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This study employs 29 provincial-level administrative regions in China from 2013 to
2017 to evaluate the overall efficiency score of hydropower electricity generation in the
three main regions of China. The EBM (Epsilon-based Measure) model with the DEA
(Data Envelopment Analysis) method uses installed capacity data, labor force data,
and equipment utilization hours as input indicators and electricity generation and CO»
emission reduction as output indicators. By comparing the efficiency values of the two
indices of installed capacity and CO» emission reduction, we are able to analyze the
differences between installed hydropower electricity generation capacity efficiency and
carbon emission reduction efficiency in various provinces and cities. The findings show
that the western region is the best, followed by the central region and then the eastern
region in terms of the input-output index level, total efficiency score of hydropower, and
comparison of installed capacity-carbon emission reduction efficiency. Natural water
resources and geographical advantages have a great positive effect on hydropower
efficiency, while economic development has little effect on it. China should promote the
sustainable development of hydropower according to local conditions and formulate and
adopt countermeasures in line with the different circumstances between regions.

Keywords: EBM model, efficiency, hydropower in China, renewable energy, CO, emission reduction

INTRODUCTION

As the global economy grows and the international community attaches increasing importance
to sustainable development, a common consensus has formed over issues such as energy security,
ecological environment, and climate change that are accelerating the development of renewable
energy utilization and improving energy efficiency. Hydropower is the conversion of water energy
into electricity. As a form of clean energy, it is inexhaustible, renewable, pollution-free, convenient
to carry out peak regulation of electricity, conducive to improving the utilization rate of resources,
and has comprehensive economic and social benefits and low operating costs. Hydropower is
presently the most mature technology and offers the most stable supply of renewable clean energy.

China is rich in hydropower resources, ranking first in the world both in terms of the
amount of proven hydropower resources and those that can be developed. In 2018, Chinas
hydropower electricity generation reached 6.8 trillion kilowatt-hours, up 6.8% year-on-year and
accounting for 25.49% of the global total. China’s hydropower has a total installed capacity of about
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350 million kilowatts, making its installed capacity, and electricity
generation the highest in the world. Affected by climate,
topography, and other factors, China’s water resources have the
prominent characteristics of steep rivers and huge drops, which
are very beneficial to the development of hydropower.

In China, hydropower is the second largest power resource
after coal. As a form of clean energy, its development can save
coal resources, reduce the emissions of greenhouse gases and
various pollutants, and play an important role in the rise of low-
carbon and sustainable development. The China government
has targeted hydropower resources as an active extension of
its energy strategy and energy security. Therefore, quantitative
research on hydropower energy efficiency can help optimize
its domestic energy structure, reduce greenhouse gas emissions,
prevent and mitigate floods, and disasters, achieve energy
conservation and emission reduction targets, and promote
sustainable development.

Compared with developed countries, Chinas degree of
hydropower development leaves still a lot of room for
improvement in the future. Specifically, the degree of
hydropower development in Switzerland, France, and Italy
exceeds 80%, and the degree of hydropower development in
Germany, Japan, and the United States is over 67%, whereas for
China it is only 37% (by generating capacity),! which is only
slightly higher than the global average level. This study thus
takes installed capacity data, labor force data, and equipment
utilization hours of 29 provincial-level administrative regions
in China from 2013 to 2017 as input indicators and electricity
generation and CO, emission reduction as output indicators.
Via the EBM (Epsilon-based Measure) model, we divide these 29
provincial-level administrative areas of China into 3 regions and
compute their overall efficiency score and 5 years of hydropower
investment capacity and output of carbon emission reduction.
We then compare two index efficiency values in order to offer a
more precise and effective policy for hydropower development
in China and to put forward useful suggestions.

Many scholars have made fruitful achievements in the
research field of energy efficiency related to hydropower, with
five major directions. First, many scholars have focused on the
area of renewable energy development, trying to find how it is
affected by other factors within a specific area, such as Ohler
and Fetters (2014), Xu et al. (2019), and Wang et al. (2020).
Second, studies have looked at what drives or influences the
efficiency of carbon emissions in an area, such as Kim et al.
(2015), Cheng et al. (2018), Harlan (2018), Xian et al. (2018),
Wang et al. (2019), and Zhao et al. (2020). The third strand
looks into the comprehensive utilization of renewable energy
from the perspective of the constraints of climate and other
objective environments on hydropower, such as Ehrbar et al.
(2018), Koch et al. (2018), Li et al. (2018), Mosquera-Lopez
et al. (2018), Ranzani et al. (2018), and Zapata et al. (2018).
The fourth channel covers a comparative study and method
innovation of renewable energy efficiency—for example, Scheel
(2001), Fare et al. (2007), Sozen et al. (2010), Sueyoshi and
Goto (2011), Zanella et al. (2015), and Calabria et al. (2018).

!International clean energy industry development report (2018).

The fifth area is the comprehensive analysis and research on
carbon emission reduction potential, low-carbon technology, and
electricity energy production—for example, Ang et al. (2011),
Zhou et al. (2012), Zhou et al. (2014), Viebahn et al. (2015),
Herrera-Estrada et al. (2018), Fernandes et al. (2019), Firth et al.
(2019), Severnini (2019), and Kumar et al. (2019).

Most of the above research results focus on the positive impact
of hydropower as a form of clean energy on the economy, society,
and the environment, such as conducting a comprehensive
analysis from the perspective of power policy and renewable
energy structure. At present, research on energy efficiency
and its quantification level only takes hydropower stations or
power plants as the sample. Moreover, CO, emission reduction
efficiency is not included in the evaluation of clean energy in the
above literature, but rather traditional radial data envelopment
analysis (DEA) is the main method used therein.

The main innovation of this paper has the following three
aspects. Firstly, taking specific provinces of China as units and
according to their economic and geographical factors, we divide
the country into the east, central, and west regions and include
CO; emissions as an important output. This helps to measure the
contribution of hydropower as an important clean energy source
to CO, emissions reduction. Secondly, the EBM model is able
to overcome the double defects in which the traditional radial
DEA model ignores non-radial relaxation and non-radial DEA
ignores the proportional relationship with radial DEA. Thirdly,
the analysis of the factors affecting the efficiency of hydropower
in China adopts the comparison of economic conditions and
geographical location. It can help regions and provinces to rely
on objective conditions based on their active development of
hydropower, to efficiently improve the equipment utilization rate
of their resources.

LITERATURE REVIEW

Hydropower electricity generation is one of the most mature
and cleanest forms of renewable energy power with large-
scale development conditions and commercial prospects for
related industries. Ever since the world’s first hydropower
station was built in France in 1878, hydropower has gradually
become the second largest power source after thermal power
generation. With the wave of sustainable, green, and low-carbon
development in recent years, countries are now shifting their
focus to hydropower. As such, many scholars have also shown
strong interest in the efficiency of the power industry, focusing
on five aspects below.

(1) Many scholars have targeted the area of renewable energy
development, trying to find how it is affected by other factors
within a specific area, such as Wang et al. (2020), who carried
out a comprehensive evaluation on regional renewable
energy development in China, concluding that better
economic conditions help renewable energy development
in a region to exhibit good performance, such as Beijing,
Shanghai, and Guangdong. Xu et al. (2019) divided the world
into seven regions and proposed a comprehensive prediction
model to analyze the situation of renewable energy from

Frontiers in Energy Research | www.frontiersin.org

May 2020 | Volume 8 | Article 82


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Liang et al.

Assessment of China’s Hydropower Efficiency

()

3)

the political, technical, economic, and social perspectives.
Ohler and Fetters (2014) examined the causal relationship
between economic growth and renewable energy generation
in 20 OECD (Organization for Economic Cooperation and
Development) countries between 1990 and 2008, finding
that increases of endogenous substances and wastes in the
short term have a negative impact on GDP, while renewable
energy and hydropower electricity generation are beneficial
to GDP growth.

Some scholars have narrowed their research to analyze what
drives or influences the efficiency of carbon emissions in
an area. For example, Wang et al. (2019) used the panel
Tobit model to analyze the negative correlation between
the abundance of natural resources and emission efficiency.
Economic scale indirectly affects carbon emission efficiency
via emission reduction potential. These findings suggest that
resource-based regions should make improving emission
efficiency and exploring emission reduction potential the
top priorities of any low-carbon transformation actions and
promote industrial restructuring to reap double dividends in
sustainable development and carbon efficiency.

Resource endowment, economic scale, and other external
factors such as policies and technologies all impact a region’s
carbon emission reduction. Zhao et al. (2020) found that the
decline in carbon intensity of electricity (CIE) generation
is concentrated in three provinces: those with a large
economic scale, strong policy support, and strong clean
energy implementation. Xian et al. (2018) presented that
regional technology heterogeneity exists in the process of
electricity generation and related CO, emission reduction,
which means it is necessary to formulate more differentiated
regulations and policies on emission reduction and inter-
regional technology transfer in the various regions of China.

Government policies can affect the energy mix and energy
efficiency domestically, which in turn influence the efficiency
of carbon reduction. Kim et al. (2015) took the DEA
method to evaluate the investment efficiency of three new
electricity-generating sources in South Korea: wind power
generation, photovoltaic power generation, and fuel cell. In
terms of government investment, wind power is the most
efficient renewable energy source there. Cheng et al. (2018)
pointed out that China’s Yunnan Province, as a pilot market
for power reform, provides a reference for future market
reforms and renewable energy policies in the country as
well as other regions through its integration and experience
in low-carbon construction, inter-provincial competition,
power grid security, and development goals. Harlan (2018)
analyzed the policies that promote the transformation of
small hydropower (SHP) in China and believed that SHP’s
transformation into a privatized low-carbon industry would
make it easier to industrialize.

Some scholars also analyzed the comprehensive utilization
of renewable energy from the perspective of the constraints
of climate and other objective environments on hydropower.
Zapata et al. (2018) took Colombia as an example and
analyzed the scenario of 100% renewable energy supply
via a simulation model, concluding that both energy

(4)

(5)

efficiency improvement and supply security can be achieved
through a gradual adjustment and transformation of
energy structure. Li et al. (2018) employed the world’s
largest hydropower photovoltaic hybrid power system, the
Longyangxia project in China, as a case study and proposed
a multi-objective optimization model of a hydropower
system that considers both power generation and energy
consumption. Mosquera-Lopez et al. (2018) mentioned
that below freezing temperatures in cold weather force
hydropower systems to cease operations, and so more
renewable energy should be included in countries dependent
on hydropower to eliminate price spikes. Koch et al. (2018)
established a model system for simulating wind power
electricity generation and hydroelectric power electricity
generation and analyzed their complementarity based on
climate change. Ranzani et al. (2018) proposed that climate
change is changing the seasonality and exploitable capacity of
hydropower. Ehrbar et al. (2018) set up an evaluation matrix
for the systematic analysis of 16 economic, environmental,
and social criteria for hydropower potential in the glacial
edges of the Swiss Alps.

Power production efficiency evaluation and method
innovation research is noteworthy. Sozen et al. (2010)
analyzed the electricity generation efficiency of Chinas state-
owned thermal power plants with two DEA models: returns
to scale (RTS or CCR) and various returns scale (VRS or
BCC). Zanella et al. (2015) offered a new comprehensive
index model based on the directional distance function to
improve the shortcomings of traditional data envelopment
analysis (DEA) and the directional distance function model.
Calabria et al. (2018) constructed a new method based on the
composite index of the directional distance function model
to evaluate the efficiency of hydropower stations in Brazil,
presenting underperforming hydropower stations and
quantifying their improvement potential. Wang et al. (2018)
proposed a new meta-frontier framework for measuring the
heterogeneity of technology, which may provide help for
investigating the heterogeneity among regions.

For application research of efficiency methods, Scheel
(2001) discussed various methods to deal with unsatisfactory
output under the DEA framework and compared the
effective frontier generated from this. Fare et al. (2007)
calculated the technical efficiency and pollution emission
reduction cost by using data of coal-fired power plants,
providing an empirical basis for the comparison of the
environmental production function and the environmental
direction distance function. Sueyoshi and Goto (2011)
included input separation (dividing the input into energy
and non-energy parts) in the calculation framework of DEA
non-radial measurement as well as output separation (ideal
and non-ideal outputs).

Some studies have focused on carbon emission reduction
potential, low carbon technology, and integrated research
of electricity generation. Using data from 2005 for 129
countries and their total CO; intensity of electric power
production, production efficiencies of coal, oil, and
natural gas, and non-fossil fuels’ electricity share as five
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national-level performance indicators, Ang et al. (2011)
studied the potential for reducing global energy-related
CO; emissions from electricity production through simple
benchmarking. Zhou et al. (2014) analyzed the energy
efficiency and carbon dioxide emission reduction of thermal
power electricity generation in China’s seven regional power
grids from 2004 to 2010 through the logarithmic average
decomposition index (LMDI). They determined that energy
intensity and energy combination have positive impacts on
CO; emission reduction, but the influences of structure and
CO; emission factors are not significant.

Using a kind of radial direction distance function on more
than 100 countries in the process of generating energy and
CO, emissions, Zhou et al. (2012) found OECD countries
have better carbon emission and comprehensive energy-
carbon performances in electricity generation than non-OECD
countries, but there is no significant difference of energy
performance between them. Firth et al. (2019) noted that the
modification of carbon capture and storage in power plants can
reduce the radiation force of carbon dioxide. Viebahn et al.
(2015) used a comprehensive evaluation method covering five
evaluation dimensions to evaluate carbon capture and storage
(CCS) technology, proving that the economic, ecological, and
social feasibilities of CCS in a low-carbon policy environment
may be completely effective. Fernandes et al. (2019) combined
field sampling and gas chromatography with geostatistics and
remote sensing methods, proposing that hydropower reservoirs
promote the greenhouse effect in the atmosphere through the
emissions of methane and carbon dioxide and suggesting more
measurements and observations.

Due to environmental constraints on hydropower
development, Severnini (2019) showed that each additional
megawatt of fossil-fuel electricity generation capacity adds about
1,400 tons of carbon dioxide emissions per year. Kumar et al.
(2019) collected data from 12 hydropower reservoirs in China
and input them into the GHG risk assessment tool model to
predict the long-term greenhouse gas (CO, & CHy) risk of
hydropower reservoirs and their related life cycle, concluding
that the Three Gorges reservoir is currently at high-risk CHy
and medium-risk CO; levels. Herrera-Estrada et al. (2018) used
multiple linear regressions to study the impact of droughts on
electricity generation and found that they positively correlate
with the increase of natural gas electricity generation in
California, Idaho, Oregon, and Washington.

Based on the above literature, one can see that hydropower
is mainly used as an auxiliary object in the research of energy
structure or renewable energy electricity generation, so as to
understand the positive impact of hydropower as a form of
clean energy on the economy, society, and the environment.
There are few regional comparative studies targeting hydropower
efficiency, especially from the perspective of inter-provincial
differences. Therefore, this paper aims to solve how to
subjectively and efficiently develop a hydropower industry in
a region or province based on objective conditions, uses the
EBM model to evaluate the energy efficiency of the hydropower
industry among provinces in China, and makes a comparative

analysis of regional differences, focusing on the installed capacity
and CO; emission reduction efficiencies of various regions.

RESEARCH METHOD

Both CCR (A. Charnes & W. W. Cooper & E. Rhodes) and
BCC (Banker & Charnes & Cooper) are radial DEA models
that ignore non-radial slacks when evaluating efficiency values.
While SBM (Slacks-Based Measure) is a non-radial DEA model,
it fails to consider the radial characteristics; that is, it ignores
those characteristics that have the same radial proportions. To
address and resolve the shortcomings in both the radial and non-
radial models, Tone and Tsutsui (2010) proposed the Epsilou-
Based Measure (EBM) DEA model, which is input-oriented,
output-oriented, and non-oriented.

Since the EBM model which considers both radial and non-
radial factors is more in line with the actual situation of China’s
hydropower input and output, and the conclusion obtained will
be more objective and accurate in evaluating China’s hydropower
efficiency. So, this paper thus uses Tone and Tsutsui (2010) EBM
Non-oriented DEA to calculate and evaluate the overall efficiency
score of hydropower electricity generation in three main regions
of China, including east, central, and west. The non-oriented
EBM DEA description for the basic model and solution goes
as follows.

Non-oriented EBM

With n DMU, where DMU; =
(DMU,, DMU,, ....., DMUy, .....,DMU,), m kinds of inputs
Xj = (le,ij, ...... ,ij), and soutputs Y] = (Y1j> Yzj, ...... , Ysj):
the efficiency value of a DMU is:

w, S,
m 1 1
0 —exd ity "
K* = min +’0+ (1)
U s WS
n+eydiog —
Yio

Subjectto 6Xp — X;, — S~ =0,

MA++...+2,=1

A>=0, S >0, St=>0.

Y: DMU output,

X: DMU input,

S7: slack variable,

S*: surplus variable,

W~ :weight ofinput I, ) Wy =1 (¥; W; >0),

W+ weight of output S, W;" =1 (v; W;" > 0),

&, set of radial 6 and non-radial slack,

&y: set of radial n and non-radial slack.
If DMUO K* = 1 is the best efficiency for a non-oriented EBM,
and if an inefficient DMU wants to achieve an appropriate
efficiency goal, then the following adjustments are needed:

T]Y()_Y)\“FS-'_: 0,

X% =XA*=0%Xy—S* )
Yy =Y =n%p+St (3)
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Generating Equipment Availability Hour,
Installed Capacity, Electricity Generation,
and CO, Emission Reduction Production

Efficiency Indices

This research uses the total-factor energy efficiency index to
overcome any possible bias in the traditional energy efficiency
indicators. For each specific evaluated municipality or province,
the generating equipment availability hour (GEAH), installed
capacity, electricity generation and CO, emission reduction
(CO2 ER) are calculated using Equations (4)-(7):

Target GEAH input (i, t)
Actual GEAH input (i, t)
Target Installed capacity input (i, t)

GEAH

(4)

Installed ity =
nstalled capacity Actual Installed capacity input (i, t)

(5)
Actual EEP desirable output (i, t)
Target EEP desirable output (i, t)
Actual CO2 ER desirable output (i, t)
Target CO2 ER desirable output (i, t)

(7)

Electricity generation =

CO2ER

If the target GEAH and installed capacity input equal the actual
input, then GEAH and installed capacity efficiencies equal 1,
indicating overall efficiency. If the target GEAH and installed
capacity input are less than the actual input, then their efficiencies
are <1, indicating overall inefficiency.

If the target electricity generation and CO, ER desirable
output are equal to the actual electricity generation and CO,
ER desirable output, then electricity generation and CO, ER
efficiencies equal 1, indicating overall efficiency. If the actual
electricity generation and CO; ER desirable output are less than
the target electricity generation and CO, ER desirable output,
then electricity generation and CO; ER efficiencies are <1,
indicating overall inefficiency.

Data Sources and Description

This study utilizes panel data from 29 municipalities/provinces
in the most developed areas of China spanning 2013-2017. The
labor data are from the Chinese Statistical Yearbooks and the
Demographics and Employment Statistical Yearbook of China.
Electricity data come from the China Energy Administration
annual report and China Electric Power yearbook. As the 29
municipalities/provinces have different populations, industries,
natural resources, meteorological conditions, and geographical
positions, they are fairly representative of the status quo,
efficiency, and contribution of hydropower in China for
examining carbon dioxide reduction. The input indicator
variables used in this study are labor, generating equipment
availability hour, and installed capacity, while the output
indicators are electricity generation and CO, emission reduction
(Table 1).

Input Variables
Labor input (lab): Employees. Since there are no separate
statistics on the number of employees in the hydropower

TABLE 1 | Input and output variables.

Inputs Outputs Data sources

Labor Electricity China Electric Power yearbook
Generating generation 2014-2017

equipment CO, emission China’s National Bureau of
availability hour reduction Statistics

Installed capacity China clean development
mechanism network
Other related journals

and websites

industry, we instead use the employment of urban units
in the production and supply industries of electricity, gas,
and water. This study takes the number of employees in
each municipality/province at the end of each year. Unit =
10,000 people.

Generating equipment availability hour: the number of
operating hours, calculated by dividing the generating capacity
of the reporting period by equipment capacity. Unit = hours.

Installed capacity: the sum of the rated effective electricity of
the generator set actually installed. Unit = MKW.

Output Variables
Electricity generation: the amount of electrical energy produced
by a generator through energy conversion. Unit: KWH.

CO; emission reduction: Hydropower is clean because it
produces electricity without the need for conventional energy
(unless the small number of ancillary equipment). In this paper,
the contribution of hydropower to CO, emission reduction is
calculated by using the standard coal consumption required
for the same power generation. Based on CO, generated by
thermal electricity under the same generating capacity, this
capacity is converted into standard coal, where one degree of
electricity consumes 360 grams of standard coal; 1 ton of raw
coal = 0.714 tons of standard coal. The carbon dioxide emission
coefficient per ton of raw coal is 1.9003 kg-co2/kg. Therefore,
the formula is CO, emission reduction = electricity generation*
0.36/0.714*1.9003/10. Unit: Mt.

EMPIRICAL ANALYSES

Statistical Analysis of Input-Output
Indicators

This paper divides 29 provincial-level administrative regions into
the east, central, and west. The eastern coastal areas include
Beijing, Hebei, Liaoning, Jiangsu, Zhejiang, Fujian, Shandong,
Guangdong, and Hainan. The central inland includes Shanxi,
Inner Mongolia, Jilin, Heilongjiang, Anhui, Jiangxi, Henan,
Hubei, Hunan, and Guangxi. The western frontier includes
Sichuan, Guizhou, Yunnan, Tibet, Shaanxi, Gansu, Qinghai,
Ningxia, Xinjiang, and Chongqing. In order to compare the
energy efficiency and hydropower environment of these three
regions, we analyze their efficiency indices. In Table 2 we see
from 2013 to 2017 that there is a small difference in the amount
of hydropower employment in the eastern and central regions,
while the western region has the lowest amount.
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Figure 1 shows the index level and its change trend for the
5 years in each area. In regard to the input index of installed
capacity, the eastern, central, western, and national trends have
the same change, growing steadily from 2013 to 2016 and
falling back in 2017, whereas the hydropower installed electricity
capacity of the western region is more than twice that of the
eastern region.

TABLE 2 | Average situation of each indicator by region from 2013 to 2017.

In terms of utilization time, the level and change in trend
of the three regions are different. The change in trend of the
central region is relatively gentle, while the change in trend
of the eastern and western regions is unstable, rising and
falling at random. In terms of output index and electricity
generation, the western region is at a high level, which is about
4 times and 2 times that of the eastern and central regions,
respectively, and it has been continuously increasing in the
past 5 years. However, hydropower electricity generation in the
eastern and central regions is basically unchanged and declined
in 2017. Generally speaking, the development momentum of the
hydropower industry in various regions of China has slowed
down in recent years. Moreover, hydropower development has
not reached any standard, which may relate to the difficulty of
such development and poor consumption of hydropower.

Total Efficiency Score and Ranking

Analysis

Table 3 exhibits the total efficiency score and ranking in different
regions. The western region as a whole performed significantly
better, while the eastern and central regions rarely had the
most efficient provinces. For example, Sichuan and Yunnan both
have a total efficiency score of 1, and their energy efficiency of
hydropower is 1 from 2013 to 2017. Fujian, Hubei, Gansu, and
Shaanxi have a total efficiency value ranging from 0.8 to 1.0.

As seen from Figure 2, the total efficiency of hydropower is
west > central > east from high to low overall. The ratio of
the number of top-10 provinces in the three regions is 1:3:6,
while 13 cities with a total efficiency value <0.5 are distributed
in the eastern and central regions, indicating that hydropower
energy efficiency in these two regions is far below that of the
western region.

From Figure 3 we can see the geographical distribution in the
three regions. In terms of the whole country, the hydropower

Area 2013 2014 2015 2016 2017
Labor East 1595 1563 1506 1498  14.98
(10,000 Central 15.64 15.53 15.43 14.97 14.37
PeOPIE) et 9.48 9.87 9.74 9.44 9.02
Total 1369 1367  13.41 1313 12.79
Utilization ~ East 1666.67 1801.11 1537.44 230522  1990.67
time Central  2660.00 2530.00 250070 264810 2615.89
0 West  3552.80 3642.30 361550 3355.70 3817.85
Total 262649 2660.80 255121 2769.67 2808.14
Installed ~ East 49440 49853  501.54 52837  460.12
capacity ~ Central  862.64  882.60  897.18 91532  901.85
(10,000 West 149670 1712.00 1846.60 1930.00  1924.69
KW Total 95125 1031.04 1081.77 112456 1095.56
Generated  East 119.30 119.39 134.63 176.38 120.17
Z”Oeégy Central  266.85 30055 312.84 32081  317.35
million West 537.41 65652 69625  713.82  764.33
KWH) Total 307.85  358.82  381.24 40367  400.62
CO, East 1142.92  1143.80 1289.72 1689.68 1151.27
ree”(;'ji%”n Central  2556.43 2879.24 2997.01 3073.38  3040.19
(10000  West 514840 628946 667011 683838 7322.25
tons) Total  2949.25 3437.50 3652.28 3867.14 3837.91
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TABLE 3 | The total efficiency score and ranking in different regions.

DMU 2013 2014 2015 2016 2017 Score Rank
East Beijing 0.0882 0.1376 0.1183 0.1652 0.2057 0.1430 27
Hebei 0.1162 0.1245 0.1032 0.1724 0.1830 0.1399 28
Liaoning 0.4028 0.2981 0.2056 0.2331 0.2214 0.2722 23
Jiangsu 0.1743 0.1973 0.1746 0.1972 0.1997 0.1886 26
Zhejiang 0.3717 0.3858 0.4820 0.4230 0.3846 0.4094 19
Fujian 0.6699 0.7096 0.7609 1 0.8979 0.8077 6
Shandong 0.0610 0.0977 0.1251 0.1676 0.1106 0.1124 29
Guangdong 0.6212 0.6105 0.6636 0.6323 0.5799 0.6215 14
Hainan 0.5061 0.5924 0.3114 0.2826 0.5787 0.4543 18
AVE 0.3346 0.3504 0.3272 0.3637 0.3735 0.3499
Central Shanxi 0.3012 0.2775 0.2168 0.2233 0.3208 0.2679 24
Inner Mongolia 0.2961 0.3820 0.2676 0.1735 0.1505 0.2539 25
Jilin 0.5084 0.3988 0.2924 0.3296 0.3402 0.3739 20
Heilongjiang 0.5039 0.3908 0.2737 0.2075 0.3410 0.3434 21
Anhui 0.2266 0.2989 0.3061 0.3139 0.3908 0.3073 22
Jiangxi 0.5435 0.5711 0.6572 0.5220 0.6272 0.5842 15
Henan 0.5411 0.4908 0.4854 0.3530 0.4699 0.4681 17
Hubei 0.8434 0.9125 0.8471 0.8190 0.7899 0.8424 5
Hunan 0.7610 0.7751 0.7851 0.7164 0.8688 0.7813 9
Guangxi 0.6670 0.8497 1 0.7146 0.7669 0.7997 7
AVE 0.5192 0.5347 0.5132 0.4373 0.5066 0.5022
West Chongging 0.5480 0.7874 0.6803 0.6171 0.7608 0.6787 11
Gansu 1 1 0.7704 0.6076 0.8949 0.8546 3
Guizhou 0.5855 0.7822 0.8439 0.6779 0.6892 0.7157 10
Ningxia 0.7013 0.7668 0.5915 0.4001 0.6533 0.6226 13
Qinghai 1 1 0.7977 0.5770 0.5656 0.7881 8
Shaanxi 0.7908 1 1 0.6406 0.8100 0.8483 4
Sichuan 1 1 1 1 1 1 1
Tibet 0.6102 0.6153 0.5711 0.5585 0.4919 0.5694 16
Xinjiang 0.7529 0.5913 0.6877 0.5579 0.6519 0.6483 12
Yunnan 1 1 1 1 1 1 1
AVE 0.7989 0.8543 0.7943 0.6637 0.7518 0.7726
1
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FIGURE 2 | Total efficiency scores among provinces by region from 2013 to 2017.
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FIGURE 4 | Variation trend of total efficiency by regions from 2013 to 2017.
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efficiency of the southwest region is obviously better than that
of northeast. There is still much room for hydropower efficiency
improvement in the central and eastern regions.

Under multiple factors and from regional differences in
hydropower energy efficiency, further analysis concludes that
the level of economic development has a weaker influence on
hydropower energy efliciency, and that the level of this efficiency
is more likely to depend on the resource endowment of a
region. Moreover, policy support also plays a significant role to
a certain extent, because with the development of clean energy
in recent years, the government is more and more encouraging
the western region with its rich water resources to exploit
hydropower in order to improve its energy structure and achieve
carbon reduction benefits. Under a multilateral support policy,
hydropower enterprises in the western region have accumulated
rich experience and advanced technology, and so regions with
hydropower energy efficiency are more efficient than other areas.

It is obvious from Figure4 that, first, the total efficiency
of hydropower energy varies greatly in the three regions, with
the highest in western remote areas, followed by central inland
areas, and the lowest in eastern coastal areas. Second, the
trend of hydropower energy efficiency in the three regions
varies from time to time. The western and central regions
both increased in 2017, while the eastern region declined
slightly. Compared to 2013, the hydropower energy efficiency
in western China decreased slightly in 2017, which is the key
region for hydropower development and includes many large
hydropower complexes. In recent years, China has invested
heavily in the development and construction of hydropower, but
the expected effect has not been achieved. Generally speaking,
the economic effects of hydropower development are fading.
Thus, the government should identify the bottleneck problems of
hydropower development in various regions as soon as possible,
measure the long-term and short-term costs and benefits of
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TABLE 4 | Average score of installed electricity capacity and CO, emission
reduction efficiency.

DMU Installed electricity CO, emission
capacity reduction
East Beijing 0.3081 0.56920
Hebei 0.2967 0.5879
Liaoning 0.4942 0.6675
Jiangsu 0.3845 0.6195
Zhejiang 0.6698 0.7540
Fujian 0.9564 0.9594
Shandong 0.2548 0.5745
Guangdong 0.8755 0.8928
Hainan 0.7085 0.7789
Central Shanxi 0.5024 0.6688
Inner Mongolia 0.4724 0.6591
Jilin 0.6279 0.7341
Heilongjiang 0.6092 0.7249
Anhui 0.5493 0.6900
Jiangxi 0.8333 0.8579
Henan 0.7413 0.7975
Hubei 0.9642 0.9668
Hunan 0.9784 0.9793
Guangxi 0.9614 0.9647
West Sichuan 1 1
Guizhou 0.9121 0.9235
Yunnan 1 1
Tibet 0.8369 0.8645
Shaanxi 0.9790 0.9800
Gansu 0.9748 0.9761
Qinghai 0.8791 0.9164
Ningxia 0.8951 0.9094
Xinjiang 0.8937 0.9071
Chongging 0.9119 0.9215
AVE 0.7404 0.8230

hydropower development, formulate more effective targeted
policies, and attain environmental and economic double benefits
by replacing traditional fossil energy with clean energy.

Comparison of Installed Electricity
Capacity and Carbon Emission Reduction

Efficiencies

From Table 4, the efficiency score of installed electricity capacity
is generally lower than that of the CO; emission reduction index.
This shows that installed electricity capacity in many areas is
underutilized and there is redundant investment, especially in
the eastern coastal areas. The number of provinces with installed
electricity capacity and CO; emission reduction efficiency close
to the production frontier (above 0.9) is 1, 3, and 6 for the
east, central and west regions, respectively. These provinces
have achieved better carbon emission reduction benefits from
hydropower. The efficiency value is divided into three gradients:
Above 0.85, 0.45-0.85, and below 0.45. The ratio of the number

e |nstalled capacity = e====CO2 emission reduction
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FIGURE 5 | Radar contrast chart of installed capacity and CO,
emission reduction.

of provinces whose efficiency value of hydropower installed
electricity capacity is distributed in the same three gradients is
14:11:4. Beijing, Hebei, Jiangsu, and Shandong have an efficiency
value lower than 0.45, indicating that their hydropower electricity
capacity is weak, and they are all located in eastern coastal
areas. Provinces with more electricity generation have a greater
contribution to CO, emission reduction, whereas provinces
whose efficiency of CO, emission reduction is >0.9 are also
outstanding at generating electricity. Thus, most areas with
resource endowment can exert their advantages and vigorously
develop clean energy; these areas are mostly in the west. The
eastern coastal region has had rapid economic development,
but needs to improve its hydropower industry efficiency for the
reduction of carbon emissions.

From the contrast analysis of the two indicators™ efficiency
value in Figure 5, Fujian, Sichuan, and Yunnan have the same
efficiency score for the two indices. In the other provinces, their
installed capacity efficiency scores are lower than the values of
CO; emission reduction efficiency. Shandong, Hebei, Jiangsu,
and Shanxi have bigger differences amongst themselves. While
the input efficiency of the four provinces is low, they perform
relatively well at carbon emission reduction, and so improving
installed electricity capacity efficiency is not an ideal way to
increase carbon reduction efficiency.

We can divide those provinces with smaller difference
between the two indices above into two categories. The first
one covers those with a high efficiency value, whereby both
efficiencies of installed electricity capacity and CO, emissions
reduction are close to the frontier. From the radar contrast chart,
they are mostly distributed in the western region, and their room
for improvement of installed electricity capacity and carbon
emission reduction efficiencies is not large. The second category
is provinces with relatively low efficiency values, which are all
located in the eastern and central regions. These regions need to
focus on improving the efficiency of installed electricity capacity
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or the hours of equipment utilization to indirectly promote the
growth of carbon emission reduction efficiency.

There are large inter-provincial differences in the efficiency
values of the two indices in the eastern and central regions,
especially for installed electricity capacity. The curves of the
efficiency values of installed electricity capacity and CO;
emission reduction are basically in line with each other and
very close to the production frontier in the western region,
which also reflects the mature development of hydropower in
this region. The differences in central China are moderate. The
curves of the efficiency values of installed electricity capacity
and CO, emission reduction there exhibit a high degree of
agreement, being close to the production frontier for Guangdong,
Hunan, and Hubei. In the eastern region, the difference is
more obvious. Except for Fujian and Guangdong, the provinces
here have low installed electricity capacity and low investment
efficiencies. In fact, most places in the eastern region have flat
terrain and scarce water energy resources, and so governments
have invested in the construction of many pumped-storage
hydropower stations. Although such hydropower stations have
a high number of hours of equipment utilization, the initial
investment is large, and the machinery and equipment in the
production process release carbon dioxide, leading to insufficient
contribution of hydropower to carbon emission reduction.
Hence, local governments in the eastern region could consider
developing other clean energy sources, such as photovoltaic,
wind, and tidal power to reach carbon reduction targets.

Cause Analysis of Efficiency Difference
Clean energy development in China is affected by the withdrawal
of the United States from the Paris agreement and the expansion
of fossil energy exports. Moreover, in China the current shortage
of clean energy consumption and the long overdue and widening
gap of renewable energy subsidies are restricting the future
development of its clean energy industry.

In China the eastern and western regions have key roles
in the country’s hydropower development. The eastern region
has a high level of economic development, which can provide
many convenient conditions for the development of the
hydropower industry. The western region has the natural
advantages of hydropower development, rich resources, and
sparse population, which is suitable for the establishment of
large- and medium-sized hydropower facilities. The inefficiency
factors of the western region mainly come from its fragile
ecological environment, poor traffic conditions, long electricity
transmission distance, high costs of engineering construction
and electricity transmission, and increasing resettlement and
ecological environmental protection investment. In addition,
the demand for comprehensive utilization of hydropower is
becoming greater, and insufficient investment subsidies and
allocation mechanisms have increased the economic burden and
construction cost of hydropower. In recent years, the growth rate
of electricity consumption has decreased, and the supply in the
electricity market has exceeded demand, leading to the problem
of “abandoning water” (the amount of water used to generate
electricity under the generating capacity of a hydropower station

TABLE 5 | Kruskal-Wallis test score of total efficiency.

Year Ave. Score Ave. Score Ave. Score Kruskal-Wallis
of East of Central of West Test Score
2013 0.3346 0.5192 0.7989 0.001***
2014 0.3504 0.5347 0.8543 0.001***
2015 0.3272 0.5132 0.7943 0.003***
2016 0.3637 0.4373 0.6637 0.028***
2017 0.3735 0.5066 0.7518 0.011*

***Significant confidence interval of 0.05 (two-tailed test).
The data in this table are calculated with SPSS Statistics 25 Software (IBM Corporation,
Armonk, New York, U.S.A.).

that is not actually used for generating electricity due to various
reasons) in western China.

The high proportion of pumped storage electricity stations
in east and central China leads to a low utilization rate of
hydropower equipment. Moreover, hydropower projects in the
eastern region are mostly saturated, and to some extent they
rely on the “west-east gas transmission” for electricity supply,
resulting in additional electricity costs and poor efficiency. The
input-output efficiency scores of various indices are lower in the
central regions than in the western region due to geographical
location and non-disadvantages of water energy resources.

It is therefore recommended that the central government
establish a “dynamic comprehensive hydropower cost evaluation
system” to understand the significance of developing the clean
energy hydropower industry from the four dimensions of
energy, environment, economy, and social benefits. China should
complete an investment subsidy mechanism as soon as possible
and vigorously support the development of hydropower in the
western region.

Table 5 shows the Wilcoxon test score for the average
technology gap. In 2013-2017, the average total efficiency of the
three regions passes the significance test.

CONCLUSIONS AND POLICY
RECOMMENDATIONS

Conclusions

This study divides 29 provincial-level administrative areas in
China into eastern, central, and western regions. We then
evaluate and analyze their hydropower energy efficiency, inter-
provincial differences, and improvement space in 2013-2017 in
order to discuss the level of hydropower efficiency, influencing
factors, and improvement direction of each region. The empirical
results are as follows.

(1) In terms of the level of input and output indicators, the
western region is higher than the central region, and the
eastern region is at the bottom. In terms of the change
in trend over the past 5 years, many indicators in most
provinces and cities have fallen back. Generally speaking,
the development momentum of the hydropower industry in
China has slowed down in recent years.
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(2) The total energy efficiency of hydropower in order from
high to low is west, central, and east. The ratio of the top-
ten provinces among the three regions of east, central, and
west is 1:3:6. Moreover, the provinces and cities whose total
efficiency value is <0.5 are all distributed in the eastern
and central regions, indicating that the hydropower energy
efficiency of these two regions is far away from that of the
western region.

From a comparison of installed electricity capacity efficiency
and carbon emission reduction efficiency, the performance
of the three regions is consistent with the order of the total
efficiency score, no matter for the efficiency value or inter-
provincial difference. The overall levels of installed electricity
capacity and CO; emission reduction efficiencies in the east
are significantly lower, and inter-provincial differences are
large. The curves of installed electricity capacity efficiency
and CO; emission reduction efficiency in the west are
basically identical and very close to the production frontier.
The differences in the central region are between these
two regions.

In terms of the energy efficiency of hydropower, we conclude
that the western region is the best, followed by the central
region and then the eastern region. Moreover, natural
water resources and geographical advantages have a great
positive effect on hydropower efficiency, while economic
development has little effect on it.

(4)

This shows that in China, the improvement of hydropower
efficiency mainly depends on the more economical and rational
use of hydropower resources. It is an effective measure to
make full use of water head, reasonable operation of reservoirs
and reasonable number of power stations in the western
region to ensure the operation of hydropower in the high-
efficiency area. With the rapid development of economy and
the increasing energy shortage, small hydropower and pumped
storage power stations can become the important channels
for hydropower development in eastern China. On the one
hand, small hydropower and pumped storage power stations
can overcome the weak natural conditions of hydropower
in the eastern region. On the other hand, they can meet
the elastic needs of peak adjustment, frequency modulation
and phase adjustment of power grid in the developed
eastern region.

Eastern Coastal Area

(1) The basic development of hydropower resources is complete,
but there is still room for improvement in their installed
electricity capacity. In particular, the efficiency of equipment
utilization hours should be improved, which requires the
region to increase investment in hydropower construction,
make full use of existing equipment, and increase its
contribution to carbon emission reduction.

This region should cultivate and rationalize the allocation
of relevant human resources, reduce waste, and improve
efficiency in the number of employees.

2

Central Inland Area

(1) This region should target deeper development, control the
growth of small- and medium-sized hydropower stations,
and realize the optimal allocation of resources. Hydropower
development here is at the top level, yet some provinces
and cities in the region are similar to the western region,
while others are only slightly better than the eastern region.
A “one-to-one” pull coordinated development within the
region can be adopted to achieve centralized control and
optimized operations, so as to drive the provinces and
cities at the bottom of the rankings to keep pace with the
western region.

By integrating the experiences and measures of the
eastern and western regions, learning from each other,
and complementing each other, this region can pay
equal attention to both construction and operation
management and combine project development with
personnel training. Relying on the construction of large-scale
hydropower projects can help cultivate various hydropower
construction talents and teams with leading professional
levels and outstanding scientific and technological
innovation abilities.

2

Western Outlying Area

(1) Some provinces and cities still have great development
potential and continue to expand the scale of “west-to-
east electricity transmission.” On the one hand, the energy
potential of the western electricity supply area can be fully
developed; on the other hand, the range of hydropower
consumption can be effectively expanded to solve the
problem of water abandonment here.

(2) As for the constraints of hydropower development in
Policy Recommendations the western region, authorities can help strengthen
With the development of technology and the concept of infrastructure construction, promote ecological
ecological and environmental protection, China should restoration of small- and medium-sized river basins,
consolidate its leading position as a powerful hydropower improve external traffic conditions, reduce construction
country in the world, actively promote the concept and difficulties, continually enhance the technical level of
innovation of hydropower development, and attach equal hydropower construction and the manufacturing capacity
importance to development, protection, construction, and of mechanical and electrical equipment, and target
management. Based on the above conclusions, provinces, technological innovation.
cities, and regions should solve their problems according (3) This region can also increase investment in hydropower,
to local conditions and formulate and adopt strategies and promote poverty alleviation, improve the land acquisition
countermeasures in line with their own actual circumstances. mechanism, and reduce development costs. Each province
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should boost hydropower investment subsidies and
the hydropower station compensation mechanism,
strengthen the coordination of departments, meet
the demand for hydropower construction land, and
improve the work of land applications and approvals.
Governments here can do a better job at compensation
and resettlement of land expropriated for hydropower
construction, earnestly safeguard the rights and interests
of farmers whose land is expropriated, and implement
“land in advance” to ensure timely construction of
hydropower projects.
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