generation decreased from 3.2x107 to 2.5x10°
> PDF m® yr/kWh. Biodiversity loss from thermal pollution is 60% higher than that
driven by water consumption. Electricity transmission results in the shifting of
biodiversity impacts across regions. The results show that 15% of total biodiversity
loss was embedded in transmission networks. In terms of electrical power system
drivers of biodiversity loss, the total generation was the main driving factor of the
increase in loss (rather than shifts in generation type for example). Our results
indicate the necessity of assessing the biodiversity impacts of electricity generation

and incorporating them into energy system planning.
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4.1 Introduction

While carbon emissions are a key environmental focus of electricity generation
analyses, its biodiversity impacts have been largely overlooked 329253, Biodiversity
is a critical indicator of ecosystem health and provides many ecosystem services to
society 4. Human activities are causing an accelerating biodiversity loss at rates

100 to 1,000 times pre-human levels 2°°. Current losses in biodiversity are considered
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critical and could threaten earth system functioning and its adaptive capacity 2°°.
Simultaneously, global electricity generation is growing quickly, dominated by
thermal power (77% of the total) and hydropower (16%) in 2018 7. Linking
electricity generation with biodiversity impacts can help deepen the understanding

of biodiversity conservation and the energy transition.

Current electrical power systems require large amounts of freshwater in the
thermodynamic conversion of heat to work or the water held in hydropower
reservoirs. These processes can result in both consumption of water or the warming
of the water in the environment (termed thermal emissions) ' ¢!:257 Both freshwater
consumption and thermal emissions have impacts on biodiversity 2** 2 (water
consumption refers to the volume of water not returned to the water body due to
evaporation, transpiration, or incorporation into products '®). Research has shown
that thermal and hydropower generators are major water consumers. Emerging
renewables such as wind power and photovoltaic (PV) consume negligible water
during operation ®.

Different power-generating technologies use water in different ways. Thermal power

plants withdraw water for cooling 26% ¢!

and some of the water is consumed through
evaporation " 1%, Ljao et al. **> and Zhang et al. * assessed the freshwater
consumption of China’s thermal power production and found freshwater
consumption of 3.8 and 5.7 Gm® in 2010 and 2015 respectively. While hydropower
is an important renewable energy source, it can consume a lot of water via
evaporation from the reservoir surface 2% 2, Estimates of water use for hydropower
range widely 2*. For China, Liu et al. showed the water intensity of hydropower
plants ranges from 13 to 15244 m®> MWh! 2%, Zhu et al. > and Liao et al. ***> found
that 11.5 to 14.6 Gm® of freshwater was consumed for China’s hydropower

production in 2010.

Despite the large water requirements of electricity generation, the aquatic
biodiversity impacts of electricity generation have received little attention. Dorber
et al., in the few examples of such an assessment, quantified the water consumption
of Norwegian hydropower reservoirs and found that the impacts on fish species vary
over six orders of magnitude ?°. Biodiversity impacts of electricity generation in
China are of specific interest, as the two most biodiversity-threatening generation
types, thermal and hydropower, together comprise 87% of national electricity
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generation (as of 2019 2%%). However, their water consumption-related biodiversity

impacts have not been quantified in previous research.

In addition to water consumption, the heat transferred into cooling water from power
plants and then returned to the water source also has biodiversity impacts 22, For
thermal power, there are two common wet cooling types: 1) once-through cooling,
requiring large amounts of water withdrawal and directly returning most of that water
to its source; and 2) closed-loop cooling in which some of the water is consumed
through evaporation 2. Freshwater heat pollution is predominately from once-
through cooling systems, which involves the direct rejection of the heat back into the

water body °®!-267

. The temperature of discharged water from plants is higher than the
natural river temperature and harmful to aquatic systems 2% 2%, In closed-loop
cooling, almost all the heat absorbed during the steam cycle is removed via
evaporation and dissipated into the atmosphere. The heat contained in the periodic
cooling tower blowdown is negligible compared to the heat released in once-through

cooling emissions 27

. Raptis et al. assessed the biodiversity loss caused by
freshwater thermal pollution and showed the varying impact of electricity generation
between countries ®!. Pfister and Suh assessed the impact of thermal pollution on
freshwater ecosystems in the US, finding that the ecosystem impact for the different
US electricity grids can differ by an order of magnitude 2!. Cheng et al. simulated
the impacts of thermal pollution from power plants on the aquatic ecosystem,
indicating that fishes can be heavily affected 2’>. Hydropower stations also increase
the temperature of the rejected water, but to a lesser degree than thermal power, so
its impact on aquatic biodiversity was often neglected. The overall impact of thermal
pollution from China’s power production on aquatic biodiversity has not been fully

understood.

Here we assess the impacts of both water consumption and thermal pollution for
power production on freshwater biodiversity for the first time. We also extend the
research to include hydropower. As with commodity trade, exchanges of electricity
across large grids can result in the shifting of biodiversity impacts across regions.
While international commaodity trade can have significant biodiversity impacts (17-
30% of global biodiversity loss 27%), China exchanges very little electricity
internationally. However, the scale of interprovincial power transmission within
China is large and increasing (with a 150% growth over 2008-2017). Electricity
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importers across China are outsourcing biodiversity impacts via transmission to
other provinces and we capture these dynamics. Finally, we diagnose the driving
factors for changes in biodiversity loss over time (including generation type, scale

of electrical generation and others).
4.2 Methods and materials
4.2.1 Methods

The overall modelling approach is shown in Figure 4.1. First, we prepare the input
data for assessments (grey box), i.e., the water consumption and thermal pollution of
electricity generation, and province-level, generator-specific characterization factors.
We then assess the biodiversity loss caused by electricity generation along with the
embodied biodiversity loss via power transmission (yellow box). Based on these
calculations, we examine the relationships between biodiversity loss and electricity
generation along with the driving factors of biodiversity loss via electricity

generation (green box).

1. Water consumption and thermal pollution of electricity generation
2. Characterization factors of water consumption and thermal pollution

V

Inputs

Power transmission
Impact assessments  Biodiversity » Embodied biodiversity

}

1. Decoupling relationship between biodiversity loss and electricity
2. Driving factors of the changes in biodiversity loss generation

Temporal analyses

Figure 4.1 Overall schematic of the model.
4.2.1.1 Water use of electricity generation

We assess the provincial water consumption factors for thermal power and
hydropower generation using the method described in Jin et al. '6. Our database
covers 96% and 50% of the national installed capacity for thermal power and

hydropower, respectively. Thermal plant information included: plant name, installed
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capacity, the beginning year of operation, unit type, location, operation status,
cooling system, and monthly electricity generation. Hydropower information
included: plant name, installed capacity, year of operation start, location, operation
status, reservoir area, and electricity generation. These representative plants are used
to assess provincial water intensities (capacity-weighted water consumption of
plants), which are then combined with provincial power production to assess water
consumption. The total water consumption of electricity generation in each year is
calculated as follows:

WcC = Y, WC; = Y;(TWC; + HWC;) @)

Where WC is the national water consumption for electricity generation (m?); WC;
the water consumption for electricity generation in province i (m?); TWC; the water
consumption for thermal power generation in province i (m*); HWC; the water
consumption for hydropower generation in province i (m?). For further details see

Supplementary information S1.
4.2.1.2 Biodiversity loss

Among the three main types of ecosystems (terrestrial, freshwater, and marine), we
focus on biodiversity impacts in freshwater ecosystems as much of the impact of
water use inland is on freshwater systems ?’. We consider water consumption and
water thermal pollution of electricity generation as drivers of biodiversity loss.
Freshwater consumption results in reduced river discharge, which is one of the main
threats to freshwater life 2’*. The impacts can be assessed based on the species-
discharge relationship. We consider fishes, given that this species group is larger than
most other freshwater taxa ?° and they are better studied. Water consumption is
translated to impacts on freshwater biodiversity using characterization factors (CFs)
expressed as a potentially disappeared fraction of species (full unit: PDF m? yr /m?)
(Supplementary information S7.3.2) 276, The increased river temperature caused by
thermal pollution damages the ingestion and health of freshwater life and can lead to
death 2, The impacts can be assessed based on species sensitivity distributions,
considering the temperature tolerance interval of aquatic species (among which we
include fishes, mollusks, crustaceans, and annelids) °'. Thermal pollution is
calculated and translated to impacts by CFs with the unit of PDF m?® yr /MJ ¢
(Supplementary information S7.3.3). Ecosystem impacts refer to the fraction of

species that is committed to becoming extinct (“potentially disappeared fraction of
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species” or PDF) if the pressure (e.g., water consumption) continues ?’. As there are
typically lag times between the pressure and the effect, the duration of the pressure
influences whether the full extent of the effect will happen or not. For this reason,
the exposure duration (yr) to the pressure is also included in the unit of ecosystem
impacts. Furthermore, impacts are related to the system being affected, here the
volume of water (m?). Hence, impact scores can be interpreted as an increase in
extinction risk in a system over a certain exposure period. By multiplying these
characterization factors (CFs) with the inventory flows (m® in the case of water
consumption and MJ for thermal pollution), we find the ecosystem impact scores for

different impact categories measured in PDF m? yr.

The total freshwater biodiversity loss caused by electricity generation is calculated
as follows:

BL; = WBL; + TBL; ()
Where BL; is the biodiversity loss caused by electricity generation in province i (PDF
m® yr); WBL; the biodiversity loss caused by water consumption for electricity
generation in province i (PDF m?® yr); TBL; the biodiversity loss caused by thermal
pollution from electricity generation in province i (PDF m® yr).

Based on the results of provincial biodiversity loss via electricity generation, we

examine the biodiversity loss embodied in power transmission, given by:
BL;

BE; = 2. BEij = %;(Tij - PBF) = Xj(Tij - 52 3)

Where BE; is the total biodiversity loss embodied in the power transmission from
province i to other provinces (PDF m?® yr); BE;; the biodiversity loss embodied in the
power transmission from province i to j (PDF m? yr); T}; the power transmission from
province i to j (GWh); PBF; the biodiversity loss per unit of electricity generation in
province i (PDF m® yr/GWh); and EG; the total electricity generation in province i

(GWh).
The net outsourcing of biodiversity loss can be obtained for each province with:
NBE; = ¥;( BEj; — BE;;) “4)

Where NBE; is the net outsourcing of biodiversity loss of province i (PDF m?® yr). If
the NBE, is positive, province i is a beneficiary of power transmission.

4.2.1.3 Decoupling between biodiversity loss and electricity generation

Analyzing the decoupling of environmental impacts from their driving forces can
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help to identify the trends in impacts for policymakers . A widely used model
proposed by Tapio 2’7 decouples relationships between various environmental
impacts and their drivers. Here we use the Tapio model to examine the decoupling
between biodiversity loss and electricity generation, with the decoupling degree (6))
calculated by:

_ ABL/BL¢—y _ (BLt—BLt_1)/BLt—y (5)
t 7 AEG/EGy_y ~ (EG—EG¢_1)/EGe—s

Where subscript ¢ refers to the target year; ABL the change in biodiversity loss during
(#-1, ©); AEG the change in electricity generation during (z-1, f). The decoupling state
quadrant map corresponding to the decoupling indicator is shown in Figure S7.3.1.
4.2.1.4 Decomposition analysis of biodiversity loss

To assess the driving factors of environmental impacts we apply LMDI (Logarithmic
Mean Divisia Index) decomposition >’®. LMDI has no residuals and is transparent in

the interpretation of results ' 27°, We decompose the driving factors as:
BL=Y;BL;=Y— —2*-—1.EG (6)

Where WEG; is the water-using electricity generation (hydropower and thermal
power) in province i (GWh); EG; the total electricity generation in province i (GWh);
EG is the national electricity generation (GWh); BL; / WEG; represents the
biodiversity loss per unit of electricity generation using freshwater during its
operation (hydropower and thermal power) in province i; WEG; / EG; represents the
proportion of water-using electricity generation in province i; EG; / EG represents
the proportion of the electricity generation of province i in the national electricity

generation; EG represents the national electricity generation. Set:

BW, = - wg=2E% pp =i p=fg
WEG; EG; EG

Eq. (6) can be transformed into:

BL = Y,;BW, - WE; - EE; - E (7)
Where the potential driving factors are: 1) BW; representing the biodiversity loss
intensity of electricity generation; 2) WE; representing the structure of electricity
generation; 3) EE; representing the distribution of electricity generation; and 4) £
representing the scale of electricity generation.

The two LMDI approaches, additive decomposition and multiplicative
decomposition, can be related to one another using several expressions 2%, In this

study, the additive decomposition method is used to analyze the effects of
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biodiversity loss intensity, electricity generation structure, electricity generation
distribution, and electricity generation scale on biodiversity loss during 2008-2017.
The total biodiversity loss from the beginning period (base period) to ¢, the final
period (report period) can be expressed as:

ABL = BL* — BL® = ABLgy, + ABLyg + ABLgg + ABLg ®
Four effects of biodiversity loss changes are modelled: the biodiversity loss intensity
effect (ABLsw), the electricity generation structure effect (ABLwz), the electricity
generation distribution effect (ABLgk), and the effect of electricity generation scale
(ABLE).

The decomposition equations for each effect are shown as follows:

BL;-BLY Bwf

ABLgy = Xi InBL-InBL? In (BWiO) ©)
BL:-BL} WE

ABLwe = Litpi g M Gy (10)
BL;-BLY EE}

ABLpg = Xifypri—mpr - 10 (o) an

BL{-BL} Et

ABLp =Ygt 10 GGo) (12)

i L

4.2.2 Materials

Power generation: This study includes 31 provincial-level administrative regions
(provinces, autonomous regions, and municipalities; for simplicity, they are referred
to as provinces and their names are given in Figure S7.3.2). Provincial power
generation during 2008-2017 was obtained from China Electric Power Yearbook 2"’

and China Electricity Council 7

. We focus on hydropower and coal-fired thermal
power in this study as the major users of freshwater. Nuclear power is not included
as plants in China are along the coastline and use seawater for cooling, which would
impact marine environments rather than the freshwater environments we assess here®
145, Coal, hydropower and nuclear power dominate power production, while gas and
oil power plants account for less than 5% of the total during the study period, and
they are not included due to data limitations '°. The operational water consumption
of wind and photovoltaic power is negligible and thus not considered. Other
electricity-generating technologies accounted for less than 7% of the total during the

study period and did not discharge freshwater thermal pollution to rivers 225267,

Power transmission: Interprovincial power transmission during 2008-2017 was
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obtained from the China Electricity Council *'. These data are mostly reported in the
form of province-to-province transmission. A small amount of transmission data is
from provinces to the subnational grid. We disaggregate them into the province-to-

province transmissions based on existing electricity transmission lines 7% 2%,

Water: Water consumption factors are obtained from Jin et al. ®, which assessed the
provincial factors based on plant-level data in 2017. The national factors in 2008-
2016 were reported by China Electricity Council “®. We assessed the provincial
factors by assuming that they changed in proportion to the national factors. The water
consumption factors for hydropower are not reported in this data set, so the data from
Jin et al. ® were used. The provincial water availability and water use were obtained
from the Ministry of Water Resources 22> 28128 and used to assess water stress and

Characterization factors (Supplementary information S5).
4.3 Results

4.3.1 Electric power system and its water use
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Figure 4.2 Provincial power production (a, b) and net power exports (c, d) in 2008 and 2017.
Nationally, electricity generation almost doubled between 2008 and 2017, from 3451
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to 6417 TWh (Figure S7.3.3). The increase was slowest in 2015 (2.4%) and fastest
in 2017 (6.5%). Coal power grew continuously and was the largest contributor to the
total generation increase throughout the period, but its share in the total electricity
generation decreased to 65% by 2017. Wind and solar power developed quickly but
still accounted for only 5% and 2% of the total respectively by 2017. All provinces
saw an increase in power production during 2008-2017, while many coastal regions
experienced an increase in power imports (Figure 2). Shandong province is the
largest electricity producer (513 TWh in 2017, 95% of which was from thermal
power). Sichuan province is the top hydropower producer (304 TWh in 2017).

During 2008-2017, national freshwater consumption of electricity generation peaked
in 2013 (13.6 Gm®) and declined to 12.4 Gm?® in 2015 (Figure 4.3). However,
freshwater consumption began rising again in 2016 due to hydropower expansions
and a stagnation in previous improvements in thermal water intensities. In 2017, total
freshwater consumption for electricity generation was 13 Gm?®. Thermal-power
water consumption peaked in 2011 (6.5 Gm?®) and then declined to 4.1 Gm? in 2017.
Water consumption of hydropower increased continuously and reached 8.9 Gm? in
2017. Electricity generation accounted for 34% of the total industrial freshwater
consumption in 2008, with the proportion rising to 43% in 2017. Hunan province
was the largest consumer, with a freshwater consumption of 1.2 Gm?, whereas
Beijing consumed the least (0.02 Gm?). The freshwater consumption factor of
China’s electricity generation decreased from 3.2 to 2.0 L/kWh during 2008-2017.
Tibet generated electricity with the highest water consumption factor (9.7 L/kWh in
2017), as it relies on hydropower. Shanghai, with once-through cooling systems for
thermal power and no hydropower, has the lowest water consumption factor of 0.46
L/kWh in 2017.

The average annual freshwater thermal emission of power production was 2996 and
4771 PJ in 2008 and 2017 respectively. Thermal power accounted for approximately
90% of the total thermal emissions, while the remaining 10% are from hydropower
due to its cooling needs. Jiangsu province is the largest emitter of thermal pollution

due to its use of once-through cooling systems.
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Figure 4.3 The water consumption and thermal emissions of electricity generation in China
during 2008-2017.

4.3.2 Biodiversity impacts of electricity generation

The total biodiversity loss by water consumption and thermal pollution of China’s
electricity generation increased from 1.1x10% in 2008 to 1.6x10® PDF m? yr in 2017
(Figure S7.3.4). Thermal power accounted for 72% and 65% of the total biodiversity
loss of power production in 2008 and 2017 respectively. The impact of thermal
power peaked in 2013, whereas the impact of hydropower kept increasing during the
study period. Despite the increase of the total impact, the biodiversity loss per unit
of electricity generation reduced from 3.2x10° to 2.5x10° PDF m?® yr/kWh.
Compared to thermal power (2.3x10” PDF m? yr/kWh), hydropower (4.7x10 PDF
m® yr/kWh) caused double the biodiversity loss per unit of electricity produced in
2017 because of its higher water consumption. The impact of freshwater thermal
emission (1x10® PDF m® yr in 2017) is 60% larger than that of freshwater
consumption (6.2x107 PDF m?® yr in 2017). In China, the south generally faced larger
biodiversity impacts than the north (Figure 4.4). Jiangsu, Hunan, Hubei and Anhui
provinces alone contributed to 57% of the biodiversity loss of power production in
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Figure 4.4 The provincial freshwater biodiversity loss caused by electricity generation in
2008 and 2017.

4.3.3 Biodiversity impacts embodied in power transmission

Figure 4.5 The biodiversity loss embodied in interprovincial power transmission in 2008 and
2017. Each color represents an exporting region. Numbers are in the unit of 10* PDF m? yr.

Please see the provinces’ full names and abbreviations in Table S7.3.2.

The interprovincial electricity transmission increased more rapidly than electricity
generation, from 445 TWh in 2008 to 1130 TWh in 2017 (Figure S7.3.5). The
transmission is mainly from the west to the east. Inner Mongolia is the largest
electricity exporter (exporting 55 TWh), whereas Guangdong is the largest electricity
importer (importing 185 TWh) in 2017. During 2008-2017, embodied thermal
pollution via power transmission increased from 12.6 to 17.9 GW, and embodied

water increased from 1.5 to 2.0 Gm®. Across the country, 17 provinces were net water
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exporters, while 14 provinces were net importers in 2017. There were 15 water-
scarce provinces (water stress index larger than 0.5), of which 47% were net water

exporters with a contribution of 23% to the total electricity generation.

Power transmission accounted for 15% of total biodiversity loss of power production
in 2017. The biodiversity loss embodied in interprovincial power transmission
increased by 39% during 2008-2017. Guangdong (GD) province was the largest
beneficiary in both 2008 and 2017 by importing a large amount of electricity, with a
net import of biodiversity of 4.5x10° and 5.4x10° PDF m? yr, respectively. Hubei
(HB) province was the largest net exporter of biodiversity in both 2008 and 2017
(Figure 4.5).

4.3.4 The trends and driving factors of biodiversity impacts

We see an overall decoupling between biodiversity loss and electricity generation
during the study period (Table S7.3.3). There was a 45% increase in biodiversity loss
and an 88% increase in power production during 2008-2017. During 2011-2013,
biodiversity loss and electricity generation experienced an expansive coupling
because of the increase in thermal pollution from thermal power. However, their
relation turned back into decoupling after 2013 due to the slow increase or even

decrease in biodiversity impacts.

During the study period, the increases in biodiversity loss each year from electricity
generation slowed (see Figure 4.6). The expansion of electricity generation (the scale
parameter in the driving forces) was the main driving factor of the increase of
biodiversity loss, whereas the biodiversity loss intensity saw decreases and lowered
overall biodiversity loss (Figure 4.6). The impact of electricity generation scale
generally decreased from 2011-2015 but began to rise in 2016. The electricity
generation structure change, i.e., the decrease of the share of freshwater-using
electric power (hydropower and thermal power) in total generation, had a positive
but relatively small effect on biodiversity conservation. Although the amount of
freshwater-using electric power did not see a decrease, this effect still has increased
in recent years due to the increases in wind, solar and nuclear power. In fact,
hydropower and thermal power have seen a continual increase since 2011. From the
perspective of the cumulative impact, 22 provinces saw an increase in biodiversity

loss, whereas 9 saw a decrease. Jiangsu province was the largest contributor to
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biodiversity loss due to increases in electricity generation, whereas Heilongjiang
province was the largest contributor to reducing biodiversity loss due to the decrease
in biodiversity loss intensity of electricity generation and proportion in the national
electricity generation.
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Figure 4.6 Decomposition of the changes in biodiversity loss during 2008-2017.
4.4 Discussion
4.4.1 Energy transition and biodiversity impacts

China’s total electricity generation grew continuously over the study period, with a
remarkable change in the electricity generation structure towards wind and solar
power. Meanwhile, hydropower and thermal power generation also increased by 111%
and 63% during 2008-2017, respectively, keeping water consumption high
throughout the period. Hydropower is expected to increase 2*°, indicating the strong
possibility of an increase in hydropower-related biodiversity impacts in the future.
Recently, China has proposed strict regulations on the water use of thermal power
but these have not been formally adopted yet 2% 287 There has been a program of
shutting down small and inefficient thermal power plants while constructing
supercritical and ultra-supercritical units, all of which have saved water 2%,
Additionally, there are two classes of air cooling: direct air cooling and indirect air
cooling 2%°, The indirect air-cooling systems, where the condenser system uses water
in its cycle but without any evaporation, are increasingly used in water-scarce
regions in China ®. These systems have the advantage of both direct air cooling (low
water intensity) and wet cooling (stable cooling efficiency) 2*°. Many of the easiest
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implemented water-saving technologies have already been widely adopted and the
potential for further improvements are diminishing (with a reduction in water
consumption factor of only 0.02 L/kWh per year during 2017-2019) 2348,

Decomposition results show that the structure and distribution of electricity
generation had a small overall reducing effect on biodiversity loss, indicating that
electricity generation has shifted towards low biodiversity-impact regions and
technologies. Electricity transmission has promoted the development of wind, solar,
and hydropower in western and northern China. Its continued expansion, along with
market developments will enable further optimization of power structure and
distribution. However, its impact on biodiversity loss is uncertain and depends on

the choices made between water-using and other energy technologies.
4.4.2 Comparison with previous studies

Pfister and Suh assessed the impact of thermal emissions from electric power
generation on freshwater ecosystems in the US, finding that less than 5% of values
are below 1.0x10”° PDF m® yr / kWh and less than 0.1% above 1.0x10° PDF m? yr
/ kWh 27!, Raptis et al. showed that the thermal emissions impact of China’s
electricity generation in 2011 was 4.0x10” PDF m® yr . Our results showed that the
impact was 6.9x107 PDF m® yr in 2011 and then increased to 8.6x10” PDF m® yr in
2017. The differences between Raptis et al and our results arise mainly from two
sources: the lower coverage of thermal power and the lower capacity factors in
Raptis et al ' which are based on data from the U.S. Energy Information
Administration. In addition to thermal pollution, water consumption is another major
cause of biodiversity impact. We extended previous thermal-power studies to include
the water consumption of both hydropower and thermal power. Results show that the
impact of freshwater consumption was smaller than thermal emissions. Previous
studies have not quantitatively analyzed the temporal changes and driving factors of
biodiversity impacts. Our analysis indicated an overall relative decoupling between
electricity generation and biodiversity impacts. The expansion of electricity
generation scale and the decrease in biodiversity loss intensity of electricity
generation were identified as the major driver and preventer of biodiversity loss,

respectively.

This study focused on China; in the future, it will be important to make assessments
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for other nations or on a global scale. While local, regional, and global species losses
are relevant, only global losses cannot be recovered. Unfortunately, local or regional
relative species loss cannot be easily aggregated or compared on a global level or
against other estimates for several reasons. First, the same relative species loss can
imply very different absolute species losses in different regions. Second, some
regions host more endemic species than others. It is more likely that regional losses
in those regions lead to global extinctions than in regions associated with fewer
endemic species. We used conversion factors to convert regional species richness
impacts into potential global species extinctions 2°°. Our results showed that the
global impacts increased from 1.0x10* to 1.6x10* PDF yr during 2008-2017
(Supplementary information S6). The biodiversity impacts were expressed as the
potentially disappeared fraction of species (PDF) caused by water use (freshwater
consumption and thermal emissions). In the future, assessments should be conducted
for a broader range of impact and sector categories than just water use of electricity
generation as done in this study, which will allow a better understanding of
anthropogenic impacts on biodiversity.

4.4.3 Limitations and implications

In this study, we focused on operational water use rather than lifecycle water use.
The fuel cycle and plant infrastructure may require large amounts of freshwater,
depending on the fuel type '°. Further work could focus on the biodiversity impacts
of lifecycle water use in the future when data are available, i.e., the location and way
of fuel mining activities, the materials of plant infrastructure and their sources. For
thermal power plants, the use of carbon capture and storage (CCS) in the future to
meet climate targets will pose a threat to water-related biodiversity, as it heavily

relies on water resources 2! 292

. However, the potential impact of CCS was not
considered in this study because of the lack of information on the location and scale
of CCS deployment in the future. In addition, this study focused on the water-related
biodiversity impacts, but the biodiversity loss of other pressures from electricity
generation are not included. For example, the land occupation by solar power and

293294 and the freshwater habitat fragmentation®®® and flow alterations?*

windfarms
caused by hydropower dams have impacts on biodiversity. An impact assessment of
habitat fragmentation would require the development of new characterization factors.

The species-discharge relationship used to assess impacts from freshwater
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consumption does not consider impacts from flow alterations, of which also
increased discharges can have adverse impacts on freshwater biodiversity. Such flow
alterations have so far only been considered within water stress footprints 2, but no
characterization factors exist yet that extend the cause-effect chain to biodiversity
impacts. Freshwater biodiversity is complex, and the species richness pattern of one
taxon is unlikely to be a good indicator of the pattern of another taxon *¢, While we
considered four species groups for the impacts of thermal pollution, we focused only
on fishes for the impacts of freshwater consumption. Future studies could expand the
taxonomic coverage for freshwater consumption impact assessment when related
data and models become available. Additionally, the species-discharge relationship
would benefit from regionalization®’ to account for factors such as different climatic
conditions. The thermal pollution impacts on river temperature and biodiversity may
differ across different types of outfalls of power plants 2%, It will be of interest to
distinguish outfall types when data become available. There are approximately
47,000 hydropower plants in China 2!, of which we only cover about half. This

results in uncertainties, as water use differs a lot across hydropower plants.

According to these results, we make several suggestions for mitigating the impacts
of the electric power system on freshwater biodiversity. First, it is important to
reduce the water use of hydropower and thermal power, as they dominate the current
energy system. Our results showed that the water consumption of hydropower has
large impacts on biodiversity and is expected to increase in the future, indicating the
necessity to build run-of-river hydropower plants (a type of hydroelectric generation
plant that has little or no water storage and reservoir evaporation). For thermal power,
adopting air cooling systems and using seawater and reclaimed water for cooling are
feasible and effective ways of reducing freshwater demand. Air cooling systems are
commonly used by newly built plants. Indeed, 29% of operating plants now use this
technology, indicating the potential for further reducing water requirements if this
proportion was to increase. Seawater use in coastal regions (such as Jiangsu,
Shanghai, and Guangdong) is encouraged by the government 8. We show that 15
billion m? of freshwater can be saved by switching to seawater cooling for power
plants near the coast (within 10 km). However, the economic costs of retrofitting
cooling systems and building seawater treatment facilities need more research. Since

hydropower is a renewable resource that can enable greater amounts of other
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renewables in the electricity system (via the provision of grid stability functions and
load matching renewable variations), the net result of associated climate-change
driven biodiversity loss through lower hydropower capacity and the freshwater
biodiversity loss of hydropower water use is not straightforward. Second, the further
development of renewables such as photovoltaics and wind power is crucial since
both consume a negligible amount of water. Under the International Energy
Agency’s (IEA’s) sustainable development scenario, China’s wind and solar PV will
experience a rapid increase by 2439 TWh through the period 2017-2030, equal to
42% of the total hydro and thermal power production in 2017. This suggests a
significant opportunity in switching to a low water-intensity power system?**. Third,
we can shift electricity generation from regions with high biodiversity intensities to
those with low biodiversity intensities by considering the provincial biodiversity
factors of electricity generation assessed in this study.
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Climate change and CCS increase the water
vulnerability of China’s thermoelectric power
fleet

This chapter has been published as: Jin, Y., Scherer, L., Sutanudjaja, E.H.,
Tukker, A., Behrens, P. Climate change and CCS increase the water
vulnerability of China’s thermoelectric power fleet. Energy,
2022,245,123339.
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Abstract: Large numbers of China’s thermal power plants are in water-stressed
regions. Changes in the availability of water resources due to climate change may
impact the vulnerability of regional and national electricity generation. Here we
explore this vulnerability for coal-fired power units (CPUs) as the generation-type
most exposed to climate risk. We find many plants are already experiencing water
scarcity and 120-176 GW of capacity will be exposed to water scarcity for at least
one additional month per year in the 2030s. In the absence of carbon capture and
storage (CCS) the national usable capacity of CPUs will increase slightly, mainly
due to an increase in water availability for power plants in northern China under all
climate scenarios except RCP8.5. However, CCS systems have been identified as
essential in China’s national roadmap for carbon neutrality and their use represents
high water requirements. The addition of CCS significantly exacerbates water
vulnerability, leading to further usable-capacity reductions of 7.4-7.7%. We assess
several adaptations and find that early retirement of power plants is most effective,
with interregional power transmission also playing an important mitigating role. Our
work highlights the need for improved awareness of water resources in electricity
planning.

5.1 Introduction

Despite efforts to increase renewable energy and reduce coal power, 67% of global
electric power in 2018 was produced by thermal power with 38% from coal-fired
power plants®’. Global electricity demand is expected to increase with a growing
world population and, more significantly, with increasing consumption levels'® 226,
Water is an essential requirement for operating the global power plant fleet and has
knock-on implications for energy security> '® 2% 25, However, climate change and
water shortages have increased the sensitivity of power production to water

189 raising both research and policy concerns®’. During 2011-2015, 43%

availability
of the global coal-fired power plant capacity experienced water scarcity for at least
one month per year and 32% experienced scarcity for five or more months per year®-.
Severe water shortages can result in power curtailments and reduce the reliability of

the electrical power system>*3%,

China produced 26% of the total global electric power in 20187, with thermal power
as the main contributor (accounting for 72% nationally®**). In 2007, thermal power

was responsible for roughly 10% of the total national freshwater withdrawal®* 3 163
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201 This proportion is relatively low compared to other regions, such as the US
(45%)** and Europe (43%)** for the same decade. However, there is a severe
geographical mismatch between water resources and thermal-power plant locations
across China*’, as many thermal power plants are located in water-stressed regions.
Research has focused on the water use of thermal power production® %% 202 but few
have connected plants’ water use to water availability to assess vulnerability under
climate change. Zheng et al.**! made a step forward by identifying regions where
power production is vulnerable to water scarcity, but did not capture finer-scale
spatial-temporal variations in water availability, potential usable-capacity reductions

of power plants, or the impact of power transmission.

Power plants face reductions in usable capacity if the required water withdrawal —
the volume of water diverted from a water source for use — cannot be met*®. Research
on the vulnerability of thermal power to changes in water resources for the US3%- 302
and Europe®® ?*! indicate reductions in usable capacity and power supply shortages
under future climate change. Previous studies simulated the available water
resources for thermal power, but changes in water use for other sectors (e.g. irrigation)
are not often incorporated. These other sectors often result in additional constraints
for the electricity sector®®. While previous work has been conducted on the level of
the river basin®, water scarcity is at the plant level and a higher spatial resolution is
needed for localized assessments of water scarcity and its impacts on power
production. This is important in China’s case, since the power sector sees heavy
water competition with other users. For example 84% of China’s CPUs being close

to residential areas and farmland (Figure S7.4.1).

A plant-level analysis is essential to a vulnerability analysis since individual plants
can be significant withdrawers and consumers of water within a region. This requires
knowledge of the cooling type for each unit within a plant (since the cooling type is
a strong determinant of water use'> !¢). There are three common cooling types: once-
through cooling, closed-loop (wet tower) cooling, and air cooling®®. A further
complication is that there are four main types of cooling water used in China: surface
water, groundwater, reclaimed water, and seawater. Distinguishing these different
cooling and water types can be a challenge due to data availability, but they are
important if we are to gain a deeper understanding of the vulnerability of power

production to water scarcity.
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We can expect many policy and technological responses to water constraints in the
power system, so it is also important to assess adaptation and mitigation strategies.
Van Vliet et al.?® considered strategies for power plants globally but did not include
the role of the power transmission network. Interprovincial power transmission plays
an increasingly important role in China’s energy system (increasing 220% between
2008 and 2019*®). Increased power transmission facilitates the shifting of generation

away from highly water-scarce regions.

Climate change mitigation (e.g. carbon emission reduction) can also have direct and
large impacts on water scarcity issues. Zhang et al. indicated that there are conflicts
between water conservation and carbon emission reduction of China’s thermal
power’®. Tang et al. showed that peaking China’s power sector carbon emissions
before 2030 may increase the water consumption due to the expansion of nuclear

304 While renewables have much lower

power according to their simulation results
water requirements, urgent emission-reduction requirements, political trade-offs,
and existing infrastructure mean that China’s energy transition strategy utilizes large
amounts of carbon capture and storage (CCS) during the 2030s*- 4 3% Many
proposed scenarios for meeting Net-Zero carbon by 2060 require significant amounts
of CCS, with one model proposing 850 GW coal, gas, and biofuels be retro-fitted
with CCS*. While CCS is regularly promoted for thermal power plants (which
emitted 4.2 GtCO» in 2019, comprising 41% of China’s emissions)*> 4% and there
are some demonstration stage projects 3% CCS will require additional water
resources®””. Reliance on CCS may place significant additional stress on water-
scarce regions. There are other CCS approaches with lower water requirements, such
as oxyfuel and pre-combustion, but it is generally thought that post-combustion
capture technology will be the most common by far, given its ease of implementation
and technological maturity'® 3", For this reason, we focus on post-combustion

technology here.

To address these issues, we developed a hydrological-electricity modelling
framework. This framework examines the vulnerability of power production to
climate change and water scarcity at a monthly time step and a 5-arcmin spatial
resolution of the river network. This contrasts with existing macro-scale studies that
typically use a 0.5°-resolution®® >* 2!, We include individual water uses of power

plants, four water types, electricity-specific water availability and the national
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transmission grid. We use two indicators to measure the impacts of future water
availability on power production: the number of months that CPUs face water
scarcity and the usable capacity reduction. The former reflects the time span of

impacts and the latter reflects the severity of impacts.

We also tested 5 adaptation options to mitigate power system vulnerabilities that may
be exacerbated by CCS. An adaptation is considered effective if the usable capacity
increases after its implementation and include: (1) Switching to seawater cooling for
all CPUs close to the coast (within 10 km and already encouraged for these
geographical areas in national policies)™ #*7; (2) Replacement of once-through
cooling systems with closed-loop systems that decrease water withdrawals; (3)
Increasing all power plants’ water use efficiency to the same level as today’s state-
of-the-art units®®; (4) Improving power transmission between regions of low and
high water stress, allowing for closure of generation in water-stressed regions and
new generation in regions of lower water stress™ 3% 3%; and, (5) Closing coal units
after 30 years, rather than 40 3% 397310 due to additional energy transition policy
pressures (we assume no new CPUs will be built to compensate and that the gap will

be filled by low-water intensity renewables).

This study makes several contributions: First, we built and solved an electricity-
hydrology model at the individual plant level and a monthly time scale and assess
the vulnerability of power production to water scarcity in China under climate
change. This provides a template for similar analyses in other nations (previous
assessments focused on the USA * and the European Union *?). Second, CCS may
be used for power plants but its impacts on power production have not been
examined (Zhu et al. investigated overall water use by CCS but did not assess the
influence on electricity generation 3!!). Here, we quantified the impacts of CCS on
the vulnerability of plants. Finally, we quantitatively evaluated the efficacy of
several flexible adaptation strategies whereas previous studies only qualitatively

analyzed them?"'-312,

5.2 Materials and Methods

The overall modelling approach is shown in Figure 5.1 and we present detailed steps
in Sections 5.2.1-5.2.5. Impacts of water scarcity on thermoelectric usable capacity

were quantified for the 2030s under four different climate scenarios (Representative
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Concentration Pathway (RCP) 2.6, 4.5, 6.0, and 8.5) relative to a reference period
1992-2001.

Power model Water model
- Constructing power plant - River discharge simulation
database (PCR-GLOBWB-2 model)
- Power transmission data - Water availability of power
plants

AN =

Impact assessment

|:> - Water scarcity faced by power
plants
- Usable capacity reduction

Adaptation
strategies

Figure 5.1 Model framework used in this study. The different colors indicate the different
models used in the framework.

5.2.1 Power model

We compiled a database of coal-fired power units (CPUs) including plant name,
installed capacity, the beginning year of operation, unit type, location, operation
status, and cooling system. Data were sourced from the Global Coal Plant Tracker™,
World Electric Power Plants Database?!®, and the China Electricity Council?®!”. Coal
dominates China’s thermal power production with gas power plants accounting for
less than 5% of the total (Oil power is not included in this assessment due to its very
small contribution at only 0.05% of production). In total, 3050 power production
units were included (accounting for 98% of the national total installed CPU capacity
in 2017). To verify CPU cooling systems, we used Google satellite imagery cross-
checked with information from the China Electricity Council?!”. We obtained the

water type for cooling from the China Electricity Council®!’

and the Power Industry
Statistical Information System???. This study focuses on plants using surface water
rather than groundwater, seawater and reclaimed water, thus 2265 units were
investigated (in total 749.8 GW, 75.2% of the total capacity of CPUs). We used
China-specific water use factors for power plants (specific water use for 95% of
CPUs were obtained from the China Electricity Council*'” and 5% from previous
research!®). Once-through cooling water withdrawals were obtained from Zhang et

al.”*, who used the monitoring data of withdrawals for some plants with once-through
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cooling systems in the Yangtze River basin.

To examine adaptation options using the power transmission network we compiled
an inventory of inter-provincial power transmission for 2008-2017 with data from
the China Electricity Council®!. These data are mostly reported in the form of
province-to-province transmission. Additionally, there are some data covering
transmission from provinces to the subnational grid. We disaggregate these data into
the province-to-province transmissions based on actual electricity transmission

lines® 2%, China’s provinces and river basins are shown in Figure S7.4.3.
5.2.2 Water model

Monthly available surface water (WA) at a spatial resolution of 5-arcmin was
calculated as the difference between monthly river discharge and the environmental
flow requirement. Monthly river discharge was simulated using the PCR-GLOBWB-
2 model*". For current conditions, we use the PCR-GLOBWB-2 run based on the
European Union Water and Global Change (EUWATCH) data where the actual
meteorological observation datasets are used. For future conditions we use PCR-
GLOBWB-2 runs based on the data from five different global climate models
(GCMs) forced with the four representative concentration pathways (RCPs)*!4, The
five GCMs are MIROC-ESM-CHEM, IPSLCM5A-LR, HadGEM2-ES, NorESM1-
M, and GFDL-ESM2M and their ensemble means are then applied for the final water
availability. We obtained the bias-corrected future conditions (based on EUWATCH
and GCM runs). The correction procedure is given by:

future_corrected = present_watch + (future_gcm — present_gcm) 0]
Where the present_watch represents present-day values based on the EUWATCH
run; present gcm and future gcm represent values obtained from GCM runs in
historical (under present-day greenhouse gas concentration forcing) and future (for

various RCP scenarios) simulation periods.

Environmental flow is defined as the minimum freshwater flow required to sustain
ecosystem functions?*2. For the rivers that supply water for human use in China, 60%
of the average discharge needs to be preserved for environmental flow?'.
Environmental flow requirements are the most important factor that influences water
availability for power production. Rose et al. showed little sensitivity of water

292

scarcity to different environmental flow requirements=>. Here, we tested the

81



Chapter 5

sensitivity of usable capacity changes and adaptations to environmental flow
requirements. Upstream water consumption and reduced availability for downstream
uses were accounted for by considering all water uses (irrigation, livestock,
households, and industry). The water use for thermoelectric cooling of power plants
is not included in PCR-GLOBWRB-233, Water consumption was assessed by
multiplying the withdrawal and the corresponding China-specific factors (sector-
specific consumption-to-withdrawal ratios 2*>319). Factors for agricultural, industrial
and domestic sectors are 0.65, 0.23 and 0.40, respectively. Ratios of surface water
consumption to total water consumption were obtained using provincial data. We
further assessed surface water consumption by multiplying consumption and the
above ratios. The proportion was obtained from the Ministry of Water Resources at
the provincial level’”. We made assessments for RCP2.6, 4.5, 6.0 and 8.5 climate
scenarios, capturing the largest range of uncertainties in the future greenhouse gas
concentration scenarios. RCP2.6 describes a world in which global warming is kept
well below 2 °C by 2100 relative to pre-industrial temperatures. RCP8.5 depicts a
future that excludes any climate mitigation policies, leading to nearly 5°C of
warming by the end of the century. RCP8.5 should be considered as an unlikely worst

case’!’.
5.2.3 Impact of water availability changes on power production

The monthly water scarcity (WS) for each grid cell was assessed using the monthly
availability and consumption of surface water resources. We extracted river
discharge for each grid cell in which each power plant is situated. For cases in which
the power plant and river are not in the same grid cell, the river discharge of the grid
cell where the river is located is used. In this way, the available river discharge of
566 units (25% of the total) is corrected. CPUs are located in water-scarce areas if
the ratio between water consumption (WC) and available water (WA) is > 1 (after
the removal of environmental flow requirements and for renewable water availability

only)?'®,
ws=:22>1 @)

Koch and Vogele’”® and Wang et al.** built models to assess the thermoelectric
power usable capacity reduction caused by water scarcity. Since these studies do not
consider competition for water between the electricity sector and other sectors, we
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further modified these models. Additionally, the water withdrawals of CPUs in these
studies were calculated based on cooling water temperature regulations and power-
plant-specific characteristics. There is no regulation on cooling water temperature in
China so we did not estimate the withdrawal based on temperature restrictions but
used the unit-specific withdrawal data obtained from the sources mentioned above.
The equations for estimating the usable capacity reduction are:

q=KW-t-Ww 3)

P =min (Q - NEW,q) —— 4)

Where ¢ = monthly required water withdrawal (m?*); KW = installed capacity of CPU
(MW); t = The number of hours in each month (h); WW = water withdrawal factor
(m*MWh); P = usable capacity of CPUs (MW); O = monthly river discharge (m?);
NEW = water consumption of non-electricity sectors (m?).

5.2.4 Assessing the impact of CCS on the vulnerability of thermal power

The use of large amounts of CCS to meet climate targets represents a significant
potential threat to water scarcity. Here we assume a CO; capture efficiency of 90%
based on previous work??7310-311.321. 322 * Congidering that small (<100 MW) CPUs
will probably be shut down before being retrofitted with expensive CCS technologies,
we assume that only large (>100 MW) CPUs will be retrofitted (in total 733 GW).
Although 100% adoption of CCS is unlikely, this assumption allows us to assess the
impacts of CCS retrofit on water future vulnerability. This assumption is in line with

292 We assess the

the urgent need for rapid carbon reductions to meet climate targets
above adaptation options for both the non-CCS and CCS scenarios. The water
requirements of power production with CCS are obtained from Jin et al. 2019'®. We
assessed the cost of CCS-related usable capacity reductions by assuming that the
reduced capacity needs to be compensated by building new capacity. The cost is
assessed as:

CC=CR-IC (5)
Where CC = the cost of new capacity (US$); CR = total usable capacity reduction
(kW); IC = the investment cost of CPU (US$/kW). The investment cost of China’s

CPU is US$617/kW 3'°,

5.2.5 Adaptation options
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We tested five adaptation option. Four options focus on thermal power plants due to
their large water withdrawal, while one is based on the transmission:

(1) Switching to seawater cooling for all CPUs close to the coast (within 10 km)*3.

(2) Replacement of once-through cooling systems with closed-loop systems (which

have lower surface water withdrawal requirements for all power plants).

(3) Increasing power plant water use efficiency to the same level as today’s state-of-
the-art units (where the state-of-the-art is defined as the average of the 10% most

water-efficient plants per MWh generated for each cooling type)*°.

(4) Improving power transmission between low-vulnerability and high-vulnerability
regions.>® 3930 We assume the plants facing water scarcity in vulnerable regions
(those experience significant reductions of >2 GW under all scenarios) will be closed,
and the generation displaced to regions with low water scarcity. This reallocation is
made in proportion to the transmission capacity between those regions based on 2017
data (the latest available year). Within each low-vulnerability region, generation will

be allocated to power plants in proportion to, but not exceeding, the plant capacity.

(5) In the absence of early retirement, 86% of current CPUs will be in operation in
the 2030s with an average operation time of 40 years. We assume that plant lifetimes
will decrease to 30 years due to additional policy pressures® 2. Older plants with
higher water intensity and lower energy efficiency are retired earlier **®. Under the
International Energy Agency’s (IEA’s) sustainable development scenario, China’s
wind and solar PV will experience a rapid increase by 4600 TWh during 2019-2040,
equal to the total coal power production in 2019%%°. This indicates a possibility fill
the power gaps in an early retirement scenario where 58% of current freshwater-
using CPUs retire. Energy storage technologies work well with variable renewables
and there is a growing trend of pairing battery storage with solar PV and wind.
Energy storage typically has little to no water requirements except for pumped hydro
and hydrogen *>*. However, it is expected that growing battery capacities will provide

most storage requirements 2,

To examine the efficacy of adaptation options when CCS is implemented, the usable
capacity changes in the 2030s relative to the reference period are calculated for six
scenarios separately: baseline (i.e. without adaptation options) and the five

adaptation options. We use the expression:
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C = (Pa030 — P/ P (6)
Where P, = usable capacity in the reference period (MW); P30 = usable capacity in

2030 (MW) for each scenario; C = usable capacity change. If C of an adaptation

option is larger than that of the baseline, the adaptation option is considered effective;

if C of an adaptation option is larger than not only that of the baseline but also 0, the

option is effective enough to offset the impacts of CCS and water scarcity under

climate change.

5.3 Results
5.3.1 The impact of water availability changes on thermal power

Nationally, annual river discharge increases in the 2030s relative to the reference
period (1992-2001) for all scenarios. The Yellow and Yangtze river basins feed 23%
and 22% of CPUs respectively and also see increases in annual river discharge under
all climate scenarios (Figure S7.4.2). The Southeast basin experiences significant
decreases in river discharge but feeds only 1% of total CPUs. However, existing

policies already account for some heterogeneity in water availability*?

. Nationally,
once-through cooling, air cooling, and closed-loop cooling account for 14%, 29%,
and 57% of the total CPU capacity, respectively. Closed-loop cooling systems are
used throughout the country. Once-through cooling systems are mainly located along
the Yangtze River (due to the need for large water withdrawals). By contrast, air
cooling systems are mainly in the north, especially in Continental and Yellow river
basins (Figures S7.4.3 and S7.4.4).

Our results show that 40% of CPUs experience water scarcity for at least one month
and 22% experience severe water scarcity (six or more months) in the reference
period (Figure 2). These historical difficulties are often underreported in media and
industry. However, a 2012 Greenpeace report highlights some instances where
China’s CPUs are facing water shortage risks*?®. Of the CPUs starting operations
before 2000, 36% face water scarcity, and of the CPUs starting operations after 2000,
41% face water scarcity. This suggests a significant mismatch between water
availability and demand for the recently built plants. For most rivers in China, water
flow is higher in summer than in winter*?’. Accordingly, February is the most acute
month for water scarcity overall with 32% of CPUs facing water availability issues,
while September sees only 9%. Large amounts of generation see severe water

scarcity across Inner Mongolia and Shandong provinces (22 and 20 GW,
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respectively). On net, CPU capacity experiencing water scarcity will increase by 43-
82 GW in the 2030s, relative to the reference period (ranges indicate the minimum
and maximum combinations of scarcity and capacity availability). This net result
shows 43-56 GW of capacity faceing water scarcity for at least one fewer month a
year, and 120-176 GW of capacity exposed to water scarcity for at least one

additional month a year.

RCP2.6

‘i RCP4.5

Number of additional months
facing water scarcity .
2-1 ©1 o0 Capacity (MW) b o
°2 o2 0 501-1100
-3 @3 - 301-500
<3 8>3 6-300

RCP6.0 .1 RCP8S

Figure 5.2 Additional water scarcity faced by CPUs. The number of additional months per
year when coal-fired units face water scarcity in the 2030s compared to the reference period.
Negative values refer to the number of fewer months of water scarcity per year that CPUs
face.

Nationally, CPUs experience an increase in the usable capacity of 0.3-1.4% in the
2030s relative to the reference period for RCP2.6, RCP4.5, RCP6.0, whereas RCP8.5
sees a decrease of 1.0%. The impact of water availability changes on usable capacity
differs across plants and provinces (Figure 5.3). We show that 22-34% of CPUs face
usable capacity reductions and 3-6% face severe reductions (>30%). Between 30 and

38% of CPUs face usable capacity increases. Xinjiang, Hebei and Inner Mongolia

86



Chapter 5

provinces experience remarkable usable capacity increases (>0.5 GW), while
Guizhou and Shaanxi experience remarkable reductions (>0.5 GW) in all scenarios
(Table S7.4.1). There are also seasonal variations in usable capacity reductions
(Figures S7.4.5- S7.4.8). Summer sees usable capacity reductions by 0-6.4 GW in
all scenarios. Winter sees an increase of usable capacity by 6.5-12 GW in RCP2.6,
4.5 and 6.0, and a decrease by 2.5 GW in RCP8.5.

RCP2.6 RCP4.5

P e

. Ce g%
°° 2

Capacity (MW)
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Change in usable capacity (%)
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©-15t0-10 @ 10to 15
©-10to-5 @ 5t0 10
05100 20t5 00
RCP6.0

Figure 5.3 Impacts of climate and water resources change on annual usable capacity of
CPUs. The changes in the annual usable capacity under four climate scenarios in the 2030s

compared to the reference period.
5.3.2 The impact of CCS and adaptation options

The water requirement of power production with CCS can be 53-77% higher,
depending on CPU configuration '¢. We find that requirements can be as high as 14.8
billion m* per GtCO, sequestered. Given these water requirements, the addition of
CCS increases vulnerability to water stress broadly across all plants. Our results
show that adding CCS to plants leads to additional usable capacity reductions of 7.4-
7.7%. Between 49 to 55% of CPUs face usable capacity reductions and 15-21% of
CPU s face severe reductions (>30%) (Figure S7.4.9). All provinces experience CCS-
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related capacity reductions except Xinjiang, Qinghai, and Beijing. Several provinces
including Guizhou, Henan, Shaanxi and Jiangsu experience significant reductions
(>2 GW) under all scenarios (Table S7.4.2).

Given these CCS-related reductions, out of all adaptation strategies only early
retirement can increase usable capacity across all RCP scenarios (by 2.8-4.5%,
Figure 5.4). Retrofitting the existing plants for seawater use can only slightly
mitigate the vulnerability. Cooling type switches and increased water use efficiency
may help but are not sufficient to increase capacity compared to the reference period
(when CCS is implemented). Increases in transmission can effectively mitigate the
CCS-related vulnerability. Water availability is the largest factor affecting our
findings. Here, the environmental flow, defined as the minimum freshwater flow
required to sustain ecosystem functions, is the most important factor that influences

water availability for human purposes®*?

. We find little sensitivity to the changes in
environmental flow requirements for all adaptation strategies (within 2% of
variations) except for early retirement. When the level of protection for ecosystems

is high, e.g., 80% of discharge, the efficacy of retirement is extremely high.

-
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Figure 5.4 Impacts of adaptation on CCS-related CPU vulnerability to water
constraints. Usable capacity changes in the 2030s relative to the reference period for the
baseline settings (i.e., without adaptation options) and various adaptation options are shown
as markers per climate scenario. Ranges indicate the sensitivity of usable capacity to the
changes in environmental flow requirements (40-80% of river discharge for environmental

flows).
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5.4 Discussion
5.4.1 Comparisons with previous studies

On an aggregated, national level, we show that 40% of installed capacity experiences
water scarcity for at least one month during the reference period (1992-2001). For
comparison, Rosa et al.?®> found that 47% of installed capacity experience water
scarcity in China during a later period (2011-2015). Water availability of power
production can significantly influence vulnerability. Rosa et al assumed 80% of the
monthly river discharge for environmental flow which may be high. According to
Han et al.*'>, an 80% proportion is recommended for protected rivers, reservoirs, and
national parks, whereas 60% is considered sufficient for rivers that supply water for
human use (and is the value used here). In terms of usable capacity reductions, van
Vliet et al.?® show reductions in usable capacity for 81-86% of the thermoelectric
power plants worldwide in 2040-2069 relative to 1971-2000, with reductions in Asia
lower than the world’s average. Our results show that 22-34% of China’s CPUs will
face usable capacity reductions in the 2030s relative to the reference period,

depending on future climate changes.
5.4.2 Challenges of mitigating vulnerability

Policymakers are becoming increasingly aware of water supply issues and, in some
cases, have implemented water-saving regulations. For instance, there are now
restrictions for adding new capacity to the Jing-Jin-Ji area (Beijing, Tianjin, and
Hebei). We show that while this key area should be of focus, policies could be
expanded to surrounding areas (e.g., Shaanxi, Shanxi, Shandong, and Guizhou). The
most effective adaptation, early retirement, faces challenges. If plant lifetime is
limited to 30 years, 58% of current CPUs will retire in 2040, resulting in a large
power generation gap that would have to be rapidly met with alternatives. However,
this assumption of early retirement is less radical than other scenarios. Under the
IEA’s sustainable development scenario, Chinese coal power production would
decrease by 69% in 2040 relative to 2019°%, In another, faster phaseout, Cui et al.*?*
proposed a scenario whereby conventional coal-fired power plants without CCS
decline by more than 90% in 2040. If the power gap caused by the shutdown of
thermal power plants is filled by water-intensive energy technologies rather than

renewables (e.g., wind and solar power, which generally consume orders of
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magnitude less water than thermoelectric generation), the effect of early retirement
on water resources will be lower than expected. Early retirement also has economic
and social issues, i.e., the impacts on profitability and employment of coal-fired

power plants and coal mining®*

. Cooling technology is also a policy concern, with
the share of air cooling systems increasing quickly since it became a government
requirement for water-scarce regions in 2004%!. Air cooling is effective in water-
saving but does require higher investment and has a lower energy efficiency®®.
Using seawater is also a useful adaptation strategy and China’s power sector is
already the largest seawater user, accounting for more than 90% of the national total
volume of seawater utilization”*. However, the price of desalinated seawater is still
higher than freshwater’?’. Although constructing coastal power plants can save
freshwater, there is a challenge for coal resources far from the coast. Long-distance
coal transport from inland to coastal regions is also energy- and water-consuming,
to an extent that is not fully understood®*°. The trade-offs between water use and
other environmental and economic issues need to be weighed before plant and
cooling system construction. Power transmission enables the shifting of generation
away from highly water-scarce regions. At the national scale, power transmission
enables a lower water requirement for power production. An estimated 10 billion m?
of withdrawal is saved due to current power transmission®.The vulnerability
decreases in power-importing regions but increases in power-exporting regions. If
the closure of highly vulnerable thermal power plants can be compensated for by
using wind and solar power in power-exporting regions and increasing power
transmission, water vulnerabilities would see further mitigation. With the proposed
development of west-to-east transmission lines and hydropower in the southwest**
331 power transmission will play a more important role in vulnerability mitigation

for water-scarce regions.

China has pledged to make efforts to be carbon neutral before 2060 332, which
could be realized with several different energy system choices. Renewables will play
an important role in achieving the target. Previous research indicated that China
would have to ramp up solar and wind capacity over the next 40 years, including a
16-fold increase in solar and a 9-fold increase in wind, which would represent a
significant shift in the temporal and spatial supply of electrical power and require
further efforts to ensure energy supply, including short- and long-term energy
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storage* ¥, Hydropower is the second largest electricity supplier in China, it
contributes to a low-carbon system but also relies on water resources. As an effective
technology for carbon emission reduction, CCS has not been widely adopted in large
part because of its high investment*. From the perspective of economic costs, the
usable capacity reduction caused by CCS should be accounted for in CCS
investments. In this case, the capacity-related cost due to water-scarcity of large-
scale CCS adoption is US$34-36 billion (or approximately US$10 per tCO,
sequestered). Fan et al. compared the investment benefits of CCS retrofitting of coal-
fired power plants and renewable power generation projects in China, finding that
Ningxia, Xinjiang, and Gansu Provinces would be most suitable for the development

of CCS retrofitting pilot projects®**

. We suggest that the capacity-related costs of
CCS be included in future economic assessments, as should several other factors
such as air pollution and ash disposal. In reality, policymakers and entrepreneurs
need to incorporate several different adaptation options simultaneously to achieve
multiple objectives in terms of, among other factors, power system reliability,

economic cost, and compliance with regulations.
5.4.3 Limitations and implications

Although this work integrates water and electricity models and we assess different
scenarios, we are unable to exactly predict power production or new power
transmission lines due to the difficulty of predicting the capacity, cooling type and
location of future CPUs. The optimization of the transmission network is not only
important for the reliability of the power supply but can also mitigate the
vulnerability of power production to water scarcity. Further research is needed to
optimize the network with the consideration of future transmission lines, regional
electricity mix, economic cost, etc. The water use factors of thermal plants, specific
to China’s power plants, were assumed to be constant throughout the year, yet plants
often have higher water requirements in summer than in winter due to lower
thermodynamic efficiencies'® *!. This assumption may lead to an underestimation

of the seasonal variations in power-related water use.

In this study, we focus on showing the changes in the performance of thermal power
when faced with changing climate and water resources under different climate
scenarios rather than the situation in a reference period. Each RCP runs for the period

2006-2099 with different trajectories in radiative forcing and temperature. The
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reference period used in our study makes the impacts under different RCPs
comparable and enables us to see the impacts of changing water availability on
power plants. As such the actual water availability in 2021/2022 is not an input of
our model, having been calibrated until the end of our reference period in 2001.
Further research could use a more recent reference period as and when sufficient
meteorological data are available. Other future work could investigate the role of
China’s power plants in exacerbating water scarcity threats of other nations and the
electricity-hydrology model can be used for the nations where the data on power
plants are available. Further, more adaptation strategies should be tested according
to the local conditions such as resources, infrastructure, and policies. Early
decommissioning of coal in China would likely preclude the possibility of RCP8.5
and potentially even RCP6.0. However, given disagreements in the literature
between energy and climate modellers we include the full spectrum of results®!7 33,
While updated pathways for carbon emissions are available, PCR_ GLOBWB-2 was
produced with bias-corrected RCP trajectories. It would be useful to update the
analysis using Shared Socioeconomic Pathways in future analyses.

We recommend three actions to further mitigate the vulnerability of thermal power
plants. First, it is important to take into account climate and water-scarcity changes
when planning the power plant construction. Thermal power plants generally have a
long lifetime, which requires assessments on both current and future water resources.
Second, the competition for water between the energy sector and other users
(agricultural, industrial, domestic, and environmental water requirements) needs to
be considered in water resources assessments. Third, the role of adaptation strategies
should be considered from the perspective of both individual plants and the power
system as a whole, since early retirement is key to reducing water vulnerabilities.
With the improvement in transmission technologies and the lowering of transmission

336

costs>°, it is becoming more feasible and important to replace vulnerable power

plants in water-scarce regions with ones in regions with sufficient water resources.
5.5 Conclusion

This study presents an assessment of the vulnerability of China’s thermal power
production to changing climate and water resources using a coupled hydrological-

electricity modelling framework. The following conclusions are reached:
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China sees a significant spatial heterogeneity in water resources. Nearly half of
freshwater-using plants are located in the two major river basins (Yellow and Yangtze)
due to their need for water withdrawals. Many plants are close to residential areas
and farmland, and are already facing the challenge of competing water with other
users, which is an issue that has become worse for the newer power plants over the
last two decades. Further, there are seasonal variations in water scarcity, with
February the most acute month and September the least. The plant capacity

experiencing water scarcity will increase in the 2030s.

The main contributions of the study are showing the water scarcity faced by power
production in China, and to what extent CCS will exacerbate the issue.. On the
national scale, power production experiences slight changes in the usable capacity
in the 2030s relative to the reference period. When CCS is implemented, the
vulnerability of power production increases, with additional usable capacity
reductions of 7.4-7.7%. Early retirement and interregional power transmission are
more effective in vulnerability mitigation than other adaptation strategies from the
perspective of usable capacity. However, strategies may also face other challenges
from economic, energy security, employment etc. Policymakers and industry will

need to be cognizant of the challenges when implementing these adaptation options.
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General Discussion
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Energy and water systems are often perceived as unconnected and managed
separately. However, electric power is the main water consumer in energy systems
and is already a major driver of water stress worldwide. Due to the significant spatial
heterogeneity of power production and its water requirement, such problems have
not been well addressed by national- and regional-level analyses. This thesis
attempted to examine the energy-water nexus at a higher resolution using China as

an example, with the aim of answering the following overarching research question:

What are the impacts and challenges of water use of electric power production in
China?

This chapter first reviews the progress made toward the specific research questions

proposed in Chapter 1 and then answers the overall research question (section 6.1).
6.1 Answers to the research questions

SQ1. What are the water requirements of different electricity technologies and what
is the availability of regionally specific data? (Chapter 2)

The literature reported large differences in water requirements of electricity
generation technologies. This was a barrier to decision-making. In Chapter 2, we
presented a meta-analysis, compiled an inventory of the water use of power
production, and investigated the characteristics of water use and uncertainties in
assessments. Photovoltaics, wind power, and run-of-river hydropower consume
relatively little water; concentrated solar power and geothermal power consume
intermediate volumes of water; woody and herbaceous biomass and reservoir
hydropower may consume considerable water resources. The deployment location
of power production has an important effect on water use of power systems in a
country, because of different climate conditions and available types of water
resources. Coal power plants have relatively low variability in life cycle water
consumption compared with hydropower, which has significant variability due to
factors like reservoir area and evaporation factor, with a coefficient of variation of
634% across the water intensity of hydropower assessed in the literature. For thermal
power plants, the operational water consumption increases by up to 81% (natural gas)

if carbon capture and storage (CCS) is added.

Inconsistent system boundaries caused uncertainties in water use estimates across

studies. The fuel cycles of biomass and shale gas merit further consideration in the
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future because they are large water consumers, driven by the irrigation required to
grow plants for biomass and water use in the fracturing process of shale gas
extraction. Current studies focus on showing the results of assessments rather than
the key influencing factors, such as the conversion efficiency, capacity factor, and
lifetime of energy systems. Moreover, the type of water use (consumption vs.
withdrawal: as explained in Chapter 1, these are different concepts and need to be
distinguished in research) was often not clarified, creating barriers to understanding
the results and comparing different studies. Water withdrawal refers to the volume
of water diverted from a water source for use, all or part of which may be returned,
while consumption refers to the volume of water not returned to the water body due
to evaporation, transpiration, or incorporation into products. Clarification of the
water sources would also help in interpreting values for water use estimates for
biomass (precipitation vs. irrigation), geothermal (geofluid vs. freshwater), and fuel-
based thermal and nuclear power (seawater vs. freshwater). The emphasis for future
studies should be to increase the transparency and clarity of such factors and

terminologies.

802. How much water is required for power production in China and how much

water is virtually transferred via power transmission? (Chapter 3)

We assessed the water use of power production in China from the perspective of both
water consumption and water withdrawal at the power plant level and then
aggregated it to the regional and national levels. Chapter 3 showed that China’s
power production withdrew 62.7 billion m* of freshwater in 2017, of which 13 billion
m’® was consumed. The extensive inventory of plant information allowed for a
detailed analysis of the drivers of water use. There were large heterogeneities in the
water use of power production across plants. Hydropower plants with large
reservoirs were large freshwater consumers due to evaporation, whereas thermal
power plants with once-through cooling systems were large freshwater withdrawers.
This study showed that it is important to distinguish water sources (surface water,
groundwater, reclaimed water, and seawater). Hydropower was the main consumer
of surface water, while all nuclear power plants in China were located along the
coastline and used seawater for cooling.

Interprovincial electricity transmission increased more rapidly than electricity

generation in the last decade. Approximately 16% of China’s water consumption for
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power generation was driven by demand in other provinces and ‘virtually used’ via
power transmission. Power transmission led to a more equal distribution of water
stress across provinces. Compared with the east, the west generally had a larger water
consumption factor but a lower withdrawal factor. Power generation that consumed
large amounts of water was often transmitted from west to east, consequently
reducing water withdrawal but increasing water consumption nationally. The impact
of power transmission is expected to grow with the rapid development of

transmission infrastructure.

S03. What are the impacts of power production on freshwater biodiversity in China?
(Chapter 4)

Current electric power systems require large amounts of freshwater in the
thermodynamic conversion of heat to work or the water held in hydropower
reservoirs. These processes can result in the consumption of water and warming of
the water in the environment (termed ‘thermal emissions’). Both freshwater
consumption and thermal emissions have impacts on water systems. Chapter 4

assessed the impacts from the perspective of freshwater biodiversity loss.

We found that the total biodiversity loss caused by China’s electricity generation
increased by 45% during 2008-2017, while the biodiversity impact per unit of
electricity generation decreased by 23%. 62% of the biodiversity loss was due to
thermal pollution, while 38% was due to freshwater consumption. Electricity
transmission resulted in the shifting of biodiversity impacts across regions. The
results showed that 15% of total biodiversity loss was driven by electricity
transmission to provinces other than those where electricity production and hence
biodiversity loss took place. In terms of electric power system drivers of biodiversity
loss, the total generation was the main driving factor of the increase in loss (rather
than shifts in generation type, for example). Our results highlighted the need to assess
the biodiversity impacts of electricity generation and to incorporate them in power
system planning. For example, in the future it is important to shift electricity
generation from regions with high biodiversity intensities to those with low
biodiversity intensities by taking into account the provincial biodiversity factors of
electricity generation that we found.

SQ04. What are the changes in water stress and the consequent impacts on power
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production in the future, and how might future carbon capture and storage (CCS)

requirements exacerbate water issues in China? (Chapter 5)

Thermal power production requires large amounts of water, therefore changes in the
availability of water resources due to climate change may affect the vulnerability of
power production. Chapter 5 examined the current and future water availability in
China based on the outputs of a global hydrological model (PCRGLOBWB-2) under
various climate scenarios, and geographically matched this availability to thermal
power plants to reveal the impacts on power production. The results showed that
there are quite some plants already experiencing water stress, while the impact will
be slightly mitigated before 2040 due to an increase in water availability for power
plants in northern China in all climate scenarios except one extreme case

(Representative Concentration Pathway 8.5).

Many proposed scenarios for meeting China’s net-zero carbon targets require that a
large number of existing power plants are retrofitted with CCS. Yet the water
requirements of CCS mean that its addition exacerbates vulnerability to water
constraints compared with the existing situation, leading to additional usable-
capacity reductions of 7.4-7.7%. To mitigate such negative implications, we assessed
several measures that can enhance usable capacity. We found that early retirement of
older, generally more water-intensive power plants and interregional power
transmission were more effective in vulnerability mitigation than other adaptation
strategies, such as retrofitting cooling systems and switching to seawater cooling.
However, strategies may also face other challenges from the economic, energy
security, and employment perspectives. Policymakers and industry will need to have

insight into such challenges when implementing these adaptation options.

In addressing these research questions, this thesis offers several answers to the
overall research question: What are the impacts and challenges of water use of

electric power production in China?

The thesis answered this question by first providing a meta-analysis of previous
assessments of the water requirement of electricity generation. The analysis showed
that there were large differences in water requirements of electricity technologies
(Chapter 2). Large amounts of water were needed because of the large-scale thermal

and hydropower production in China. Water was used for power production and then
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transferred, virtually, across the power transmission. Water stress was found to be
more equally distributed due to the virtual water transfer via power transmission
(Chapter 3). In addition to water use, the heat released into water from power plants
also had impacts on the water system. We showed that both freshwater consumption
and thermal emissions can result in freshwater biodiversity loss (Chapter 4). As a
result of the large demand for water, changes in the availability of water resources
can affect the vulnerability of electricity generation, with further uncertainties arising
from the changing climate and countermeasures (Chapter 5). Both the meta-analysis
in Chapter 2 and Chinese case studies in Chapters 3, 4, and 5 showed the importance
of increasing transparency in electricity and water systems, and the importance of a
joint, spatiotemporally explicit analysis of the electricity and water systems to

understand problems and solutions in their nexus.
6.2 Limitations and future research

During our research, we found limitations of data, methods, and scopes that formed
barriers to understanding the energy-water nexus. Here we discuss these issues in

depth and give some suggestions for future research.
6.2.1 Data limitations

Although energy and water are important resources supporting human activities, data
for the two systems are not easily accessible, which limits the scope and transparency

of studies.

First, the power system is often divided into three stages when assessing its water
use: 1) the fuel cycle, referring to fuel extraction, refining, and transport; 2) the
operational stage, referring to the process of electricity production; and 3) plant
infrastructure, referring to all the material inputs for plant construction. The
operational stage is the focus of the existing research because of its large water
requirements, especially for thermal power and hydropower. Yet studies still face
many challenges in the availability of high-quality data, which may result in large
uncertainties. For example, while the volume of electricity generation is required for
making operational water use calculations, it is not usually available and is often
estimated by multiplying the installed capacity by a capacity factor. However,
capacity factors are seldom reported. If inaccurate values are used, they can lead to

substantial uncertainties in the final results. In addition to the capacity factor, key

100



Chapter 6

information such as plant location, generator type, and cooling type is also generally
not publicly available, which makes it difficult to perform detailed analyses for the
operational stage. Information on the other two stages (fuel cycle and plant
infrastructure) is also under-reported by governments and businesses, although
partly included in some Life Cycle Inventory (LCI) databases, such as ecoinvent.
Our own study focused on the operational water use rather than lifecycle water use.
For some power types, however, the fuel cycle (e.g., biomass) and plant
infrastructure (e.g., wind power) may require large amounts of freshwater '¢. Future
work needs to enhance data availability of, for example, the location and impacts on
water use of extraction of fossil fuels, impacts on water use embodied in materials

used for electricity infrastructure, and so on.

Second, information on the type of water is another major source of uncertainty in
energy-water studies, and a clear differentiation should also be made between water
withdrawal and consumption. Power systems can use various types of water (surface
water, groundwater, reclaimed water, and seawater). This thesis mainly distinguished
water sources for hydropower, nuclear power, and coal-based thermal power, while
more information on water sources for other power technologies (e.g., biomass-

based power plants, geothermal power) will be required.
6.2.2 Method limitations

Methodological differences may also yield different results. For example, input-
output analysis (IOA) and lifecycle assessment (LCA)-based process analysis have
been widely used for assessing water footprints. IOA often leads to larger lifecycle
water withdrawal and consumption estimates for most power types, especially wind
and photovoltaic (PV). This is because there is an additional water input from
economic sectors not covered by LCA-based process analysis '¢. Our studies are
mainly based on process data and largely neglect water use in supply chains of fuels
and infrastructures, so our estimates could lead to underestimations or represent a
lower bound of potential water stresses. Researchers have been attempting to link
the two methods in hybrid LCAs for a more comprehensive assessment. However,
some issues still need to be addressed. For example, using 10-based hybrid LCA
presents a challenge in sector disaggregation. Power production is a homogenous
sector in many 1O tables, even though each power type has a distinctive water use,
as shown in Chapter 2. Work is needed to isolate the targeted power type from the
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power production sector. 10 tables are also normally released later than process-
based data, which is an issue for emerging energy technologies. There is a growing
trend for battery storage to be paired with renewables, such as solar PV and wind,
but these installations are not separated from the power sector in 1O tables. Future
research could put more effort into disaggregating generation and storage across
datasets.

In Chapter 5 we examined the future changes in water availability due to climate
change and the associated impacts on electric power production, taking into account
the competition for water resources between various sectors. There are still some
aspects that need to be improved for the climate, water, and energy models used in
the thesis:

e [t would be useful to update our analysis using other climate and socioeconomic
scenarios, €.g., Shared Socioeconomic Pathways.

e Most power plants withdraw water from the rivers on which they are built,
therefore water scarcity is at the plant level rather than the regional and river
basin level. In our work, we simulated the water availability at grid cell level at
a 5-arcmin spatial resolution, so there are still opportunities to improve the
spatial resolution of hydrological simulation in order to obtain more accurate
results of the energy-water nexus.

e  Our reference period for the hydrological simulation is 1992-2001. Further
research could use a more recent reference period as and when sufficient
meteorological data become available.

e  Our study links a water model with a power production model, while in reality
power demand is also important in the power system and affects power
production. It would be better to take account of the variations in power demand
and the balance between power production and demand when analyzing the

relations in the water-electricity nexus.
6.2.3 Scope limitations

Analyzing water and electricity systems may not be enough for assessing how we
can realise sustainable development related to these two resources. For example, the
energy transition faces constraints with regard to e.g. required greenhouse gas

emissions and limitations related to land use. Moreover, the water system is
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influenced by other developments, such as expansion of agriculture and industrial
production. Researchers have been trying to perform analyses with the addition of

337 energy-water-land ¥, and energy-

other nexuses, such as energy-water-CO>
water-food **. But even with such additions, the system boundary is still limited.
Combining the water-electricity nexus with other nexuses requires an integrated
assessment model (IAM) that fully integrates environmental systems and economic
systems. At the same time, water-electricity models can offer insights into water and
electricity systems at a much higher resolution than is possible in [AMs. It would be
interesting and important for future research to combine the highly spatiotemporal
water-electricity nexus with a traditional IAM to gain a comprehensive view of all

nexuses.

The studies presented here mainly analyzed the two systems — water and energy —
from the environmental perspective, yet solving environmental issues sometimes
involves conflicts with the demands of governments, industries, and residents for
economic developments. For example, energy transition and water conservation
strategies sometimes require adjustments in other industries '®°, which is a serious
challenge because of the different policymaking bodies that deal with these issues in
most political systems. Industries also face challenges in addressing environmental
issues. For example, the regulations on reducing carbon emissions require energy
industries to add carbon capture facilities, thus increasing the energy suppliers’ costs,
which they may partly pass on to consumers. Measures to protect freshwater
biodiversity can have impacts on people who live from fishing. For example, the
Chinese government imposed a ten-year ban on fishing in the Yangtze River **° in
2020 to alleviate the reduction in fish stocks. This meant that 111,000 fishing boats,
providing the livelihood of 231,000 fishers, had to cease activities. Future research
in this area needs to have a wider perspective, addressing but not limited to the
challenges above, since many issues extend beyond the natural environment and

require trade-offs across various systems.
6.3 Scientific and policy implications

6.3.1 Scientific implications
This thesis provides scientific contributions to both methods and databases in this
field. First, in terms of methodological contributions, we conducted a global meta-

analysis and concluded that analyses could improve on the terminologies
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(withdrawal versus consumption), data (which type of water is used), and system
boundaries (fuel supply, power production stage, infrastructure). We also provide a
methodology to study the impacts of power production and transmission on water
resources and biodiversity, which may be useful for similar research in other
countries. In addition, we built and implemented an electricity-hydrology model to
examine the water vulnerability of power production, with a new research
framework for taking account of water competition among various users and
evaluating the effectiveness of adaptation strategies for the power system. Second,
in terms of data contributions, the data on water requirements of electricity
technologies provided by our global meta-analysis can be used for future research
on the water-electricity nexus and extended to other related issues, such as studies
on the food-water-energy nexus. Further, the information on water use and power
production and transmission for China, as one of the major energy users worldwide,

can make an important contribution to a database of global energy and water use.
6.3.2 Policy implications

To address global development challenges, the United Nations has set Sustainable
Development Goals (SDGs) for 2030, including goals related to the provision of
energy and water. Achieving the SDGs requires all relevant stakeholders to work
together and manage the synergies and trade-offs among different resources °.
Currently, energy and water are often managed separately, although there are many
connections between them. Understanding the energy-water nexus is an important
step toward both a sustainable energy transition and sustainable water management.
Against this background, this thesis may provide the following policy-relevant

information.

First, from the perspective of guiding the development of energy and water systems,
an effective way for policymakers to mitigate energy-water conflicts is to facilitate
decoupling of the two systems. We can reduce the water demand of power by
developing photovoltaics and wind power, which is also an approach to achieving a
low-carbon energy system. However, there is still a long way to go, despite the
progress that has been made. Global power production remains dominated by water-
intensive technologies. Since freshwater is not the only option, using other,
alternative types of water (e.g., seawater and reclaimed water) is an effective way to

save freshwater. For example, building coastal power plants with seawater
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desalination systems can mitigate the reliance of power production on freshwater,
and the plant could even become a freshwater supplier. If a region cannot overcome
the challenges by itself, using these methods, it could receive assistance from other
regions via power transmission. By improving the interconnectivity of electricity
grids, power production capacity in water-scarce regions can be downsized and made
less susceptible to water stress. The options mentioned here are not the only ones
that can help optimize energy and water systems. However, we need to be aware that
several options may have trade-offs. For example, air cooling saves water but
reduces the energy efficiency of power plants 2®°. Wind and solar PV consume
negligible amounts of water but face issues in terms of output variability, often
creating a need for storage infrastructure. In such cases it is necessary to combine
information on the energy-water nexus with other aspects to optimize policy
decisions for sustainable development.

Second, from the perspective of supporting further research, an emphasis of future
policies should be to increase the availability of data relevant for assessing water and
energy systems. Global electricity generation is growing rapidly, dominated by
thermal power (77% of the total) and hydropower (16%) 3’. Both are water-intensive
energy technologies. Their carbon emissions have been widely monitored and
assessed at the power plant level, whereas their water use has not been fully
identified and reported. It is important to increase the transparency of water use
(quantity, source), as it can vary greatly across power plants of the same type. For
example, hydropower is a large water consumer with significant variations across
plants, but currently the transparency of its water consumption-related characteristics
(e.g., reservoir area, evaporation) is relatively low. Compared with the energy system,
the information on the water system is somewhat more difficult to obtain. Improving
the accessibility of official data on observational water discharge is a straightforward
way to contribute to the nexus studies.

Third, policymakers themselves need to strengthen the links across units responsible
for policy development of different resources. At present, resources such as energy
and water are often managed by different departments. For example, in China,
energy is mainly managed by the National Energy Administration, whereas water is
managed by the Ministry of Water Resources. Considering the intractable nexus, it
is necessary to develop mechanisms for cooperation between different agencies and
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ministries, so that synergies in resources conservation can be achieved. In addition,
as discussed above, extending the links to departments responsible for
socioeconomic topics would provide comprehensive insights and improve policy
effectiveness. Furthermore, international collaboration on resources policies is
important in transboundary river basins, where environmental impacts may take
place across borders.
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Supplementary Information
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7.1 Supplementary information to chapter 2

7.1.1 Methodologies

Records identified through Additional records identified
database searching through snowballing
(n=910) (n=39)
\ 4 \ 4

Records after duplicates removed
(n=867)

Articles excluded (n = 775):

No water data used in study
Energy use for water supply
Water values presented not
related to power generation
No clarification on water
values and life cycle stage
Lack of information of
power generation

Water values used directly
from other papers we found

A 4

R

h 4

Studies included in
quantitative synthesis (meta-
analysis)
n=93)

Figure S7.1.1 Flow diagram of meta-analysis.
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Table S7.1.1 Search terms used in meta-analysis for each database

Database Code

TS=(electricity) AND TS=("renewable*" OR "non*renewable*" OR
"fossil fuel*" OR coal OR oil OR "natural gas" OR "shale gas" OR
nuclear OR "hydro" OR "hydropower" OR biomass OR biofuel OR
Web of Science | geothermal OR wind OR solar OR photovoltaic) AND TS=("water
footprint" OR "water use" OR "water consumption" OR " water
withdrawal" OR ‘"water demand" OR '"water requirement")
AND LANGUAGE:(English)

(ttl(electricity AND  (coal OR oil OR “natural gas” OR nuclear OR
"hydro" OR "hydropower" OR biomass OR geothermal OR wind OR
solar)) OR (key(electricity AND (coal OR oil OR “natural gas” OR
nuclear OR "hydro" OR "hydropower" OR biomass OR geothermal
OR wind OR solar)) AND (ttl("water footprint" OR “water use” OR

“water consumption” OR “water withdrawal” OR “water

ScienceDirect

requirement” OR “water demand”)) AND Article types:(Research
articles OR Book chapters OR Data articles)

The operational stage is the focus in previous studies, and the operational water
consumption shows the great agreement when grouped by cooling types. In addition
to the cooling type, unit type is another determinant of operational water

139 and its main manifestation is the conversion efficiency . Both the

consumption
changes in cooling type and conversion efficiency would lead to the changes in
operational water consumption. Particularly, the effects of changing conversion
efficiency on water consumption differ across cooling types, e.g. the 1% change of
conversion efficiency is expected to result in more water-saving amounts for closed-
loop cooling than for dry cooling due to their different ways and scale of water

consumption. Zhang et al. (2014) '%°

investigated the relations between operational
water consumption and its influencing variables (cooling type and unit type) for coal
power plants. The effects of both cooling type and the conversion efficiency on the
operational water consumption were considered in this study. In our study, five
power types (coal, natural gas, oil, nuclear and biomass) were considered in the

model without distinction since their operational water consumption have similar
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characteristics and shows great agreement when grouped by cooling type as opposed
to fuel type (Figure 2.2), the model is expressed as follows:

WC; = ag+ ayCTy; + ayCTy; + (Ti BxCix )CE: + & (S7.1.1)
In which,
_ (1, once — through cooling
CTy; = {0’ others (§7.1.2)
And,
(1, closed — loop cooling
CT,; = { 0, others (§7.1.3)

Through this model, the operational water consumption for once-through cooling,
closed-loop cooling, and dry cooling can be expressed by eq (S4), eq (S5), and eq
(S6), respectively:

WC; = ag+ a; + BiCE; + ¢ (S7.1.4)
WC; = ag+ ay + BoCE; + & (S7.1.5)
WC; = ay + BsCE; + & (S7.1.6)

Where WC; represents the operational water consumption of sample i. the unit of
WC;(L/MWh). CE; represents the conversion efficiency of sample 7, with the unit: %.
Three types of cooling are distinguished, i.e., once-through cooling, closed-loop
cooling, and dry cooling. CT;; is a binary variable that indicates the cooling type
used by sample i: 1 for once-through cooling, 0 for other cooling types (closed-loop
cooling and dry cooling). CT>; is a binary variable that indicates the cooling type
used by sample i: 1 for closed-loop cooling, 0 for other cooling types (once-through

cooling and dry cooling). Dry cooling type is the baseline here.

Subscript k represents cooling types. Cix is a binary variable that indicates the
cooling type of sample i. If sample i belongs to cooling type &, then C; is designated
as 1; otherwise C; is designated as 0.

oo, a1, a2, and B are parameters to be estimated. ay is a constant parameter. S
represents the contribution of the variance of conversion efficiency to the reduction
of water consumption for power generation with cooling type k. & represents the

random error.
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7.1.2 Water use of global power generation

Meldrum et al. (2013) reviewed the life cycle water consumption and water
withdrawal of power production in the USA and harmonized the estimates from the
literature %. Since most estimates in previous studies are not accompanied by enough
information for harmonization, many studies could not be included in the review. All
the estimates of coal thermal power were harmonized to the thermal efficiency of a
sub-critical pulverized coal power plant; all the estimates of natural gas thermal
power were harmonized to the thermal efficiency of a combined cycle plant. As a
result, the water use estimates of coal power could be higher due to the low efficiency
of sub-critical generating units compared to other coal power technologies (e.g. sup-
critical); the water use estimates of natural gas power could be lower due to the high
efficiency of combined cycle plant compared to other natural gas power technologies

(e.g. steam cycle).

For biomass, the water use of fuel cycle was often expressed as water use from
irrigation or precipitation instead of water consumption or water withdrawal. In this

76, 85-88, 165, 341

study, referring to the expression in , the water use of biomass is

presented as blue water consumption, with precipitation excluded as we study blue

water only. 3 165

estimated both blue and green water consumption for biomass
power from the perspective of global average. Based on their results, the ratio of blue
water to the total water consumption was obtained and can be used to adjust the water
consumption of biomass power in "> % to the blue water consumption. Both 7 8
focused on the biomass in Canada and the USA. Mathioudakis et al. (2017) provided
both blue water (15840 L/MWh) and green water (186480 L/MWh) of the fuel cycle
of corn stover for power production through direct combustion '>. The total value of
blue and green water is comparable to the counterpart in 85, where the value is 256600
L/MWh. Besides, the heat content (17.55 MJ/kg and 18 MJ/kg, respectively) and
moisture content (15%, 15%, respectively) of corn stover in both studies are very
close. The ratio of blue water to the total water consumption for corn stover is used
to adjust the water consumption of corn stover in * to the blue water consumption.
The blue and green water consumed by pine in 7 were separated using the ratio in
165 For wheat straw, there are two values of the proportion of blue water in 9, and
both of them are 0.27. This proportion is used to separate the blue water from the

sum of blue and green water in 7585,
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Coefficient of variation of life cycle water consumption was calculated as shown in
Table S7.1.2.

Table S7.1.2 Coefficient of variation (CV) of life cycle water consumption for each

power type and technology

Power type Cooling type Generating technology CV (%)
Coal CL IGCC 24
Coal CL SBC 19
Coal CL SPC 23
Coal CL USPC 23
Coal DC IGCC 14
Coal DC SBC 13
Coal DC SPC 13
Coal DC USPC 13
Coal oT SBC 29
Coal oT SPC 13
Natural Gas CL CC 44
Natural Gas CL ST 23
Natural Gas DC CC 72
Natural Gas DC ST 70
Natural Gas oT CcC 24
Natural Gas oT ST 7
0il 75
Nuclear oT ST 24
Biomass CL ST 68
Biomass DC ST 77
Biomass oT ST 76
Geothermal DC EGS-B 89
Geothermal DC HT-B 90
Geothermal HD HT-B 32
Geothermal wC HT-F 23
CSP DC Power tower 53
CSP DC Trough 46
CSP HD Power tower 58
CSP HD Trough 52
CSP wWC Fresnel 10
CSP WC Power tower 30
CSP WC Trough 13
PV 68
Wind 119
Hydropower 634
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Nuclear(n=18, mdn=4697)
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Figure S7.1.2 Life cycle blue water withdrawal for each type of power production. Water
withdrawal is visualized on a log scale. The annotation mdn gives the median value of water
consumption for each fuel type. The circles represent the outliers while the dots represent the
mean for each power type. Hydropower, and biomass are excluded in this figure because the

data of their life cycle water withdrawal were not available.

Biomass(n=24, mdn=86400) e l:l:l. A
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Water Consumption (L/MWh)

Figure S7.1.3 Blue water consumption in the fuel cycle. The value of water consumption for

biomass power from ® is particularly large (see below) and not included in the figure.

Dominguez-Faus et al. (2009) assessed the irrigation water requirements of corn
ethanol and soybean biodiesel used for power generation. Corn ethanol consumed
2.27x10° to 8.67x10° liters of irrigation water for I MWh of power generation.
Soybean biodiesel consumed 1.39x107 to 2.79x107 liters of irrigation water for 1

MWh of power generation *°.

113



Chapter 7
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Wind(n=11, mdn=0)+ 1

Figure S7.1.4 Blue water consumption of operation. For hydropower, the manifestation of
the water use is water evapotranspiration, which is regarded as water consumption, as
hydroelectric power generation does not withdraw or divert water %. For wind power, a
boxplot is not used since most of the values are zero; the median and mean values are 0 and
1.85, respectively. For power types except CSP, their minimum water consumption of
operation is zero and the values of g; - 1.5%(g3-¢1) are negative. Thus, values between ¢, and
zero are not recognized as outliers. The left whiskers of boxplots extend from g to zero, with
all the values between ¢ and zero contained. These left whiskers are not shown in this figure

for simplicity.
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Figure S7.1.5 Blue water withdrawal of operation.

For consistency, the cooling type for coal, natural gas, oil, nuclear and biomass falls
22,77, 89,

into closed-loop (CL), once-through (OT) and dry cooling (DC) referring to
90, 92, 124, 131, 139, 342, 343, Cooling type falls into wet cooling (WC), hybrid cooling

104, 121, 344-351

(hybrid) and dry cooling (DC) for geothermal and CSP, referring to
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Figure S7.1.6 Blue water withdrawal of operation distinguished by power type and cooling
type. The dots represent mean water consumption while the line segments represent the
standard error of mean. The annotation mdn gives the median value. Hydropower, wind and
PV do not have cooling needs and are not included. WC denotes wet cooling, CL denotes
closed-loop cooling, HC denotes hybrid cooling (combining wet and dry cooling); OT

denotes once-through cooling, and DC denotes dry cooling.

Water consumption (WC) and water withdrawal (WW) are usually calculated as a
function of the lifetime of a power plant. However, the values of lifetime generally
came from assumptions, as it is unavailable for plants under operation. The
differences in the lifetime assumptions within the same power type makes the
estimates less comparable. Therefore, we normalized the WC and WW to the same
lifetime assumption if the estimates were provided with lifetime information for the
power type. Otherwise, the original WC and WW were used. The normalization is
conducted by assuming the water use changes proportionally to the lifetime . Most
frequently used lifetimes in the literature are used for normalization. Lifetimes used
for normalization are shown in Table S7.1.3. WC estimates for power types including
nuclear, wind and PV provided the same lifetime value, thus normalization is not
needed within these power types. Only estimates for geothermal, natural gas and coal
are normalized referring to the lifetime most frequently used in studies. The results
are shown in Figure S7.1.7 and Figure S7.1.8.
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Table S7.1.3 The lifetime value used in WC and WW estimates for each power type

(unit: years)

Power Coal Natural ~ Nuclear  Geothermal =~ Wind CSP PV Hydropower Oil Biomass
type Gas

Lifetime 30 30 40 30 20 30 30 NA NA NA
for WC

Lifetime 30 30 40 30 NA NA NA 40 / /
for WW

Note: NA indicates not all the estimates were provided with lifetime information for
that power type, thus normalization was not conducted. No data of water withdrawal
were available for oil. There is no water withdrawal for biomass since the water
requirement of biomass is considered as water consumption in this study.  and *!
provided the lifetime of coal- and natural gas plant. The lifetimes of these two types
of plant in this study referred to the values in ® where the lifetimes were determined

based on a review of published literature.
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Figure S7.1.7 Blue water consumption of plant infrastructure. The bar shows the median
water consumption, while the symbol ‘x’ represents the minimum and maximum water
consumption in plant infrastructure for each power type. The minimum water consumption
of wind power was derived from % where the value was described as ‘less than 0.1 gal/MWh’
instead of a precise value. It is assumed to be 0.1 gal/MWh (i.e. approximately 3.79 L/MWh)
here. Some of the original values of water consumption were adjusted according to the
lifetime of the power plant.
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Figure S7.1.8 Blue water withdrawal of plant infrastructure. The bar shows the median water
consumption, while the symbol ‘x’ represents the minimum and maximum water
consumption in plant infrastructure for each power type. Only one value of water withdrawal

for hydropower was available, which was derived from .
7.1.3 Water use of power generation at country level

The median operational water consumption for each country and power type are
shown in Figure 7.1.5. For power plants with cooling needs, only wet cooling
technologies (closed-loop, once-through and hybrid cooling technology) are
included in Figure 7.1.5 since dry cooling is an obviously water-saving cooling
technology for all countries, and wet cooling technologies account for 81% of the
estimates extracted from the literature. The water consumption and water withdrawal
for power generation at each life cycle stage are aggregated at country level. The
median, minimum, and maximum values for countries mostly investigated in

existing studies are shown in Tables S7.1.4-S7.1.8.

At the plant infrastructure stage, all the studies on the water consumption only

focused on the USA, except %

in which the water consumption for the hydropower
station construction has been investigated. The water withdrawal for plant
infrastructure of CSP in China is as high as 6863 L/MWh '*® where the material
inputs within the whole economic system have been incorparated into the assessment
by using a hydrid method. Similarly, the large water withdrawal for plant
infrastructure of coal- and gas-supported power generation were obtained from °!

where an economic input-output life cycle assessment tool was employed.
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Table S7.1.4 Country-specific blue water consumption of the fuel cycle (L/MWh)

Power Type Country/Region  Median Min Max
Biomass EU 10,800 7,200 14,400
Biomass USA 435,600 435,600 435,600
Coal Spain 120 26 130
Coal USA 216 23 871
Coal Canada 238 65 704
Coal China 246 233 285
Natural Gas Spain 28 10 45
Natural Gas (Con) USA 83 23 220
Natural Gas (SG) USA 222 64 871
Natural Gas (SG) China 622 492 751
Nuclear France 48 45 50
Nuclear USA 212 14 1,249
0Oil Spain 891 281 1,500
0Oil (Con) USA 1,019 72 1,966
0Oil (Oil Sand) USA 1,658 806 2,509
Oil (Oil Shale) USA 2,342 436 4,248

Note: median denotes median value; min denotes minimum value; max denotes
maximum value. Con denotes conventional gas/oil, SG denotes shale gas. The data
for Spain contain the water use of fuel production and processing, but not

transportation, which is also a determinant of the water use of fuel cycle.

At the operational stage, the only study on the natural gas power in Egypt *>? did not
clarify the turbine type of power plant, but the plant studied had similar
characteristics of water consumption with combined cycle power plants according
to the estimates for other countries. Egypt does not have operable nuclear power
plants; Kotb and Abdelaal (2018) estimated the water consumption of nuclear power
by scenario analysis **2. China does not have operable inland nuclear power plants;
Guo et al. (2012) and Chen et al. (2010) might made assessment based on research
reactors >33 For biomass power with closed-loop cooling, studies on the USA
focused on the water required for cooling 3¢ 63 11033 Few research investigated the

water consumption of biomass power in China. The two available studies ' 168

were
based on the results in 3%°, where the water withdrawal instead of water consumption
was assessed, and the water used for wastewater processing was included into
operational water consumption. The estimates for Spain was provided based on the

data of the USA from ®, and consequently had a bias towards the characteristics of
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water consumption in the USA.

Plants in coastal area can use sea water for cooling, but they also need some
freshwater to produce demineralized water, which can be used in the water-steam
cycle to drive the electricity generation turbine. Mertens et al. (2015) provided the
freshwater consumption of CCGT (combined cycle gas turbine) for cooling tower
in Italy (14 L/MWh) and once-through cooling in France (6.6 L/MWh) '73.

Table S7.1.5 Country-specific blue water consumption of operation (L/MWh)

Power type country median min max
Biomass USA 1,355 0 5,076
Biomass Spain 2,152 1,734 2,414
Biomass China 3,955 2,400 5,530
CSP USA 1,414 15 7,192
CSP China 3,415 750 4,000
Coal India 399 242 4,035
Coal Canada 1,020 90 3,650
Coal Egypt 1,150 400 1,900
Coal Spain 1,552 756 1,815
Coal USA 1,628 0 10,107
Coal China 1,889 20 7,070
Coal UK 1,953 1,193 3,557
Geothermal USA 1,363 0 18,400
Hydropower Norway 109 57 161
Hydropower New Zealand 1,692 324 70,884
Hydropower Austria 1,962 0 3,924
Hydropower Spain 9,500 3,000 109,000
Hydropower USA 11,150 38 210,000
Hydropower China 23,760 0 15,243,480
Hydropower Vietnam 24,840 5,040 133,452
Hydropower DR Laos 49,932 3,708 3,103,200
Hydropower Turkey 85,860 4,680 118,440
Hydropower Brazil 133,200 93,600 172,800
Hydropower Ethiopia 147,240 0 750,240
Hydropower Egypt 356,500 329,000 6,249,960
Hydropower Thailand 552,312 1,548 3,160,872
Hydropower India 1,273,000 1,273,000 1,273,000
Hydropower Ghana 2,656,080 2,656,080 2,656,080
Natural Gas Egypt 550 400 700
Natural Gas Spain 684 0 1,814
Natural Gas Belgium 722 13 1,431
Natural Gas USA 795 0 8,438
Nuclear China 130 40 3,682
Nuclear Egypt 1,750 1,000 2,500
Nuclear USA 2,197 0 4,452
Nuclear Spain 2,590 1,020 3,460

Oil USA 2,214 698 3,130
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0il Spain 1,216 0 1,814
0il Egypt 800 800 800
PV China 19 19 19
PV USA 44 0 1,173
PV Egypt 100 100 100
Wind China 0 0 0
Wind Egypt 0 0 0
Wind USA 0 0 8

Table S7.1.6 Country-specific blue water withdrawal of operation (L/MWh)

Power type country median min max
Biomass USA 3,324 114 189,384
Biomass China 4,459 3,430 5,530
Biomass Spain 31,647 1,734 189,600
CSP USA 1,741 15 5,853
Coal Canada 1,935 110 199,110
Coal USA 4,486 102 457,895
Coal India 5,255 500 159,000
Coal China 7,610 320 521,251
Coal Egypt 43,905 2,310 85,500
Geothermal USA 2,158 0 18,110
Natural Gas Italy 2,100 2,100 2,100
Natural Gas Belgium 2,160 1,070 3,250
Natural Gas USA 2,332 0 1,944,873
Natural Gas France 2,800 2,800 2,800
Natural Gas China 4,540 568 79,500
Natural Gas Spain 13,675 0 189,000
Natural Gas Egypt 22,050 1,000 43,100
Nuclear USA 9,842 114 230,000
Nuclear France 72,318 72,318 72,318
Nuclear Spain 75,362 1,890 347,200
Nuclear Egypt 86,050 4,200 167,900
Nuclear China 178,000 87,000 227,000
0il Egypt 1,030 1,030 1,030
Oil Spain 24,322 0 189,000
Oil USA 68,520 3,748 211,983
PV USA 45 0 295

PV Egypt 100 100 100
Wind Egypt 0 0 0

Wind USA 4 0 11
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Table S7.1.7 Country-specific blue water consumption of plant infrastructure

(L/MWh)

Power type country median min max
Biomass USA 4 1 94
CSP USA 271 12 644
Coal USA 4 0 95
Geothermal USA 4 2 177
Hydropower Norway 33 17 71
Natural Gas USA 2 0 4
Nuclear USA 1 2
Oil USA 4 94
PV USA 26 19 795
Wind USA 4 0 34

Table S7.1.8 Country-specific blue water withdrawal of plant infrastructure

(L/MWh)
Power type country median min max
CSp USA 375 175 644
CSp China 6,863 6,863 6,863
Coal USA 4 0 45
Geothermal USA 11 0 38
Hydropower USA 80 80 80
Natural Gas USA 4 4 4
Nuclear USA 1 0 2
PV USA 68 0 6,057
Wind USA 98 49 314
Wind Denmark 200 170 320
Wind Spain 210 210 210
Wind Italy 250 250 250

Tables S7.1.9-S7.1.11 show the water consumption of the fuel cycle, the water
consumption of operation, and the water withdrawal of operation in China,
respectively. Tables S7.1.12-S7.1.14 show the water consumption of the fuel cycle,
the water consumption of operation, and the water withdrawal of operation in the
USA.

In China, the water use of the fuel cycle for shale gas is significantly larger than for

coal ¥

, whereas in the USA they are comparable due to the relatively lower water
input for extraction **°. Replacing coal by conventional gas for power generation can

achieve a significant decrease in the water use of the fuel cycle in the USA. At the
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operational stage, apart from dry cooling, the minimum cooling water consumption
and withdrawal in China are 130 L/MWh for nuclear with once-through cooling type
and 2180 L/MWh for coal with closed-loop cooling type, respectively. In the USA,
the minimum cooling water consumption and withdrawal are both around 360
L/MWh for NGCC (natural gas combined cycle) with hybrid cooling type.
Particularly, water consumption of geothermal energy with wet cooling differs
greatly, depending on both plant type and resources type. In previous studies, the
values of water consumption of coal power plants in China were assumed to be
comparable to the median values of corresponding ones in the USA 77-37- 3% while
the values of water withdrawal can vary between the similar plants in China and the
USA according to this study. Both in China and the USA, the water use of renewables
could exceed that of non-renewables when hydropower, biomass and CSP with wet
cooling type are deployed because of their high water use either in fuel cycle or in
operation.

Gao et al. (2018) ' presented the operational water consumption for nuclear power
plants with closed-loop cooling technology based on the data from 2> 33, However,

125,353 would not result in

100 did not provide the calculation process, and the data in
the value in '%. Therefore, we recalculated the operational water consumption
according to '35, Chen et al. (2010) 3** did not provide the annual operating time
of the nuclear power plant and we assume it to be the same as that (i.e. 8147 hours)
in 125

Table S7.1.9 Blue water consumption of the fuel cycle of each power type in China
(L/MWh)

Power type Median Min Max
Coal 246 233 285
Shale Gas 622 492 751

Table S7.1.10 Blue water consumption of operation of each power type in China
(L/MWh)

Power type Cooling type  Technology Median Min Max

Coal CL IGCC 1,210 1,210 1,210
Coal CL USPC 1,873 842 2,269
Coal CL SPC 2,029 150 6,900
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Coal CL SBC 2,174 668 4,043
Coal CL SHV 3,270 3,170 3,370
Coal CL HV 4,800 4,800 4,800
Coal DC USPC 327 242 430
Coal DC SBC 336 152 790
Coal DC SPC 368 180 717
Coal oT USPC 228 190 380
Coal oT SPC 310 180 3,000
Coal oT SBC 367 170 1,450
Coal oT SHV 1,380 1,190 1,570
Natural Gas CL ST 2,760 2,120 4,160
Natural Gas oT CC 587 76 1,136
Nuclear CL 3,380 3,077 3,682
Nuclear oT 74 40 130
CSP DC 750 750 750
CSP wC 3,650 3,180 4,000
Biomass CL 3,955 2,400 5,530
PV 19 19 19
Wind 0 0 0
Hydropower 23,760 0 15,243,480

Table S7.1.11 Blue water withdrawal of operation of each power type in China

(L/MWh)

Power type Cooling type  Technology Median Min Max
Coal CL SPC 2,180 2,000 11,470
Coal CL SBC 2,625 1,500 3,750
Coal CL FB 11,659 11,659 11,659
Coal CL LMP 11,848 11,848 11,848
Coal DC USPC 1,022 1,022 1,022
Coal oT SPC 504,595 504,595 504,595
Coal oT FB 512,923 512,923 512,923
Coal oT LMP 521,251 521,251 521,251
Natural Gas CL ST 4,540 4,540 4,540
Natural Gas oT cC 15,045 568 79,500
Nuclear oT ST 178,000 87,000 227,000
Biomass CL 4,459 3,430 5,530

Table S7.1.12 Blue water consumption of the fuel cycle of each power type in the
USA (L/MWh)

Power type Median Min Max
Coal 216 23 871
Conventional Gas 83 23 220
Shale Gas 222 64 871
Conventional Oil 1,019 72 1,966
Oil Sand 1,658 806 2,509
Oil Shale 2,342 436 4,248
Nuclear 212 14 1,249
Biomass 435,600 435,600 435,600
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Table S7.1.13 Blue water consumption of operation of each power type in the USA
(L/MWh)

Power type Cooling type  Technology Median Min Max
Coal CL IGCC 1,620 132 3,140
Coal CL SPC 1,878 15 4,350
Coal CL FB 2,120 2,120 2,120
Coal CL SBC 2,875 757 5,030
Coal DC IGCC 227 189 265
Coal oT SPC 390 242 469
Coal oT SBC 475 269 1,325
Coal oT IGCC 625 510 740
Coal oT FB 872 795 950
Natural Gas CL CcC 908 4 1,900
Natural Gas CL ST 2,506 19 8,438
Natural Gas DC CC 15 0 940
Natural Gas DC ST 57 0 114
Natural Gas Hybrid CcC 360 326 757
Natural Gas oT CC 380 8 8,267
Natural Gas oT ST 1,200 246 2,358
Oil CL 2,625 1,100 3,130
Oil oT 1,100 910 2,233
Nuclear CL 2,540 1,408 3,403
Nuclear DC 151 0 265
Nuclear oT 1,437 106 4,452
Biomass CL CcC 1,515 1,120 2,080
Biomass CL ST 1,817 1,136 3,653
Biomass DC ST 0 0 114
Biomass oT CcC 625 510 740
Biomass oT ST 1,136 1,136 1,249
CSP Dish stirling 19 15 23
CSP DC Trough 297 121 625
CSP DC Power tower 415 98 606
CSP Hybrid Power tower 795 341 4,111
CSP Hybrid Trough 1,287 416 4,198
CSP wC Power tower 2,909 1,514 3,452
CSP WwC Trough 3,683 2,120 7,192
CSP WwC Fresnel 3,785 3,785 3,785
Geothermal DC EGS-0O 0 0 0
Geothermal DC GP-B 76 0 151
Geothermal DC HT-B 303 151 1,022
Geothermal DC EGS-B 1,363 151 2,725
Geothermal Hybrid HT-F 1,200 1,200 1,200
Geothermal Hybrid HT-B 5,350 4,200 6,500
Geothermal wC EGS-F 0 0 0
Geothermal WwC HT-F 95 0 14,300
Geothermal wC HT-O 8,350 6,800 9,900
Geothermal wC EGS-O 9,300 7,600 11,000
Geothermal wC HT-B 14,300 5,700 17,200
PV 44 0 1,173
Wind 0 0 8

Note: For geothermal, only freshwater consumed is included.
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Table S7.1.14 Blue water withdrawal of operation of each power type in the USA

(L/MWh)
Power type Cooling type  Technology Median Min Max
Coal CL 1GCC 1,817 606 26,980
Coal CL FB 3,785 3,785 3,785
Coal CL SPC 4,156 2,196 57,200
Coal CL SBC 4,633 1,136 98,421
Coal DC IGCC 379 379 379
Coal oT 1GCC 66,815 53,400 80,230
Coal oT FB 75,708 75,708 75,708
Coal oT SPC 85,552 85,365 87,064
Coal oT SBC 102,587 56,781 215,768
Natural Gas CL CcC 1,098 53 172,520
Natural Gas CL ST 4,069 10 1,944,873
Natural Gas DC CcC 15 0 379
Natural Gas DC ST 114 114 114
Natural Gas Hybrid CcC 362 329 1,230
Natural Gas oT CcC 75,708 27,255 266,190
Natural Gas oT ST 189,384 37,854 1,595,509
Oil CL 4,550 3,748 4,550
Oil oT 177,914 132,490 211,983
Nuclear CL 4,168 1,893 171,960
Nuclear DC 246 114 379
Nuclear oT 145,595 80,304 230,000
Biomass CL ST 2,082 1,136 5,527
Biomass CL CcC 10,090 1,480 26,980
Biomass DC ST 132 114 150
Biomass oT CcC 66,815 53,400 80,230
Biomass oT ST 132,489 75,708 189,384
CSpP DC Trough 282 125 625
CSP DC Power tower 454 98 606
CSP Hybrid Power tower 644 341 946
CSpP Hybrid Trough 1,287 1,287 1,287
CSP wC Power tower 2,423 1,514 3,100
CSP wC Trough 3,577 2,196 4,997
Geothermal wC EGS-F 0 0 0
Geothermal wC EGS-O 9,300 7,600 11,000
Geothermal wcC HT-O 9,500 7,700 11,300
PV 45 0 295
Wind 4 0 11

Note: For geothermal, only freshwater consumed is included.

7.1.4 Influencing factors of water use

From the literature, influencing factors of water consumption were collected for each

lifecycle stage of power generation: for operational stage, conversion efficiency and

capacity factor were investigated; for fuel cycle and plant infrastructure stage, heat
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content of fuel and lifetime of plants was investigated, respectively. Tables S7.1.15-

S7.1.18 show the values of these influencing factors in the literature.

Table S7.1.15 Conversion efficiency of each power type and technology

Power type Technology Median Min Max
Biomass ST 25 16 38
Biomass CC 37 37 59
Coal FB 35 35 36
Coal SBC 38 33 54
Coal SPC 40 26 44
Coal USPC 43 39 45
Coal IGCC 45 39 45
CSP Fresnel 10 9 11
CSP Trough 15 9 16
CSP Dish stirling 16 9 22
CSP Power tower 20 9 20
Geothermal EGS-B 9 9 9
Geothermal HT-B 9 8 10
Geothermal HT-F 11 11 11
Geothermal DS 12 8 15
Natural gas CT 33 30 33
Natural gas ST 33 32 33
Natural gas SC 40 40 40
Natural gas CC 51 39 75
PV Thin film 13 12 13
PV c-Si 13 13 13
PV Thin film, III-V 37 37 37
Nuclear 33 31 40
0il 36 36 36
Wind 39 39 39

Table S7.1.16 Capacity factor of each power type

Power type Median Min Max
CSP 48 22 56
Coal 85 75 90
Geothermal 95 95 95
Natural gas &5 80 85
Nuclear 92 92 92
PV 23 23 23
Wind 27.4 19 46
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Table S7.1.17 Lifetime of each type of power plant

Power type Median Min Max
Biomass 30 30 30
CSp 30 20 30
Coal 30 30 60
Geothermal 30 20 30
Natural gas 45 30 60
Nuclear 33 20 50
PV 30 30 30
Wind 20 20 20

Table S7.1.18 Heat content of fuel

Power type Median Min Max

Biomass 17.83 13.45 20.00
Coal 20.64 16.28 27.14
Natural gas 53.54 49.61 55.00

The relations between influencing factors and water consumption were investigated
by calculating their correlation coefficients, as shown in Table S7.1.19. For
operational water consumption, conversion efficiency and capacity factor were
investigated in this study; for water consumption of fuel cycle and plant
infrastructure stage, heat content of fuel and life time of plants was investigated,

respectively.

The negative signs of these coefficients show that in general, water consumption can
be to some extent reduced by increasing the values of these factors. However, the
coefficients cannot accurately measure the effects of these factors on water
consumption, because variables influencing water consumption differed across
different literature and could influence the coefficients. For example, fuel-cycle
water consumption of conventional natural gas was larger in ** than in °'. This large
difference in water consumption could be caused by different extraction approaches,
burning conditions and other variables. Even within 2, The natural gas with the same
heat content has different fuel-cycle water consumption. There are only two studies
available for calculating correlation coefficients for both PV and CSP. Although the
correlation coefficient shows the strong relations between water consumption and
conversion efficiency, this relation is not reliable due to the unknown backgrounds
of studies since the operational water consumption can be largely affected by other
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various conditions, such as practical habit of panel cleaning, sunshine duration etc.
Generally, water consumption can be to some extent reduced by increasing the values
of these factors. However, the correlation coefficients cannot accurately measure the
effects of these factors on water consumption due to other differences in previous

studies that cannot be controlled in the analysis.

Meldrum et al. (2013) harmonized the results from the literature using assumed
values for influencing factors and assuming water consumption changed
proportionally to the values of factors. We could not obtain the original values of
factors and water consumption, thus the results in ¢ were not used in this section.

Table S7.1.19 Correlations between influencing factors and water consumption

Heat Content Cooling Types Correlation Coefficients
Coal / -0.14
Natural gas / -0.88

Conversion Efficiency
Coal CL -0.12
Coal DC -0.29
Coal oT -0.03
CSp DC -0.20
Nuclear CL -0.68
Natural gas oT -0.27
Natural gas DC -0.71
Biomass CL -0.91
Natural gas CL -0.19
PV / -1.00
CSp wC 1.00

Capacity Factor
Coal CL -0.34

Life Time
Geothermal / -0.58

Note: For natural gas power plants, only combined cycle units were investigated due to data
limitation. For capacity factor, only coal power plants with sup-critical units were

investigated.

The regression model (eq. A1-A6) was solved by “regstats” function in Matlab
version 2018a. The residuals of regression model are distributed at the both sides of
the line: residual = 0, as shown in Figure S7.1.9. The outliers are not discussed here
since they are included in the analyses of other sections of this study. Besides, there

is no reason to excluded outliers in previous studies for a better fitness of regression.
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Table S7.1.20 Parameter estimation of the operational water consumption for power

generation
Parameter Estimation p-value of t stats

Qg 742 0.00%**
ay 626 0.10*

a, 2867 0.00%**
B -16.22 0.02**

B, -36.83 0.00%**
B -10.33 0.10%

Number of samples: 720
R?: 0.7442, adjusted R’: 0.7424

F: 415.37, and its p-value: 0.00

Note: Significance symbol: *** p<=0.01, ** p<=0.05, *p<=0.1; k = 1 for once-
through cooling, k£ = 2 for closed-loop cooling, and £ = 3 for dry cooling.
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Figure S7.1.9. The residual distribution of regression model.

For hydropower, the literature generally provided both key influencing factors of
water use, i.e. reservoir area and evaporation rate. An analysis of variance was
conducted to look at the effects of both factors on the operational water consumption
of hydropower. Results (Table S7.1.21) showed that evaporation rate generally plays

a more important role in determining the operational water consumption of
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hydropower compared to reservoir area.

Table S7.1.21 Analysis of variance in hydropower

Source Sum of Squares F Sig.
Reservoir area 6.46x10" 133.84 0.00
Evaporation rate ~ 1.19x10" 2791.39 0.00
Error 6.99x10°

Total 3.70x10'

7.1.5 Uncertainties in methodological choice

Studies using Hybrid LCA focused on life cycle water consumption for power
generation. The average values of life cycle water consumption estimates for PLCA
and hybrid LCA method are shown in Table S7.1.22, respectively. Only PLCA was
used for estimating water consumption for geothermal.

The water use of biomass and hydropower mainly originates from the direct water
use, which is included in the LCI phase of both methods, indicating that the water
use of these two power types is determined by the actual water use rather than
assessment methods. The low estimates based on hybrid LCA for biomass and

hydropower were assessed in 33

, where both power types used low direct water
consumption. Thus, the counterintuitive result occurs that estimates based on hybrid

LCA is significantly lower than the counterparts based on conventional PLCA.

Table S7.1.22 The average values of life cycle blue water consumption estimates
using PLCA and hybrid LCA methods

Coal  Natural gas  Oil Nuclear Wind CSP PV
LCA 2,190 861 3,185 2,062 14 2,152 234
Hybrid LCA 2,537 1,229 3,220 3,100 633 2,400 1,295

For hydropower, approximately 25% of the world’s reservoirs with a dam higher
than 15 m serve multiple purposes '*!, such as flood control, drinking water supply,
irrigation, power production, recreation, navigation and more °* % The
hydroelectric water use of a multi-purpose power station may be overestimated if a
reservoir’s water use is attributed entirely to power production *°. Existing allocation
models have been built based on the following allocation factors: the ranking of
hydropower production among multiple purposes 2, the ratio of economic value of

hydropower to the total economic value derived from the reservoir 4!, the ratio of
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water volume for hydropower to the total water volume for all the functions of a
reservoir >, and the ratio of power production of hydropower to the total power
(power production of hydropower and lost power production due to other functions

of a reservoir) *¥.

Table S7.1.23 The range of allocation factors of water use for hydropower

Economic Energy Volume Ranking of
allocation allocation allocation purpose

Min 0 0.02 0.02 0.33

Max 0.96 0.43 0.39 1.00

7.1.6 Uncertainties in system boundary delineation

Table S7.1.24 The ratio of blue water consumption per stage to life cycle water

consumption (%)

Fuel cycle Plant infrastructure
Coal 3-38 ~0-15
Nuclear 3-47 ~0
Oil 9-64 ~0-12
Natural gas 2-79 ~0-1
Biomass ~100 ~0
Hydropower / ~0-46
CSP / 8-91
PV / 12-93
Wind / ~0-~100
Geothermal / ~0-~100

Note: Water withdrawal is not investigated because it is generally assumed to be
equal to water consumption for fuel cycle and plant infrastructure. “~0” and “~100”
means the ratio is approximate to 0 and 100, respectively. “a-b” means the ratio
ranges from a to b.

Within the fuel cycle, there are two main sub-stages: fuel production and fuel
transport. The former typically includes fuel extraction, processing, and often
revegetation, while the latter are performed mainly in two ways for coal, gas, and oil:
conventional transport (e.g. truck, train, shipping) and pipelines %21 Compared
to fossil fuels such as coal and natural gas, biomass has generally a lower energy
density. Large amounts of biomass feedstock need to be transported from the field to
the power plant. To reduce transport costs, biomass power plants are generally close

to the field of biomass feedstock and highway transport is the primary transport mode
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360-362_Tn this case, the water consumption is relatively small at this stage .
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Figure S7.1.10 The median blue water consumption of the sub-stages of fuel cycle
for coal and natural gas. Unit: L/MWh. For the range of water consumption, see
Table S8.1.25 and Table S7.1.26.

Table S7.1.25 and Table S7.1.26 shows the water consumption (median, minimum,
and maximum values) of sub-stages of fuel cycle for coal and natural gas,
respectively. Detailed information within fuel cycle are not available for oil. The
extraction approaches are generally used according to the existing state of resources.
For coal, extraction approach can be further divided into: surface mining and
underground mining ¢ %% 36% 364 For natural gas, the extraction approaches are:
conventional drilling and fracturing %> °!-°% 1% For coal, the transport approach can
be further categorized as: conventional transport (train, truck, shipping), coal-log
pipeline, and slurry pipeline ?°. Coal slurry pipelines transport a slurry of water and
pulverized coal over long distances and the ratio of coal to water is about 1 to 1 by
weight 2439, Coal-log pipelines works in the similar way as slurry pipelines, but the

mass ratio of coal to water is lower-- is about 3:1 *°.

Table S7.1.25 Blue water consumption of coal fuel cycle (L/MWh)

Water consumption

Sub-stages of fuel cycle

Median Min Max
Extraction Surface mining 16 2 49
Underground mining 107 30 681
Processing 58 30 2785
Conventional 2 0.38 4
transport
Transport Coalgog pipeline 139 117 150
Slurry pipeline 485 379 1552
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Table S7.1.26 Blue water consumption of natural gas fuel cycle (L/MWh)

Sub-stages of fuel cycle

Water consumption

Median Min Max
Conventional 8 0.38 72
. drillin
Extraction F ractu%in g (shale 114 72 163
gas)
Processing 38 2 55
Transport  Pipeline 21 4 32

7.2 Supplementary information to chapter 3

Table S7.2.1 The capacity factor and its variation for electricity-generating units by

region in 2017.
Provinces Capacity factor Standard deviation Coefficient of
variation

Anhui 0.71 0.05 6.40
Chongqing 0.69 0.10 15.29
Fujian 0.74 0.05 6.27
Gansu 0.68 0.06 9.05
Guangdong 0.70 0.06 8.06
Guangxi 0.66 0.11 17.20
Guizhou 0.72 0.05 7.45
Hainan 0.68 0.01 1.26
Hebei 0.71 0.12 16.23
Heilongjiang 0.62 0.06 10.31
Henan 0.64 0.07 11.09
Hubei 0.76 0.04 5.10
Hunan 0.63 0.06 10.15
Inner Mongolia 0.72 0.06 8.71
Jiangsu 0.72 0.04 5.22
Jiangxi 0.72 0.03 3.56
Jilin 0.58 0.03 5.25
Liaoning 0.61 0.07 11.04
Ningxia 0.70 0.07 9.39
Qinghai 0.75 0.06 8.02
Shaanxi 0.73 0.08 10.91
Shandong 0.74 0.05 6.23
Shanghai 0.66 0.08 11.90
Shanxi 0.70 0.04 6.22
Tianjin 0.69 0.05 6.71
Xinjiang 0.63 0.05 7.69
Yunnan 0.69 0.12 18.03
Zhejiang 0.72 0.04 5.12
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Table S7.2.2 The descriptive statistics of electricity-generating units by region in

2017 in our database.

Provinces Number of Installed Electricity percentage of  percentage of
units capacity output hydropower
coal power
(MW) (GWh) (%)
(%)
Anhui 168 54963 248119 78 19
Beijing 22 2187 5222 22 72
Fujian 187 59689 273271 39 45
Gansu 143 28714 99048 65 35
Guangdong 307 102412 502646 63 25
Guangxi 191 50968 192730 34 57
Guizhou 195 50570 167709 52 47
Hainan 30 6082 26112 50 42
Hebei 202 52445 279989 93 7
Henan 261 75833 279662 85 13
Heilongjiang 102 20855 76039 95 0
Hubei 225 66208 240477 40 56
Hunan 176 32053 95201 33 62
Jilin 126 25162 62372 64 23
Jiangsu 318 94615 477357 86 2
Jiangxi 106 30951 139894 56 40
Liaoning 175 45012 202602 83 9
Inner Mongolia 386 109235 486316 100 0
Ningxia 95 32780 133836 90 10
Qinghai 54 13769 38609 23 77
Shandong 417 107724 435635 95 1
Shanxi 261 76283 304116 94 6
Shaanxi 182 54442 275537 82 18
Shanghai 35 15119 54777 89 0
Sichuan 192 36777 123620 17 83
Tianjin 38 14084 60525 100 0
Tibet 18 188 310 0 27
Xinjiang 293 66588 294537 93 7
Yunnan 216 49435 152169 19 79
Zhejiang 200 67577 317632 52 28
Chongging 87 18829 58800 63 34
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Table S7.2.3 Virtual water transfer and co-benefits on water-saving of power

transmission unit: million m>

Water sources Water consumption Water withdrawal
Transfer 2086 6047
Surface water Savings 1867 15806
Co-benefits - +
Transfer 29 130
Groundwater Savings 37 490
Co-benefits + +
Transfer 42 64
Reclaimed water Savings 103 178
Co-benefits + +
Transfer 15 5036
Seawater Savings 91 28223
Co-benefits + +
Note: ‘+’ indicates power transmission decreases water use, ‘-’ indicates power

transmission increases water use.

Table S7.2.4 Short names of provinces.

Provinces Short names Provinces Short names
Anhui AH Liaoning LN
Beijing BJ Inner Mongolia M
Fujian FJ Ningxia NX
Gansu GS Qinghai QH
Guangdong GD Shandong SD
Guangxi GX Shanxi SX
Guizhou GZ Shaanxi SHX
Hainan HAIN Shanghai SH
Hebei HEB Sichuan SC
Henan HEN Tianjin TJ
Heilongjiang HLJ Xizang TI
Hubei HB Xinjiang XJ
Hunan HN Yunnan YN
Jilin JL Zhejiang VAl
Jiangsu JS Chongqing CQ
Jiangxi JX
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transfers via hydropower and thermal power transmission in China.
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Figures S7.2.4 Virtual water consumption/withdrawal transfer via hydropower

transmission. The full and short names of provinces are shown in Figure S7.2.4.
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Figures S7.2.5 Virtual water consumption (a) and withdrawal (b) transfer via

thermal power transmission.
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Construction of databases

Power: The information on thermal power plants was from Global Coal Plant
Tracker ** and World Electric Power Plants Database 2'; the information on
hydropower was from GRanD v1.3 ?'¢ and Liu et al. 2**. For the cooling system of
thermal power plants, we used Google satellite imagery cross-checked with
information from the China Electricity Council ?'”. According to previous studies '®
3%, it is easy to identify a power plant in a satellite image by visual inspection using
the images of the cooling facilities. For example, recirculating cooling systems are

equipped with cooling towers and air cooling systems are equipped with air cooling

140



Chapter 7

islands; once-through cooling systems do not have such cooling equipment. It is also
worth noting that indirect air cooling systems also have cooling towers, but with a

different appearance that can be identified by visual inspection.

Transmission: For each province, the sum of electricity generation and imports
should theoretically equal to the sum of electricity consumption and exports 2*°. Due
to statistical discrepancies, there are small differences of around 2% for each
province (except for Hebei, Heilongjiang and Shaanxi where the difference is 3%).

We do not consider transmission loss in this study, mainly due to data unavailability.

Water consumption and withdrawal: Water consumption and withdrawal within
basins were obtained from the World Resources Institute Aqueduct database for the
baseline year 2010 24, By summing up the water consumption/withdrawal of each
basin, we get the national total water consumption/withdrawal assessed by the
Aqueduct database in 2010, denoted by A. We also get the total amount of water
consumption/withdrawal in 2017 from the National Bureau of Statistics 2°!, denoted
by B. And then we can get the ratio between B and A, denoted by C. The water
consumption and withdrawal of each basin in our study (2017) was obtained by

multiplying the corresponding basin’s water consumption/withdrawal in 2010 by C.
7.3 Supplementary information to chapter 4

S7.3.1 Estimates of water consumption

We assessed the provincial water consumption factors for thermal power and
hydropower generation using the method in Jin et al. . Based on the factors, the
water consumption of electricity generation in each year is calculated as follows:
We = Y;WC; =Y;(TWC; + HWC;) = ,;(TF; - TP; + HF; - HP;) (S§7.3.1)
In which, WC gives the national water consumption for electricity generation (m?);
WC:; the water consumption for electricity generation in provinces i (m?); TWC; the
water consumption for thermal power generation in province i (m*); HWC; the water
consumption for hydropower generation in province i (m®); TF; the water
consumption factor for thermal power generation in province i (m*>’GWh); HF; the
water consumption factor for hydropower generation in province i (m*GWh); TP;
the thermal power generation in province i (GWh); HP; the hydropower generation
in province i (GWh).

S7.3.2 Characterization factors for water consumption
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Water consumed for electricity generation is not returned to the river. The influence
of reduced flow rates on aquatic biodiversity can be quantified with the global
species-discharge model, an index of habitat space, feeding and reproductive
opportunities. This model is developed based on native fish species and river
discharges in various river basins ?’*. This model assumes a positive correlation
between the number of freshwater fish species and average river discharges at the
mouth of river basins.

R=42-Q%ini (87.3.2)
Where R is the freshwater fish species richness and Qpmoun,i is the annual average river
discharge at the river mouth of basin i (m?¥/s).

The species-discharge relationship can be used to calculate characterization factors
for water consumption that specify freshwater fish species loss per unit of reduced
river discharge for river basins in different regions. Characterization factors (CF.)
for water consumption reflect the impact of water use due to human activities on

freshwater biodiversity loss.

d i dPDF;
CF.; = FF, - EF, = Qmouth,i ¢ i,
’ aw; dQmouth,i

Where FF; is the fate factor of river basin i, EF; is the effect factor of river basin i

V) (87.3.3)

(PDF m*-yr'm™), dQuoun; is the marginal change in water discharge at the river
mouth in basin i (m?-yr'!), dW; is the marginal change in water consumption by
human activities in river basin i (m*-yr'"), dPDF; is the marginal change in the
potentially disappeared fraction of the freshwater fish species due to the marginal
river discharge change dQuoun; and V; is the volume of river basin i (m®). The
AdQmoun,/dW; 1s assumed to be equal to one, indicating that a change in water
consumption is fully reflected in a change in water discharge at the mouth for that

river basin.

0.4—1
dPDF;  _ dR; _ 4204 Qmoytn; _ _ 04 (S7.3.4)
dQmouth,i Ri*dQmouth,i 4'2'Q3‘f¢¥)uth,i Qmouth,i -

The river volumes (m?) for all river basins are calculated according to Hanafiah et al.

276 as follows:
V; =047 - (Smeuntyos. ), (S7.3.5)

Where V; is the water volume in river basin i (m?), Qumoun,: is the discharge at the river
mouth in basin i (m*-yr), Li is the length of river i (m).

China can be divided into the following river basins: Huaihe, Haihe, Yellow, Yangtze,
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Pearl, Southeast, Southwest, Continental, Songhua and Liaohe river basins. The
characterization factors are calculated for these river basins. Specifically, Qiantang
and Min rivers are the representatives of the Southeast river basin. The
characterization factors of Qiantang and Min river basins are calculated for Zhejiang
and Fujian provinces since they are the largest river basins of the two provinces,
respectively 2% 367 Talimu is the largest river in the Continental basin, and its
characterization factor is calculated for this basin. In terms of Southwest,
Brahmaputra is the largest river basin of Tibet, and its characterization factor is
calculated for Tibet 3%%. Nandu river is the largest river of Hainan province, and its
characterization factor is calculated for Hainan. The discharges at the river mouth

and the river length are obtained from the Ministry of Water Resources 21284,

S7.3.3 Thermal pollution of power production
S$7.3.3.1 Thermal pollution from thermal power

In power plants with once-through cooling systems, water from a freshwater body is
used to absorb heat from the working fluid in the condenser. The entire volume of
heated water is then discharged back into the water body. In the Rankine cycle of
steam-electric generating units, pumps and boilers add heat to liquid water, which is
converted into steam during that process. The high-pressure steam then expands in
the turbine producing power. Upon exiting the turbine, the steam passes through the
condenser where heat is rejected from the system turning the working fluid into a
saturated liquid, ready to re-enter the pump. To calculate the rate of heat rejected in
each cycle, the difference in enthalpy of the working fluid on either side of the
condenser must be multiplied by the steam flow rate. The thermal pollution to water
bodies from thermal power is calculated using the method of Raptis and Pfister 2¢7.
The heat rejection rates of thermal power are assessed as follows:

Q¢ = LF - mgpqm(hy — he)/1000 (S7.3.6)
Where Q is the heat rejection rate (MW), LF is the load or capacity factor of
electricity generating units, which are derived from Jin et al. ¥, mgean is the steam
flow rate at the high-pressure turbine (kg/s), /-4, is the difference in enthalpy of the
working fluid on either side of the condenser (kJ/kg).

The steam flow rate can be calculated as:

Mgteam = B - Cgross (87.3.7)
Where Cyros 18 the gross generating capacity (MW) and £ is a constant (0.830 kg s
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I MW-! 267y,

Reheat cycles can be added into the Rankine cycle, increasing the generation
efficiency and thus reducing fuel inputs. When reheat cycles are employed, the steam
passes first through a high-pressure turbine and, after being reheated, through a low-
pressure turbine. 94% of China’s units with an installed capacity of 100-220 MW
use a reheat system, whereas all 300-1000 MW units use a reheat system 2!7. For a
reheat system, the ratio (r) of the steam flow at the entry of low-pressure turbine to
the steam flow at the entry of high-pressure turbine is inserted to scale the rejection
rate:

Q¢ = LF -Mmgppqm "7 (hp — hy)/1000 (§7.3.8)
Where =0.85 is used for China’s units in this study, referring to Yan et al. ** and
Cheng et al. *”°. A, is related to the water temperature withdrawn for use in the
condenser 2¢7. An additional necessary piece of information for all thermodynamic
cycles is the temperature of the freshwater withdrawn for use in the condenser. To
obtain these values, the georeferenced power plants are overlaid onto gridded

estimates (at 10 km spatial resolution) of water temperatures *’!

. The average over
15 years (2000-2014) is used to minimize the impacts of very warm or very cold
years on the water temperature estimates. For every generating unit then, mean
monthly naturalized water temperatures are extracted. The information on power
plants is sourced from the China Electricity Council ?'7, Global Coal Plant Tracker
38 'World Electric Power Plants Database ' and our previous study ®. The results of
plant-level thermal pollution and its impacts are then aggregated to the provincial

level.
S7.3.3.2 Thermal pollution from hydropower

Hydropower also produces heat during operation, though its thermal pollution is

smaller than that of thermal power with a once-through cooling system because of
its higher energy efficiency. The thermal emission of hydropower can be calculated

as follows:

Qn = LF - Cgross * HR (S7.3.9)
Where HR is the heat emission rate of China’s hydropower, referring to Xu et al. 372

and Yan and Hao *7*; here, HR is 1.8%. The definitions of LF and Cgss are the same

as those in Equations 7-9.

There are approximately 47,000 hydropower stations in China 2%, It is infeasible to
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assess the thermal emission and biodiversity impacts at the plant level because of
data limitations. We made assessments at the provincial level by changing equation
10 to 11:

Qn =LE,-Cp-HR (§7.3.10)
Where LF), is the provincial load or capacity factor of hydropower, C, is the
provincial installed capacity of hydropower (MW). The values of LF, and C, are
obtained from the National Bureau of Statistics %,

S7.3.4 Biodiversity impacts assessments

Biodiversity loss caused by freshwater consumption: Electricity generation can cause
aquatic biodiversity loss because of its water use ®-37%, Surface water consumption
impacts aquatic biodiversity. Water consumption is translated to impacts on aquatic
biodiversity by characterization factors expressed as a potentially disappeared
fraction of species (unit: PDF m?yr /m?) 276,

WBL; = WC; - CF,; (S7.3.11)
Where WBL; gives the biodiversity loss caused by water consumption for electricity
generation in province i (PDF m?® yr); WC; the water consumption for electricity
generation in province i (m?); CF.; the biodiversity loss per unit of water
consumption for electricity generation in province i (PDF m? yr/m?);

Biodiversity loss caused by thermal emissions: The factor of local biodiversity
impacts from thermal emissions is obtained from Raptis et al. ' .

The biodiversity loss caused by electricity generation is calculated as follows:

TBL; = TBLT; + TBLH; = Y., Q¢ n,i - TBFy,; + Qp; - PTBF; (S7.3.12)
Where TBL; gives the biodiversity loss caused by thermal emissions of electricity
generation in province i (PDF m® yr); TBLT; the biodiversity loss caused by thermal
emissions from thermal power in province i (PDF m® yr); TBLH, the biodiversity loss
caused by thermal emissions from hydropower in province i (PDF m?® yr); O, the
thermal emissions from the thermal power plant # in province i (MJ); TBF,; the
biodiversity loss per unit of thermal emissions at the location of plant # in province
i (PDF m? yr/MJ); n the thermal power plants with once-through cooling systems in
province i, Oy, the thermal emissions from hydropower in province i (MJ); PTBF;
the biodiversity loss per unit of thermal emissions in province i (PDF m? yr/MJ); the
characterization factors are derived from Raptis et al. ¢!, where global gridded
freshwater thermal pollution CFs are assessed. We extract the gridded CFs for
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thermal power and China’s CFs for hydropower at monthly resolution.
S7.3.5 Estimates of water stress

The Water Stress Index is calculated according to Pfister et al. 3”°, which is adapted
from the water withdrawal-to-availability indicator by applying a logistic function
to acquire continuous values between 0.01 and 1. The equation is as follows:

1
WsI = 1+€—6.4-WTA*($_1) (87.3.13)

Where WSI is the water stress index. WTA* is a modified W74 indicator considering
the difference for watersheds with and without strongly regulated flows. Four levels
of water stress are classified in the WSI, i.e. minor (0.01-0.09); moderate (0.09-0.5);
severe (0.5-0.91); and extreme (0.91-1). The water stress indexes are calculated for
2017 based on the water withdrawal and availability from the Ministry of Water

Resources 2.
S7.3.6 Converting local impacts to global impacts

Kuipers et al. estimated global extinction probabilities (GEPs) based on species
range sizes, species vulnerabilities, and species richness, indicating to what extent
regional species loss in the respective area may contribute to global species loss.
They generate them for marine, terrestrial, and freshwater species groups on the local
(i.e., 0.05° x 0.05° grid) and ecoregion scale 2*°. The regional fractions of freshwater
species losses are then multiplied with the corresponding GEPs to calculate potential
global fractions of extinctions:

GBL; = BL;/V; - GEP; (§7.3.14)
Where GBL; gives the potential global biodiversity loss in province i (PDF yr); V; is
the volume of the representative river in province i; GEP; is the global extinction
probability in province Z, calculated by aggregating the cell-level GEPs from Kuipers

290

et al. *”Y within province i.

146



Chapter 7

BL

r

Expansive negative Expansive coupling

decoupling H(}[)()
EG>0 (BL) >0
(L) >0 (BL) / EG =0.8-1.2
Strong negative decoupling (BL) / EG >1.2 P r
r r
EGF<0
(BL) >0

(BL) ./ EG_<0

Weak decoupling

EGr>0
(L) >0
(UL)I/ EGI=U*0.8 Ii(}
T
Weak negative decoupling
LG <0
(uf) <0
T Strong decoupling
(BL),/ EG,=0-0.8 G20
(BL) <0

(Hh)r/ EG <0
Recessive coupling
EG,.<0

(BL) <0

(BL) ./ EG=0.8-1.2

Recessive decoupling
EG <0

(BL) <0

(BL) ./ E6,>1.2

Figure S7.3.1 The decoupling state quadrant map corresponding to the decoupling
degree. Here, BL,=ABL/BL..;, EG,=AEG/EG..;. This map is modified from Tapio *"’

AP
b)z’\/\\
§ /f( \""«\ A
% ~ »
A~ v (THellongjifa[xg
: A
}— . e L"\,\{illﬁf\:ﬁ
P ™ i\ \
FT— - /’; Y
) t N laoning
! -
! Xinjiang ) Gansu I:merMongoIl T]Zgj.
N 7T ~0 10 /T Hepery /;J
ol _-}H\ \3 N'“Q'*“?hajdx Shaﬁdong
o d Qinghai e S
N 2 enan’ . Jiangsu
N ~— ,E\ujﬁf“x,aéhaap‘id J" ang

v, Tibet } Sichuan ;?,) Hubei K, ,’ anghai
~ ihg— |ang

j \\ J‘(?u'lzhoj:luna + /Fujan ~

5 Yunnan &
—d Q angxi
st 'ongkong

Jja’inan'
Figure S7.3.2 China’s provinces.

147



Chapter 7

100 m== _— - ] — — — —_— —_— *TE
—

_ 16 F
EESO- i
= 5=
£ L S
5 60 14 _g,
2 158
© 40 =
] 1o ®
8 2z
w 20r- ] 2
w©

©°

[~

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

ElcCoal ElHydro  EMWind Nuclear lllGas Solar
Residual energy IBiomass IllWaste Qil I Others ==Total power production

Figure S7.3.3 The electric power mix in China.

]
o
o

-
w
o
\

w
o

Biodiversity loss (million PDF m? yr)
>
=]
\

0 : ‘ ‘ ‘ : ) ‘ ‘
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
—Total —Thermal power —Hydropower
Figure S7.3.4 The biodiversity loss by freshwater use for China’s electricity
generation during 2008-2017.

1200 1 118 5

= —Power transmission 2

= ~—Proportion of power transmission to production 417 IS
Z 1000+ 6 3
S {16 @ =
kel = C
g 800 715§ %
g) o _g
= - 9
= 114 0 o
;.s 600 5 e

113 %

s 2

o

. . . 124

0 1 1 1 1 L
2008 2009 2010 2011 2012 2013 2014 2015 2016 201

)

Figure S7.3.5 The total amount of interprovincial power transmission in China.

148



Chapter 7

Table S7.3.1 The provincial characterization factors of water consumption impacts

on local biodiversity.

Province Characterization Province Characterization
3factor (PDF-m*-yr-m gactor (PDF-m*-yr-m
) )

Beijing 1.76E-03 Hubei 7.19E-03

Tianjin 1.76E-03 Hunan 7.19E-03

Hebei 1.76E-03 Guangdong | 2.78E-03

Shanxi 8.17E-03 Guangxi 2.78E-03
InnerMongolia | 8.17E-03 Hainan 5.79E-04
Liaoning 2.51E-03 Chongging | 7.19E-03

Jilin 2.84E-03 Sichuan 7.19E-03
Heilongjiang | 2.84E-03 Guizhou 7.19E-03
Shanghai 7.19E-03 Yunnan 3.99E-03

Jiangsu 7.19E-03 Xizang 2.79E-03
Zhejiang 6.76E-04 Shaanxi 8.17E-03

Anhui 7.19E-03 Gansu 8.17E-03

Fujian 8.14E-04 Qinghai 8.17E-03

Jiangxi 7.19E-03 Ningxia 8.17E-03
Shandong 1.50E-03 Xinjiang 3.34E-03

Henan 1.50E-03

Table S7.3.2 The provinces’ full names and abbreviations used in Figure 4.4.

Full name Abbreviation Full name Abbreviation
Anhui AH Liaoning LN
Beijing BJ Inner Mongolia | NM
Fujian FJ Ningxia NX
Gansu GS Qinghai QH
Guangdong GD Shandong SD
Guangxi GX Shanxi SX
Guizhou GZ Shaanxi SN
Hainan HI Shanghai SH
Hebei HE Sichuan SC
Henan HA Tianjin TJ
Heilongjiang HL Xizang XZ
Hubei HB Xinjiang XJ
Hunan HN Yunnan YN
Jilin JL Zhejiang YAl
Jiangsu IS Chongging CQ
Jiangxi JX
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Table S7.3.3 The decoupling degree and decoupling state (see Figure S.7.3.1)

Chapter 7

between biodiversity loss and electricity generation.

Time period gggc;);plmg Decoupling state

2008-2009 1.4 Expansive negative decoupling
2009-2010 0.39 Weak decoupling

2010-2011 0.7 Weak decoupling

2011-2012 0.87 Expansive coupling

2012-2013 0.8 Expansive coupling
2013-2014 0.31 Weak decoupling

2014-2015 -0.31 Strong decoupling

2015-2016 0.52 Weak decoupling

2016-2017 0.19 Weak decoupling
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7.4 Supplementary information to chapter 5
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Figure S7.4.1 China’s land use type (1km resolution) and the type of power plants’

location. Data source: Resource and Environment Science and Data Center 37°.
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Change in river discharge (%)

Figure S7.4.2 Impacts of climate change on annual average river discharge. Maps
of changes in river discharge for climate scenarios RCP2.6, RCP4.5, RCP6.0, and
RCPS8.5 in the 2030s relative to the reference period.
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Figure S7.4.4 Coal-fired power plants’ location and cooling type.
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Figure S7.4.5 Impacts of climate and water resources change on usable capacity of
CPUs in spring (March, April, May). The changes in the annual usable capacity under
four climate scenarios in the 2030s compared to the reference period. Those that do not

experience changes in usable capacity reductions are not shown on the maps.
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Figure S7.4.6 Impacts of climate and water resources change on usable capacity of
CPUs in summer (June, July, August). The changes in the annual usable capacity under
four climate scenarios in the 2030s compared to the reference period. Those that do not

experience changes in usable capacity reductions are not shown on the maps.
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Figure S7.4.7 Impacts of climate and water resources change on usable capacity of
CPUs in autumn (September, October, November). The changes in the annual usable
capacity under four climate scenarios in the 2030s compared to the reference period.
Those that do not experience changes in usable capacity reductions are not shown on the

maps.
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Figure S7.4.8 Impacts of climate and water resources change on usable capacity of
CPUs in winter (December, January, February). The changes in the annual usable
capacity under four climate scenarios in the 2030s compared to the reference period.
Those that do not experience changes in usable capacity reductions are not shown on the

maps.
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Figure S7.4.9 Impacts of climate and water resources change on annual usable
capacity of CPUs with CCS. The changes in the annual usable capacity under four
climate scenarios in the 2030s compared to the reference period. Those that do not

experience changes in usable capacity reductions are not shown on the maps.
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Table S7.4.1 The changes in provincial usable capacity under scenarios RCP2.6, RCP4.5,
RCP6.0, and RCP8.5 for the 2030s relative to the reference period. Unit: MW

RCP2.6 RCP4.5 RCP6.0 RCP8.5
Anhui -85 -4 428 -141
Beijing 108 110 111 109
Chongqing -147 -15 18 -359
Fujian 0 0 0 0
Gansu 42 266 520 -7
Guangdong -512 -665 -567 -451
Guangxi 75 -136 -15 -57
Guizhou -1921 -2974 -2846 -3573
Hebei 1048 1589 1250 614
Heilongjiang 1081 653 392 563
Henan -540 1100 1586 -166
Hubei -279 -95 -31 -529
Hunan -54 -208 -121 15
Inner Mongolia 3797 2168 1530 2190
Jiangsu 346 754 908 334
Jiangxi -457 -427 -472 -464
Jilin 312 157 -56 -81
Liaoning 213 397 107 -33
Ningxia 101 275 266 260
Qinghai 184 199 198 195
Shaanxi -2047 -1273 -873 -2302
Shandong -2820 15 1161 -2488
Shanghai -16 -7 4 -23
Shanxi -1021 242 689 -1055
Sichuan -432 -315 -192 -978
Tianjin 85 690 -96 82
Xinjiang 4816 5417 3610 5030
Yunnan -322 -967 =705 -1148
Zhejiang -289 -477 -486 -492
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Table S7.4.2 The changes in provincial usable capacity when CCS is implemented under

scenarios RCP2.6, RCP4.5, RCP6.0, and RCP8.5 for the 2030s relative to the reference

period. Unit: MW

RCP2.6 RCP4.5 RCP6.0 RCP8.5

Anhui -1495 -1269 -997 -1505
Beijing 57 58 56 52
Chongqing =795 -696 -684 -963
Fujian 0 0 0 0
Gansu -1010 -923 -699 -1098
Guangdong -1338 -1578 -1444 -1362
Guangxi -335 -494 -379 -372
Guizhou -4405 -5327 -5136 -5708
Hebei -588 -97 -440 -1019
Heilongjiang -414 -860 -1047 -880
Henan -4495 -2830 -2515 -4095
Hubei =721 -576 -453 -932
Hunan -852 -973 -886 -801
Inner Mongolia -165 -2327 -2575 -1745
Jiangsu -2857 -2524 -2250 -2815
Jiangxi -494 -601 -539 -524
Jilin -206 -335 -484 -491
Liaoning -364 -206 -484 -583
Ningxia -600 -404 -411 -485
Qinghai 107 115 115 109
Shaanxi -3279 -2304 -2033 -3381
Shandong -5343 -2744 -1817 -5161
Shanghai -73 -64 -63 =79
Shanxi -3445 -2270 -1721 -3646
Sichuan -1181 -981 -784 -1727
Tianjin -232 266 -354 -289
Xinjiang 2351 2513 829 2441
Yunnan -1108 -1792 -1620 -1950
Zhejiang -620 =758 -738 =732
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Summary

Electric power production is a major driver of global water stress. With China’s rapid
increase in energy access and build-out of an electrified energy system, it is now the
world’s largest electricity producer and is seeing increasing levels of energy-related
water stress. The electric power sector has become China’s second-largest water user,
after irrigation. This thesis investigates the water use of power production and its
impacts on water stress across China. Given that the production-related impacts are
often transferred via regional power transmission, this thesis also assesses the water
embedded in China’s national transmission system. The future availability of water
for energy generation is set to be threatened not only by the increasing water use of
all sectors but also by changes in the climate, raising both research and policy
concerns. This thesis therefore puts forward the following overarching research

question:

What are the impacts and challenges of water use of electric power production in
China?

To answer this question, the thesis addresses four subquestions in four chapters.

First, a global meta-analysis investigates the question: What are the water
requirements of different electricity technologies and what is the availability of

regionally specific data? (research subquestion 1)

To further assess the water-electricity nexus, the remaining three subquestions
specifically concern the impacts of power production on water resources and the

impacts of water stress on power production:

How much water is required for power production in China and how much water is

virtually transferred via power transmission? (research subquestion 2)

What are the impacts of power production on freshwater biodiversity in China?

(research subquestion 3)

What are the changes in water stress and the consequent impacts on power
production in the future, and how might future carbon capture and storage (CCS)

requirements exacerbate water issues in China? (research subquestion 4)

To answer the first subquestion, Chapter 2 reviewed the literature on the water
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requirements of power production and investigated the characteristics of water use
and uncertainties in assessment. There are large differences in water use estimates
across power types. Photovoltaics, wind power, and run-of-river hydropower
consume relatively little water; concentrated solar power and geothermal power
consume intermediate volumes of water; woody and herbaceous biomass and
reservoir hydropower may consume considerable water resources. Fossil fuels
consume very large amounts of water. However, water use can vary greatly across
power plants of the same type, depending on many factors, such as the type of water
use, operational efficiency, plant location, and so on. These impacts will change
dramatically in the future, contingent upon the climate mitigation strategies chosen.
While climate change mitigation via solar and wind power would reduce water stress
in the power system, the retrofitting of carbon capture and storage to fossil plants
would lead to increases in water stress. For example, the operational water
consumption of thermal power plants increases by up to 81% if carbon capture and
storage (CCS) is added. Uncertainties arose from inconsistent methodological
choices and system boundary definitions among studies. The chapter also
highlighted the key points that need to be improved in assessments. For example,
clarity on water use type (consumption vs. withdrawal) and water sources (e.g.,
seawater vs. freshwater) is needed for future research. The review provided

methodological and data support for answering the remaining questions.

Chapter 3 answered the second subquestion by assessing the water use of power
production in China from the perspective of both water consumption and water
withdrawal at the power plant level. China’s power production withdrew 62.7 billion
m? of freshwater in 2017, of which 13 billion m* was consumed. Overall, 6.2 billion
m? of freshwater withdrawal and 2.1 billion m* of water consumption were virtually
traded through the transmission system, with large variations throughout the year. A
counterfactual scenario where a region does not import power but satisfies the local
demand by producing power itself showed that if transmission does not take place,
freshwater withdrawal increases but consumption is reduced. This was because,
compared with the east of China, the west generally had a larger water consumption
factor but a lower withdrawal factor. Water stress was more equally distributed
across provinces through power transmission. This chapter provided an international

perspective in terms of the application of methods and results. The methods can be
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applied to other countries if sufficient data on the power system and water use are
available. The results for China, as one of the major energy users worldwide, can

make an important contribution to a database of global energy-related water use.

Chapter 4 assessed the impacts on freshwater biodiversity caused by water use for
power production in China, in light of the third subquestion. This included the
consumption of freshwater and the thermal emissions to freshwater. The total
biodiversity loss caused by water consumption and thermal pollution due to China’s
electricity generation increased by 45% during 2008-2017, while the biodiversity
loss caused per unit of electricity generation decreased by 23%. Biodiversity loss
from thermal pollution was 60% higher than that driven by freshwater consumption.
Electricity transmission resulted in the shifting of biodiversity impacts across regions.
The results showed that 15% of total biodiversity loss was embedded in transmission
networks. In terms of electric power system drivers of biodiversity loss, the total
generation was the main driving factor of the increase in loss (rather than shifts in
generation type, for example). This chapter proposed a framework for assessing the
freshwater biodiversity impacts of power production, which can be incorporated in

electricity and energy planning to reduce the impacts on ecosystems.

Chapter 5 answered the fourth subquestion by exploring the water vulnerability of
China’s thermoelectric power fleet under climate change by developing a hydrology-
electricity modelling framework at a monthly time step and a 5-arcmin spatial
resolution of the river network. The results showed that 120-176 GW of capacity will
be exposed to water scarcity for at least one additional month per year in the 2030s.
In the absence of carbon capture and storage (CCS), the national usable capacity of
thermoelectric power will increase slightly, due to slight mitigation of water stress
in northern regions, where many plants are located. However, the addition of CCS —
which requires more water — would significantly exacerbate water vulnerability,
leading to further reductions of 7.4-7.7% in usable capacity. Testing several
adaptation options for vulnerability mitigation revealed that early retirement of
power plants was most effective, because this significantly reduced water
requirements. Interregional power transmission also played an important mitigating
role by shifting power production from water-scarce regions to water-abundant
regions. The results demonstrated the importance of incorporating climate and water-
scarcity changes in electricity planning. It is also important to take account of
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competition for water between the power sector and other users, and adaptation
strategies from the perspective of both individual plants and the power system as a
whole.

Based on the above studies, this thesis found several answers to the overarching
research question. First, there were large differences in water use of electricity
technologies and there was inconsistency in the methods and data used in previous
studies. This can lead to substantial uncertainties in water use assessments. In China,
large volumes of water were required by the energy system because of large-scale
thermal and hydropower production. Due to virtual water transfer via power
transmission, water stress was more equally distributed across the country. In
addition, China saw increasing freshwater biodiversity loss caused by freshwater
consumption and thermal emissions of power production. Power production faces
challenges if its water demand cannot be met. In the future, thermal power plants in

China would see significant reductions in usable capacity if retrofitted with CCS.

There are many areas on which future research can focus. Specifically, data
availability could be improved because data for the two systems — energy and water
— are not easily accessible, which limits the scope and transparency of studies.
Further, research models of the water-electricity nexus could be improved in terms
of several aspects, including water, electricity, and climate simulations. Additionally,
the interaction of water demand from governments, industries, and households needs

to be further quantified for a deeper understanding of the water-electricity nexus.

To conclude, the new knowledge generated in this thesis advances the understanding
of: 1) the water requirements of various types of electricity technologies; 2) the
impacts of power production on water resources and the related biodiversity systems;
and 3) the impacts of water stress on power production and adaptation. Overall, this
thesis provides insights into the impacts and challenges of water use of electric power
generation, yields methodological and data support for connecting water and power
systems both theoretically and in practice, and offers suggestions for policymakers
on how to mitigate energy-water conflicts and support further research.
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De productie van elektrische energie is een belangrijke oorzaak van waterstress op
globale schaal. Door de snelle toename het gebruik van energie in China en de
opbouw van een voor een belangrijk deel op elektriciteit gebaseerd energiesysteem
is het land nu de grootste elektriciteitsproducent ter wereld. Hierdoor neemt de
waterstress als gevolg van energiegebruik toe. De elektriciteitssector is na irrigatie
de grootste gebruiker van water in China geworden. Deze dissertatie onderzoekt het
watergebruik voor elektriciteitsproductie en de gevolgen daarvan voor de waterstress
in China. Aangezien elektriciteit vaak via transmissie tussen regio’s wordt
getransporteerd, vinden de effecten van de productie van elektriciteit vaak op andere
locaties plaats dan waar elektriciteit wordt gebruikt. Daarom analyseert deze
dissertatie ook welke rol China’s elektriciteitstransmissiesysteem speelt in het
‘virtueel transport’ van waterstress tussen provincies. De beschikbaarheid van water
voor energieopwekking zal in de toekomst worden beperkt door het toenemende
watergebruik van alle sectoren, maar ook door veranderingen in het klimaat, wat
diverse onderzoeks- en beleidsvragen oproept. Daarom wordt in dit proefschrift de

volgende overkoepelende onderzoeksvraag gesteld:

Wat zijn de problemen en milieugevolgen gerelateerd aan watergebruik voor de

productie van elektrische energie in China?
Daartoe worden in dit proefschrift in vier hoofdstukken vier deelvragen beantwoord.

Ten eerste wordt in een globale meta-analyse ingegaan op de vraag: wat is de
waterbehoefte van verschillende technologieén voor het opwekken van elektriciteit,

en zijn er specifiek per regio gegevens beschikbaar over die behoefte?

Om de nexus tussen water en elektriciteit verder te begrijpen, richt dit proefschrift
zich hiernaast op nog een aantal vragen rond de effecten van elektriciteitsproductie
op watergebruik en de effecten van waterstress op de elektriciteitsproductie. Deze

vragen zijn:

Hoeveel water is er nodig voor de elektriciteitsproductie in China, en hoeveel
Virtueel’ transport van water vindt plaats via de transmissie van elektriciteit?
(deelvraag 2)

Wat zijn de effecten van energieproductie op de zoetwaterbiodiversiteit in China?
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(deelvraag 3)

Wat zijn de veranderingen in de waterstress en de daaruit voortvloeiende gevolgen
voor de elektriciteitsproductie in de toekomst en welke invloed heeft de toekomstige
behoefte aan koolstofafvang en opslag (‘Carbon Capture and Storage’, CCS) op

waterstress in China? (deelvraag 4)

Om de eerste deelvraag te beantwoorden, is in hoofdstuk 2 een literatuuranalyse
verricht ten aanzien van watergebruik bij elektriciteitsproductie. De analyse ging ook
in op de kenmerken van het watergebruik en onzekerheden in de omvang daarvan.
Er zijn grote verschillen in watergebruik over de hele levenscyclus per kWh
elektriciteitsproductie tussen verschillende productietechnieken. Fotovoltaische
energie, windenergie en waterkracht uit doorstroomwaterkrachtcentrales gebruiken
relatief weinig water; geconcentreerde zonne-energie en geothermische energie
gebruiken een gemiddelde hoeveelheid water; terwijl het opwekken van elektriciteit
met biomassa en waterkrachtcentrales gevoed door stuwmeren een hoog gebruik van
water kent. Ook het opwekken van elektriciteit met fossiele brandstoffen kent een
aanzienlijk watergebruik. Het watergebruik kan echter sterk vari€ren tussen
elektriciteitscentrales van hetzelfde type. Factoren als het gebruik van het type water,
de operationele efficiéntie, de locatie van de centrale, enz. spelen daarbij een
belangrijke rol. Het patroon van watergebruik zal in de toekomst drastisch
veranderen. Dit hangt samen met de ambitie om elektriciteitsproductie
koolstofneutraal te maken. Klimaatmitigatie door de inzet van  zonne- en
windenergie kan waterstress door elektriciteitsproductie sterk verminderen. Maar het
achteraf inbouwen van CCS in centrales die fossiele energie gebruiken leidt juist tot
een toename van de waterstress. Het operationele waterverbruik van thermische
centrales kan bijvoorbeeld tot 81% toenemen als CCS wordt toegepast.
Onzekerheden in data over watergebruik zijn vaak het gevolg van inconsistente
methodologische keuzes en verschillen in definitie in systeemgrenzen tussen
verschillende studies. In het hoofdstuk worden dan ook de belangrijkste punten
belicht die in analyses moeten worden verbeterd. Voor toekomstig onderzoek is het
van belang specifiek te zijn ten aanzien van bijvoorbeeld het type water (bv. zeewater
vs. zoet water) en het type watergebruik (onttrekking: hoeveelheid water die b.v.
voor koeling uit een rivier wordt onttrokken, maar grotendeels weer kan worden

teruggevoerd; versus consumptie of verbruik: de hoeveelheid water die echt
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verbruikt wordt en niet meer kan worden teruggevoerd, b.v. door verdamping in
koeltorens). Het review leverde methodologische inzichten en gegevens op de

behulpzaam waren bij de resterende deelvragen.

In hoofdstuk 3 wordt de tweede deelvraag beantwoord. Het hoofdstuk analyseert op
het niveau van individuele elektriciteitscentrales in China zowel de wateronttrekking
als het waterverbruik. De elektriciteitsproductie in China onttrok in 2017 62,7
miljard m® zoet water, waarvan 13 miljard m* werd verbruikt. In totaal werd 6,2
miljard m* onttrokken zoet water en 2,1 miljard m* verbruikt zoet water via het
transmissiesysteem voor elektriciteit virtueel tussen provincies getransporteerd, met
grote schommelingen gedurende het jaar. Een fictief scenario waarin elke regio zelf
stroom voor eigen behoefte produceert en waarin geen import of export van stroom
plaatsvindt, liet zien dat de totale onttrekking van zoet water zou toenemen maar de
consumptie zou afnemen. Dit komt omdat het westen van China, in vergelijking met
het oosten van het land, over het algemeen een grotere waterverbruiksfactor had,
maar een lagere onttrekkingsfactor. De waterstress, die samenhangt met verbruik,
was dankzij import en export van elektriciteit via het transmissienet gelijkmatiger
verdeeld over de provincies. De analysemethode kan ook op andere landen worden
toegepast als er voldoende gegevens over het elektriciteitssysteem en het
watergebruik beschikbaar zijn. De resultaten voor China, als een van de grootste
energiegebruikers ter wereld, kunnen een basis vormen voor een globale database

ten aanzien van energiegerelateerd watergebruik.

In hoofdstuk 4 zijn met het oog op de derde deelvraag de effecten van watergebruik
voor de elektriciteitsproductie in China op de zoetwaterbiodiversiteit beoordeeld.
Hierbij werden het verbruik van zoet water en de thermische emissies naar zoet water
meegenomen. Het totale biodiversiteitsverlies door waterverbruik en thermische
verontreiniging van de elektriciteitsproductie in China is in de periode 2008-2017
met 45% toegenomen, terwijl het biodiversiteitsverlies per eenheid
elektriciteitsproductie met 23% is afgenomen. Het biodiversiteitsverlies door
thermische vervuiling was 60% groter dan dat door het verbruik van zoet water.
Elektriciteitstransmissie ~ resulteerde in  een  verschuiving van  de
biodiversiteitseffecten tussen de regio's. Uit de resultaten bleek dat 15% van het
totale biodiversiteitsverlies virtueel via transmissie van elektriciteit was verplaatst.

De groei van het verlies aan biodiversiteit tussen 2008 en 2017 werd vooral
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veroorzaakt door een verhoging van de totale opwekking van elektriciteit.
Verschuivingen tussen het type opwekking had veel minder invloed. Kort gezegd
biedt dit hoofdstuk een kader om de gevolgen van elektriciteitsopwekking voor de
biodiversiteit in zoet water door te rekenen, dat gebruikt kan worden om bij het
opstellen van plannen voor toekomstige elektriciteitsopwekking de gevolgen voor

ecosystemen te beperken.

Hoofdstuk 5 beantwoordde de vierde deelvraag. Het hoofdstuk onderzocht de
kwetsbaarheid van de thermische elektriciteitsopwekking in China wanneer
klimaatverandering plaatsvindt. Voor dit doel werd een hydrologisch-
elektriciteitsmodel ontwikkeld met een ruimtelijke resolutie van het rivierennetwerk
van 5 boogminuten en dat per maand de waterbeschikbaarheid analyseerde. De
resultaten toonden aan dat 120-176 GW aan capaciteit zal worden blootgesteld aan
waterschaarste gedurende ten minste één extra maand per jaar na 2030. Indien geen
koolstofafvang en -opslag (CCS) wordt geinstalleerd, zal de nationale bruikbare
capaciteit van thermo-elektrische centrales licht toenemen. De toevoeging van CCS
- waarvoor meer water nodig is - zou de kwetsbaarheid voor waterstress echter
aanzienlijk vergroten, wat zou leiden tot een verdere vermindering van de bruikbare
capaciteit met 7,4-7,7%. Deze kwetsbaarheid kan worden verminderd door een
aantal maatregelen. Hiervan is vervroegde uitdienstneming van fossiele
elektriciteitscentrales het doeltreffendst, aangezien dit de behoefte aan (koel)water
aanzienlijk vermindert. Interregionaal -elektriciteitstransport speelt ook een
belangrijke mitigerende rol, omdat dit het mogelijk maakt de elektriciteitsproductie
te verschuiven van regio's met waterschaarste naar regio's die over voldoende water
beschikken. Uit de resultaten blijkt dat het belangrijk is om bij de
elektriciteitsplanning rekening te houden met klimaatverandering en de invloed
hiervan op waterschaarste. Het is ook belangrijk rekening te houden met de
groeiende vraag naar water van zowel de elektriciteitssector als andere gebruikers,
en oplossingen ten aanzien van waterschaarste te zoeken vanuit zowel het perspectief

van individuele centrales als het elektriciteitssysteem als geheel.

Op basis van de bovenstaande analyses zijn in deze dissertatie de volgende
antwoorden gevonden op de overkoepelende onderzoeksvraag. Ten eerste bleken er
grote verschillen te bestaan in het watergebruik van technologieén voor

elektriciteitsopwekking en was er inconsistentie in de methoden en gegevens die in
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eerdere studies werden gebruikt. Dit kan leiden tot grote onzekerheden in analyses
van watergebruik. In China zijn grote hoeveelheden water nodig in het
energiesysteem omdat veel elektriciteit wordt opgewekt met fossiele energie en met
waterkracht. De virtuele wateroverdracht via het transmissiesysteem voor
elektriciteit bleek te leiden tot een gelijkmatiger verdeling van de waterstress over
het land. Bovendien bleek in China een toenemend verlies aan
zoetwaterbiodiversiteit op te treden als gevolg van het zoetwaterverbruik en de
thermische emissies van de elektriciteitsproductie. De elektriciteitsproductie staat
voor grote uitdagingen wanneer niet aan de vraag naar water kan worden voldaan.
In de toekomst zou de bruikbare capaciteit van thermische centrales in China

aanzienlijk afnemen indien zij met CCS worden uitgerust.

Er zijn veel gebieden waarop toekomstig onderzoek zich kan toespitsen. Met name
de beschikbaarheid van gegevens kan worden verbeterd. Op dit moment zijn veel
gegevens voor de twee systemen - energie en water — niet altijd makkelijk
toegankelijk, wat de mogelijkheden voor onderzoek en de transparantie daarvan
beperkt. Voorts kunnen modellen die zijn gericht op het onderzoeken van de water-
elektriciteitsnexus op verschillende punten worden verbeterd, onder meer voor wat
betreft het gebruik van water, de opwekking van elektriciteit en klimaatsimulaties.
Bovendien moet de vraag naar water van overheden, industrieén en huishoudens
verder worden gekwantificeerd om de implicaties hiervan voor de water-

elektriciteitsnexus beter te begrijpen.

Concluderend kan worden gesteld dat de kennis die in dit proefschrift bijeen is
gebracht, leidt tot een beter begrip van: 1) de waterbehoefte van verschillende
technologieén  voor  elektriciteitsopwekking; 2) de  effecten  van
elektriciteitsproductie op watervoorraden en de daarmee samenhangende effecten op
biodiversiteit; en, 3) de effecten van waterstress op elektriciteitsproductie.
Samenvattend geeft deze dissertatie inzicht in de gevolgen van watergebruik bij
elektriciteitsopwekking en omgekeerd, biedt het ondersteuning ten aanzien van data
en methoden voor het analyseren van de relatie tussen water- en
elektriciteitssystemen, en biedt het suggesties voor beleidsmakers over hoe
problemen in de energie-waternexus op te lossen en dit met verder onderzoek te

ondersteunen.
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