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Chapter 4

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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