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Abstract: The high carbon emissions and pollution of China’s thermal power industry chain have
exacerbated environmental and climate degradation. Therefore, accelerating the green transformation
process is of great significance in promoting the sustainable development of enterprises. This study
selected 30 listed thermal power enterprises in China as research objects, analyzed their data from 2018
to 2022, set targeted input-output indicators for different stages, and used a two-stage dynamic data
envelopment analysis (DEA) model to evaluate and measure the efficiency of the green transformation
of Chinese thermal power enterprises. In addition, this study also uses the logarithmic mean Divisia
index (LMDI) method to analyze the driving effects of green transformation. The results indicate
that in terms of overall efficiency, there is a significant difference in the overall performance of these
30 thermal power enterprises, with a large difference in average efficiency values. Efficiency values
are related to enterprise size. In terms of stage efficiency, the average efficiency value of thermal
power enterprises in the profit stage was significantly higher than that in the transformation stage,
and the profitability of Chinese thermal power enterprises was better. In terms of sub-indicator
efficiency, the efficiency of each indicator shows a “U”-shaped trend, and there is a certain correlation
between the operating costs and revenue of thermal power enterprises, the market value of green
transformation, and related indicators. In addition, the most important factor affecting the efficiency
of green transformation is the sewage cost they face, whereas their operational capabilities have
the least impact on their green transformation. In this regard, thermal power enterprises should
increase their investment in the research and development of key technologies for thermal power
transformation and continuously optimize their energy structure. The government will increase
financial support for thermal power green transformation enterprises and correspondingly increase
emission costs.

Keywords: green transformation; thermal power industrial chain; carbon emission; two-stage
dynamic DEA; LMDI

1. Introduction

According to the report State of the Global Climate in 2023 released by the World
Meteorological Organization (WMO), 2023 is the warmest year on record, and the average
surface temperature worldwide has reached a new high, which will continue to rise in
the future. This will largely affect people’s daily society and harm the social economies of
countries and regions. The most important reason for accelerating global warming is the
excessive emission of greenhouse gasses, mainly carbon dioxide. Mitigating and dealing
with the impact of carbon emissions has become the focus of attention in countries around
the world. By the end of 2023, carbon dioxide emissions in China were 12.6 billion tons,
making China the world’s largest carbon emitter.
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According to a relevant report by the International Energy Agency, the emissions
of global energy-related carbon dioxide will reach 37.4 billion tons in 2023, an increase
of 410 million tons or 1.1% from the previous year. The energy industry, as the driving
force of China’s economic development, has also exacerbated the excessive emissions of
carbon dioxide largely affecting people’s daily lives, among which the most important
is the combustion of fossil fuels based on coal. As a responsible internal power, China
needs to pay attention to the balance with environmental governance while vigorously
developing its economy to promote the sustainable development of its national society.

As an important part of the energy supply industry chain, thermal power enterprises
mainly use coal for power generation, and the combustion of coal greatly increases carbon
emissions and accelerates global warming. In this case, clean, efficient, and safe renew-
able energy generation is favored and has gradually become an important part of the
power supply. Traditional thermal power enterprises actively perform structural transfor-
mations for clean and low-carbon energy power generation. Accelerating the process of
green transformation is of great significance in promoting the sustainable development
of enterprises.

The contributions of this article are as follows: (1) Most of the previous studies on
the evaluation of the green transformation efficiency of the thermal power industry start
from a regional perspective, such as national and provincial areas, and rarely involve the
perspective of enterprises. In this study, starting from the listed thermal power enterprises
in China, 30 listed thermal power enterprises in China were selected as the research
objects, and the research was more targeted; (2) This study adopts a two-stage dynamic
data envelopment analysis (DEA) model to set representative input—output indicators
for different stages of green transformation in thermal power enterprises, which can
better restore their actual operating conditions. At the same time, it can provide reference
for thermal power enterprise managers to balance enterprise performance and green
transformation management behavior based on changes in the efficiency values; (3) Due to
the characteristics of zero residuals and strong applicability of the logarithmic mean Divisia
index (LMDI) method in energy and environmental policy evaluation, this paper adopts
the LMDI method to evaluate the factors that affect the green transformation efficiency of
Chinese thermal power enterprises, providing a basis for dynamic monitoring of the green
transformation process of thermal power enterprise managers.

2. Literature Review
2.1. Factors Affecting the Transformation of Energy Enterprises

In the previous research on the factors related to the transformation of energy en-
terprises, it was found that the traditional economic growth mode has little effect on
alleviating the rigid constraints of resources and environment. The contradiction between
resources and development is becoming more and more prominent, which makes energy
enterprises gradually carry out transformation and development to adapt to the mode
of economic development at the present stage. The impact of the development of green
economic growth mode is comprehensive and macro, which can not only promote the
development of environmental protection technology within enterprises and bring value
added in the field of research and development but also accelerate energy conservation and
emission reduction and drive the sustainability of the overall economy [1]. The essence of
the transformation of energy enterprises is to change from the traditional material economy
to the green economy and from the unsustainable development model to the sustainable
development model. As governments around the world vigorously promote green econ-
omy, and in the face of efficient and green economic growth mode, energy enterprises must
also transform in time and regard green innovation as an important factor for enterprises
to achieve efficient and stable development [2]. Although the economic activities of enter-
prises have negative externalities on the environment—for example, economic activities
such as energy production and transportation bring greater costs to the society (such as
pollution and congestion)—these enterprises often do not voluntarily bear these costs to
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promote the sustainable development of society. Currently, the promotion of government
policies has become an important reason to promote the transformation of enterprises [3].
The successful realization of green transformation requires the continuous enrichment of
policy instruments in terms of technology, capital, and trading mechanisms. For example,
the government constantly encourages industrial enterprises to take green innovation as
the driving force, formulate green strategies, and minimize industrial emissions through
the greening of the whole process of industrial production, so as to achieve the balance
between environmental benefits and economic benefits [4]. Meanwhile, for some specific
industries, enterprise barriers have a direct negative impact on environmental innova-
tion investment decisions, but some energy companies have shortcomings in technology
and management and need certain policy support from the government. Under such
circumstances, whether energy enterprises can objectively and accurately disclose their
financial situation and decision-making deficiencies and obtain policy support is also one
of the factors determining the success of their transformation [5]. Therefore, in the case of
increasing carbon constraints in the future, banks need to pay special attention to whether
enterprises with high carbon emission risks can reasonably disclose their carbon-related
financial risks in their credit reports when choosing whether to make loans [6].

In addition, many scholars who have also narrowed the scope of research, studying
and analyzing the factors of power enterprise transformation, have said that the influence
of the internal factors of enterprises is dominant. Pressure and uncertainty within energy
companies are also important factors driving the green transformation [7]. How to reduce
the uncertainty in the development of enterprises, maximize the reasonable balance be-
tween cost and price, so as to effectively resolve the internal financial risks, is the key to
promote the power enterprises to achieve green transformation [8-10]. In addition, global
warming is becoming more and more serious, and the environmental protection values,
attitudes, and concepts of corporate managers will affect the formulation of corporate
green transformation strategies [11]. Increasing the innovation and upgrading of renewable
energy technologies to achieve efficient and stable power generation will affect the speed
of the green transformation of enterprises [12]. In addition to the internal factors of the
enterprise itself, the external environmental factors will also affect the transformation
and upgrading of electric power enterprises. The most important external factors are the
development cycle of the power industry and external market conditions [13,14].

In summary, the analysis of factors related to energy enterprise transformation in pre-
vious studies can mostly start from a single perspective of internal and external enterprises,
but mostly focus on internal factors, ignoring the possible synergistic effect of internal and
external factors. The influence of both on energy enterprise transformation is intertwined
and complementary. In addition, there is a gap in the research and analysis of the segmen-
tation of energy enterprises (such as thermal power enterprises, wind power enterprises,
and photovoltaic enterprises), which cannot reflect the characteristics of different types of
energy enterprises.

2.2. The Application of DEA in Efficiency Evaluation of Enerqy Enterprises

At present, many scholars at home and abroad use the DEA model to study the
efficiency of energy enterprises in a region from three levels: national, provincial, and
industrial. In terms of the study on the efficiency of Chinese energy enterprises, the non-
radial DEA model is used to evaluate the resource utilization efficiency of energy enterprises
and take CO, as the undesirable output, so as to study the energy-saving potential and CO,
emission reduction potential of Chinese provinces, and provide theoretical suggestions for
the Chinese government’s environmental governance [15]. The DEA model is improved
and upgraded, and a DEA model containing non-homogeneous, input-output factors
is constructed to study the environmental efficiency of China’s industrial sector [16,17].
In addition, the thermal power industry of China’s provinces is taken as the research
object; the power generation is expected, SO,, NOyx and soot are not expected, and the
DEA method is used to evaluate and analyze the energy efficiency. The conclusion is that
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the green performance of China’s thermal power industry is generally low, the difference
between provinces and cities is large, and the regional characteristics are obvious [18].

Some scholars also use the DEA model to conduct research on the energy efficiency
of enterprises in many countries around the world and put forward relevant suggestions.
The non-radial directional distance function was used to measure the energy efficiency
of the national power sector, and then the efficiency differences among countries were
compared [19]. At the same time, through efficiency comparison, it can be observed that
per capita energy consumption and per capita gross domestic product (GDP) growth will
have a positive impact on energy intensity, and environmental regulation can restrict the
entry of high-pollution and high-emission enterprises, thereby promoting the improvement
of energy efficiency [20].

In addition, some scholars take EU member states as research objects and use the DEA
model to study the efficiency of energy enterprises. For example, taking the relationship
between economic development, energy efficiency and natural gas consumption of EU
member states as the research object, and taking total fixed capital and total labor force
as the independent variable analysis indicators in the DEA model, it is concluded that
the efficiency of energy enterprises in European Allies is related to the policy system and
energy intensity [21], and the efficiency differentiation between the countries and regions is
also relatively serious. In addition, through the efficiency evaluation and analysis of energy
enterprises, it is also concluded that the appropriate adjustment and guidance of energy
prices are of great benefit to improving energy efficiency. This plays an important role in
improving government policy [22,23].

In sum, previous scholars mostly used the DEA model to complete research on
national-, provincial-, and industry-related efficiency and lacked research on relevant
efficiency values of energy enterprises (such as investment efficiency, innovation efficiency,
and promotion efficiency, etc.) and specific energy enterprises (traditional energy enter-
prises or clean energy enterprises). In addition, most scholars only use the traditional DEA
model to study the efficiency of energy enterprises.

2.3. Application of LMDI in Enterprise Factor Analysis

The LMDI model can gradually decompose the contribution rate of each factor to the
increase in energy consumption and then build a complete decomposition model of the
energy consumption level and analyze the main factors of energy consumption [24]. Taking
China as an example, through the study of the changing trend in coal consumption, it is
found that the per capita GDP has a positive impact on coal demand [25]. Reducing the
output scale and adjusting the industrial structure can restrain coal demand and greatly
slow down carbon dioxide emissions [26].

Moreover, the LMDI decomposition method is also used to analyze the influencing
factors of energy extraction and use level and the change in the carbon emissions of
industries and sectors. When the LMDI decomposition method was used to study the
factors affecting carbon dioxide emissions in China’s industrial sector, population size,
GDP, industrial structure, and energy structure were taken as the research factors, and
it was found that reducing the energy intensity and improving the energy structure can
greatly reduce carbon emissions [27,28]. But the energy intensity effect is a key driver of
reducing CO, emissions in some regions [29].

In addition to the Ministry of Industry, the LMDI decomposition method can also be
applied to the study of carbon emission factors in different industries. In manufacturing,
an increase in economic output is an important measure to slow down carbon emissions in
the manufacturing industry [30,31]. In the service industry, taking energy demand data
as samples, the LMDI model was used to classify the influencing factors into economic
growth, energy efficiency, alternative energy, industrial structure, and energy intensity. The
study found that the most important factor affecting energy demand in France’s services
sector is economic growth [32]. In the transport sector, by assessing the contribution of
each of the major factors that contribute to carbon emissions, it was found that the rapid
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growth of carbon emissions in Tunisia is mainly due to the increasing level of transport, of
which road transport is dominant [33].

For the power industry, the LMDI model is also one of the important methods to
explore the factors affecting the change in greenhouse gas emissions. From a national
perspective, the power generation industry of seven major countries in Asia Pacific and
North America was studied, and it was found that the power structure also has a positive
effect on the rise of carbon emissions, and that the change in energy intensity is a factor
that inhibits the growth of carbon emission [34]. By incorporating more influential factors
into the LMDI model for verification, it was further found that economic growth and GDP
increase are also the most important driving factors for the rise of carbon emissions in
the power generation industry [35]. From a regional perspective, it was found that the
carbon emission intensities of 30 provinces in China show a downward trend [36]. For
specific thermal power industries, the LMDI model can be used to determine the change
in regional thermal power carbon emissions [37]. Based on China’s regional power grid
division standard, it can be found that reducing the thermal power energy intensity and
changing the thermal power energy structure have a positive impact on reducing China’s
thermal power carbon emissions [38]. In addition, it was found that the eastern coastal
region significantly improved thermal power energy efficiency during the study period,
and the western region performed well in clean energy development and power structure
optimization [39].

In general, current studies on the application of the LMDI model mainly focus on
the influencing factors of energy consumption and carbon emissions, and most of the
influencing factors are energy structure, energy intensity, and population economic scale.
There are many research gaps in the relevant influencing factors of green transformation,
and even fewer studies on the driving effects of green transformation in the energy industry
or enterprises.

2.4. Summary

In previous studies, most scholars only used regression analysis to determine the
factors affecting the green transformation of energy enterprises, but failed to analyze the
types of energy enterprises and the dynamic change degree of each influencing factor. At the
same time, in the past, when the DEA method was used to measure the efficiency of energy
enterprises, it was mostly based on a regional perspective and ignored the differences in
various links in the daily operation process of enterprises as operating entities. Therefore,
this study adopts a dynamic, two-stage, network DEA method to evaluate the efficiency
of different links in the operation of thermal power enterprises, respectively. At the same
time, the LMDI method is used for dynamic analysis of different factors affecting the green
transformation of enterprises, filling the gap of existing research in this direction.

3. Method and Data
3.1. Dynamic Two-Stage Network DEA Method

This study aims to address the issues arising from static analyses and regional dispari-
ties by segmenting the approach into two stages: the first is the profit stage, and the second
is the transformation stage. Assuming that there are n decision-making units (DMUs)
(g=1,...,n), each with k partitions (k =1, ..., k) and n time periods (T =1, ..., T), each
DMU has an input and an output in time period T and a carry-over (link) in the next time
period T + 1 to the next time period (g =1, ..., n). The inputs and outputs of each partition
Kby K (K, h) i denote the divisions from k to /1, and n and Ly denote the set of divisions
from k and h. We show the inputs and outputs, links, and carry-over definitions as follows:

Inputs and outputs:

ngk ERy(i=1,.... my=g=1,....m;K=1...,K;t =1,...,T). This refers to in-
put i at time period ¢ for DMU; division k.

yigk €ERy(r=1,...,ry=g=1,....m;K=1...,K;t =1,...,T). This refers to out-
put r in time period ¢ for DMU; division k.
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Links:

Z;(kh)t €ER(g=1..;m1=1;...;Ly;t =1;...;T). This refers to the period t links
from DMUy (b) the process of time durmg which the scheme is to be implemented. The
following is a conclusion of the period of the scheme of work h. Here, Lj; represents the
number of k links from one division to another, while h links refer to the quantity.

7zt ) € Ri(g=1..ml=1..;Ly;t=1;..;T).

g(kh
Carry-overs:

ZU eRi(g =1, ml =1, Lk =1, kt = 1,...,T—1). This refers to
the carry-over from time period (t) to period (t + 1). This includes division & to division k,
where L represents the number of carry-over items in division k. The quantity of input
links for every division k is represented by link inj. Similarly, link out; signifies the quantity
of output links for every division k. Each division k has a certain number of favorable
carry-overs, represented by n good,.. Conversely, the number of unfavorable carry-overs
for each division is represented by the quantity of output links for each division, denoted
by n bad.

What follows is the model that is non-oriented.

(a) Goal function

Overall efficiency:

t S(bHD)
T t K k _ 1 my k linkiny So( kh)yin ninput, ok]mput
Zt:l w [Zk—l w [1 my+linking+input; (Zz 1 xm +X (kh);=1 Zf ] + Ekl (tt+1)

. o(kh)in Zok inpu
65 = min : i (1)
t k "1k mkxood ’2k Smkbad
Zt 1 w |:Ek 1 w |:1 + r1k+72k (Zr 1 yrokgaad + Z ymkbad ) :| :|
Subject to

xbe = XiAL + st (Vk, V)
yokgood Ykgood)\k Skogood (Vk Vt)

Yokbad = Yivaa M + Stopaa (7k, VE)
el = 1(Vk, Vt)
)Lk =0, Sti >0, sltcjgood >0, Sltcgbud >0, (Vk/ Vt)

t . . .
wa(kh)in = kah)in)‘k + Sé(kh)in((kh)zn =1,..., linking)

gkla gk okjinput

2 (D) 4 b i S (Hl)))&tH(Vk;Vkl;t T 1)Z(t,(‘t+1))
=1

t,(t+1) ) (t,(t+1)) L
Z gkllmput gk +s oklmput k=1, ngOOdk' Vk; Vt>

Ssood 2 0, (ki3 ¥E)

(b) Efficiencies of period and division
Efficiencies of period and division are as follows:

i Period efficiency:

K k o 1 My ok linking=1 0( h)in
Yo W [1 PP £1m 7 <Zl 1 xm T Ly 7

o(kh)yin

(t t+1)

f—

s ngoodk ok;good

14 1 Zr]k rokquad + Zrzf M + Z !
r1k+72k+ngoodk r=1 !/rokgoud r=1 Yvokbad ki Zf;;c;;:?d

()

dy = min

T W
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@5 = min

i Operation revenue |

ii. Division efficiency:

t . (t,t4+1)

T tlq 1 my St k linkiny,  So(kh)jin inputy Sokjinput
Lima WOl = G i Fmpait, | Zi=1 =k, T Loy =1 7, — 1 L (=Y
o(k )l n zak]input

t+ t—
S
t 1k rokgood "2k Syokbad
YW {1+,1k+,2k (Zj 0

r=1 yrakgood Yrokbad

©)

Division period efficiency:

(tt+1)
t . S .
_ 1 my mk linking  So(kh)jin —inputy ~okijypyginput
1 my+linking+ninput, Z:z T xl +Z(kh, Tzl in Zk, (tt+1)
o(kh)pin Zoklinput (4)

0y = min =
1 Y1k rukqovd 72k kbad
1+ Tk t+Tok (Z + E ;a : >

yrokguad yrokbud

(¢) Input, desirable output, and undesirable output efficiencies:

To address any potential bias in traditional efficiency indicators, we used the total
factor energy efficiency index. When the planned investment is consistent with the actual
investment, efficiency equals 1, indicating complete efficiency. When the planned invest-
ment is less than the actual investment, the efficiency drops below 1, indicating overall
low efficiency. This article selects data from 30 listed thermal power companies in China
from 2018 to 2022, mainly based on the top 50 thermal power companies in the A-share
market in 2022, excluding thermal power companies that have been listed for less than
five years. Appendix A summarizes the specific names and locations of thermal power
enterprises in the research sample. Figure 1 shows the research framework and related
indicators for evaluating the green transformation efficiency of thermal power enterprises
based on the dynamic, two-stage, network DEA model. The main design idea of the
dynamic, two-stage, network DEA model is as follows: The evaluation process of green
transformation efficiency of Chinese thermal power enterprises is divided into profit stage
(S1) and transformation stage (S2). The first stage is the profit stage, during which Chinese
thermal power enterprises operate normally, laying a solid foundation for subsequent green
transformation. At this stage, we choose the installed thermal power capacity, number of
employees, and operating costs as inputs, operating income as output, and net profit as the
correlation with the second stage. The second stage is the transformation stage, with green
investment and the number of highly educated employees as inputs, and the proportion of
renewable energy installed capacity, carbon dioxide emissions reduction, and market value
as outputs. The T period and T + 1 period are connected by the carry-over variable of total
fixed assets. The specific explanations of each indicator are shown in Table 1 below.

-

X

i }‘ Input i 1 Output

Output

Proportion of installed renewable energy capacity | 1

Link: Net profit

CO, emission reduction

51555 poXi] [MOL FA9AG-ATAEy

.

1 : [ | Market value

Figure 1. Research framework and related indicators of green transformation efficiency evaluation of
thermal power enterprises based on dynamic two-stage network DEA model.
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Table 1. Descriptions of model variables.
Attribute of Variable Variable (Abbreviation) Meaning Unit
Installed thermal power Sum of the rated effective power of the thermal power
. . . 10 MW
Stage 1 capacity (TPC) generator set installed in the system
Employee number (EN) Number of employees in enterprise Persons
Input Operating costs (OC) Cost of goods sold or services 108 yuan
Green Investment (GI) Investment in environmental protection 10* yuan
Stage 2 Highly educated employee Total number of employees with a master’s degree or
N X Persons
number (HEE) above in the enterprise
Stage 1 Operation revenue (OR) Total amount of revfenue a b.u§1.ne55 receives in a year 108 yuan
rom activities
Proportion of installed renewable Ratio of installed renewable energy capacity to total o
energy capacity (PRE) installed capacity °
Output The reduction in current year carbon dioxide generated
Stage 2 CO; emission reduction (CER) by the entire enterprise during the power generation 10* tons
process compared to the previous year
Market value (MV) The price of an asset in the trading market 108 yuan
Link Net profit (NP) he ultimate result of enterprise operation 108 yuan
Carry-over Fixed assets (FA) Tangible assets with a longer lifespan used for 108 yuan

operation are fixed assets, such as factories, machinery

Note: The data come from the annual reports of each enterprise.

3.2. LMDI Method

As shown in Table 2, based on the existing original data indicators, the green transfor-
mation efficiency is decomposed into the following:

GT:éx%}xcj};Gx(lfixiﬂc:sxexpxoxt

Table 2. Construction indicators of Kaya identity of green transformation efficiency of Chinese
thermal power enterprises.

Factor Formula Identification
Sewage cost E/Tg s
Traditional dependence Tg/G e
Production capacity (GT x G)/Ig P
Operation capacity Ig/Oc o
Tax pressure Oc/E t

Note: GT (Total efficiency value obtained by DEA method) is the green transformation efficiency after excluding
the differences in the external environment.

The change in the green transformation efficiency from the base period to year t
is called AGT, which is composed of the following five parts: sewage cost effect (s.rf),

traditional dependence effect (e, s¢), production capacity effect (p.rf), operation capacity
(O¢ff), and tax pressure effect (fofs).

GT¢/GTy = Ds x De x Dp x Do x Dt
(GT;; — GTip)/(InGT;; — InGTyp)

B Ei/Tg,
Ds=exp|}, (GT,—GTo)/(InGT, —InGTy) ' Eo/Tg,
o (GT;4—GTio)/(InGTyy —InGTyo) g /G,

e=exp| Y, (GT, — GTo)/(InGT,; —InGTo) " Tg/Go

(GTi,t - GTi,O (ln GTi,t —1In GTi,O)

/ (GTy x Gy)/Ig,
(GT, — GTy)/(InGT, — InGTy)

bp = exp (GTo x Go)/1g,

X n
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(GT;, — GTi,O) /(InGTj; —InGT;p) Ig,/Oc;

DO = &P\ LT(GT, —GTy)/(InGT, —InGTy) " Igy/Oco

N (GT;, ~ GTy0)/(nGTyy ~InGTy0) 00/,
=exp| )] (GT, — GTy)/(InGT; — InGT)) . " 0co/Eo

Note: The lower corners t and 0 of the variables in the formula represent year t and
the base period, respectively.

3.3. Descriptive Statistics of Typical Indicators

This study selects the average value and maximum value of typical input-output
indicator data in the first stage (profit stage) and the second stage (transformation stage)
and analyzes the data change trend. See Figures 2 and 3 for details.

Operating cost Operation revenue Thermal power capacity
3000 3000 12000
[ ]
2500 2500 ° 10000 ° ° e
° o ° [ ]
o [ ]
2000 2000 ° 8000 o 1
o
° o © e o °
1500 © e e 1500 - 6000
[ ]
[ ] [ ] [ J
8 o ° e © e © o °
1000 ¢ ° . 1000 e © ° 4000 :
[ ] [ ] ) ° ° ° °
500 @ * = i 500 ° * * 2000 i
1E1 FINL -
2018 2019. 2020. 2021. 2022. 2018. 2019, 2020. 2021. 2022. 2018. 2019, 2020. 2021. 2022.
Figure 2. Changes in the first-stage indicators from 2018 to 2022.
Proportion of renewable energy Green investment Market value
1 ° 2,500,000 1400
o
0.9 ° °
° 1200
0.8 2,000,000 e
° °
0.7 ° 1000 ~© o
° H
0.6 ° 1,500,000 ° 500 . .
) o
05 @ °
. 600 °
0.4 1,000,000 ©
L]
03 e ¢ 400
0.2 500,000 ¢ @ °
° 200
| T
0 o i 0
2018 2019, 2020. 2021. 2022, 2018. 2019. 2020. 2021. 2022. 2018, 2019. 2020. 2021. 2022.

Figure 3. Changes in the second-stage indicators from 2018 to 2022.

In stage 1, the installed thermal power capacity, operating cost, and operating revenue
are selected. As shown in Figure 2, the installed thermal power capacity has been growing
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over the study period, but the growth rate in 2018-2020 is significantly higher than the
growth rate in 2020-2022. However, the quantitative change trend in operating cost and
operation revenue is basically the same, which first increases in 2018-2019, then reaches the
minimum in 2020, and finally increases year by year to 2022. And the operation revenue
does not increase with operating costs.

In stage 2, the green investment, the proportion of installed renewable energy capacity,
and the market value were selected. As shown in Figure 3, green investment shows a
rapid growth trend from 2018 to 2020, while it suddenly decreases in 2021 and shows a
slow growth in 2021-2022. The proportion of installed renewable energy is increasing year
by year, but there are still enterprises that have not cleaned up their installed capacity
in 2018-2021, and one company has cleaned up all its installed capacity in 2022. The
market value of thermal power enterprises also showed a trend of first increasing and then
decreasing and reached a peak in 2021.

4. Empirical Analysis
4.1. Analysis of Green Transformation Efficiency of Thermal Power Enterprises in China
4.1.1. Total Efficiency Analysis

From 2018 to 2022, as shown in Figure 4, the average total efficiency value of these
30 thermal power enterprises was 0.6165, and the overall performance was fair. Moreover,
the internal differentiation degree of the total efficiency value was relatively high, with only
17% of the enterprises in the excellent range of efficiency value higher than 0.85, and 57%
in the poor range of efficiency value lower than 0.6. However, thermal power enterprises
with excellent efficiency value generally have the characteristics of being small-scale, and
their installed capacity is basically less than 5 million kilowatts (kW). At the same time, the
installed capacity of thermal power enterprises with poor efficiency values is usually larger,
generally higher than 25 million kW. This indicates that managers of large thermal power
enterprises should pay more attention to the efficiency of their green transformation and
try to avoid excessive reliance on old traditional energy equipment to ensure the stability
of power supply, which ultimately leads to low efficiency.
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Figure 4. Comparison of green transformation efficiency of China’s listed thermal power enterprises
from 2018 to 2022.

4.1.2. Stage Efficiency Analysis

Tables 3 and 4 present the efficiency values of Chinese thermal power enterprises
in the profit stage and the transformation stage, respectively. Among them, the average
efficiency value of thermal power enterprises in the profit stage is 0.8708, which is higher
than the efficiency value of 0.3738 in the transformation stage. This indicates that the
profitability of Chinese thermal power enterprises is significantly higher than their own
transformation ability.
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Table 3. Efficiency changes in Chinese thermal power enterprises at the profit stage.
DMU S1 (2018) S1 (2019) S1 (2020) $1 (2021) $1 (2022) Trend
v N -
CEPC 0.5885 0.7095 0.6488 0.4934 0.5566 /\f
DLPC ——t—o—s
DTPC 0.5160 0.5969 0.6005 0.5718 0.7283 /4
JXGN 0.6954 0.7382 0.7651 0.7241 /\’\
GDGI e
GPDC VRN
HDPC 0.7712 0.7263 0.7942 0.7574 /\/\
HDEC 0.7760 0.6757 v/
HNPC 0.7944 ;A’
DHEP 0.6366 0.6133 /_\
JEPC — s
JEIC 0.7226 0.7161 /\¢
JGCL 0.7528 0.7934 0.7595 \——-/
SJEC vV
JKPC 0.5212 0.6944 0.7295 0.6900 0.7326 /"‘
JNPC 0.5801 0.6575 0.6043 0.7177 0.6137 /\A
NMHD 0.6318 0.6489 0.5930 0.6489 0.7578 _\-/
SEPC e
SNCL —e oo
SNPC 0.7617 V
SEGC “
HEHL 0.7367 0.7635 /_\-
TFEC 0.7844 A}
TECL v
AHWC 0.6429 0.7011 0.7727 o-’/‘
WTEC Vv
YNHC ™~
GEPC 0.7796 ‘-'/"
ZEPC 0.6986 —

Note: The efficiency value data of the profit stage is filled with a gradient, and the higher the efficiency value, the

darker the color.
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Table 4. Efficiency changes in Chinese thermal power enterprises in the transformation stage.

DMU S2 (2018) S2 (2019) S2 (2020) $2(2021) $2(2022) Trend

BNEC 1
CEPC 0.1575 0.0814 0.2273 0.5213 0.1419 w-/\
DLPC 0.0016 0.0047 0.0027 0.0038 \;
DTPC 0.0653 0.0635 0.1000 N\
JXGN 0.3115 0.1840 0.1997 \/\—
GDGI 0.4972 0.0341 0.1585 0.3324 0.1628 \‘/\
GPDC 0.3344 0.0629 0.1202 0.0703 0.0082 \""'*«
HDPC 0.1696 0.0075 0.2154 0.0503 -nn-w--/
HDEC 0.0008 0.0002 _ 0.0031 0.0016 ,7A
HNPC 0.1974 0.0209 0.0474 0.0463 0.0086 \-- e
DHEP 0.2300 0.0881 0.4374 0.2931 0.2801 \/\—
JEPC o0
JEIC 0.0006 0.0002 0.4263 0.0679 0.3102 - /\/
JGCL 0.0001 0.0002 0.0001 0.0002 \ .
SJEC 0.2041 0.0649 0.3908 -*4/ ’
JKPC 0.3577 0.0368 0.1147 0.2804 0.1084 \/\
JNPC 0.0008 0.0001 0.0002 0.0002 0.2911 -:0:/
NMHD 0.2379 0.0518 0.2207 _ 0.1907 WA
SEPC 0.1025 0.0746 0.1112 0.1511 \0—-—
SNCL 0.5368 0.0110 0.0851 0.3777 \-/
SNPC 0.0016 \/ o
SEGC 0.3319 0.0130 0.1110 0.2890 0.1764 \/\
HEHL 0.0033 0.1716 0.2540 0.0059 0.0059 /\
TFEC D
TECL 0.0039 0.0007 0.0022 0.0014 707/
AHWC 0.2867 0.2639 0.0231 -/ \
WTEC o0
YNHC 0.1448 0.2925 0.2530 0.1274 \-'--o
GEPC 0.1457 0.0639 0.1146 0.1083 -‘?/
ZEPC 0.0440 0.0211 0.0291 0.0125 0.0134 \"'\—

Note: Due to poor efficiency during the overall transformation phase, only dark green is used to represent the

situation where the efficiency value is one.
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As shown in Table 3, the profit stage efficiency value of 5 enterprises always remains
unchanged at 1, and the profit stage efficiency value of 23% thermal power enterprises
keeps increasing during the study period, while the profit stage efficiency of more than
60% thermal power enterprises shows a decreasing trend. However, from the perspective
of the average efficiency value in the profit stage, it shows an inverted “U” shape, which
reaches the highest value of 0.8897 in 2020.

As shown in Table 4, the efficiency value of four enterprises in the transformation stage
always remains unchanged at 1, and the efficiency value of 26% keeps increasing during
the study period, while the efficiency of most of the remaining thermal power enterprises
fluctuates in the transformation stage. From the perspective of the change in the average
efficiency in the transformation stage, the study period shows a “U”-shaped pattern, which
decreased sharply from 0.4602 in 2018-2019 to 0.2185 in 2019, recovered year by year after
2019, and recovered to more than 0.4 in 2022.

The changes in efficiency values during the two stages provide the following insights
for managers of thermal power enterprises. Managers should pay attention to their own
profit efficiency while ensuring their own green transformation efficiency and try to avoid
the loss of profit efficiency caused by excessive investment of enterprise resources in the
green transformation process.

4.1.3. Sub-Index Efficiency Analysis

In terms of sub-index efficiency, the index efficiency shows a “U”-shaped trend, and
the lowest point of its efficiency value occurs in 2019 or 2020, that is, during the period
when China was affected by COVID-19. This shows that although the efficiency of various
sub-indicators has been reduced due to COVID-19, they have quickly recovered. Figure 5
shows the sub-index efficiency clustering of all indicators based on the European distance
method clustering.

BNEC
CEPC-

prec -l

DTPC -

IXGN

GDGI -

GPDC -

HDPC -} | |
HDEC

HNPC -

DHEP -
JEPC

JEIC
JGCL
SIEC -
JKPC -
INPC -
NMHD -

Figure 5. Clustering of sub-index efficiency based on the Euclidean distance method clustering.

According to the clustering results, it can be found that operating costs (OCs) and
operation revenue (OR) show a strong correlation, indicating that the income level of
Chinese thermal power enterprises depends only on their own investment cost level and
is almost unaffected by other factors such as market competition. This may be due to the
state-owned monopoly position of Chinese thermal power enterprises in their respective
regions. Although its market value (MV) is related to two indicators of the transformation
phase, it has a strong correlation with proportion of installed renewable energy capacity
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(PRE) in 2018 and 2022. However, in the remaining years, it has a strong correlation
with green investment. This indicates that the green transformation process of Chinese
thermal power enterprises can effectively enhance the confidence of investors and the
market in their future development, thereby increasing their market value. However,
other input indicators such as employee number (EN) and highly educated employee
number (HEE) did not show correlation with the MV of thermal power enterprises. This
indicates that thermal power enterprises can moderately reduce the investment of technical
talent resources and invest more enterprise resources in green transformation equipment
to improve their own green transformation efficiency. However, CO, emission reduction
(CER) did not show a significant correlation with any of the indicators, indicating that
the green transformation of thermal power enterprises does not necessarily reduce their
carbon dioxide emissions. The reduction in carbon dioxide emissions may be influenced by
multiple factors, especially when companies must use thermal power generation facilities
to ensure the stability of electricity generation during peak periods; this viewpoint is also
supported by Li’s research findings [40].

Managers of thermal power enterprises should be aware of the following facts: Con-
ducting green investments in existing thermal power units of enterprises can help improve
their performance in the capital market. Although the above research reflects that the green
transformation of enterprises will affect their normal profits, from a long-term perspective,
the green transformation of thermal power enterprises can increase their market value.

4.2. Analysis on Driving Effect of Green Transformation Efficiency of Chinese Thermal
Power Enterprises

It can be seen from Figure 6 that the main influencing factors of the change in green
transformation efficiency from 2018 to 2022 have basically the same degree of influence,
among which the most important influencing factor is sewage cost, and the least important
influencing factor is the operation capacity of the enterprises. Among them, the tax pressure
factor changes the most during the study period, jumping from the factor with the least
proportion in 2018-2019 to the factor with the highest proportion in 2021-2022. This shows
that the increase in tax pressure is mainly due to the continuous growth of thermal power
generation in the case that China’s sewage cost does not rise. However, the dependence of
each thermal power enterprise on thermal power generation remains basically unchanged,
which indicates that while increasing thermal power generation, thermal power enterprises
are also constantly developing their renewable energy power generation capacity to achieve
their own green transformation.

1.6
14 \
1.2
1.0
0.8 _—_
0.6
0.4
0%
) 2018-2019 = 2019-2020 | 2020-2021 | 2021-2022
mmmm Total factors 0.8550 1.1788 1.0077 0.9961
= Sewage cost 1.5282 0.9221 1.0468 0.9749
Traditonal dependence 0.9883 1.0049 0.9598 0.9598
= Production capacity 0.9274 1.0991 1.0355 0.9799
Operation capacity 1.0936 1.0643 0.7553 0.9342
= Tax pressure 0.5459 1.0754 1.2567 1.1733
mmm Total factors Sewage cost Traditonal dependence
= Production capacity Operation capacity = Tax pressure

Figure 6. Decomposition effect of changes in green transformation efficiency of Chinese thermal
power enterprises.
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5. Conclusions and Suggestions
5.1. Conclusions and Discussion

1. In terms of total efficiency, the average efficiency value of the Chinese thermal
power enterprises was 0.6165, and the overall performance was relatively good. Among
them, the efficiency value of enterprises with large installed scales is generally low, while
that of enterprises with relatively low installed scales is high. This may be because thermal
power enterprises with a high installed capacity need to be responsible for ensuring
local power supply, while the current consumption capacity of renewable energy power
generation in China is insufficient; therefore, thermal power generation is needed to
ensure the stability of the power supply. This conclusion is consistent with the findings
of Xu et al. and Dai et al., who found that small-scale thermal power enterprises have
higher green transformation efficiency. However, this study believes that the larger the
scale of thermal power enterprises, the lower the green transformation efficiency. This is
different from Xu et al.’s conclusion that medium-sized thermal power enterprises have the
lowest efficiency [41,42]. Future research can use mediation and threshold effect methods
to determine the relationship between green transformation efficiency and the scale of
thermal power enterprises more accurately.

2. In terms of stage efficiency, the profit stage efficiency of Chinese thermal power
companies is generally higher than their transformation stage efficiency. Among them, the
efficiency value in the profit stage shows an inverted-U-shaped trend, with the extreme
value in 2020, while the efficiency value in the transformation stage is completely opposite,
showing a “U”-shaped trend, with the extreme value in 2019. This may be because the
transformation process of thermal power enterprises affects their profitability to some ex-
tent. This is similar to Bai et al.’s conclusion, which points out that the green transformation
efficiency of thermal power enterprises is related to their own enterprise scale; however,
there is no monotonic positive or negative relationship, which is also related to the above
conclusion of this study [43].

3. In terms of sub-index efficiency, the efficiency index shows a “U”-shaped trend.
Among them, the operating cost and revenue show a strong correlation, while the market
value shows a certain correlation with the related indicators of green transformation.
This indicates that the performance of thermal power enterprises is almost unaffected
by other environmental factors, whereas the transformation process of thermal power
enterprises helps improve their performance. This is consistent with Meng et al.’s finding
that thermal power companies promoting their own green transformation performance
can improve their financial performance and gain investors’ confidence in their future
performance [44]. However, the existing findings are based only on the clustering results.
To further determine the relationship between indicators, regression models can be used in
the future to determine the significance of the indicators.

4. According to the decomposition of the influencing factors of the green transforma-
tion efficiency of Chinese thermal power enterprises by the LMDI, the most important factor
affecting the green transformation efficiency of Chinese thermal power enterprises is the
sewage cost they face, while their own operational capacity has the lowest impact on their
green transformation. This shows that the main objective for thermal power enterprises to
carry out green transformation is the pollutant discharge cost that they must bear. This is
consistent with Huang et al.’s conclusion that when electricity prices are stable, the increase
in pollution costs forces thermal power companies to carry out green transformations to
reduce their operating costs [45]. However, this is contrary to the conclusion of Li et al.
Li et al. believes that sufficient funding space can be provided for the green transformation
process of thermal power enterprises by reducing pollution costs, while this study argues
in the opposite direction that increasing pollution costs can force thermal power enterprises
to accelerate their green transformation process [46].
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5.2. Suggestions

For one thing, thermal power enterprises need to improve their independent inno-
vation capabilities, increase R&D investment in key technologies of thermal power trans-
formation, and constantly optimize their own energy structure. For another, the national
government needs to improve the market mechanism, increase the financial support for
the thermal power green transformation enterprises, provide policy support and financial
guarantee for the low-carbon development, and increase the sewage costs to force thermal
power enterprises to carry out green transformation.
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Appendix A
NO. DMU Abbreviation
1 Jointo Energy Investment Co., Ltd. Hebei. JEIC
2 Xinjiang Tianfu Energy Co., Ltd. TFEC
3 Huadian Power International Corporation Limited HDPC
4 Beijing Jingneng Power Co., Ltd. JNPC
5 Wintime Energy Group Co., Ltd. WTEC
6 Huadian Energy Company Limited HDEC
7 Huaneng Power International, Inc. HNPC
8 Inner Mongolia MengDia'nHuz‘iN‘eng Thermal Power NMHD
Corporation Limited

9 Shanghai Electric Group Company Limited SEPC
10 Datang International Power Generation Co., Ltd. DTPC
11 Shenyang Jinshan Energy Co., Ltd. SJEC
12 Jinneng Holding Shanxi Electric Power Co., Ltd. JKPC
13 Henan Yuneng Holdings Co., Ltd. YNHC
14 Jiangsu Guoxin Corp., Ltd. JGCL
15 GD Power Development Co., Ltd. GPDC
16 Shenergy Company Limited SNCL
17 Shenzhen Energy Group Co., Ltd. SEGC
18 Guangdong Electric Power Development Co., Ltd. GEPC
19 Datang Huayin Electric Power Co., Ltd. DHEP
20 Zhejiang Zheneng Electric Power Co., Ltd. ZEPC
21 CHN Energy Changyuan Electric Power Co., Ltd. CEPC
22 Guangzhou Hengyun Enterprises Holdings Ltd. HEHL
23 AnHui Wenergy Company Limited AHWC
24 Top Energy Company Ltd. Shanxi TECL
25 Dalian Thermal Power Co., Ltd. DLPC
26 Jiangxi Ganneng Co., Ltd. JXGN
27 Jilin Electric Power Co., Ltd. JEPC
28 Shenzhen Nanshan Power Co., Ltd. SNPC
29 Guangdong Baolihua New Energy Stock Co., Ltd. BNEC
30 Guangzhou Development Group Incorporated GDGI
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