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Abstract: Hydropower is the largest renewable source of electricity generation, the carbon emissions
of which have attracted a lot attention. However, the system boundaries of existing studies are
either incomplete or inaccurate. Therefore, this study provides a systems accounting framework
for evaluating both the direct and indirect carbon emissions from a hydropower plant. It is based
on the hybrid method as a combination of the process analysis and the input-output analysis. To
demonstrate the framework, a case study for a typical pumped storage hydropower plant (NPSHP) is
carried out. The total carbon emissions are estimated as 5828.39 kt in the life-cycle of the case system.
The end-of-use stage causes the largest carbon emissions (38.4%), followed by the construction stage
(34.5%), the operation stage (25.6%), and the preparation stage (1.5%). The direct carbon emissions are
mainly released from sediments in the end-of-use stage and the surface of reservoirs in the operation
stage (94.8%). The indirect carbon emissions are 2.8 times higher than the direct carbon emissions.
The material, machinery, energy, and service inputs respectively account for 7.1%, 14.7%, 15.9%, and
62.3% of the total indirect carbon emissions by the case system. The indicator of EGOC (electricity
generation on carbon emission) for the NPSHP is calculated as 26.06 g CO2-eq./kWh, which is lower
than that of most other power plants.

Keywords: life-cycle carbon emissions; the hybrid method; pumped storage hydropower plant;
systems accounting

1. Introduction

Renewable energy has received a lot of attention in recent years, and its relationship
with carbon emissions has become a hot topic [1,2]. As the world’s largest renewable
source of electricity generation [3], the nexus between hydropower and carbon emissions is
complicated. On one hand, as is generally acknowledged, hydropower can produce clean
and renewable electricity, which helps to avoid the massive carbon emissions released by
thermal power plants. On the other hand, however, the hydropower itself can cause carbon
emissions. It is mainly constituted of two parts. At first, the construction and operation
of a hydropower plant are likely to alter the carbon cycle of the water ecosystem, which
may lead to the direct carbon emissions increase. Secondly, the various product and service
inputs during the whole life-cycle of a hydropower system would trigger greenhouse gas
emissions during their manufacturing processes, which can be termed as the indirect carbon
emissions through supply chains. Therefore, the carbon emission trade-off of hydropower
has attracted a lot of scholars’ attention.
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The direct carbon emissions released from the reservoir water surface of a hydropower
plant have been intensively studied [4–7]. And the IHA (International Hydropower As-
sociation) published the guidelines of GHG Measurement for Freshwater Reservoirs [8].
The scholars acknowledge that hydropower is an important alternative energy source
for mitigating the adverse effects of climate change. Meanwhile, they also highlight the
uncertainty about whether the reservoir is a greenhouse gas emission source or sink with
regard to the direct carbon emissions.

Apart from the direct carbon emissions, hydropower plants may also cause various
indirect carbon emissions through the supply chains. For example, both construction
materials used in the construction stage and machinery used in the end-of-use stage cause
carbon emissions during their production processes. Some studies also paid attention to
the indirect carbon emissions or the life-cycle (from cradle to gate or from cradle to grave)
carbon footprint of hydropower. A majority of these studies are based on the method
of process analysis [9–13]. It is found that the indirect carbon emissions caused by the
hydropower project are significant. In some cases, they even exceed the direct carbon
emissions. Therefore, the indirect carbon emissions of hydropower cannot be ignored.

The process analysis (PA) attempts to trace the key processes of the hydropower
system along the supply chains as exhaustively as possible, and then sums up the carbon
emissions of all traced processes to get the total life-cycle carbon emissions. However, the
PA has several limitations. Firstly, the system boundaries in various studies are different
from each other, making the results incomparable. Secondly, only part of the carbon
emissions are taken into account due to the common truncation errors in the laborious
traces. The input-output analysis (IOA) is another general method, parallel to the PA, to
analyze the life-cycle (usually from cradle to gate) of a production system. Though avoiding
the truncation error, the IOA can only give the average carbon emission result of the whole
industry. Since the hydropower industry is usually not listed as a separate sector in the
input-output table, the IOA cannot be directly applied to analyze the carbon emissions of
hydropower. Even if listed, it cannot compare the carbon emission trade-off of different
hydropower plants based on the highly aggregated results.

The hybrid method as a combination of the PA and the IOA was proposed by Bullard
et al. to integrate the goods and remedy the drawbacks of both methods [14]. Using the PA-
based inputs inventory and the IOA-based carbon emission intensity data, a lot of studies
have estimated the life-cycle carbon emissions of various systems [15]. The environmental
impacts, such as land footprint and carbon emissions, of renewable energy systems have
also been studied by the hybrid method [16,17]. Li and his colleagues have carried out
intensive studies to analyze the life-cycle carbon emissions of the reservoirs, especially
these during the preparation and construction stages, using the hybrid method [18–20]. A
few other studies are found to have applied the hybrid method, too [21,22]. These studies
used the PA to build the material inputs inventory and the IOA-based carbon emission
intensity database to approximate the upstream carbon emissions of various inputs.

Pumped storage hydropower (PSH) is a special kind of hydropower system that
includes two reservoirs locating at different heights. When electric power is surplus, water
is pumped from the lower reservoir to the higher reservoir for storage. When electric
power is needed, water is released from the higher reservoir to the lower reservoir through
turbines to generate electricity. PSH is usually described as a giant battery that stores
electricity. The inherently cyclical nature of wind and solar power generation leads to the
increasing need of power storage facilities to ensure the stability of power supply to the grid.
PSH is now the world’s primary method of storing electricity. As of September 2021, PSHs
accounted for 96.1% of global electricity storage capacity [23]. However, a limited number
of studies have explored the relationship between PSH and carbon emissions. Most of
these studies compared the PSHs with other electricity storage systems or other renewable
energy systems based on the PA, and carbon emission was listed as an indicator to evaluate
the environmental impact [24–26]. Wang et al. evaluated the water and carbon footprints
of 50 hydropower plants in China by the hybrid method, 17 of which are pumped storage
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hydropower plants [27]. Li et al. used the PA to study the resource use and environmental
impact of a pumped storage hydropower plant (PSHP) in Hubei Province of China [28].

The existing studies using the hybrid method still have shortcomings. Firstly, the
carbon emissions induced by some inputs are neglected, and the system boundaries of these
studies are incomplete. For example, services are key inputs in all stages of a hydropower
plant, which can cause carbon emissions during the supply chains. However, the carbon
emissions of service were not taken into account in previous studies. The carbon emissions
by machinery during its production are overlooked, too. Secondly, in the context of global
economic integration, the industries in different countries are highly interconnected and
the production of each product requires a variety of inputs from the heterogeneous global
economic system. The single-region input-output analysis ignoring the imported products
cannot accurately trace the worldwide life-cycle carbon emissions of a product, the intensity
data based on which are inaccurate, either. There are two input-output models that take
inter-regional linkages into account, namely the multi-region input-output model (MRIO)
and the multi-scale input-output model (MSIO). In theory, the MRIO is more accurate
than the MSIO, but the MSIO requires less data than the MRIO. Moreover, currently, the
MRIO data usually involves many assumptions due to lacking of detailed sector-level trade
statistics, which greatly undermine the reliability of the results [29,30]. Therefore, both
the MRIO and MSIO-based intensity database are suitable to provide accurate results for
carbon emissions accounting of a hydropower plant. Thirdly, rather than matching the
year and economy when and where the target plant was constructed, the carbon emissions
intensity data adopted in these studies were for the other countries or from many years
ago. Either technical efficiencies or economic structures are not the same among different
countries or one country in different years. The misuse of intensity data would introduce
considerable deviations.

The aim of this paper is to present a systems accounting framework to calculate the
life-cycle carbon emissions of a hydropower plant. It is based on the hybrid method as a
combination of the process analysis and the input-output analysis, which is suitable to trace
the carbon emissions of a specific hydropower plant. Meantime, it can present us with more
accurate results (by using the MRIO or MSIO-based database concerning the consistent year
and place) under a relatively complete system boundary (by taking all products and service
inputs into account). By doing so, the problems in previous studies aforementioned can be
efficiently avoided. The framework is then applied to a case pumped storage hydropower
plant to analyze both the direct and indirect carbon emissions during the whole life cycle.
At last, the efficiency of the case plant in reducing carbon emissions is evaluated, which
can be used to guide the development of PSH in the future.

2. Methodology
2.1. Framework of Life-Cycle Carbon Emissions Accounting for a Hydropower Plant

The total carbon emissions (CE) during the whole life-cycle of a hydropower plant con-
sist of the direct and indirect carbon emissions (see Figure 1), which can be calculated from:

CE = CEd+ CEi (1)

where CEd and CEi represent the direct and indirect carbon emissions of a hydropower
plant, respectively.

The life-cycle of a hydropower plant can be divided into four stages, which are the
preparation stage, the construction stage, the operation stage, and the end-of-use stage.
The sources of carbon emissions are different for each stage. The procedures to calculate
them are described as following.



Sustainability 2022, 14, 6939 4 of 15Sustainability 2022, 14, 6939 4 of 15 
 

 
Figure 1. Framework of carbon emissions accounting of a hydropower plant. 

2.1.1. Direct Carbon Emissions Accounting 
The direct carbon emissions from a hydropower plant consist of three main compo-

nents: carbon emissions from fossil fuels combustion during the whole life-cycle, carbon 
emissions released from the surface of the reservoir during the operation stage, and car-
bon emissions released from sediments during the end-of-use stage. The formula to cal-
culate the direct carbon emissions of a hydropower plant is: 

d d d d
f r sCE =CE +CE +CE  (2) 

where d
fCE , d

rCE , and d
sCE  represent the direct carbon emissions from three sources 

respectively. The most accurate way to record the direct carbon emissions is to conduct 
on-site experimental measurements over long periods of time. Considering that such 
measurements are usually hard to carry out due to various realistic constraints, this study 
provides an empirical method to calculate the direct carbon emissions of a hydropower 
plant. The three main sources of the direct carbon emissions and their calculation methods 
are as follows: 
(1) Fossil fuels combustion. 

The fossil fuels are used by various machinery and transportation equipments 
throughout the whole life-cycle of a hydropower plant. For example, double-wheel trench 
cutters are used to build the underground continuous wall of the dam, and bulldozers are 
used to demolish buildings during the preparation and end-of-use stages. Trucks are often 
required to transport machinery and materials in the construction projects, which usually 
consume gasoline or diesel. The direct greenhouse gas emitted by fossil fuels combustion 
can be expressed as: 
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2.1.1. Direct Carbon Emissions Accounting

The direct carbon emissions from a hydropower plant consist of three main compo-
nents: carbon emissions from fossil fuels combustion during the whole life-cycle, carbon
emissions released from the surface of the reservoir during the operation stage, and carbon
emissions released from sediments during the end-of-use stage. The formula to calculate
the direct carbon emissions of a hydropower plant is:

CEd = CEd
f + CEd

r + CEd
s (2)

where CEd
f , CEd

r , and CEd
s represent the direct carbon emissions from three sources re-

spectively. The most accurate way to record the direct carbon emissions is to conduct
on-site experimental measurements over long periods of time. Considering that such
measurements are usually hard to carry out due to various realistic constraints, this study
provides an empirical method to calculate the direct carbon emissions of a hydropower
plant. The three main sources of the direct carbon emissions and their calculation methods
are as follows:

(1) Fossil fuels combustion.

The fossil fuels are used by various machinery and transportation equipments through-
out the whole life-cycle of a hydropower plant. For example, double-wheel trench cutters
are used to build the underground continuous wall of the dam, and bulldozers are used to
demolish buildings during the preparation and end-of-use stages. Trucks are often required
to transport machinery and materials in the construction projects, which usually consume
gasoline or diesel. The direct greenhouse gas emitted by fossil fuels combustion can be
expressed as:

CEd
f = ∑i ε

d
i ∗ Qi (3)
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where εd
i and Qi are the carbon emission factor and consumption amount of i-th fossil

fuel, respectively.

(2) Reservoir surface release.

Greenhouse gases are emitted during the operation stage of a hydropower plant
through the reservoir surface, which are mainly caused by the respiration of organic matter
and the diffusion of gas in water. They can be calculated from:

CEd
r = εd

r ∗ Sr ∗ T (4)

where εd
r is the per area per time carbon emission factor; Sr is the area of the reservoir; T is

the operation time of the hydropower plant.

(3) Carbon release from sediment.

There are two main sources of sediment in the reservoir: one is sediment flowing into
the reservoir through the river, and the other is generated by the death of plankton in the
reservoir [31]. When the reservoir is demolished, the sediment will be exposed to the air
and release carbon emissions through the decomposition of microbes in it. The equation is
as following:

CEd
s = εd

s ∗ Ss (5)

where εd
s is the per area carbon emission factor of the sediment; Ss is the area of the sediment.

2.1.2. Indirect Carbon Emissions Accounting

The hybrid method is applied to trace the indirect carbon emissions of a hydropower
plant. The procedures are described as follows.

(1) Categorize all inputs to form the inventory.

The life-cycle inputs of a hydropower plant are classified into four major categories as
material, machinery, energy, and service. Itemize all the products required in the life-cycle
of a hydropower plant and attribute them into four categories to form the inputs inventory.
The inventory includes the unit price, quantity, and monetary cost of each product or
service (Ci

j).

(2) Choose an appropriate embodied carbon emission intensity database for all inputs.

When selecting a proper database, it is important to consider two principles. First, the
year of the input-output table should be close to the year when the target hydropower plant
was constructed; second, each type of input should be attributed to the production industry
listed in the input-output table. Manpower is needed in different stages of a hydropower
plant, which can be also classified into a corresponding service industry. For example,
the maintenance in the operation stage can be seen as professional technological service
provided by the sector of Water, Environment and Municipal Engineering Conservancy.

(3) Calculate the indirect carbon emissions of each input.

Firstly, each input of the inventory is matched to the production sector in the input-
output table. Then the embodied carbon emission intensity (Ii

j) of the sector in the database
is approximated as the intensity of the input. Multiply each input’s monetary cost by its
embodied carbon emission intensity to obtain the embodied carbon emissions (ECEi

j), then

the total indirect carbon emissions (CEi) of a hydropower plant are readily obtained as:

CEi ≡ ∑j ECEi
j = ∑j

(
Ci

j ∗ Ii
j

)
(6)

2.2. Indicator

As a widely used indicator in the net energy analysis, EROI is defined as the ratio of
the energy extracted or delivered by an energy supply system to the energy consumed
directly and indirectly in its supply chains [32]. Similarly, the indicator of electricity
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generation on carbon emissions (EGOC) is proposed in this paper for comparing the
carbon emissions among different power plants upon generating electricity. It is defined as
the total carbon emissions emitted by the power plant (including hydropower plant and
PSHP) by generating unit electricity. It can be known that the lower the value, the more
environment-friendly the system. The equation is as following:

EGOC =
CE
E

(7)

where E is the electricity gain during the entire life-cycle of a power plant. The PSHP
is different from common hydropower plants, which need to consume electricity during
water storage. It is assumed that the electricity power would be wasted if it is not stored
by the PSHP (that’s what excess electricity means and what a PSHP is for). Therefore, the
electricity consumed during pumping are regarded as costless, and the total electricity
generated is considered as the electricity gain of the PSHP in this paper.

3. Case Study
3.1. Case Description

The N pumped storage hydropower plant (NPSHP) is chosen as the case system in
this paper with an operation time of 100 years. It plays a significant role in supporting
the safe & stable operation and enhancing system regulation capacity of local power grid,
as well as promoting clean and low-carbon transformation of local energy system. There
are three main greenhouse gases responsible for global warming: carbon dioxide (CO2),
methane (CH4) and nitrous oxide (N2O). Since nitrous oxide contributes a small proportion
(about 5%) to global warming [33], it is not included in this study. The methane emissions
are mainly from lakes and wetlands, which are closely related to hydropower plants [34].
Therefore, CO2 and CH4 are considered in this study. According to IPCC and previous
studies [35,36], the GWP (global warming potential) coefficients of CO2:CH4 as 1:21 are
applied to calculate equivalent CO2 emissions (CO2-eq.) in this study.

3.2. The Carbon Emissions Accounting of the Case Plant
3.2.1. Direct Carbon Emissions

The in-site measurement is not performed for the case plant, and the direct carbon
emissions of the case system are estimated by the empirical method in this paper. In order to
calculate the direct carbon emissions caused by fossil fuels combustion of various machinery
and transportation equipment, the carbon emission factors from EPA are adopted [37].
The amounts of fossil fuels consumption are from the BOQ (Bill of Quantities) of the case
plant. The NPSHP is still in operation, so the fossil fuels consumption inventory in the
end-of-use stage cannot be obtained directly. It is estimated that about 10% of the fossil
fuels are consumed in the construction stage as proposed in Hertwich et al. [38].

The direct carbon emissions released from the reservoir surface are closely related to
the climatic conditions and geographical location of the reservoir. In this paper, we used
the average emission factors of CH4 and CO2 measured by Beaulieu et al. [39]. Because the
latitude location, climatic conditions, and land types are similar between the reservoirs they
measured and the NPSHP. According to the method proposed by Pacca and the organic
carbon accumulation rates from Luo et al., per area carbon emission factor of the sediments
is set as 0.91 g CO2-eq./m2/year [31,40]. The reservoir area is determined according to the
BOQ of the NPSHP.

The direct carbon emissions during the life-cycle of the NPSHP are calculated as
1214.31 kt CO2-eq. The components of the direct carbon emissions are shown in
Figure 2. Among the four stages, carbon emissions from the end-of-use stage are the
highest (636.95 kt), followed by the operation stage (515.61 kt) and the construction stage
(61.14 kt), and the carbon emissions from preparation stage are the least (0.61 kt). In the
end-of-use stage, the direct carbon emissions are mainly from sediments and fossil fuels
consumed by machinery to demolish dams and transportation equipment to transport
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wastes and recycled materials after dam demolition. The sediments account for a larger
proportion (52.32% of the life-cycle direct carbon emissions). Li et al. found that the poten-
tial GHG emissions from reservoir sediments in the end-of-use stage were among the most
sensitive factors in life-cycle GHG emissions [19], which should be paid attention to in
evaluating the climate change impact of hydropower. The direct carbon emissions caused
by fossil fuels consumed by machinery and transportation equipment in the end-of-use
stage are negligible compared with those released from sediments. The carbon emissions
released from reservoir surface during the operation stage account for 42.46% of the total
life-cycle direct carbon emissions. They are mainly caused by the respiration of organic
matter and the diffusion of gas in the reservoir. Therefore, reducing the amount of organic
matter by routine removal of organic matter before impoundment help to reduce carbon
emissions from reservoir surface. As for the construction stage, fossil fuels consumed by
the machinery account for 4.41% of the total direct carbon emissions, and transportation
equipment shares 0.63%. The direct carbon emissions during the preparation stage account
for only 0.05% of the total direct carbon emissions, which comes from the fossil fuels
consumed by machinery use in this stage.
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Figure 2. Structure of the life-cycle direct carbon emissions of the NPSHP (P, C, E represent the
preparation, construction and end-of-use stage, respectively).

3.2.2. Indirect Carbon Emissions

As for the indirect carbon emissions, the hybrid method is employed to trace the
historical carbon emissions of the product and service inputs. The inputs inventory data
comes from the BOQ of the NPSHP. The indirect carbon emissions of each input can be
obtained by multiplying the monetary cost of the input by the corresponding carbon
emission intensity. Since the NPSHP was built in China in recent years, so the embodied
carbon emission intensity database for the Chinese economy in 2017 by Zhan et al. is
adopted [41]. All the inputs are divided into material, machinery, energy, and service, and
the corresponding sector code and contents of each input are listed in Table 1.
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Table 1. Inputs inventory associated with input-output sectors of the NPSHP.

No. Input Sector Code Sector Contents

Material
1 Cement 13 Manufacture of Nonmetallic Mineral Products
2 Cement mortar 13 Manufacture of Nonmetallic Mineral Products
3 Fly ash 13 Manufacture of Nonmetallic Mineral Products
4 Reinforced bar 15 Manufacture of Metal Products
5 Steel 15 Manufacture of Metal Products
6 Steel fabric 15 Manufacture of Metal Products
7 Timber 9 Processing of Timbers and Manufacture of Furniture
8 Explosive material 12 Chemical Industry
9 Anchor 15 Manufacture of Metal Products
10 Catalyst 12 Chemical Industry
11 Stranded wire 15 Manufacture of Metal Products
12 Gravel 13 Manufacture of Nonmetallic Mineral Products
13 Crushed stone 13 Manufacture of Nonmetallic Mineral Products
14 Rubble 13 Manufacture of Nonmetallic Mineral Products

Machinery
15 Turbine 16 Manufacture of General Purpose Machinery
16 Power generation 19 Manufacture of Electrical Machinery and Equipment
17 Main transformer 19 Manufacture of Electrical Machinery and Equipment
18 GIS high voltage switch 19 Manufacture of Electrical Machinery and Equipment
19 High speed pulping machine 16 Manufacture of General Purpose Machinery
20 Grouter 16 Manufacture of General Purpose Machinery
21 Concrete sprayer 16 Manufacture of General Purpose Machinery
22 Hoisting jack 16 Manufacture of General Purpose Machinery
23 Oil pump 16 Manufacture of General Purpose Machinery
24 Grouting automatic recorder 21 Manufacture of Measuring Instrument and Meter
25 Hydraulic excavator 16 Manufacture of General Purpose Machinery
26 Dump truck 18 Manufacture of Transport Equipment
27 Loader 16 Manufacture of General Purpose Machinery
28 Bulldozer 16 Manufacture of General Purpose Machinery
29 Down-the-hole drill 16 Manufacture of General Purpose Machinery
30 Hand drill 16 Manufacture of General Purpose Machinery
31 Blender 16 Manufacture of General Purpose Machinery
32 Vibrator 16 Manufacture of General Purpose Machinery
33 Air compressor 16 Manufacture of General Purpose Machinery
34 Belt filter press 16 Manufacture of General Purpose Machinery
35 Centrifugal dehydrator 16 Manufacture of General Purpose Machinery
36 Equipment maintenance 16 Manufacture of General Purpose Machinery

Energy
37 Gasoline 11 Processing of Petroleum, Coking, Processing of Nuclear Fuel
38 Diesel 11 Processing of Petroleum, Coking, Processing of Nuclear Fuel
39 Electricity 24 Production and Supply of Electric Power and Heat Power

Service
40 Building maintenance 37 Water, Environment and Municipal Engineering Conservancy
41 Manpower in construction 27 Construction
42 Manpower in operation 37 Water, Environment and Municipal Engineering Conservancy
43 Loan service 32 Finance
44 Emigrant relocation 27 Construction

The total indirect carbon emissions of the NPSHP are calculated as 4614.09 kt CO2-eq.,
2.80 times higher than the direct carbon emissions. As is shown in Figure 3, the top three
sources of the indirect carbon emissions are the products and services from the sectors
of Construction (40.13%), Water, Environment and Municipal Engineering Conservancy
(20.57%), and Production and Supply of Electric Power and Heat Power (8.01%). In total
the service inputs account for 62.34% of the total indirect carbon emissions by the NPSHP.
Therefore, it is important to take service into account to analyze the real carbon emissions
cost of hydropower.



Sustainability 2022, 14, 6939 9 of 15

Sustainability 2022, 14, 6939 9 of 15 
 

40 Building maintenance 37 Water, Environment and Municipal Engineering Conservancy 
41 Manpower in construction 27 Construction 
42 Manpower in operation 37 Water, Environment and Municipal Engineering Conservancy 
43 Loan service 32 Finance 
44 Emigrant relocation 27 Construction 

The total indirect carbon emissions of the NPSHP are calculated as 4614.09 kt CO2-
eq., 2.80 times higher than the direct carbon emissions. As is shown in Figure 3, the top 
three sources of the indirect carbon emissions are the products and services from the sec-
tors of Construction (40.13%), Water, Environment and Municipal Engineering Conserv-
ancy (20.57%), and Production and Supply of Electric Power and Heat Power (8.01%). In 
total the service inputs account for 62.34% of the total indirect carbon emissions by the 
NPSHP. Therefore, it is important to take service into account to analyze the real carbon 
emissions cost of hydropower. 

 
Figure 3. Sectoral indirect carbon emissions distribution of the NPSHP. 

As for different stages (see Figure 4), the construction stage has the largest indirect 
carbon emissions, accounting for 42.31% of the total indirect carbon emissions. It is fol-
lowed by the end-of-use and operation stage, which account for 34.66% and 21.17%, re-
spectively. The preparation stage causes the least indirect carbon emissions (1.86%). The 
construction stage involves a lot of inputs, in which material inputs account for 7.13%, 
energy inputs for 15.88%, machinery inputs for 7.62%, and service inputs for 11.68%. As 
for the end-of-use stage, the indirect carbon emissions are mainly caused by the material 
inputs for dam decommission. In the operation stage, the indirect carbon emissions are 
mainly caused by the inputs for replacing the machinery and maintaining the building. In 
the preparation stage, the indirect carbon emissions are mainly caused by the service in-
puts for the emigrant relocation. 

Construction
40.13%

Water, Environment 
and Municipal 
Engineering 
Conservancy

20.57%

Production and 
Supply of Electric 
Power and Heat 

Power
8.01%

Processing of 
Petroleum, Coking, 

Processing of 
Nuclear Fuel

7.87%

Manufacture of 
General Purpose 

Machinery
7.46%

Manufacture of 
Electrical 

Machinery and 
Equipment

6.90%

Manufacture 
of 

Nonmetallic 
Mineral 
Products
5.40%

The remaining
3.66%

Figure 3. Sectoral indirect carbon emissions distribution of the NPSHP.

As for different stages (see Figure 4), the construction stage has the largest indirect
carbon emissions, accounting for 42.31% of the total indirect carbon emissions. It is followed
by the end-of-use and operation stage, which account for 34.66% and 21.17%, respectively.
The preparation stage causes the least indirect carbon emissions (1.86%). The construction
stage involves a lot of inputs, in which material inputs account for 7.13%, energy inputs
for 15.88%, machinery inputs for 7.62%, and service inputs for 11.68%. As for the end-
of-use stage, the indirect carbon emissions are mainly caused by the material inputs for
dam decommission. In the operation stage, the indirect carbon emissions are mainly
caused by the inputs for replacing the machinery and maintaining the building. In the
preparation stage, the indirect carbon emissions are mainly caused by the service inputs for
the emigrant relocation.

3.2.3. The Life-Cycle Carbon Emissions

Figure 5 shows the direct and indirect carbon emissions of the NPSHP. The total carbon
emissions of the NPSHP are calculated as 5828.39 kt CO2-eq. in the life-cycle. As for the
four stages, carbon emissions from the end-of-use stage account for the largest proportion
(38.37%), followed by the construction stage (34.54%), the operation stage (25.60%), and the
preparation stage (1.49%). The indirect carbon emissions are larger than the direct ones in
each of the stages, the proportions of which are 99.29%, 96.96%, 65.45% and 71.52% from
the preparation stage to the end-of-use stage, respectively. It is revealed that the indirect
carbon emissions are the main component of life-cycle carbon emissions from the NPSHP.
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The finding is in accord with that of some previous studies. Li et al. studied the
life-cycle carbon emissions of five hydropower plants in China [19]. As for the proportions
of carbon emissions by different stages among the five hydropower plants studied, the
preparation stage is between 0.3–2.1%; the construction stage is between 6.8–24.4%; the
operation stage and the end-of-use stage are relatively high, which are between 26.4–66.3%
and 24.9–45.3%, respectively. The carbon emissions proportion of the preparation stage is
similar to that of the NPSHP. For the construction stage, the NPSHP has a higher proportion
of carbon emissions. This is because this study also considers the inputs of energy and
manpower in the construction stage. As for the operation and end-of-use stages, the
proportions of the NPSHP are within the ranges of the previous study.

4. Discussion
4.1. Comparison with Other Power Plants

The indicator of EGOC is proposed in this paper, which can be used to compare the
environmental efficiencies of different power plants. The EGOC of the NPSHP is calculated
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as 26.06 g CO2-eq./kWh. There are limited studies on the life-cycle carbon emissions of
PSHP. Li et al. studied the life-cycle environmental impact of a PSHP in Hubei province of
China (HPSHP) [28]. It is reported that the EGOC of the HPSHP is 38.3 g CO2-eq./kWh (a
life span of 30 years), which is of the same order of magnitude but higher than that of the
NPSHP. The NPSHP is shown more environment-friendly in terms of carbon emissions
than the HPSHP. As the annual power output of the NPSHP is much higher than the
HPSHP, the scale effect may also contribute to this.

The EGOC of the NPSHP is also compared with that of other hydropower plants
and energy power plants (See Figure 6). Hydropower plants can be divided into reser-
voir plants and run-of-river hydropower plants [42]. Pang and Parng are run-of-river
hydropower plants in India [43], and Xiangjiaba and Xiluodu are reservoir hydropower
plants in China [19]. Hydro-Québec is the aggregated data for 63 hydropower plants
(including both reservoir plants and run-of-river hydropower plants) in Québec [11].
Among them, the EGOC of Pang and Parng were calculated as 26.63 g CO2-eq./kWh
and 25.85 g CO2-eq./kWh, which are similar with that of the NPSHP. The EGOC of Xiangji-
aba and Xiluodu were calculated as 9 g CO2-eq./kWh and 11.4 g CO2-eq./kWh, much
lower than the NPSHP. The average EGOC of 63 hydropower plants was calculated as
34.5 g CO2-eq./kWh, slightly higher than that of the NPSHP.
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The EGOC of other renewable energy power plants, nuclear power plants, and thermal
power plants from Geller et al. are also shown in Figure 6 [44]. Biomass, solar-PV, and
wind are considered as other renewable energy power plants. Among them, the biomass
power plant had the largest EGOC of 97.3 g CO2-eq./kWh. The EGOC of the solar-PV
power plants and wind power plants were 76.3 g CO2-eq./kWh and 46.4 g CO2-eq./kWh,
which are lower than the biomass power plants, but much higher than the NPSHP. The
EGOC of the nuclear power plant was calculated as 17.1 g CO2-eq./kWh, lower than
the NPSHP. The electricity generated by thermal power plants depends on fossil fuel
combustion to generate electricity, which causes a lot of carbon emissions. The EGOC of
coal-fired, oil-fired, and gas-fired power plants were calculated as 1230 g CO2-eq./kWh,
1213 g CO2-eq./kWh, and 855 g CO2-eq./kWh, respectively. It is revealed that the NPSHP
is much more environmental efficient in reducing emissions than conventional thermal
power plants.
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4.2. Uncertainty and Outlook

The uncertainty and limitation in this paper are mainly caused by data acquisition
constraints. At first, carbon emission intensity is calculated according to the 2017 input-
output table of China, but some of the inputs of the case system may be produced in other
years. It may lead to some errors, which can be ignored as the manufacturing technology
would not change too much during a short time. Secondly, the BOQ of the case system in
the construction stage is not detailed enough. For example, the fossil fuels utilized by the
machinery are not listed in the BOQ, which is estimated by the monetary cost and average
prize of diesel. Thirdly, since the NPSHP has just begun operating, there is a lack of the
inputs inventory for the operation and end-of-use stages. The accepted PSHP practices as
well as the empiric methods are applied to estimate the corresponding BOQ during these
stages. For example, in the end-of-use stage, the fossil fuels consumed during demolition is
estimated as 10% of which in the construction stage as proposed by Hertwich et al. [38]. All
these uncertainties are common in life-cycle studies. The main purpose of this study is to
contribute a systems accounting framework for carbon emissions by a hydropower plant,
which has overcome the shortcomings of previous studies, such as incomplete system
boundary and misused intensity data. It is believed that the deviations caused by these
uncertainties are negligible.

Under various climate change mitigation targets, the demand for renewable energy
will increase very fast in the future [45]. According to China’s plan for peaking carbon
dioxide emissions before 2030, carbon emissions per unit of GDP in 2025 will decrease by
18% compared with 2020 and decrease by 65% in 2030 compared with 2005. Considering
that the thermal power accounts for 70% of China’s total power generation now, it is
foreseeable that the future demand for renewable energy in China will be very huge. Due
to the cyclical nature and instability of renewable energy sources such as wind and solar,
the need for peak and valley regulation and stability of the power system will increase
significantly, too. PSHP is widely regarded as a useful way to store electricity. However,
the installed capacity of pumped storage power stations currently accounts for only 1.4%
of total installed power generation capacity in China, and there is still a big gap compared
with Europe and the United States (more than 10%). China has made a medium and
long-term development plan for pumped hydropower storage [46]. It is projected that the
total scale of pumped storage will reach more than 62 million kW by 2025 and around
120 million kW by 2030, 1.91 and 3.69 times as much as it is now. Although the life-cycle
carbon emissions per unit of electricity generated by PSHP are lower than thermal power
plants, the carbon emissions generated by a large number of new PSHPs still should be
paid attention to in the future.

5. Conclusions

Renewable energy plays an increasingly important role worldwide. As a typical
renewable energy source, hydropower makes great contribution to global electricity gen-
eration. The carbon emissions reduction benefit of hydropower by avoiding the massive
carbon emissions of thermal power plants has been widely acknowledged. However, the
construction and operation of hydropower plants would cause in-site and off-site carbon
emissions, which should be taken into account to present a full picture of hydropower’s
environmental impacts. Although a lot of previous studies have calculated the life-cycle
carbon emissions of hydropower plants based on different methods, they suffered from
shortcomings in terms of incomplete system boundary or misuse of intensity data. To
tackle these problems, this paper provides a systems accounting framework to estimate
both the direct and indirect carbon emissions of a hydropower plant. It relies on the hybrid
method as a combination of the process analysis method and the input-output analysis
method. An indicator of EGOC is also proposed to assess the efficiency in reducing carbon
emissions among different power plants. The standard framework proposed herein can be
extended to any hydropower plant to support the life-cycle carbon emissions accounting.
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As a novel form of hydropower, PSH can coordinate with other electricity generation
technologies to ensure a safe and stable power system, which has attracted a lot of attention
recently. A case study of a typical PSHP is carried out based on the proposed framework.
It is estimated that the NPSHP causes 5828.39 kt CO2-eq. during the life-cycle, of which
the indirect carbon emissions account for 79.17%. The proportions of carbon emissions
in the preparation stage, the construction stage, the operation stage, and the end-of-use
stage are 1.49%, 34.55%, 25.60%, and 38.37%, respectively. The direct carbon emissions are
mainly released from sediments in the end-of-use stage and the surface of reservoirs in
the operation stage (94.78%). As a result, the end-of-use and operation stages account for
52.45% and 42.46% of the total direct carbon emissions, respectively. The indirect carbon
emissions are caused by the product and service inputs during the life-cycle. The indirect
carbon emissions in the construction stage are the largest among the four stages, accounting
for 42.31%, of which the energy inputs share the most (15.88%), followed by the service
inputs (11.68%), the machinery inputs (7.62%), and the material inputs (7.13%). The EGOC
of the NPSHP is calculated as 26.06 g CO2-eq./kWh. The result is comparable to that of
some other PSHP and hydropower plants, and lower or much lower than that of the other
power plants.
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