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Abstract: Improving energy efficiency is vital for addressing climate change and reducing carbon
emissions in emerging economies. Financial development (FD) is crucial for economic growth, and its
environmental impact and the adjustment of the industrial structure (IND) is a crucial lever in China’s
economic transition period. This study explored the relationship between FD, IND, and China’s
green total factor productivity (GTFEE) from 2000 to 2020 using the super-efficiency SBM-undesirable
model, which estimates China’s GTFEE. The ARDL results suggest that FD and IND enhance GTFEE
in the long term, with FD promoting GTFEE by facilitating industrial structure adjustments. The
Dumitrescu–Hurlin panel causality tests supported this finding. The QRPD panel quantile regression
and heterogeneity analysis revealed significant heterogeneity in the effects. With increasing GTFEE,
FD exerts a restraining effect, gradually weakening and transitioning into a promoting effect, while
the IND consistently plays a promoting role.

Keywords: China; financial development; industrial structure; green total factor energy efficiency;
panel ARDL model; CS-ARDL; quantile regression

1. Introduction

China has experienced rapid economic growth after initiating economic reforms and
liberalization. According to the National Bureau of Statistics, starting at CNY 367.9 billion
in 1978, approximately constituting 1.7% of the global economic share, it has currently ex-
ceeded the remarkable threshold of CNY one hundred trillion in 2020. Its global economic
ratio has risen to approximately 17%, establishing itself as the world’s second-largest econ-
omy [1]. Extensive economic growth, substantial utilization of various energy resources,
and the exploitation of other natural resources have led to elevated energy consumption, re-
sulting in environmental harm, resource depletion, and the release of carbon emissions [2,3].
According to the “Environmental Performance Index: 2022 Report”, China’s EPI index
achieved an overall score of 28.40, positioning it in 160th place out of 180 countries and
regions in 2022. At the same time, a poor environment can be detrimental to economic
efficiency and public well-being [4]. Consequently, environmentally sustainable policies
have turned into a vital foundation for emerging economies [5]. Enhancing energy ef-
ficiency is a necessary way for developing countries to diminish carbon emissions and
combat climate change in developing nations. China is the same. In addition, because of its
environmental friendliness, clean energy has been vigorously developed in recent years
in various countries. Developing new energy and promoting the clean and efficient use
of traditional energy such as coal is an important support for promoting China’s energy
revolution and green and low-carbon development and an important measure to address
climate change and promote the construction of ecological civilization. It is also a necessary
road for China to achieve the “double carbon” goal and task and fulfill its foreign commit-
ments. Since environmental concerns have emerged as a significant hindrance to China’s
sustainable progress, our research integrated environmental constraints when evaluating
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energy efficiency and used green total factor energy efficiency (hereafter, GTFEE) as the
main research indicator.

China’s economy has undergone rapid growth since the 1990s and has nearly com-
pleted its full integration into the global market. The gradual development of the financial
sector in China has provided the essential economic backing for the nation to achieve
its sustainable development goals. Lacking financial backing, China would be unable
to attain its sustainable development goals. Financial development is usually defined as
the deepening and broadening of the financial system and the improvement of financial
markets. It encompasses many aspects, such as the number and size of financial institutions,
innovation in financial products and services, the stability and transparency of financial
markets, and the effectiveness of financial regulation. “The Fourteenth Five-Year Plan for
China’s National Economic and Social Development (2021–2025)” indicates a commitment
to further deepen financial reform and enhance financial regulation. Financial development
has an impact on energy in three main ways: First, it facilitates capital market activities.
A robust financial system enhances stock market activity, enabling investors to purchase
energy-efficiency-related equipment at lower prices. This, in turn, enhances environmental
efficiency in the long term [6]. Furthermore, it reduces information costs and enhances
the returns on investments through heightened capital inflow and production activities,
resulting in savings and improved returns. This proves advantageous for capital-intensive
initiatives, like environmental protection, fostering enhanced environmental quality [7].
Second, it promotes the technological progress of enterprises. Academics have argued
that the financial sector can finance investment in technologies with high energy input–
output ratios [8,9]. Financial development and advances in green technology can improve
energy efficiency. Ultimately, it is possible to increase the efficiency of energy consumption
while adhering to environmental standards [8,10]. Third, it expands financing channels.
Financial development is conducive to the expansion of the supply of financial resources
and the enrichment and diversification of financial products, providing more financing
funds and financing opportunities for renewable energy enterprises, expanding financing
channels, and alleviating the role of financing constraints [11]. With the increasing maturity
of China’s market economy, financial support for the development of the renewable energy
industry has gradually entered the market stage. Innovative financial products, together
with traditional financial support, are driving the development of the renewable energy
industry. General innovative financial products include green credit, green bonds, green
finance, and carbon funds. Taking China as an example, venture capital, international
organizations, private equity funds, and policy funds have focused on solving the financing
difficulties of some renewable energy industries in China. Since the promulgation and
implementation of the “Renewable Energy Law”, the Chinese government has introduced a
series of policies to promote the development of renewable energy, such as the government
promoting the improvement of the renewable energy subsidy mechanism, and the increase
in government-led investment in this field has promoted the development of the renewable
energy industry to a certain extent. The existing policy incentives mainly cover price
incentives, economic incentives, research and development support, market development,
and other incentives. In recent years, China’s green finance has developed vigorously, and
a multi-level green financial product and market system, including green credit, green
bonds, green insurance, green funds, and green trusts, is being formed. By the end of 2021,
China’s domestic and foreign currency green credit balance reached CNY 15.9 trillion, and
the outstanding balance of green bonds exceeded CNY 1.1 trillion. Overall, China’s green
finance has made a leap forward, achieving a major shift from catching up to leading the
world [12].

Being the world’s largest energy consumer, China is in the stage of rapid indus-
trialization. As the globe’s foremost energy consumer, China is in the phase of swift
industrialization [13,14]. “The 13th five-year plan of national economic and social devel-
opment of China (2016–2020)” emphasizes that green development can be achieved by
adjusting the industrial structure (hereafter, IND). Therefore, improving the efficiency
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of green development through industrial restructuring has become a prominent issue in
the field of sustainable development. After entering the 21st century, driven by multiple
factors such as the upgrading of residents’ consumption, the reform of the financial system,
such as the reform of the commercial housing system, and its integration into the global
industrial chain through accession to the WTO, China’s economy, under the government’s
domination and drive, has moved toward a mode of economic development driven by
heavy industry, with urbanization and industrialization taking place side by side and
economic development being driven by a large amount of investment. Investment has
surpassed consumption as the most important factor driving GDP. The heavy-chemical
industry sector, represented by real estate and infrastructure-related sectors, has rapidly
developed [15,16], driving the rapid development of industries such as iron and steel,
building materials, coal, petroleum, electric power, raw materials, etc. In 2015, marked by
supply-side structural reform, China entered into a new round of structural adjustment,
shifting from being factor-driven and investment-driven to innovation-driven, with the
pursuit of high quality as the main focus. An innovation-driven and service-oriented
new development model with the pursuit of high quality replacing the old development
model of a heavy industry-driven economy [17,18]. China’s rapid economic development
predominantly depends on an industrial structure with high energy consumption and
diminished energy efficiency in comparison with the developed world [19]. The “low-end
lock-in” of the industrial supply chain and the irrational entrance and exit of industries
impede the energy transition [20]. The absence of alignment between the pace of industrial
structure enhancement and the development of regional energy infrastructure has resulted
in the squandering of resources [21]. Furthermore, energy consumption and carbon emis-
sions in crucial industrial sectors have consistently represented a significant share. There
is a demand for more prudent decision making to promote a positive cycle in which a
rational industrial structure fosters efficient energy utilization [22]. In turn, enhanced en-
ergy efficiency drives industrial reformation and simultaneously enhances environmental
standards [23].

Currently, numerous scholars have conducted research on the relationship between
finance, the environment, and other factors, unilaterally, and energy efficiency and energy
consumption. Although they have drawn many different results and conclusions, there
are few studies that have studied the impact of financial development (hereafter, FD) and
the industrial structure, together, on GTFEE. Therefore, this paper places FD, IND, and
GTFEE in the same research framework using the ARDL model. In the current economic
development context, we believe that investigating this issue holds significant practical
and theoretical significance.

The primary content of this paper is outlined as follows. Firstly, we used the super-
efficiency SBM-undesirable model to estimate the GTFEE value for 30 Chinese provinces
from 2000 to 2020, taking environmental factors as undesired outputs, so the model mea-
sured energy efficiency more comprehensively than the original calculation and described
its various distributions. Secondly, for a deeper understanding, this study included finan-
cial development and industrial structure in the model and used urbanization, shown as
URBAN, government intervention, represented as GOV, and social consumption level,
represented as CONSU, as control variables to more comprehensively measure the impacts
of explanatory variables on GTFEE. Third, this paper used panel ARDL (PMG/DFE) and
CS-ARDL to explore the long-term impacts of FD and IND on GTFEE and then applied
Dumitrescu–Hurlin (DH) panel causality tests to determine the interconnections between
the three. Finally, in order to analyze heterogeneity and further study the marginal effects
of FD and IND under different degrees of GTFEE, this study adopted the QRPD model
(quantile regression for panel data with non-additive fixed effects). This method charac-
terized the dynamic evolutionary path of the marginal effects of financial and industrial
factors during the progression of energy-oriented sustainable development.

The rest of this document is organized in the following manner. Section 2 provides
a succinct review of the current literature. Section 3 evaluates and analyzes China’s
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GTFEE. Section 4 provides a brief description of the estimation techniques and data used
in this study. Section 5 presents and discusses the empirical findings. Finally, in Section 6,
conclusions are drawn, and relevant policy implications are discussed.

2. Literature Review
2.1. Measurement of Energy Efficiency

The main measures of energy efficiency include single-factor energy efficiency (SFEE)
and total-factor energy efficiency (TFEE). The former is a single-factor indicator, and its
common indicator is energy intensity, usually referred to as energy consumption per unit of
GDP. Nonetheless, a single factor neglects to account for the influences of other variables on
the output. Consequently, the results of TFEE calculations are often biased and increasingly
criticized by scholars. TFEE is defined as the optimal ratio of energy inputs to actual
inputs required to achieve a given output in best production practice, with other factors
of production held constant [24]. Subsequently, TFEE has gained widespread acceptance.
Compared with SFEE, TFEE takes into account the effects of interactions between various
inputs within the economic framework of energy efficiency. It provides a more precise and
objective measure of energy utilization in a region or country.

As the economy develops, scholars have increasingly recognized the significance of
environmental protection. Pollution emissions from energy use should be carefully considered
when assessing energy efficiency; otherwise, the results may be overstated [25,26]. Certain
scholars have incorporated energy use and pollutant emissions into the TFEE structure,
thus defining GTFEE [27,28]. When it comes to the specific methods of calculating GTFEE,
data envelopment analysis (DEA) is the most widely used method to assess efficiency.
The computation results obtained by various researchers reveal that energy efficiency
when accounting for both desired and undesired outputs is notably lower than when only
contemplating the desired output [29–31].

2.2. Related Research on the Impact of Financial Development on GTFEE

On the one hand, the financial sector has been associated with the energy sector in the
relevant literature [32]. Financial development directly impacts the efficiency of energy
utilization. Financial systems can have an impact on energy consumption by mobilizing
savings, generating resources for growth, enhancing business trust, and expanding the
scope of the economy [33]. The degree of financial development exhibits a positive correla-
tion with investments in energy and the consumption of energy [34], exerting a significant
impact on the energy–growth relationship [35]. On the other hand, financial development
has a close connection with green development and environmental concerns. Financial
development can offer financial backing for green innovation, reduce information asymme-
try, and enhance resource allocation efficiency [36]. The enlargement of the financial sector
can facilitate businesses in more efficiently accessing green financial resources at reduced
expenses, thereby fostering green business outcomes and aiding companies in expanding
their current green business scope while diminishing their dependence on conventional
energy sources [37]. Financial structure promotes the advancement of eco-friendly technol-
ogy innovation, while financial magnitude and effectiveness exert an adverse impact on
the innovation of green technologies [38].

Certain scholars contend that the role of financial development does not follow a
straightforward positive linear correlation. Instead, they propose a relationship between
financial development and energy efficiency that takes the form of an inverted U shape,
suggesting a noteworthy influence on energy utilization efficiency only when the degree
of financial advancement surpasses a particular threshold [39]. For example, within the
context of Saudi Arabia, a non-linear inverted U-shaped correlation is observed between
financial development and energy consumption [40]. Financial development has stimulated
economic activities in Lebanon, subsequently leading to increased energy consumption [41].
The magnitude of financial institutions (FDS) notably hinders green growth (GG), whereas
the extent of stock markets (STO) substantially fosters green growth (GG). A non-linear
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U-shaped connection is evident between the size of FDS and GG [42]. It is evident that the
existing research has either concentrated on the impact of financial development on energy
efficiency and consumption or separately explored the connection between financial factors
and sustainable development. Limited literature exists that incorporates green factors
when examining the influence of financial progress on energy.

This also corresponds to relevant theories on the relationship between economic
development and the environment. These include the environmental Kuznets (EKC)
hypothesis, suggesting an inverted U-shaped relationship between environmental pollution
and economic growth [43,44], which is based on the empirical observation that economic
growth is associated with an increase in environmental degradation up to a turning point,
after which the quality of the environment begins to improve [45,46]. The emergence of this
inflection point leads to an inverted “U”-shaped pattern, which Panayotou called the EKC
after the original Kuznets curve [47,48]. Similarly, there is the pollution paradise hypothesis
(PPH), which states that firms in pollution-intensive industries tend to build factories in
countries or regions with relatively low environmental standards [49–51]. The specific
transfer and substitution of trade and polluting industries from developed to developing
regions in the PPH can also correspond to the declining interval in the environmental
Kuznets curve (EKC) [52,53]. There is also the pollution halo hypothesis, Porter hypothesis,
and so on [54,55].

2.3. Related Research on the Impact of Industrial Structure on GTFEE

In recent years, with the growing worldwide focus on environmental preservation and
sustainable development, the investigation of the influence of the industrial structure on
energy utilization has emerged as a prominent subject in the field of economics. Firstly, in a
period of worldwide industrial transformation and an expanding energy crisis, alterations
in the industrial structure are exerting a more substantial impact on the energy system.
Unjustified alterations in structure may hinder the transition of the energy system toward
sustainability [56].

The efficiency of industrial energy is closely linked to the inter-sectoral structure [57].
The industrial structure serves as the intermediary between industrial operations and
energy efficiency, governing the allocation of production factors and the effectiveness of
the conversion between input and output factors [58,59]. Previous research has indicated
that the upgrading of the industrial structure, including the shift or relocation of energy-
intensive sectors, constitutes a crucial approach for conserving industrial energy and
reducing emissions, playing a role in achieving up to 70% of China’s emissions reduction
target [60]. The adjustment of the industrial structure is deemed one of the effective
methods to achieve sustainable development [61].

However, some scholars contend that there is diversity in how the industrial struc-
ture affects GTFEE. The enhancement of energy efficiency is influenced by the industrial
structure but displays regional variations [62]. There is a noticeable disparity in energy
efficiency between cities, and the impact of the industrial structure on energy efficiency
unfolds in a phased pattern [63]. The optimization of an economy’s industrial structure
needs to be followed by improvements in productivity and resource efficiency, leading
to reductions in carbon emissions and, ultimately, to more environmentally sustainable
economic growth [64,65]. Accelerating industrial upgrading and improving the utilization
efficiency of energy resources are key measures for curbing carbon emissions in energy-
abundant regions [22]. In conclusion, prior research highlights the significance of industrial
structure enhancement, particularly the transition away from energy-intensive industries,
in accomplishing objectives related to sustainable development. However, it is important
to recognize that there are differences in energy efficiency in different regions and that the
impact of the industrial structure shows a phased approach.
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2.4. Study on the Influences of Financial Development and Industrial Structure on GTFEE

The financial sector is a crucial element of contemporary service industries, and its
degree of development is closely linked with industrial structural adjustments. Financial
development assumes a catalytic role in resource allocation and the transformation of
economic structures [66]. Brown et al. have determined that improvements in the external
financing environment for businesses can stimulate technological innovation, while the
expansion and liberalization of securities markets can drive technological innovation at the
enterprise level, thereby advancing industrial upgrading [67]. Sasidharan et al. conducted
a study on the financing environment of industrial enterprises in India from 1991 to 2011
and revealed that financial development has made corporate financing more accessible [68].
This, in turn, has led to increased investments in research and development, thereby
fostering corporate growth and structural upgrading. The research also indicated that
financial development significantly enhanced the financing environment for infrastructure
construction, thereby augmenting the service quality of the communication industry and
propelling overall industrial upgrading [69]. In the Chinese context, Lin and Zhao found
that as financial development advanced and financial structures improved, the influence of
innovation in driving industrial upgrading shifted from being inhibitory to stimulating,
following a pattern of marginal increments [70]. Within the constraints of efficiency and
financial openness, the influence of innovation on industrial upgrading formed an inverted
U-shaped relationship, where innovation initially promoted and later restrained the process.
The expansion of the financial sector reduces financing transaction costs and mitigates
information asymmetry, directing capital toward strategic emerging industries and new
technological sectors [71]. Industrial structural adjustment serves as an efficient pathway
to achieve green economic growth by promoting the transfer of factors of production from
non-clean industries to clean ones [61]. In terms of spatial aspects, it is concluded that
financial development and industrial optimization and upgrading yield positive spatial
spillover effects, both contributing to improved resource utilization.

Throughout the domestic and international literature that has been investigated, we
can see that scholars have conducted extensive research on the issues of financial devel-
opment, industrial structure, and energy utilization efficiency. However, the following
problems still exist: Firstly, when measuring the index of energy utilization efficiency,
although scholars at home and abroad have gradually realized the pollution released by
energy utilization into the environment, the undesired output of energy often focuses on
a certain aspect of pollution, such as nitrogen oxides or CO2, which makes it difficult to
portray the full picture of the environmental pollution produced by energy utilization.
Secondly, logically, there is the possibility that financial development promotes the upgrad-
ing of the industrial structure, and changes in the industrial structure have an impact on
energy efficiency, but fewer existing studies link the three together and lack the distinction
between long-term and short-term impacts. Finally, although scholars at home and abroad
have selected specific provinces, economic zones, city clusters, regions, and countries as
the objects of study to explore the impact of the direction of financial development and
the industrial structure on energy efficiency, the objects and scopes of the studies have
been quite broad. However, when taking the whole country as the research object, regional
heterogeneity has mostly been taken into account when considering heterogeneity, and
the impact of this variable on energy efficiency in China has been studied by region. The
analysis of heterogeneity is relatively singular.

Despite being influenced by various factors, it can be argued to some extent that
financial development can enhance energy efficiency and promote green development by
reducing information asymmetry, lowering financing transaction costs, and fostering green
innovation. Additionally, the enlargement of financial magnitude and the enhancement
of financial efficiency can facilitate industrial upgrading by improving resource allocation
and stimulating innovative vitality. The adjustment of the industrial structure, accompa-
nying technological advancements, though its impact on energy efficiency varies due to
regional and temporal differences, remains a crucial factor in achieving sustainable energy
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development. Logically, there exists the possibility of financial development promoting
industrial structural upgrades, which, in turn, affect GTFEE. However, there is currently
limited empirical research confirming the relationships between these three factors. Hence,
this study aimed to empirically test the impacts of increased financial development and
industrial restructuring on energy utilization efficiency.

The main contributions of this paper can be summarized as follows: First, this paper
cites a new research indicator, GTFEE, and includes exhaust gas, wastewater, solid waste,
and carbon dioxide as undesired outputs when measuring this indicator, thus making the
comprehensive evaluation of energy utilization efficiency more comprehensive than the
indicators used in previous studies. Especially when clean and renewable natural resources
are used for energy production, they emit little to no greenhouse gases or pollutants into
the surrounding environment, so the selection of unexpected outputs therefore needs
to be as comprehensive as possible to better reflect changes in energy efficiency, which
is the point of GTFEE. Second, in terms of research methodology, this paper took the
industrial structure as a mediating variable to explore the effects of financial development,
the industrial structure, and their interaction terms on GTFEE. Via empirical research, we
tested whether the improvement of the financial development level can have an impact on
energy efficiency via the adjustment of the industrial structure and analyzed the impact in
the long and short terms using the ARDL model. In addition, in terms of research content,
this paper also discusses the evolutionary characteristics of the marginal effects of FD
and IND using the QRPD model. Thus, it complements existing studies by examining
more specifically the heterogeneity of GTFEE across different sub-locations. In conclusion,
this study provides empirical evidence supporting the idea that China can harness the
complementary advantages of financial development and industrial structural adjustment
to promote the green utilization of energy, thereby advancing green development. These
research findings not only contribute to theoretical innovations in the development of
China’s green economic system but also offer valuable practical insights into China’s
economic transformation.

3. Measurement and Analysis of China’s Green Total Factor Energy Efficiency
3.1. Calculation Method for Green Total Factor Energy Efficiency

Farrell initially introduced the concept of “data envelopment analysis” (DEA), a
methodology designed for assessing relative efficiency in situations involving multiple
inputs and outputs [72]. Nevertheless, within real-world economic production processes,
labor, capital, and energy are employed to manufacture industrial goods, and they also
give rise to the emission of pollutants, representing undesirable outputs. In contrast
with the conventional data envelopment analysis (DEA) model, the SBM (slacks-based
measure) that incorporates unanticipated outputs enables the assessment of input and
output adjustments, even including undesired outputs. Consequently, the SBM model
is closer to actual production conditions and finds extensive application in eco-efficiency
and energy efficiency evaluations. Nonetheless, a drawback of the SBM-undesirable
model exists in that it does not allow for the decomposition of the efficiency value of
the efficient decision-making unit, resulting in the loss of information pertaining to the
efficient decision-making unit [4]. Tone introduced an enhanced SBM model for handling
undesirable outputs, building upon the foundation of the traditional SBM model [73].
The model combines the advantages of the super-efficiency model and the SBM model
and regroups the effective decision units with an efficiency value of one, thus avoiding
the loss of information of the effective decision units [74]. The resulting super-efficiency
SBM-undesirable model, while considering undesirable outputs, is as follows:

ρ∗ =
1
m ∑m

i=1
x

xi0

1 + 1
S1+S2

(∑s1
r=1

sg
r

yg
r0
+∑s2

r=1
sb

r
yb

r0
)

(1)
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s.t.


x ≥ Xλ

yg ≤ Ygλ

yb ≥ Ybλ

x ≥ x0, yg ≤ yg
0 , yb ≥ yb

0, λ > 0

(2)

Suppose there are n DMUs, each with input m, desirable output S1, and undesired
output S2. The vector form is denoted as x ∈ Rm, yg ∈ RS1 , yb ∈ RS2 , where X,Yg

and Yb are matrices, and X = [x1, x2 . . . xn] ∈ Rm×n, Yg =
[
yg

1 , yg
2 . . . yg

n

]
∈ RS1×n, and

Yb =
[
yb

1, yb
2 . . . yb

n

]
∈ RS2×n. ρ∗ is the efficiency value of the DMU; n, m, and j represent

the counts of input factors, desirable outputs, and undesirable outputs, and λ represents
the weight vector. The calculation of GTFEE mainly includes the input, desirable output,
and undesirable output. The input variables include capital (K), labor (L), and energy
consumption (EU). (1) Capital stock (K): We selected the total fixed asset investment and
fixed asset investment price index data and calculated the stock using the “perpetual
inventory method” [75]. (2) Labor (L): We used the total number of employees in each
province as the labor input [76]. (3) Energy consumption (EU) was measured via the
total energy consumption of each province [77,78]. The output indicators were as follows.
(1) Desirable output: Real GDP was regarded as the indicator of the desirable output using
2005 constant prices. (2) The undesirable output indicators were as follows: industrial
wastewater discharge (WW), industrial waste gas discharge (WG), industrial solid waste
generation (WS), and carbon dioxide emissions (CO2) [79,80]. Specific variables were
calculated as shown in Table 1. The selection of these variables was grounded in data
collected from national 30 provinces in the period of 2000–2020, sourced from the “China
Energy Statistical Yearbook”, “China Statistical Yearbook”, and “China Environmental
Statistics Yearbook”.

Table 1. China’s energy-saving potential measurement data interpretation.

Variable Index Method

Input variable
Capital stock The continuous inventory method

Labor Provincial employment statistics
Energy consumption Provincial total energy consumption data

Desirable outputs variable GDP Provincial GDP data (constant price in 2005)

Undesirable outputs variable

Wastewater Discharge of industrial wastewater
Waste gas Industrial waste gas emission

Solid waste General industrial solid waste
CO2 Provincial historical end-use energy consumption data *

* IPCC: 2006 IPCC Guidelines for National Greenhouse Gas Inventories® (Intergovernmental Panel on Climate
Change, 2006).

3.2. Analysis of China’s Green Total Factor Energy Efficiency
3.2.1. Overall Analysis

Using panel data from 30 provinces in China, excluding Tibet, Hong Kong, Macao,
and Taiwan, a super-efficiency SBM-undesirable model was constructed to assess China’s
GTFEE under environmental constraints from 2000 to 2020. The software used was MAT-
LAB. The calculation values of GTFEE are graphically presented in Figure 1 using an area
graph format. In the figure, areas denoted in white pertain to cities that are not included
in the sample. The shading of cities with labels signifies their GTFEE levels, with darker
colors representing higher GTFEE values. The red areas signify the highest overall GTFEE.

It can be seen that from 2000 to 2020, after a slow decline, China’s GTFEE had gradually
increased since 2011 in Figure 2. The initial drop in GTFEE can be linked to the govern-
ment’s approach during the 12th and 13th Five-Year Plan periods, where the government
considered limiting pollutant emissions as a compulsory benchmark, thereby reinforcing
the government’s environmental commitment. This has resulted in an improvement in
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the effectiveness of environmental management. Particularly, the Chinese government has
exhibited growing recognition of the significance of low-carbon development, resulting in
more conspicuous efficiency improvements.
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3.2.2. Regional Analysis

Considering the variations in economic progress and geographical positioning across
China, this research classified the 30 provinces into four regions: eastern, central, north-
eastern, and western. The GTFEE values for these four regions are presented in Figure 3.
Generally speaking, the level of GTFEE in the eastern region is significantly higher than that
in the west, central, and northeast regions. Moreover, the eastern region’s energy efficiency
value shows a positive correlation with time, while the energy efficiency values of the other
three regions all fall first, reach their lowest peaks, and then rise. China’s eastern regions
and developed eastern coastal provinces mainly focus on the tertiary industry with high
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output, low energy consumption, and low pollution. The original low-output, high-energy
consumption, and high-pollution labor-intensive or capital-intensive industries have been
transferred to the central and western regions, thus achieving a balance between economic
growth and environmental quality and improving environmental efficiency. Secondly, the
rapid economic growth in the eastern coastal areas further produces a large amount of
financial funds invested in environmental pollution remediation, which indirectly improves
the environmental quality, enhances the level of green technology, and promotes the green
total factor productivity. In this way, the eastern provinces not only have a more competi-
tive economic development level than other provinces but also have more advantages in
environmental protection and pollution control.

Energies 2024, 17, x FOR PEER REVIEW  10  of  26 
 

 

3.2.2. Regional Analysis 

Considering the variations in economic progress and geographical positioning across 

China, this research classified the 30 provinces into four regions: eastern, central, north-

eastern, and western. The GTFEE values for these four regions are presented in Figure 3. 

Generally speaking, the level of GTFEE in the eastern region is significantly higher than 

that in the west, central, and northeast regions. Moreover, the eastern region’s energy ef-

ficiency value shows a positive correlation with time, while the energy efficiency values 

of the other three regions all fall first, reach their lowest peaks, and then rise. China’s east-

ern regions and developed eastern coastal provinces mainly focus on the tertiary industry 

with high output, low energy consumption, and low pollution. The original low-output, 

high-energy consumption, and high-pollution labor-intensive or capital-intensive indus-

tries have been transferred to the central and western regions, thus achieving a balance 

between economic growth and environmental quality and improving environmental effi-

ciency. Secondly, the rapid economic growth in the eastern coastal areas further produces 

a large amount of financial funds invested in environmental pollution remediation, which 

indirectly  improves  the environmental quality, enhances  the  level of green  technology, 

and promotes the green total factor productivity. In this way, the eastern provinces not 

only have a more competitive economic development level than other provinces but also 

have more advantages in environmental protection and pollution control. 

   
(a)  (b) 

   
(c)  (d) 

Figure 3. (a) The total factor energy efficiency values of northwest; (b) the total factor energy effi-

ciency values of east; (c) the total factor energy efficiency values of west; (d) the total factor energy 

efficiency values of middle. 

Due to geographical factors, it is difficult for the western region to develop high-effi-

ciency and low-pollution industries, the level of industrialization is slow, and the level of 

economic development is far lower than that in the eastern region. Many industries that 

Figure 3. (a) The total factor energy efficiency values of northwest; (b) the total factor energy efficiency
values of east; (c) the total factor energy efficiency values of west; (d) the total factor energy efficiency
values of middle.

Due to geographical factors, it is difficult for the western region to develop high-
efficiency and low-pollution industries, the level of industrialization is slow, and the level
of economic development is far lower than that in the eastern region. Many industries that
have been eliminated in the eastern part of the country have been transferred to the western
part of the country, which makes it more difficult to increase the total factor energy efficiency
level in the western part of the country. In recent years, due to the extensive implementation
of the “Western Development” strategy in the western region, the industrial structure of
the western region has been gradually optimized, the industrialization level has been
accelerated, and the energy efficiency has been improved.

The central region is a traditional energy and labor province, so the costs of labor and
raw materials are very low, so it has moved a lot of industries that have been eliminated
in the east, and this traditional heavy industry, although it brings a considerable degree
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of economic benefits, has caused an increase in energy consumption, carbon emissions,
and other factors that pollute the environment, and the damage caused by rapid economic
development exceeds the carrying capacity of the environment, which has led to a decrease
in GTFEE. In recent years, the GTFEE value has increased due to the role played by the
national “Rise of the Central Plains” strategy and the fact that with the development of
the eastern region, the central region has absorbed the industrial development mode and
production management experience of the eastern region.

The GTFEE value of the northeast region is the lowest among the four regions. This
is because the northeast region is the old industrial base of China, and the northeast is
constrained by the industrial structure and the solidification of industrial development in
previous years, which has made the economic development in recent years not so optimistic,
and the northeast is gradually changing its development mode, but it still needs a process.
Based on the layout of the national “Northeast Revitalization” strategy in recent years, the
capital investment in the northeast region has increased, resulting in an increase in the
GTFEE value of the northeast region between 2016 and 2020.

4. Method and Data
4.1. Model Setting
4.1.1. Panel ARDL Model

In order to investigate the short- and long-term relationships between GTFEE, financial
development, and the industrial structure, this study employed the panel ARDL (autore-
gressive distributed lag) approach introduced by Pesaran et al. [81]. The panel ARDL
model is represented as follows:

GTFEEi,t = γi +
pg

∑
j=1

λi,jGTFEEi,t−j +
pz

∑
j=0

δi,jZi,t−j + εi,t (3)

Where Zi,t = (FDi,t), (INDi,t), (GOVi,t), (SCLi,t) (4)

Furthermore, the speed at which the system adjusts to the long-term equilibrium after
short-term disturbances can be determined using an error correction model (ECM). The
ARDL approach was employed in the ECM format as follows:

∆GTFEEi,t = ηi + φi (GTFEEi,t−j − θ0,i − θiZi,t)
pg−1

∑
j=1

λi,j
∗∆GTFEEi,t−j +

pz−1

∑
j=0

δi,j
∗∆Zi,t−j + ζi,t (5)

where i = 1,2,. . .,N denotes the cross-sectional units, t = 1,2,. . .,T denotes the time (annual)
periods, j is the number of time lags, p is the variables’ lag, Zi,t denotes the vector of
variables, and φi is the impact of the error correction mechanism. γi(ηi) is the group
effect, εi,t(ζi,t) is the error term, and the rest of the coefficients correspond to the short-term
coefficients. We calculated Equation (2) with both the dynamic fixed effects (DFE) and
the pooled mean group (PMG) estimators. With the exception of the intercept, the DFE
estimator assumes that the parameters in all parts of the panel are homogeneous. The PMG
estimator permits the short-run parameters to vary by state but enforces homogeneity for
the long-term ones. The ARDL model is used to simultaneously address both short-run and
long-run co-integrated variables. This approach offers advantages over other conventional
multivariate cointegration methods, as it effectively mitigates the endogeneity problem.

4.1.2. Cross-Sectionally Augmented ARDL Model

The cross-sectionally augmented ARDL model builds on individual estimates in-
volving the lagged dependent variable and the lagged cross-sectional mean while taking
into account cross-sectional dependencies [82]. The cross-sectionally augmented ARDL
model permits estimations of mean groups with heterogeneous slope coefficients [83].
The inclusion of lagged cross-sectional averages is particularly effective in preventing
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endogeneity problems. Consequently, the CS-ARDL model possesses the capability to
handle cross-dependence (CD) and the heterogeneity of slopes. In conjunction with the
considerations mentioned above, we chose CS-ARDL for further empirical analysis. The
CS-ARDL estimation regression is as follows:

GTFEEi,t = αi +
pg

∑
j=1

µi,jGTFEEi,t−j +
pz

∑
j=0

βi,jZi,t−j +
pm

∑
j=0

ϕ′ i,jMi,t−j + εi,t (6)

In Equation (4), the average of all of the variables is represented by
Mi,t−j = (GTFEEi,t−j, Zi,t−j), and pg, pz, and pm denote the lagged variables. The long-run
coefficient estimate for the average group is:

π̂CS−ARDL,i =
∑

pz
j=0 β̂i,j

1−∑
pg
j=0 µ̂i,j

(7)

The mean group is illustrated as:

π̂MG =
1
N

N

∑
i=1

π̂i (8)

where π̂i denotes the individual estimations of each cross-section. The error correction
form of the CS-ARDL method is given with:

∆GTFEEi,t = αi + νi
[
GTFEEi,t−j − π̂iZi,t

]
+

pg−1

∑
j=1

µi,j
∗∆GTFEEi,t−j +

pz

∑
j=0

βi,j
∗∆Zi,t−j +

pm

∑
j=0

ϕ′i,j
∗Mi,t−j + εi,t (9)

where νi indicates the adjustment speed of the error correction.

4.1.3. Panel Causality Test

With the regression findings of the ARDL model, this study could deduce the short-
and long-term connections between FD, IND, and GTFEE. Nevertheless, the direction of the
causal link between these three variables remained uncertain. Hence, this paper employed
the Dumitrescu–Hurlin panel causality test, derived from the Granger causality test, to
scrutinize the causal associations between these three variables [84]. The specific model is
expressed as follows:

yi,t = ηi +
K

∑
k=1

ωi,kyi,t−k +
K

∑
k=1

ρi,kxi,t−k + εi,t (10)

where both y and x refer to GTFEE, FD, and IND; k stands for the lagging length; δi,k is the
regression coefficient that accounts for differences between the cross-sections; ωi,k denotes
the autoregressive coefficient; and yi,t and xi,t are two smooth series of observations at
individual i and time t. The DH panel causality test allows the regression coefficients to
be variable for each cross-section (i.e., the coefficients differ between individuals at the
same time).

4.1.4. Quantile Regression for Panel Data

In order to investigate the evolutionary characteristics and heterogeneous effects of
the roles played by FD and IND in different developmental stages of GTFEE, a quantile
regression panel data (QRPD) model was used in this study. The QRPD model is a specific
example of the generalized quantile regression (GQR) model [85]. In this paper, the adaptive
Monte Carlo method (adaptive MCMC) was chosen to estimate the QRPD model [86].
QRPD introduces the panel quantile estimation into the instrumental variables approach
framework so that the random disturbance term contains the fixed effects and ensures
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the indivisibility of the random disturbance term. Therefore, the QRPD model has the
advantage of estimating the coefficients more accurately, and the estimation results are
more robust than those using traditional panel quantitative models [87]. This paper selected
five quartiles (10%, 30%, 50%, 70%, and 90%) to construct QRPD’s panel quantile function:

QGTFEEi,t = σ1(τ)FDi,t + σ2(τ)INDi,t + η(τ)Xi,t (11)

where τ denotes the corresponding quantile; QGTFEEi,t
refers to the GTFEE development

under the corresponding quantile; FDi,t denotes the financial development under the
corresponding quantile; INDi,t denotes the industrial structure under the corresponding
quantile; and Xi,t denotes a series of control variables.

4.2. Variables and Data
4.2.1. Dependent Variable

The traditional TFEE measurement does not account for unexpected outputs, con-
sequently resulting in an overestimation of the actual energy efficiency. This inaccuracy
can lead to errors in the assessment of changes in economic performance and social wel-
fare. Therefore, this paper used the super-efficiency SBM-undesirable model to estimate
the GTFEE in China (the detailed calculation procedure and results are presented in the
Section 3).

4.2.2. Independent Variables

We had two independent variables: financial development (FD) and industrial struc-
ture (IND). Financial development was measured as the ratio of the year-end deposit and
loan balances of financial institutions to GDP [88]. Then, this paper adopted the entropy
value method to calculate the comprehensive index of industrial structure, which included
four sub-indicators. (1) The Theil index was utilized to evaluate industrial structure op-
timization (ISO), which represents the balanced level of growth in all segments of the
industry. (2) Industrial structure upgrading (ISU) was measured via the ratio of the value
added of the tertiary sector to that of the secondary sector [89]. (3) The ratio of the value
added of the tertiary industry to the regional GDP was used to indicate the proportion
of the output value of the tertiary industry. (4) The ratio of technology market turnover
to the regional GDP was employed as a measure for the marketization of technological
achievements.

4.2.3. Control Variables

To avoid the problem of omitted variable bias, we used multiple control variables. The
level of social consumption (hereafter, SCL) was expressed as the ratio of the total retail sales
of consumer goods to the provincial GDP in each province [90]. An increase in the level of
national income promotes the expansion of the consumption scale and an increase in the
level of consumption, which, in turn, leads to changes in the resource consumption intensity
and ecological environmental pressure, such as domestic garbage and automobile exhaust,
which are all consumption-type pollution. The ratio of the urban population to the total
population was used to measure the level of urbanization (hereafter, URBAN) [91]. Urban
expansion not only increases vehicle emissions but also increases energy consumption,
damaging the ecological environment [92]. Government intervention (hereafter, GOV) was
expressed in terms of fiscal expenditure as a percentage of regional GDP.

4.2.4. Data Sources

This study utilized panel data covering the period from 2000 to 2020 for 30 provinces
in China. Notably, data for Taiwan, Macau, Hong Kong, and the Tibet Autonomous Region
of China were conspicuously absent and, therefore, were excluded from the analysis. The
data used in this article primarily originate from the “China Energy Statistics Yearbook”,
“China Statistical Yearbook”, “China Financial Statistics Yearbook”, and “Wind Information
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Database”. This study standardized the nominal data using 2005 as the base period to
ensure comparability. This study used linear interpolation to fill in the data for missing
statistical indicators for some years. Additionally, MATLAB 2016 was used to implement
the super-efficiency SBM model. Stata 16.0 was used for all other analyses. Table 2 presents
a summary of the descriptive statistics for the variables used in this research.

Table 2. The statistical description of variables.

Variable Definition Obs. Mean Std. Dev. Min. Max.

GTFEE Green total factor energy efficiency 630 0.453 0.231 0.172 1.187
FD Financial development 630 2.910 1.055 1.413 7.578

IND Industrial structure 630 0.0969 0.0784 0.0439 0.691
URBAN Urbanization 630 0.512 0.153 0.196 0.896

SCL The level of social consumption 630 0.361 0.0626 0.218 0.582
GOV Government intervention 630 0.207 0.0964 0.0689 0.643

5. Empirical Results and Discussion
5.1. Panel Unit Root Test Results

Before applying panel cointegration tests, it was essential to ensure the stationarity of
the variables used in this study. Non-stationary data often result in spurious regression
outcomes. Given that the panel data for the provinces may show correlations due to some
joint effects, a cross-sectional correlation test was conducted. The second-generation unit
root test was used to test variables with cross-sectional correlations. These tests included
the Pesaran CIPS test and the cross-sectionally augmented Dickey–Fuller (CADF) test as
described by Pesaran in 2007 [93]. Table 3 presents the results of the panel unit root test.
Clearly, most of the data series were non-stationary at level I(0), but all variables became
stationary at the first difference I(1).

Table 3. Results of panel unit root tests.

Variable Pesaran CD CIPS CADF

GTFEE 20.764 *** −2.130 −1.552
∆GTFEE −3.082 *** −2.266 ***

FD 79.779 *** −1.495 −1.661
∆FD −3.181 *** −2.017 *
IND 64.971 *** −2.266 −1.673

∆IND −3.677 *** −2.399 ***
URBAN 91.982 *** −1.694 −2.335 ***

∆URBAN −4.055 *** −2.672 ***
SCL 34.409 *** −2.868 *** −1.947

∆SCL −4.240 *** −2.731 ***
GOV 83.079 *** −2.133 −1.325

∆GOV −3.375 *** −2.664 ***
Notes: *, and *** indicate statistical significance at 10%, and 1%, respectively.

5.2. Panel Cointegration Regression

The conventional cointegration test proposed by Pedroni in 1999 and Westerlund
in 2007 was used in this study to assess the dynamic short- and long-run relationships
between these variables [94,95]. Tables 4 and 5 present the results of the panel cointegration
tests. The null hypothesis of the Pedroni cointegration test was rejected at a 1% level of
significance for both the PP statistic and ADF statistic values. In addition, the test statistics
of the ADF test in conjunction with the Kao cointegration test demonstrate statistical
significance at the 1% level. The Westerlund test allows for cross-sectional dependency
and heterogeneous slopes when estimating an equilibrium relationship [96]. The outcomes
presented in Table 5 indicate that there is a significant cointegration relationship for all the
relevant variables, as affirmed by both panel and group statistics. Therefore, the outcomes
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of the panel cointegration test validate the enduring correlation between GTFEE and both
financial development and the industrial structure.

Table 4. Results of panel cointegration tests.

Tests Stats. Prob.

Pedroni test

Alternative hypothesis: common AR coefs. (within-dimension)
Panel v-Statistic −1.207 0.886

Panel rho-Statistic 4.428 1.000
Panel PP-Statistic −3.520 0.0002

Panel ADF-Statistic −2.909 0.0018
Alternative hypothesis: individual AR coefs.

(between-dimension)
Group rho-Statistic 7.406 1.000
Group PP-Statistic −2.368 0.0089

Group ADF-Statistic −4.143 0.000

KAO test ADF −3.674 0.0001

Table 5. Results of Westerlund cointegration test.

Statistic Gt Ga Pt Pa

Value −3.037 −7.361 −23.878 −12.723
p-value 0.012 ** 1.000 0.000 *** 0.177

Notes: **, and *** indicate statistical significance at 5%, and 1%, respectively.

5.3. Slope Homogeneity Test

In the estimation of panel data, this paper used the slope homogeneity test to verify
whether the variables were heterogeneous. The test posits that all the slope coefficients
are uniform. The results of this test are detailed in Table 6, indicating the presence of
heterogeneity among the variables. Therefore, we used quantile regression to further
analyze the heterogeneous effects of FD and IND on the impact of GTFEE.

Table 6. Results of slope homogeneity test.

Test Value p-Value

∆̂ 12.534 0.000 ***
ˆ̂∆ 15.931 0.000 ***

Notes: *** indicates statistical significance at 1%.

5.4. ARDL Regression Analysis

This analysis proceeded to examine the relationships between FD and IND in relation
to GTFEE via the application of pooled grouped mean (PMG-ARDL), as proposed by
Pesaran and Shin, and common correlated effects estimation, commonly referred to as
CS-ARDL, following the methodology introduced by Chudik and Pesaran. In addition,
this study also estimated the panel ARDL model using the dynamic fixed effects (DFE)
estimator. The results of the empirical estimation are shown in Table 7, containing columns
(1) and (2) for panel ARDL and columns (3) and (4) for CS-ARDL. Notably, columns (3) and
(4) report the moderating effect of FD on IND, respectively, containing the interaction term
FD × IND.

The significant negative value of ECT (−1) in Table 7 suggests that there is a long-run
relationship between FD and IND, and GTFEE in China. Therefore, the coefficient must be
negative in statistical significance. The results imply that the rate of imbalance correction
varies from 10.6% to 20.9% in a year and is statistically significant at 1%, except for in col (1).
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Table 7. Results of panel ARDL regression.

(1) PMG (2) DFE CS-ARDL CS-ARDL

Long-run
coefficients

FD 0.203 *** 0.092 * 0.017 * 0.016 **
IND 1.009 *** 1.479 *** 0.103 ** 0.645 **
SCL −2.189 *** −0.280 ** 0.141 −1.229 **
GOV −1.807 *** −0.730 0.347 * 0.452

URBAN 1.479 *** 0.977 ** 0.714 * 0.535 *
FD × IND 0.328 **

Error correction
coefficients ECT (−1) −0.130 ** −0.209 *** −0.157 *** −0.106 ***

Short-run
coefficients

D(GTFEE(−1)) 0.178 0.065 * −0.031 −0.057 **
D(FD) −0.017 −0.012 0.064 ** −0.041

D(FD(−1)) −0.027 * −0.028*
D(IND) 0.558 −0.189 −0.164 −0.725

D(IND(−1)) −0.489 −0.041
D(SCL) −0.317 −0.072 −0.210 −0.288

D(SCL(−1)) −0.017 −0.111
D(GOV) −0.276 0.042 0.292 0.272

D(GOV(−1)) 0.257 0.425 **
D(URBAN) −0.797 −0.388 −0.994 0.588

D(URBAN(−1)) −0.014 0.024
D(FD × IND) 0.587 *

Constant 0.024 −0.039 0.019 0.024

Notes: *, **, and *** indicate statistical significance at 10%, 5%, and 1%, respectively. The number of lags is based
on the Akaike information criterion (AIC).

In terms of the long-term relationship, the findings show that China’s FD and IND
have a significant positive impact on GTFEE. Specifically speaking, this study shows
that the relationship between FD and GTFEE is statistically positive in all four model
estimations, for example, the coefficient in col (1) is 0.203, the coefficient in col (2) is 0.092,
the coefficient in col (3) is 0.017, and the coefficient in col (4) is 0.016. These findings are
consistent with those of many studies. Köksal et al. propose that the level of efficiency
in the financial system has a positive correlation with the scale of investments in energy
efficiency and renewable energy in each country [97]. Financial development enhances the
accessibility of investment capital, facilitating businesses’ access to the necessary funds for
the development and adoption of green technologies and sustainable development [98].
Consequently, this fosters increased investments in renewable energy, energy efficiency,
and various environmentally friendly initiatives [99]. Hence, efficient energy serves as a
solution for achieving sustainable growth [100].

In summary, the improvement of GTFEE can be attributed to two aspects. Firstly, it
is manifested in an increase in energy utilization efficiency, leading to a higher expected
output under constant input variables. Secondly, it can be attributed to the increased
utilization of clean and renewable energy sources, resulting in a significant reduction in
undesired outputs, particularly in terms of CO2 emissions, while maintaining the same
level of expected output. Similarly, the role of industry structure in influencing GTFEE can
be reflected in these two aspects.

This study revealed a statistically significant positive correlation between IND and
GTFEE in all empirical evaluations, for example, the coefficient in col (1) is 1.009, the
coefficient in col (2) is 1.479, the coefficient in col (3) is 0.103, and the coefficient in col
(4) is 0.645. More specifically, every 10% increase in the industrial structure can increase
GTFEE by 1.03~14.79%. Industrial restructuring is closely intertwined with changes in
energy structure [101]. It also contributes to optimizing energy structure and achieving a
balance in supply and demand [102]. In the past, the development of China’s extensive
economic development heavily relied on the consumption of energy resources, with the rate
of energy resource consumption even exceeding the speed of economic growth, resulting in
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low energy resource efficiency. This development model has given rise to a large number
of energy-intensive industries, most of which are industrial. With green development in
recent years, China’s industrial structure has been continuously transformed and upgraded,
and the proportions of industries, especially heavy industry, in the economic structure
will continue to decline, and some high-energy-consuming industries have been phased
out. This industrial structural upgrade, driven by technological innovation, contributes
to enhancing production quality and efficiency, thereby contributing to reducing energy
intensity and improving energy efficiency.

The effect of FD on GTFEE can be mediated via the mediator IND. The coefficient
of the interaction term FD × IND is statistically positive (with a coefficient of 0.328) in
the CS-ARDL estimation. This implies that financial development can improve the finan-
cial environment and promote industrial upgrading, thus promoting industrial activities
and optimizing the industrial structure over time. This, in turn, affects the quality of the
environment and boosts energy utilization efficiency. Therefore, in the pursuit of low-
carbon sustainable development, optimizing capital allocation via FD plays a crucial role
in fostering the improvement of IND. It is essential to acknowledge that the connections
between short-term variables may vary from those observed in the long term. The im-
pacts of FD and IND on GTFEE remain uncertain, and the results may not necessarily be
statistically significant.

5.5. Dumitrescu–Hurlin Panel Causality Tests

This paper utilized the Dumitrescu and Hurlin non-causality test to explore the short-
term dynamics among the variables [84]. In essence, this empirical analysis aimed to
determine the direction of short-term dynamic panel causality between variables by em-
ploying a model that accounted for the heterogeneity across the cross-sections. The results
of the estimation of short-term causality are shown in Table 8.

Table 8. Results of Dumitrescu–Hurlin panel causality tests.

Null Hypothesis: W-Stat. Zbar-Stat. Prob. Remarks

FD↚=→GTFEE 6.6599 4.1824 0.0800 Unidirectional causality: FD→GTFEE
GTFEE↚=→FD 4.7889 1.5681 0.4400

IND↚=→GTFEE 10.1566 9.0685 0.0030 Unidirectional causality: IND→GTFEE
GTFEE↚=→IND 6.3425 3.7389 0.1020

FD↚=→IND 7.5344 5.4044 0.0130 Unidirectional causality: FD→IND
IND↚=→FD 6.4709 3.9184 0.1290 Unidirectional causality: FD→GTFEE

This study’s findings reveal unidirectional causality, with causation running from
financial development to GTFEE (FD/GTFEE), industrial structure to GTFEE (IND/GTFEE),
and financial development to industrial structure (FD/IND). Sasidharan et al. also came to a
similar conclusion that the optimization of financial development can positively contribute
to the industrial structure [68]. These results display that the growth of FD and IND both
have an impact on GTFEE. The single causal relationship between FD and IND means that
financial development can affect GTFEE by promoting the adjustment of the industrial
structure. Importantly, the absence of a bidirectional causal relationship between the
variables suggests that the estimates are also robust in terms of endogeneity bias.

5.6. Heterogeneity Regression Results
5.6.1. Panel Quantile Regression Results

In order to study whether the impact of GTFEE on FD and IND is heterogeneous
at the GTFEE level in different provinces, we applied the QRPD regression proposed by
Powell [85]. Using quantile regression, the influences of FD and IND on GTFEE under a
conditional distribution could be estimated. The dynamic evolution trajectory with special
attention to marginal effects could also be obtained. Table 9 reports the results of the
conditional GTFEE distribution.
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Table 9. Results of panel quantile regression.

10th 30th 50th 70th 90th

IND
0.9527 *** 1.1337 *** 1.2355 *** 1.3039 *** 0.5752 ***
(12.5975) (2.1 × 103) (140.5157) (94.8114) (7.6204)

FD
−0.0052 *** −0.0036 *** 0.0027 *** 0.0335 *** 0.0114 ***
(−3.1951) (−45.4927) (3.7738) (27.0595) (4.7796)

GOV
−0.3137 *** −0.5238 *** −0.4201 *** −0.2598 *** −0.3860 ***
(−24.7771) (−5.3 × 102) (−1.1 × 102) (−1.0 × 102) (−23.1459)

URBAN
0.1097 * 0.1726 *** 0.1589 *** 0.1983 *** 1.1050 ***
(1.6476) (423.0294) (38.8661) (21.1159) (20.6115)

SCL
−0.0356 −0.1644 *** −0.4264 *** −0.7143 *** −2.3287 ***

(−0.9071) (−2.6 × 102) (−48.2335) (−78.2814) (−49.4184)
Notes: t-statistics in parentheses. *, and *** indicate statistical significance at 10%, and 1%, respectively.

In the case of financial development, we found the response of GTFEE to FD to be
clearly heterogeneous across different quintiles. In other words, the impacts were different
under different energy use efficiency distributions. As shown in Figure 4, firstly, when
GTFEE was in the lower quintile, with the improvement of efficiency, the inhibition effect
of FD on GTFEE was weakened. This result is consistent with the findings that the effective-
ness of financial growth for ecologically friendly progress in Belt and Road countries had
adverse effects on financial scale, financial deepening, and financial performance during
the sampling period in [103]. This negative link can be explained by an underdeveloped
financial sector. For example, higher financial costs discourage investment in renewable
energy infrastructure and technologies. Secondly, when GTFEE was in the upper quintile,
as the efficiency increased, FD had a promoting effect on GTFEE. The promoting effect
first increased and then decreased. When the energy efficiency was in the lower quintile,
the effect was inhibitory, and when the energy efficiency was in the upper quintile, the
effect was promotional. This indicates that the effect of FD on GTFEE reduction is greater
in provinces with high energy efficiency than in provinces with low energy efficiency.
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As shown in Figure 5, when the energy efficiency was in the lower percentile, the
improvement in efficiency enhanced the promoting effect of IND on GTFEE. Conversely,
when GTFEE was in the upper percentile, the promoting effect of IND on GTFEE increased
initially and then diminished with further efficiency improvements. Secondly, the rise in
percentile levels indicates that the impact of IND on the green utilization efficiency of energy
has been positive. This result is in line with the findings of most scholars, who hold the view
that changes in the industrial structure benefit the energy system [104]. Optimizing the
industrial structure requires higher productivity and more efficient use of resources. This,
in turn, can reduce carbon emissions and promote greener economic growth. The effective
harnessing of energy resources and the refinement of China’s industrial configuration are
essential for attaining superior economic growth and ecological equilibrium [105].
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5.6.2. Panel PMG-ARDL Heterogeneity Regression Results

Finally, to analyze the heterogeneity in depth, we also employed the panel ARDL
model to examine the relationships between GTFEE, financial development, and the in-
dustrial structure in China under different degrees of financial development. The results
of PMG-ARDL are reported in Table 10. The notable ECT (−1) signifies the existence of
long-run relationships between financial development and the industrial structure and
GTFEE in China across varying degrees of financial development. At lower stages of
financial advancement, the coefficients for financial progress and industrial composition
were 0.074 and −0.566 at a 1% significance level, respectively. At a higher level of FD, the
coefficient for FD was 0.002, and the coefficient for IND was 1.471. However, the coefficients
for FD were not statistically significant. China’s GTFEE underwent annual adjustments of
approximately 13.7% and 20.5% in its trajectory toward long-term equilibrium, influenced
by the corresponding independent variables. The results suggest that financial develop-
ment promotes China’s GTFEE under different levels of financial development. When
financial development was at a lower degree, the industrial structure had a dampening
effect on GTFEE, and when financial development was at a higher degree, the industrial
structure had a promoting effect on GTFEE.

The preceding discoveries adequately affirm the existence of diversity in the progres-
sion of financial development and industrial composition concerning GTFEE.
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Table 10. Results of ARDL.

FD1 FD2

Long-run coefficients

FD 0.0740 *** 0.00249
IND −0.566 *** 1.471 ***
SCL 0.410 *** −0.270 ***
GOV −0.532 *** −1.365 *

URBAN −0.731 *** 0.453 ***

Error correction coefficients ECT (−1) −0.137 *** −0.205 ***

Short-run coefficients

D(GTFEE(−1)) 0.0320 0.0457
D(FD) 0.00863 −0.00812

D(FD(−1)) 0.0108 −0.0125
D(IND) 0.185 0.821

D(IND(−1)) 0.0619 0.300
D(SCL) −0.0987 −0.461

D(SCL(−1)) −0.239 0.00118
D(GOV) −0.249 −0.440

D(GOV(−1)) −0.112 0.464
D(URBAN) 0.561 0.517

D(URBAN(−1)) −0.170 0.154
Constant 0.0424 0.0758

Notes: *, and *** indicate statistical significance at 10%, and 1%, respectively.

6. Conclusions and Policy Implications

This article examined the correlation between financial development, the industrial
structure, and GTFEE across diverse provinces, spanning the years 2000 to 2020, employing
panel ARDL, CS-ARDL, the Dumitrescu–Hurlin panel causality test, the QRPD model, and
heterogeneity regression of financial development under different fractions.

Firstly, the regression results of ARDL indicate a robust positive association between
financial advancement, industrial composition, and GTFEE. That is, regarding the long-run
relationship, financial development and the industrial structure have significantly positive
effects on GTFEE in China. At the same time, the interaction term of IND and FD showed
that financial development has a positive impact on the industrial structure. Furthermore,
acting as an intermediate variable, it facilitates the enhancement of GTFEE. The elevation
of the level of financial development can transmit its impact on the improvement of GTFEE
via changes in the industrial structure. Subsequently, the results of the DH causality tests
further corroborate this finding.

Secondly, the QRPD panel quantile regression revealed significant heterogeneity in
the influences of financial advancement and industrial composition on GTFEE. Initially,
financial development exerted a restraining effect, gradually weakening and transitioning
into a promoting effect, but this facilitating effect also weakened with the growth of GTFEE.
The industrial structure consistently played a promoting role. It is worth noting that the
impact of the industrial structure was enhanced and then weakened. Finally, the panel
PMG-ARDL heterogeneity regression results show that the long-term relationship between
the industrial structure and GTFEE varies with the development of finance.

China is a significant emerging country amid a transitional period. The slowdown
of global economic growth and prevailing international concerns have exacerbated the
obstacles encountered by China in its efforts to reshape its economy. In response to the
research in this paper, this paper makes the following recommendations.

In order to completely harness the potential of the financial system, the government
ought to create a conducive institutional atmosphere that promotes financial growth and
puts into effect a series of robust actions. While maintaining efficient risk management,
emphasis should be placed on expanding the scope of finance and giving thoughtful
attention to the diversification of financial institutions. This will aid in constructing a stable
financial infrastructure and encouraging healthy competition within the national financial
system, ultimately improving financial effectiveness [106,107].
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The transition of the industrial framework needs to be seen as a protracted modifica-
tion process. The secondary sector, specifically heavy industry, should utilize advanced
technology sectors to drive the advancement of other industries. Therefore, the government
should leverage information technology to modernize traditional sectors and employ mar-
ket mechanisms to regulate urbanization. This includes accelerating the development of key
emerging industries and nurturing the expansion of contemporary service sectors [107,108].

Optimizing the industrial structure not only enhances GTFEE but also serves as a
conduit for the transmission of financial development’s improving influence on GTFEE.
Consequently, when the government embarks on industrial restructuring, it must incor-
porate financial development into its overarching strategy. Particular attention should
be placed on the pivotal role of the financial sector and the creation of a favorable finan-
cial environment. This approach will capitalize on financial development’s supportive
impact on adjustments to the industrial structure, ultimately fostering GTFEE enhance-
ment and the realization of a low-carbon, high-efficiency development trajectory for the
Chinese economy.

The improvement of energy efficiency in the western, central, and northeastern regions
should be accelerated to narrow the gap with the east. The western and northeastern regions
should capitalize on their own development advantages, and since these regions are rich in
resources, they should pay attention to environmental protection while exploiting resources
and strictly control the emissions of enterprises, so as not to allow environmental pollution
to expand. Secondly, the western and northeastern regions should make good use of their
advantages in tourism, relying on their geographical environment and special scenic spots
and monuments, which are different from those in the central and eastern regions, to attract
tourists and enhance their development.

We should learn from the valuable experience of the development process in the
eastern regions. Against the backdrop of the relatively backward development of the
western and northeastern regions, we should tilt the focus of development toward the
western and northeastern regions and adopt the policy of one-on-one assistance from
the more developed regions in the east to the backward ones so that the western and
northeastern regions can be provided with the basic soil conditions for development as
soon as possible and assisted in the establishment of the beginnings of a sound path for
development, thereby enhancing energy efficiency.
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