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The existing literature show that there are uncertainty about the impact of environmental
regulation on technological progress, and the digital financial inclusion is closely related to
environmental regulation and technological progress. Therefore, the aim of this paper is to
study the effect of environmental regulation on the volatility of technological progress with
digital financial inclusion as the threshold variable by using the System GMM method and
the dynamic threshold model. The sample employed in this paper is collected from 30
provinces in China from 2011 to 2018. The findings show that: first, environmental
regulation insignificantly promotes the volatility of technological progress; second, the
interaction term between environmental regulation and digital financial inclusion
significantly inhibits the volatility of technological progress; third, taking digital financial
inclusion as the threshold variable, there is an inverted U-shaped relationship between
environmental regulation and the volatility of technological progress. In addition, this paper
uses the law of entropy generation to explain the theoretical mechanism of this study. The
empirical results of this paper emphasize that digital financial inclusion is of great
significance to improve the efficiency of China’s environmental regulation and maintain
the stability of technological progress, which is conducive to accelerating the green
transformation of China’s economy. Therefore, the state should introduce relevant
policies to support and promote the digitalization and inclusion of finance, so as to
help improve China’s environmental quality.

Keywords: environmental regulation, digital financial inclusion, volatility, technological progress, entropy
generation

1 INTRODUCTION

The problem of ecological environment is also a cosmic problem (Krichevsky and Levchenko, 2021;
Tang et al., 2022; Wang J. et al., 2022). Up to now, the Earth is the only habitat within the scope of
human cognition to survive and reproduce. Then we can believe that human beings are temporarily
in a closed system relative to the universe. According to the law of entropy generation (Clausius,
1854), in a closed system, heat always flows from high-temperature objects to low-temperature
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objects, and under the premise of no external force to do work, all
natural things will move from order to disorder, and invalid
energy, that is, “entropy” will irreversibly fill the memory of the
system (Bejan, 2002; Sekulic, 2009; Mistry et al., 2011; Lucia,
2012). In order to obtain a higher quality of life, human beings
develop economy by consuming a large number of limited natural
resources, but it leads to the gradual imbalance of ecological
environment (Danish et al., 2019; Zafar et al., 2019; Yang et al.,
2022b). The discharge of waste gas, waste water and solid waste is
gradually increasing, which makes the ecosystem of the whole
Earth chaotic (Kronenberg, 2004). Because there is a vacuum
environment outside the Earth’s atmosphere, it is difficult to
dissipate heat through space (Houghton and Firor, 1995;
Philander, 2018; Altarhouni et al., 2021; Qashou et al., 2022).
At the same time, global warming has led to frequent extreme
weather in recent years (Abumunshar et al., 2020; Habeşoğlu
et al., 2022; Samour et al., 2022). For example, the temperature of
38°C in some parts of the Arctic circle has led to the melting of
frozen soil, which may release ancient bacteria. According to the
report released by the National Oceanic and Atmospheric
Administration (NOAA), the average level of CO2 in May
2021 was 419.13 parts per million, an increase of nearly 50%
compared with the industrial era 300 years ago, while the world is
still emitting CO2 at the rate of 40 billion tons per year. It has to be
said that the destruction of the natural environment has become a
stepping stone for China’s rapid economic development (Zhang
et al., 2019; Yang et al., 2020; Yang X. et al., 2021). According to
the data released by BP statistical review of world energy, in 2019,
China’s original energy consumption reached 141.7 EJ, an
increase of 4.4% over the previous year, and currently
maintains the highest growth rate in the world (Cao J. et al.,
2021; Cheng et al., 2021). At present, China’s CO2 emissions have
accounted for about 29% of global emissions, and continue to
increase (Cao S. et al., 2021; Ren et al., 2022).

In the whole relatively isolated Earth system, the increase of
ecological environment damage is one of the external
manifestations of the increase of entropy (Diaz-Mendez et al.,
2013), that is, the disorder is gradually obvious. In addition, due
to the strong externality of environmental pollution, there is often
an asymmetry between the subjects of environmental protection
cost expenditure and the subjects benefit from environmental
protection (Que et al., 2018). Therefore, in a closed information
environment, environmental uneconomic behavior is more likely
to aggravate the entropy growth rate of ecological environment.
So how can we resist entropy generation and make the system
from disorder to order? First, open the system, exchange
materials and information with the outside world (Lloyd,
1989), stay away from the equilibrium state, and form a
“Dissipative Structure” (Segel and Jackson, 1972), so as to
break the closed loop of multiple sub-level ecological
environment damage (Addiscott, 1995; Popovic, 2014).
Secondly, human beings can act as a processor to combat
entropy generation through continuous work. For example,
the state forcibly controls energy consumption and pollution
by environmental regulation. According to the Paris Agreement,
the world must reduce carbon emissions to 25 billion tons of CO2

equivalent by 2030. On 22 September 2020, the Chinese President

Xi Jinping proposed for the first time at the 75th United Nations
General Assembly that “China will adopt stronger policies and
measures to reach the peak of CO2 emissions by 2030 and achieve
carbon neutrality by 2060” (Yang et al., 2022a). The emphasis on
the weak sustainable development centered on “human” has
gradually shifted to the strong sustainable development
centered on “nature” (Zhang, 2018). However, according to
the hypothesis that “perpetual motion machine” does not exist
(Lucia, 2018), any energy involved in the work process of resisting
entropy increase cannot be 100% converted, and some “energy”
will be lost, which will still lead to entropy increase or disorder.
Therefore, what are the characteristics of environmental
regulation as the work of human realize entropy reduction?

The subject of China’s environmental regulation is the
Ministry of environmental protection and local environmental
management departments (Tang et al., 2019). The main purpose
of environmental regulation is to correct the externalities brought
to the environment by the behavior of enterprises, organizations
and individuals (Zhou et al., 2021). The Environmental
Protection Law of the People’s Republic of China (for Trial
Implementation) promulgated in 1979 covers about 26 laws,
more than 50 regulations, 800 standards and more than 660
normative legal documents, mainly covering pollution prevention
and control and natural resource protection (Cai et al., 2020).
However, China’s environmental regulation has a dual
management system, resulting in decentralization of power
and weakening of function (Zhou, 2020; Wen, 2020). The real
leadership of local environmental protection management
organizations at all levels belongs to local governments at all
levels. In addition, the environmental protection departments of
various ministries and commissions are under the jurisdiction of
various ministries and commissions and the central ministry of
environmental protection, but the central ministry of
environmental protection are often restrained by provincial
governments (Wu et al., 2020a). For a long time in the past,
Gross Domestic Product (GDP) was tied to the performance
appraisal of local government officials (Ren et al., 2021). In order
to pursue GDP growth, local governments have launched a
“political competition,” for example, through lowering the
threshold of environmental regulation to attract enterprises
with “high energy consumption, high pollution and high
output.” This “bottom-by-bottom competition” phenomenon
of environmental regulation makes the environmental
supervision of local governments fluctuate (Cumberland,
1981), thus the entropy reduction effect of environmental
regulation has been weakened.

Some scholars have found that environmental regulation has
heterogeneous effects on technological progress under different
regulation intensity. First, the effect of following cost. According
to the neoclassical economic theory, when the intensity of
environmental regulation is low, enterprises often achieve
compliance by purchasing energy-saving and pollutant
discharge equipment (Lanoie et al., 2011; Hao et al., 2020),
thus crowding out the expenses of enterprises for technology
research and development (R&D) and producing “offset effect”
on technological progress (Wang et al., 2018). Second, the effect
of innovation compensation. According to Porter hypothesis
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(Porter and Linde, 1995; Zhao et al., 2022), when the intensity of
environmental regulation is appropriately strengthened,
environmental regulation seriously occupies the production
cost of enterprises, and enterprises will realize technological
progress through technological innovation to compensate the
compliance cost (Wu et al., 2020b). Third, the effect of cross-
border transfer. When the intensity of environmental regulation
is too high, enterprises can no longer afford the huge cost of
compliance, so enterprises will choose to flee to areas with low
intensity of environmental regulation and high government
preference (Ye et al., 2021; Lv et al., 2021), but they may also
withdraw from the market, so as to maximize their own interests.
Therefore, does environmental regulation promote the volatility
of technological progress? Figure 1 shows the trend of
technological progress. Technological progress can promote
the equal product curve to move to the origin by changing the
marginal substitution rate and marginal productivity among
factors (Li et al., 2019), so as to improve the total factor
productivity (TFP). Therefore, when technological progress
fluctuates, it will inevitably affect the stability of TFP, so as to
enhance the risk of economic development.

Although most studies find that there is uncertainty in the
impact of environmental regulation on technological progress,
few scholars study how to alleviate this volatility. In other words,
how to reduce the “energy loss” in the process of combating
entropy generation? Most studies are not combined with the
financing environment of enterprises. Because the nature of the
enterprise itself is profit driven (Qastharin, 2016), whether it is
cost compliance, innovation compensation or cross-border
transfer of polluting industries, enterprises are seeking to
minimize compliance costs and maximize operating benefits
(Ouyang et al., 2020). The choice of enterprises in this game
process affects the impact direction of environmental regulation
on technological progress. However, digital financial inclusion
can improve the efficiency of alleviating the financing constraints
of enterprises with the help of big data, cloud payment,
blockchain, Internet, and artificial intelligence (Naumenkova
et al., 2019), especially for small and medium-sized enterprises

(SMEs), which is conducive to alleviating the “cost offset” effect
and the “Cross-border transfer” effect of enterprises caused by too
low or too high intensity of environmental regulation. In
addition, digital information technology is a powerful
instrument to improve the efficiency of entropy reduction, so
as to reduce or slow down the “energy loss” in the process of
processor work (Wu et al., 2021; Hao et al., 2022). For example,
machine deep learning uses multi-layer neural network to extract
eigenvalues from a group of chaotic information data and
efficiently summarize and output ordered information (Xin
et al., 2018; Dargan et al., 2020), so as to improve the
transformation process from disorder to order. Therefore, how
does the interaction between environmental regulation and
digital financial inclusion affect the volatility of technological
progress? Although by examining the interaction between
environmental regulation and digital financial inclusion, we
can understand their mutual moderating effect in the process
of affecting the volatility of technological progress, in practical
application, the specific threshold effect of digital financial
inclusion is still uncertain, and then it cannot help the
government to accurately formulate effective environmental
regulation policies to avoid the economic risks caused by
technological fluctuations. Therefore, what is the threshold
effect of digital financial inclusion in the relationship between
environmental regulation and the volatility of technological
progress? The logical framework of this paper is as follows:
the literature shows that local government competition causes
the fluctuation of environmental regulation intensity, and the
change of environmental regulation intensity will cause the
fluctuation of technological progress. However, the previous
literature has not clarified how to solve this volatility, so this
paper will solve the shortcomings of the current research from the
perspective of digital financial inclusion. In addition, the
interpretation of this study from the theoretical perspective of
entropy generation will broaden the depth and breadth of
environmental research in the future. To sum up, the research
objective of this paper is to study the effect of environmental
regulation on the volatility of technological progress based on
China’s inter provincial panel data from 2011 to 2018, using the
System GMM method and the dynamic threshold model, taking
digital financial inclusion as the threshold variable, and finally
analyze it based on entropy growth theory.

The contributions of this study are as follows. First, this study
defines the relationship between environmental regulation and
the volatility of technological progress. Second, this study
examines the impact of the interaction between digital
financial inclusion and environmental regulation on reducing
the volatility of technological progress. Third, this research
examined the dynamic threshold effect of digital financial
inclusion on the nexus of environmental regulation and the
volatility of technological progress, which is conducive to the
construction of a mechanism to avoid the volatility of
technological progress in practical application. Fourth, this
study analyzes the dynamic impact of the interaction between
digital financial inclusion and environmental regulation on the
volatility of technological progress from the perspective of the law
of entropy generation for the first time. Fifth, this paper applies

FIGURE 1 | The trend of average provincial technological progress in
2011–2018.
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the entropy generation theory to analyze the relationship between
environmental regulation and the volatility of technological
progress for the first time, and believes that the work against
entropy increase (environmental regulation) will inevitably
produce additional “energy loss” (the volatility of technological
progress), which is consistent with the research conclusion of this
paper. Finally, this paper proposes that digital financial inclusion
can reduce the additional “energy loss” caused by this entropy
reduction activity, so as to suppress the volatility of technological
progress. Therefore, this study will help to raise the efficiency of
environmental regulation, promote the stability of the country’s
overall technological progress, and maintain the stable
development of China’s green economy.

The rest layout of this paper is: the second section reviews
previous important literature and deduces research hypotheses;
the third section describes the research model and variables; the
fourth section reports and analyzes the estimated results; the
fifth section presents the conclusion and policy
recommendations.

2 LITERATURE REVIEW

2.1 The Law of Entropy Generation and the
Dissipative Structure Theory
Clausius (1854) first proposed the concept of the law of entropy
generation, that is, in a closed system, heat flows from high-
temperature objects to low-temperature objects, from order to
disorder and irreversible. For an isolated system that cannot
exchange material and energy with the outside world, the entropy
will eventually reach the maximum state, that is, “Heat Death” in
physics. However, an open system can interact with the outside
world and release the entropy generated within the system, so as
to reduce the entropy and reach an orderly state. In 1944, Erwin
Schrödinger mentioned in “What is life ?” that life lives on
negative entropy (Perutz, 1987). Based on the study of open
systems, Prigogine and Nicolis (1967) founded the dissipative
structure theory. This theory points out that systems with
openness, nonlinearity and far from equilibrium will
constantly exchange material and energy with the outside
world, and finally, when the external conditions reach a
certain threshold, the system can be transformed from
disorder to spatio-temporal and functional ordered structure
through internal self-organization. The law of entropy
generation and the dissipative structure theory are also
applicable to eco-environmental systems. For instance, Diaz-
Mendez et al. (2013) employs the law of entropy generation to
study freshwater ecosystems eutrophication, and conducted a
measurement of entropy generation.

2.2 Environmental Regulation and the
Volatility of Technological Progress
Technological progress is an vital factor affecting the
contradiction between economic growth and the destruction
of natural ecological environment (Welsch and Ochsen, 2005;
Fisher-Vanden et al., 2006; Sanstad et al., 2006; He and Wang,

2015; Chen et al., 2019; Cansino et al., 2019; Li et al., 2019; Yi
et al., 2020; Wang L. et al., 2022). Meadows et al. (2013) suggests
in the “limits to growth” that technological progress plays an
important role in the coordinated development of economic
growth and natural environment. Environmental regulation is
the behavior of human beings to reduce the damage to the
ecological environment in economic production activities, and
it can also be regarded as the work of human beings against
entropy generation in the relatively isolated Earth ecosystem.
Environmental regulation can affect the natural ecological
environment system by affecting technological progress. The
government is generally the subject of the formulation,
implementation and supervision of environmental regulation
policies (Ye et al., 2021; Zhong et al., 2021). A number of
researchers examined the relationship between environmental
regulation and technological progress (Barbera and McConnell,
1990; Rubashkina et al., 2015; Wang et al., 2018; Deng et al.,
2019; Ye et al., 2021), but they have not reached a consistent
conclusion.

Some researches insist that environmental regulation hinders
technological progress (Gollop and Roberts, 1983; Barbera and
McConnell, 1990; Popp, 2003; Lanoie et al., 2011). On the one
hand, in the process of China’s economic development,
enterprises usually adopt the mode of pollution before
treatment to deal with environmental regulation (Cai et al.,
2020), and improve productivity through mature non green
production technology, so as to offset the cost of compliance.
Under the constraints of lower environmental regulations,
enterprises will purchase environmental protection equipment
to deal with pollution emissions or purchase existing technologies
based on the principle of cost (Wang et al., 2018), which will have
a crowding out effect on technology R&D and curb technological
progress. On the other hand, there are also possibility that, high-
intensity environmental regulation will lead to “green paradox”
(Wang and Wei., 2020), which will lead enterprises to directly
give up compensation for technological innovation and escape to
regions with more looser regulation policy, and finally aggravate
the damage to environmental quality. Other academics support
that environmental regulation will enhance technological
progress (Porter and Linde, 1995; Kassinis and Vafeas, 2006;
Rubashkina et al., 2015; Yuan et al., 2017; Deng et al., 2019).
According to Porter hypothesis, with the enhancement of
environmental regulation, the purchase of existing cleaner
production equipment and technology will consume more
production costs. Therefore, enterprises will choose to
compensate the compliance cost through technology research
and development, so as to promote technological progress. The
above literature reveals that the impact of environmental
regulation on technological progress is uncertain, and the
main reason is the change of regulation intensity. The
volatility of environmental regulation is partly due to the
“political competition” of local governments, that is, the
“bottom-by-bottom competition” of environmental regulation
in order to simply improve the growth of local GDP (Ye et al.,
2021), which eventually leads to loose and tight environmental
regulation policies (Rongwei and Xiaoying, 2020; Cao et al.,
2021). Based on the above literature review, this study
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proposes Hypothesis 1: environmental regulation intensifies the
volatility of technological progress.

2.3 Environmental Regulation and Digital
Financial Inclusion
At present, most scholars study the relationship between
environmental regulation and technological progress based on
the characteristics of environmental regulation, and draw
inconsistent conclusions, which makes environmental
regulation aggravate the volatility of technological progress as
a whole. However, few scholars introduce financial indicators as
endogenous regulatory variables into the model to investigate the
dynamic effect of the interaction between corporate financing
constraints and environmental regulation on the volatility of
technological progress, which will lead to the deviation of
estimation results. What’s more, 75% of China’s non-financial
listed companies face financing difficulties and seriously restrict
their development (Claessens and Tzioumis, 2006; Wang L. et al.,
2022). Wang L. et al. (2022) studied China’s environmental policy
under financing constraints based on the new Keynesian method.
The results show that the impact of environmental policy on
environmental indicators is significantly affected by enterprise
loan constraints. Because enterprises with large financing
constraints usually respond to environmental policies based on
their own cash flow (Rajan and Zingales, 1998; Wang L. et al.,
2022), so when enterprises are faced with strong environmental
target policies, enterprises with financing difficulties will reduce
the expenditure dedicated to environmental pollution control and
achieve compliance by reducing energy consumption. Therefore,
the pollution emission of enterprises will decrease with the
decline of output.

What’s more, Ye et al. (2021) found that sufficient financial
support given by cities to enterprises can promote enterprises to
reduce pollution emissions through technological innovation.
Poncet et al. (2010) and Cull et al. (2015) pointed out that
private enterprises face greater financing constraints than state-
owned enterprises. Similarly, Ma and Li (2021) used the fixed
effect model to study the impact of environmental regulation on
technological innovation of China’s emerging marine
enterprises from 2013 to 2018, and investigated the
moderating role of government subsidies. The results show
that in state-owned enterprises, government subsidies have a
positive and insignificant moderating effect on the relationship
between environmental regulation and technological
innovation, but in non-state-owned enterprises, government
subsidies have a significant negative moderating effect on the
relationship between the two. It is worth noting that there is
rent-seeking behavior between the government and enterprises,
which can easily lead to enterprise innovation inertia. In
addition, due to the information asymmetry between the
government and enterprises, the impact of government
subsidies on enterprise technology innovation may be
inefficient. It is also worth noting that Fard et al. (2020)
conducted an empirical study and found that banks are more
sensitive to loans to enterprises with strong environmental
regulation, which will increase the loan interest rate.

The above literature shows that enterprise financing is an
important regulatory variable affecting national environmental
regulation and enterprise technological progress, but there are the
following problems: information asymmetry may lead to the
inertia of enterprise technological innovation, the strong
financing constraints faced by private enterprises, and banks
are more sensitive to the loans of enterprises with strict
environmental supervision. In order to avoid risks, Chinese
banking institutions usually refuse to lend to enterprises with
high environmental responsibility (He et al., 2021), because the
projects used by enterprises for green technology R&D have long
payback period and high risk (Cao et al., 2021). Although the state
will give banks a certain risk guarantee fund as a risk aversion
method to encourage banks to actively support loans to SMEs,
bank executives will still refuse loan applications from such
enterprises in order to avoid personal non-performing loan
records. In addition, the positive moderating effect of stock
market and equity financing on the nexus of environmental
regulation and enterprise technological progress is not strong.
On the one hand, the market entry audit procedure of China’s
stock market is complex and in a young stage of development. On
the other hand, in China, the investment period of private equity
and venture capital in general enterprises is about 5–7 years
(Zhang, 2018), while the investment period of enterprises with
heavy green technology R&D tasks is about 7–10 years (Tan et al.,
2013). Therefore, SMEs under the constraints of environmental
regulation usually face financing difficulties.

Therefore, advanced information screening technology, high-
efficiency and low threshold financial service model and multi-
channel financing model will help to amplify the positive effect of
environmental regulation on technological progress. The
financial service characteristics of “digital + inclusive” of
digital financial inclusion will help to alleviate the financing
constraints of SMEs with high energy consumption and high
pollution, which are greatly impacted by environmental
regulation, thus affecting the uncertain interference of
environmental regulation on technological progress. Here,
digital financial inclusion plays a buffer role for the impact of
changes in environmental regulation intensity on such
enterprises, and provides low threshold, low-cost and efficient
financing channels for enterprises’ choice of technological
innovation (Jia et al., 2021). In addition, digital financial
inclusion disperses the risk of enterprise technological
innovation guided by environmental regulation through
broader financing channels. At the technical level, digital
financial inclusion provides more comprehensive, detailed and
real enterprise information for government departments to
formulate more efficient flexible environmental regulation
policies through digital information technology (Demertzis
et al., 2018; Naumenkova et al., 2019; Awan et al., 2021), so as
to reduce the ineffective regulation caused by information
asymmetry.

Therefore, to a certain extent, digital financial inclusion
enhances the open ecological environment system by
improving the openness of information, reduces the “energy
loss” of environmental regulation against the entropy
generation in natural ecological environment, and improves

Frontiers in Environmental Science | www.frontiersin.org May 2022 | Volume 10 | Article 8767075

Cao et al. Environmental Regulation on Technological Progress

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


the efficiency of information from disorder to order. At the
financial inclusion level, digital financial inclusion can cover
more customers in the financial “long tail” market (Bachas
et al., 2018; Gomber et al., 2018), including a large number of
SMEs with high energy consumption, high pollution and poor
financing ability, which are greatly impacted by the fluctuation of
environmental regulation. Therefore, the change of
environmental regulation will have a very sensitive impact on
the decision-making of their production investment,
environmental pollution control investment and green
technology R&D investment. To sum up, this paper proposes
Hypothesis 2: the interaction between environmental regulation
and digital financial inclusion alleviates the volatility of
technological progress.

2.4 Environmental Regulation, Digital
Financial Inclusion and the Volatility of
Technological Progress
Although digital financial inclusion may alleviate the positive
effect of environmental regulation on the volatility of
technological progress, it is still impossible to judge the range
of the value of digital financial inclusion that environmental
regulation will improve or reduce the volatility of
technological progress if only studying the interaction between
environmental regulation and digital financial inclusion, so the
government can not judge the inflection point between
environmental regulation and the volatility of technological
progress according to a reference value in practical
application. Therefore, it is necessary to introduce digital
financial inclusion into the dynamic threshold model as an
endogenous threshold variable. Part of researchers hold that
the nexus of environmental regulation and technological
progress is nonlinear (Boyd and McClelland, 1999; Yang et al.,
2020). By employing the provincial data of China from 2004 to
2015, Wang et al. (2018) conducted an empirical study using the
spatial Durbin model and found that there is a U-shaped
nonlinear relationship between environmental regulation and
all green factors. Moreover, Yang Z et al. (2021) studied the
mediating effect of green technology in the relationship between
environmental regulation and carbon concentration by using
advanced SBM model, factor analysis method and nonlinear
mediating effect model. The results show that there is an
inverted U-shaped nonlinear relationship between
environmental regulation and green technology.

However, the above literature does not consider the dynamic
threshold of digital financial inclusion. Some scholars have found
that the relationship between environmental regulation and
technological progress is affected by financial development
(Zhou and Du, 2021; Wang J. et al., 2022). Based on the data
of Chinese listed companies from 2011 to 2017, He et al. (2021)
designed a comprehensive model to investigate the relationship
between environmental regulation, financial constraints and
technological innovation. The results show that lower financial
constraints help environmental regulation have a positive effect
on technological innovation. Consequently, this paper proposes
the Hypothesis 3: taking digital financial inclusion as the

threshold variable, there is an inverted U-shaped relationship
between environmental regulation and the volatility of
technological progress.

3 METHODOLOGY

3.1 Model Specification
In order to clarify the relationship between ER and the VTP,
according to the System GMM (Generalized method of
moments) two-step estimation method, this paper constructs
the following dynamic panel regression model.

VTPit � VTPit−1 + β1ERit + β2DFllit + θXit + μi + λt + εit (1)
In Eq. 1, i indicates the province, t represents the year. VTPit
denotes the explained variable, which means the volatility of
technological progress. VTPit−1 is the lag term of VTPit. ERit and
DFIIit are explanatory variables. ERit represents the
environmental regulation. DFIIit indicates digital financial
inclusion. Xit denotes the control variable, which includes
INVE (Capital Investment), MAR (Marketization), HC
(Human Capital), FDI (Foreign Direct Investment). β1, β2,
and θ indicates the regression coefficient, respectively, which
represents the impact strength of the regression variable. μi
indicates the individual fixed effect, λit denotes the time-fixed
effect, εit represents a random error term.

What’s more, for investigating the mutual moderating effect of
ER and DFII on VTP, the interaction of ER and DFII
(ERit × DFIIit) is introduced into the Eq. 2.

VTPit � VTPit−1 + β1ERit + β2DFliit + β3ERit × DFliit + θXit + μi + λt + εit (2)

In addition, in order to determine the threshold effect of DFII
between ER and the VTP, this paper constructs the following
dynamic threshold model with reference to Seo et al. (2019).

VTPit � VTPit−1 + β1ERitI(DFliit ≤ γ) + β2ERitI(DFliit ≤ γ)
+θXit + μi + λt + εit (3)

In Eq. 3, I(•) refers to the indicator function, if the arguments in
parentheses are valid, then its value will be 1, otherwise will be 0. γ
denotes the threshold value. β1 and β2 denotes the semi-elastic
coefficient of the regime variable (ERit), respectively. Xit indicates
the control variable, which includes INVE (Capital Investment),
MAR (Marketization), HC (Human Capital), INC (Income), IND
(Industry).

3.2 Estimation Method
Firstly, in order to clarify the impact of environmental regulation
and digital financial inclusion on the volatility of technological
progress, this paper uses the System GMM two-step method to
estimate Eqs 1–3. Introducing the first lag term of the explained
variable (VTP) into the regression model makes the model have
dynamic interpretation ability, but there may be endogenous
problems in the model. In this case, Arellano and Bond (1991)
proposed a difference GMM estimation method, that is, strongly
invoking instrumental variables to derive moment conditions can

Frontiers in Environmental Science | www.frontiersin.org May 2022 | Volume 10 | Article 8767076

Cao et al. Environmental Regulation on Technological Progress

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


eliminate the endogenous problem of the model, but weak
instrumental variables may occur under the condition of
limited samples. Based on this, the System GMM two-step
method can estimate the original model and the difference
transformed model, and then reduce the deviation of
estimation. However, as the number of estimation periods
increases, the instrumental variables of System GMM will
increase greatly. Therefore, this paper uses System GMM two-
step for estimation (Roodman, 2009). Moreover, the standard
error of the estimated value of System GMM two-step may have
an obvious decline deviation, resulting in a significant increase in
the coefficient of the estimated value, but Windmeijer (2005) can
solve this problem well.

Secondly, in order to investigate the relationship between
environmental regulation and the volatility of technological
progress with digital financial inclusion as the threshold
variable, this paper estimates Eq. 3 with reference to the
estimation method of dynamic threshold model proposed by
Seo et al. (2019). The panel threshold regression model proposed
by Hansen (1999) is widely used, but his model is static. In order
to keep the estimator consistent, covariates are assumed to be
strongly exogenous, but this does not match many practical
application cases. However, the dynamic threshold model
designed by Seo and Shin (2016) allows the first-order lag
variables of the explained variables and the endogeneity of the
threshold variables. The command (xthreg) of Wang (2015) can
calculate Hansen’s estimator, but it is inconsistent under the
setting of fixed effect estimator. However, the command
(xthenreg) of Seo et al. (2019) can give consistent and
asymptotically normal estimates. What’s more, they proposed
a faster method to test the linearity. linearity tests are able to test
the validity of the nonlinear relationships. In addition, the
command can report the p value to ensure the validity of the
threshold value. This command can also regress the static and
dynamic model using the static option (Hao et al., 2021).
Compared with the previous threshold model, the model used
by Seo et al. (2019) is relatively simple and can allow the
endogeneity of explanatory variables and threshold variables
under the condition of providing linearity test.

3.3 Variable Description and Data Source
3.3.1 Explained Variable
3.3.1.1 The Volatility of Technological Progress
First step, measure the index of technological progress. Some
scholars measure technological progress by indicators such as the
number of patent applications and R&D expenditure (Keller, 2010;

Yang X. et al., 2021), but these measurement methods are too single
and may have deviation due to the lag of technological progress.
Because technological progress can move the equal product curve to
the origin by changing the marginal substitution rate of factors or
factor productivity, this paper calculates technological progress
based on TFP that considering economic and environmental
indicators, so as to improve the accuracy and comprehensiveness
of estimating technological progress. Table 1 presents the
composition of total factors, including input and output factors.

According to the DEA–Malmquist index method (Färe et al.,
1994), this paper firstly calculates the TFP and further
decomposes it into technical efficiency change index (EFFCH)
and technical change index (TECH). What’s more, technology
change index (TECH) still can be decomposed into neutral
technology progress (NTP), output biased technological
change (OBTP) and input biased technological change (IBTP)
(Färe et al., 1997). This study uses MaxDEA software to measure
the index. Figure 2 shows the trend of average provincial
volatility of input biased technological progress in 2011–2018.
It can be seen from the figure that the volatility of input biased
technological progress changed greatly from 2011 to 2018,
showing a U-shaped trend, and there was an obvious rebound
from 2016 to 2018. Therefore, this paper mainly studies the
volatility of input biased technological progress, which is
regarded as the volatility of technological progress in this study.

Second step, calculate the volatility of technological progress
(VTP). According to (Rongwei and Xiaoying, 2020; Cao J. et al.,
2021; Wang et al., 2021), this study measures the volatility of
technological progress (VTP) by calculating the 2 year’s moving
standard deviation of technological progress (TP).

3.3.2 Explanatory Variables
3.3.2.1 Environmental Regulation
ER (Environmental regulation) is calculated by the proportion of
the total industrial pollution control investment in the industrial
added value (Xie and Liu 2019).

TABLE 1 | The composition of total factors.

I II III Unite

Total factors Input factors Capital investment Yuan
Labor Unit
Energy consumption Tons

Output factors Waste water discharge Tons
Solid waste emissions Tons
Waste gas emissions (SO2) M3

GDP Yuan

FIGURE 2 | The trend of average provincial volatility of technological
progress in 2011–2018.
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3.3.2.2 Digital Financial Inclusion Index
The index of digital financial inclusion this paper employed is
collected from the Institute of Digital Finance, Peking University
(Geng and He, 2021; Su et al., 2021). Digital Financial Inclusion
Index consists of three dimensions. Table 2 presents the
construction of digital financial inclusion index.

3.3.3 Control Variable
The control variables used in this paper are: INVE (Capital
Investment), MAR (Marketization), HC (Human Capital), FDI
(Foreign Direct Investment), INC (Income), IND (Industry).
INVE (Investment) is calculated by the share of social fixed
asset investment in GDP (Botev et al., 2019). MAR
(Marketlization) is equal to the number of private sector
employees divided by total employees (Lin and Zhu, 2019);
HC (Human capital) is represented by the years of education
per capita (Law and Singh, 2014). Because human capital can
affect R&D ability, technological innovation ability and labor
productivity, in the green transformation stage, human capital
investment has an important impact on the relationship between
policy change, enterprise technological progress and income
volatility; FDI (Foreign direct investment) is measured by
capital directly invested by foreign investors. FDI can break
the limited scale of China’s domestic financial resources and
the unreasonable rules of the distribution mechanism, expand the
scale of financial markets and promote the development of high-
productivity sectors (Yang Z et al., 2021). In addition, FDI

enriches the financing channels of enterprises and lowers the
financing threshold of enterprise technology R&D activities, thus
affecting the stability of technological progress. INC (Income) is
denoted by disposable income per capita of urban residents
(Acheampong, 2019); IND (Industrialization) is calculated by
the share of industrial sector added value in GDP (Yue et al.,
2018). Table 3 statistically describes the variables used in this
paper. The software used in this paper are stata 16 and MaxDEA.

3.3.4 Data Source
This paper employs panel data from 30 provinces (Beijing,
Tianjin, Hebei, Shanxi, Inner Mongolia, Liaoning, Jilin,
Heilongjiang, Shanghai, Jiangsu, Zhejiang, Anhui, Fujian,
Jiangxi, Shandong, Henan, Hubei, Hunan, Guangdong,
Guangxi, Hainan, Chongqing, Sichuan, Guizhou, Yunnan,
Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang) in China from
2011 to 2018, and National Bureau of Statistics, China
Environmental Statistics Yearbook, Institute of Digital Finance,
Peking University, CElnet statistics Database and WIND
Database are the main data source.

4 RESULT ANALYSIS

Before the main regression analysis, this paper first conducted a
correlation test on the variables used, and the results are
presented in Table 4. The results show that environmental
regulation and digital financial inclusion are positively
correlated with the volatility of technological progress, but
their interaction terms are negatively correlated with the
volatility of technological progress.

Table 5mainly reports the dynamic panel regression results of
ER and DFII on VTP. Among them, Model (1) is the main
regression result, whileModel (2)–Model (4) is the robustness test
result. Model (2) tests the robustness of the regression results by
adding the control variable FDI. Model (3) and Model (4) replace
the explanatory variables with BRE and DEP respectively for
robustness test. In addition, the p-values of AR (2) in Table 6
indicate that there are no second-order serial correlation in the
regression equations, so it is reasonable to use a dynamic
regression model. Moreover, the p-values of Hansen test show
that there are no over identification of instrumental variables in

TABLE 2 | The construction of digital financial inclusion index.

I II III

Digital financial inclusion index (DFII) Breadth of coverage (BRE) Account coverage rate
Depth of usage (DEP) Payment

Money funds
Credit (individual user, small and micro business)
Insurance
Investment
Credit investigation

Level of digitalization (DIG) Mobility
Affordability
Credit
Convenience

TABLE 3 | Variables description.

Variable Ob. Mean. Std. Dev. Min. Max.

Explained variable
VTP 240 0.005 0.022 −0.042 0.219

Explanatory variable
ER 240 3.893 3.637 0.359 28.042
DFII 240 1.882 0.850 0.183 3.777

Control variable
INVE 240 0.793 0.247 0.194 1.480
MAR 240 0.402 0.159 0.069 1.075
HC 240 0.917 0.088 0.751 1.256
FDI 240 0.532 0.501 0.000 2.257
INC 240 2.913 0.932 1.499 6.803
IND 240 0.360 0.101 0.028 0.530
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TABLE 4 | Results of correlation test.

Variable VTP ER DFII INVE MAR HC FDI INC IND

VTP 1.000
ER −0.113 1.000
DFII 0.033 −0.027 1.000
INVE −0.271 0.330 0.028 1.000
MAR 0.054 −0.160 0.411 −0.388 1.000
HC 0.089 −0.111 0.351 −0.609 0.291 1.000
FDI 0.218 −0.397 0.232 −0.495 0.395 0.394 1.000
INC 0.130 −0.161 0.760 −0.476 0.679 0.670 0.502 1.000
IND 0.076 −0.342 −0.348 −0.006 −0.190 −0.260 0.277 −0.260 1.000

Notes: VTP, the volatility of technological progress; ER, environmental regulation; DFII, digital financial inclusion index; INVE, investment; MAR, marketization; HC, human capital; FDI,
foreign direct investment INC, income; IND, industrialization.

TABLE 5 | Results for the dynamic effect regression results.

Variable Main Robustness test

Model (1) Model (2) Model (3) Model (4)

L1 (VTP) 0.299*** (0.104) 0.381*** (0.111) 0.296** (0.115) 0.387*** (0.085)
ER 0.001 (0.005) 0.0003 (0.002) 0.004 (0.005) 0.0001 (0.003)
DFII 0.165*** (0.039) 0.121*** (0.036)
BRE 0.148*** (0.053)
DEP 0.075** (0.032)
INVE 0.026 (0.021) 0.015 (0.010) 0.010 (0.020) 0.026 (0.020)
MAR −0.091*** (0.032) −0.056** (0.025) −0.088** (0.041) −0.061 (0.042)
HC −0.190*** (0.053) −0.122** (0.050) −0.229*** (0.068) −0.073 (0.067)
FDI −0.012 (0.007)
Cons −0.293*** (0.089) −0.225*** (0.065) −0.162** (0.080) −0.089* (0.046)
AR (2) (p-value) 0.102 0.101 0.317 0.171
Hansen (p-value) 0.212 (0.390) 0.206 0.490
Obs 210 210 210 210
Province 30 30 30 30

Note: The robust standard errors are presented in parentheses. Significance: *p < 0.1, **p < 0.05, ***p < 0.01.

TABLE 6 | Results for the dynamic effect regression results with interactive variable.

Variable Main Robustness test

Model (1) Model (2) Model (3) Model (4)

L1 (VTP) 0.312** (0.123) 0.324** (0.142) 0.318** (0.128) 0.361*** (0.106)
ER 0.017** (0.008) 0.018** (0.007) 0.020** (0.009) 0.016** (0.006)
DFII 0.170*** (0.047) 0.167*** (0.053)
BRE 0.149*** (0.032)
DEP 0.093*** (0.034)
ER*DFII −0.007** (0.003) −0.007*** (0.003)
ER*BRE −0.008** (0.004)
ER*DEP −0.006*** (0.002)
INVE 0.023 (0.018) 0.017 (0.016) 0.014 (0.019) 0.004 (0.018)
MAR −0.068** (0.029) −0.058** (0.029) −0.051** (0.023) −0.047 (0.030)
HC −0.140*** (0.043) −0.142** (0.057) −0.157*** (0.045) −0.069 (0.049)
FDI −0.001 (0.006)
Cons −0.355*** (0.110) −0.345*** (0.117) −0.247*** (0.081) −0.179*** (0.064)
AR (2) (p-value) 0.303 0.317 0.197 0.866
Hansen (p-value) 0.635 0.481 0.422 0.674
Obs 210 210 210 210
Province 30 30 30 30

Note: The robust standard errors are presented in parentheses. Significance: *p < 0.1, **p < 0.05, ***p < 0.01.
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the models. The results showed that L1VTP could significantly
promote VTP, thus this means that avoiding the volatility of
technological progress timely and reasonably can slow down the
long-term volatility of technological progress and avoid the
transmission amplification effect in the time dimension.
What’s more, the effect of ER on VTP was not significantly
positive. Although the above shows that the change of ER
intensity will cause the fluctuation of technological progress,
the overall ER intensity in China is still insufficient, the
change cycle is long and the change range is small, so the
impact on VTP is not significant. Thus, hypothesis 1 is
confirmed. In addition, the results show that DFII has a
positive and significant effect on VTP. On the one hand, when
the income level is stable, DFII increases the purchasing power of
small andmedium-sized enterprises. Therefore, the investment in
technology R&D has increased significantly, promoting
technological progress. On the other hand, in the absence of
ER’s impact on DFII, DFII prefers technology R&D projects to
maximize the interests of enterprises, while there is relatively little
support for green technology R&D. Compared with green
technology R&D with large investment, long cycle and high
risk, capital has a stronger leverage on technology R&D with
small investment, short cycle and low risk. What’s more, the
robustness test results of Model (3) and Model (4) show that BRE
and DEP can significantly promote VTP. In addition, it is found
that the regression coefficient of BRE is greater than that of DEP.
The main reason is that with the improvement of network
security technology and the change of people’s concept (Lin
and Liao, 2017; Ali et al., 2020), the number of network
payment users has increased significantly (Liébana-Cabanillas
et al., 2014). In addition, due to the large proportion of users,
scattered segments and small loan amount in the financial “long
tail” market, the expansion of the coverage of digital financial
inclusion can meet more market needs (Geng and He., 2021).
However, as the concept of DFII is relatively new and the
development is still in its infancy (Liu et al., 2021), the
financial products covered still need to be improved, some
functions are not perfect and the user demand is relatively single.

Table 6 shows the dynamic panel regression results of the
interaction items of ER and DFII on VTP. Among them, Model
(1) is the main regression result. Model (2) tests the robustness of
the regression results by adding the control variable FDI. Model
(3) and Model (4) replace the explanatory variables with BRE and
DEP respectively for robustness test. The results of AR (2) and
Hansen’s p value show the rationality of dynamic model setting
and instrumental variable selection. The results show that the
interaction term of ER and DFII significantly inhibits the
volatility of VTP. In Model (1), the coefficient of ER*DFII is
significantly negative at the 5% level. As mentioned in the section
of literature review, in the process of interaction, this two term
can moderate each other. DFII mitigates the impact of ER
intensity change on VTP, while ER promotes DFII to guide
enterprises to increase investment in green technology R&D,
thus inhibiting VTP to some extent. Environmental regulation is
human’s work against the entropy generation of natural
ecosystem, and it mainly reduces human’s damage to the
ecological environment by promoting the technological

progress of enterprises (Yang et al., 2020; Lv et al., 2021).
However, because digital financial inclusion will alleviate
financing constraints to a certain extent to improve
technological progress, so the interaction between
environmental regulation and digital financial inclusion can
further enhances the openness of the ecological environment
system. Moreover, digital financial inclusion reduces the “energy
loss” of environmental regulation in the process of combating
entropy generation through lower information cost and inclusive
financing channels, that is, it suppresses the volatility of
technological progress. Therefore, the Hypothesis 2 provided
before is proved. What’s more, the coefficients of MAR and
HC in Table 6 are significant and negative, which indicate that
the process of marketization and the improvement of human
capital can restrain the volatility of technological progress.

Table 7 provides the results of the dynamic threshold effect of
ER on the VTP under the influence of DFII. Model (1) provides
the main regression results. Model (2)–Model (4) presents the
results of the robustness test. Based on the main regression, this
section tests the robustness of the regression results by adding
new control variables and replacing the threshold variables. The
results show that there is an inverted U-shaped relationship
between ER and VTP with DFII as the threshold variable.
When the estimated value of the threshold variable DFII is ≤
1.810, ER will aggravate the VTP at the significance level of 1%. At
this time, the regression coefficient of ER is 0.0001. When the
estimated value of the threshold variable DFII is >1.810, ER will
significantly curb the VTP, and the coefficient of ER is −0.001.
Due to the p-value of threshold indicator is significant at the level
of 1%, so the threshold value is valid. Moreover, the p-value of
linearity test also proved that the relationship between ER and
VTP is nonlinear.

In addition, Model (2) proved the robustness of the results by
adding new control variable. Model (3) in Table 7 shows that
there is an inverted U-shaped relationship between ER and VTP
with BRE as the threshold variable. When the estimated value of
the threshold variable BRE is ≤ 1.118, ER will significantly
promote the VTP, and the regression coefficient of ER is
0.002, which is significant at the level of 1%. When the
estimated value of the threshold variable BRE is >1.118, ER
will significantly inhibit the VTP, and the regression
coefficient is −0.002. Model (4) in Table 7 show that with
DEP as the threshold variable, there is an inverted U-shaped
relationship between ER and VTP. When the estimated value of
the threshold variable DEP is ≤ 1.521, ER will significantly
increase the VTP, and the regression coefficient of ER is
0.0001. When the estimated value of the threshold variable
DEP is >1.521, ER will significantly ease the VTP, and the
regression coefficient of ER is −0.0004. Therefore the
Hypothesis 3 proposed in the previous section is demonstrated.

5 CONCLUSION AND
RECOMMENDATIONS

This paper employs the China’s provincial (30 provinces)
panel data in 2011–2018 and uses System GMM two-step
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method and dynamic threshold model to study the relationship
between environmental regulation and the volatility of
technological progress, the effect of the interaction between
environmental regulation and digital financial inclusion on the
volatility of technological progress, and the threshold effect of
digital financial inclusion on the relationship between
environmental regulation and technological progress. In
addition, this paper also analyzes the operating mechanism
of environmental regulation, digital financial inclusion and the
volatility of technological progress within the theoretical
framework of the law of entropy generation. This paper
answered three questions: does environmental regulation
cause the volatility of technological progress? Can the
interaction between environmental regulation and digital
financial inclusion alleviate the volatility of technological
progress? At what threshold can digital financial inclusion
avoid the volatility of technological progress caused by
environmental regulation? Since technological progress is an
important endogenous variable to promote the transformation
from traditional economy to green economy, stable and
sustainable technological progress can promote the
sustainability of green growth. This study has reference
significance for improving the efficiency of environmental
regulation, maintaining the stability of technological
progress and accelerating the green transformation of

China’s economy. The results show that, first,
environmental regulation insignificantly promotes the
volatility of technological progress. These findings are
consistent with Jiang et al. (2020), who argue that
reasonable environmental regulation can facilitate and
reward firms for technological innovation through the
integration of available resources, which also contribute new
evidence for smoothing out fluctuations in technological
progress through reasonable moderation of environmental
regulations. Second, the interaction between environmental
regulation and digital financial inclusion significantly decrease
the volatility of technological progress. Thirdly, taking digital
financial inclusion as the threshold variable, there is an
inverted U-shaped relationship between environmental
regulation and the volatility of technological progress.
Indeed, many scholars have examined the link between
environmental regulation and the volatility of technological
progress. However, most of them have failed to examine the
possible impact of digital financial inclusion on its framework.
Therefore, this study provides new empirical evidence to the
existing literature by analyzing the threshold and interaction
effects of digital financial inclusion on environmental
regulation.

Consequently, this paper concludes the policy
recommendations: first, the central government should avoid

TABLE 7 | Results for the dynamic threshold regression results.

Variable Main Robustness test

Model (1) Model (2) Model (3) Model (4)

Lower regime
L (1)VTP 0.355***

(0.008)
0.428***
(0.011)

0.402***
(0.024)

0.419***
(0.011)

ER 0.0001***
(0.00002)

0.0002***
(0.00002)

0.002***
(0.001)

0.0001***
(0.00001)

DFII −0.0003***
(0.0001)

−0.001***
(0.0001)

BRE −0.009***
(0.002)

DEP −0.0003**
(0.0002)

Cons 0.002***
(0.0003)

0.0002
(0.0002)

−0.007***
(0.001)

0.002***
(0.0003)

Higher regime
L (1)VTP −0.382***

(0.006)
−0.448***
(0.006)

−0.425***
(0.027)

−0.447***
(0.005)

ER −0.001***
(0.0001)

−0.0004***
(0.00002)

−0.002***
(0.001)

−0.0004***
(0.00001)

DFII −0.0002***
(0.0001)

0.001***
(0.0001)

BRE 0.009***
(0.002)

DEP 0.0002
(0.0002)

Threshold indicator 1.810***
(0.053)

1.556***
(0.072)

1.118***
(0.026)

1.521***
(0.043)

95% Conf. Interval 1.706–1.915 1.416–1.698 1.066–1.070 1.437–1.606
Linearity test (p-value) 0.000 0.000 0.000 0.000

Note: The standard errors are presented in parentheses. Significance: *p < 0.1, **p < 0.05, ***p < 0.01.
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only taking GDP as the performance evaluation standard of local
government officials, so as to prevent the fluctuation of
environmental regulation intensity caused by “bottom-by-
bottom competition” and “political competition” of local
governments; second, China’s environmental protection
departments should master the core power of environmental
supervision and avoid power differentiation, so as to ensure the
effective implementation of environmental regulation policies;
third, the formulation of environmental regulation policies
should consider the financial affordability or financing
constraints of enterprises, so as to avoid the “technological
innovation offset” effect and “cross-border escape” effect
caused by too low or too high intensity; fourth, the state
should encourage the development of digital financial
inclusion in terms of coverage breadth and use depth, so as to
fulfil the financing support of digital financial inclusion for green
transformation of SMEs, improve the resistance of enterprises to
changes in the intensity of environmental regulation, and
promote the stability and sustainability of technological
progress; fifth, environmental regulation should guide digital
financial inclusion support enterprises to invest more funds in
green technology R&D, so as to promote green technological
progress; sixth, the development degree of digital financial
inclusion can be used as one of the important reference
indexes for the government to reasonably formulate
environmental regulation policies and avoid technological
fluctuations.

The limitations of this study include: firstly, this paper only
studies the Chinese sample, and the same problem may also
appear in other countries, thus the next step should expand the
research sample; secondly, based on the theory that
environmental regulation, as an entropy decreasing behavior
of human beings against the entropy increase of natural
environmental system, will still produce entropy increase, this
paper only analyzes the research mechanism from the theoretical
level of the law of entropy generation, but does not calculate the
value of entropy generation in the impact of environmental

regulation on the volatility of technological progress, nor
quantify the effect of digital financial inclusion on minimizing
the entropy generation of environmental regulation, but it has
reference significance for future research. Therefore, future
studies can quantify entropy increases in environmental
systems by constructing new models.
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