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With the deteriorating ecological environment, green technological innovation (GTI) has
become an effective way to strengthen environmental protection and promote economic
development. Based on the 2011–2019 panel data of 30 provinces in China, this study
constructs a spatial Durbin model to examine the spatial spillover effect of environmental
regulation and digital finance on green technological innovation. Meanwhile, a moderating
effect model and threshold effect model are employed to explore the function of digital
finance in terms of the impact of environmental regulation on green technological
innovation. The empirical results show that: 1) environmental regulation has significantly
promoted local GTI, green invention patents (GIP) and green utility model patents (GUP),
while having had negative spatial spillover effects on those three things in neighboring
regions. Digital finance promotes GTI and GIP in both local and neighboring areas, but
digital finance’s direct and spatial spillover effects on GUP are not significant. 2) A regional
analysis shows that different intensities of environmental regulation and different digital
finance levels in different regions lead to the heterogeneity of green technological
innovation’s response to them. 3) Digital finance produces a positive moderating effect
on environmental regulation affecting GTI and GIP in local and neighboring regions.
However, digital finance’s moderating effect in terms of the influence of environmental
regulation on GUP is not significant. 4) When digital finance reaches a certain threshold,
environmental regulation will have a stronger role in promoting GTI. Therefore, to improve
regional green technology innovation and environmental governance, the government
should strengthen the integration of digital technology and financial services, and promote
the construction of environmental supervision systems and green innovation policy
systems.
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1 INTRODUCTION

Since reform and opening up, relying on the extensive development
model, the China’s economy has achieved rapid growth (Ren et al.,
2021a; Yang et al., 2021; Fang et al., 2022; Wang et al., 2022) and
has become the second largest economy in the world (Wu et al.,
2019; Abbasi et al., 2022; Irfan and Ahmad, 2022). However, this
development model leads to excessive consumption of natural
resources and a deteriorating ecological environment (Wu et al.,
2021a; Yan et al., 2021; Ren et al., 2022b), which negatively affects
the long-term high-quality development of the economy and
society (Cao and Wang, 2017; Khan et al., 2020). Green
technology innovation (hereafter “GTI”) can be considered as
an effective way to realize a “win-win” result between the
ecological environment and economic development (Dong
et al., 2020; Wang and Feng, 2021). As an important supporting
factor in realizing China’s green development goals (Rauf et al.,
2021; Shao et al., 2021; Xiang et al., 2022), GTI refers to a form of
the research and development of the industrial technology system
that is conducive to energy conservation, pollution prevention and
control, and elevating energy efficiency and recycling levels (Irfan
et al., 2021; Qiu et al., 2022; Shi et al., 2022). GTI has both
“innovation” and “green” characteristics. By incorporating green
technology and environmental factors into the framework of
technological innovation, GTI improves the utilization of
resources and energy, and plays a critical role in reducing
resource consumption and controlling pollution (Yi et al.,
2022). Therefore, to guarantee the sustainable development of
the economy, it is becoming increasingly urgent to promote
green development and construct an ecological civilization
through GTI.

The Chinese government has issued many policies that are
intended to promote both green development and GTI. Examples
include formulating and promulgating pollution prevention laws,
implementing environmental regulation measures for
enterprises, and increasing R&D investment (Cai et al., 2020;
Ren et al., 2021b). According to China’s “Annual Report of
Ecological Environment Statistics,” the total investment in
environmental pollution control in 2020 was 1063.89 billion
yuan, accounting for 2% of the government total investment
in fixed assets. Meanwhile, the environmental protection
investment system (urban environmental infrastructure
construction investment, industrial pollution source control
investment and construction project acceptance investment)
have been consistently improved and developed.
Environmental regulation has been adopted by policy makers
as an important means to control environmental pollution.
Nevertheless, there is still no consistent conclusion with regard
to the impact of environmental regulation on GTI. Some scholars
have stated that, for enterprises, environmental regulation raises
the cost of pollution control, decreases R&D innovation
investment and inhibits GTI (Stucki et al., 2018; Shang et al.,
2022). Conversely, some scholars have maintained that, when
enterprises carry out GTI based on long-term development needs,
their production efficiency and profitability will be improved.
This, in turn, will counteract the negative effects of environmental
regulation (Chakraborty and Chatterjee, 2017; Hu et al., 2020).

In addition, in the background of increased environmental
regulation, to exert environmental regulation’s positive function
in GTI, the financial industry must provide a stable and sufficient
source of funds for innovation. Although China’s financial
development system has gradually improved in recent years;
there is still a structural mismatch of funds when traditional
banking institutions provide financial services to enterprises. As
a result, enterprises often face financing constraints due to failure to
obtain financial support for R&D investment activities (Wu et al.,
2021b). Compared with general innovation activities, GTI activities
have the features of being long-term, high-risk and irreversible, and
also face the issues of high cost, resource constraints and failure
risks in the transformation process. Therefore, enterprises
frequently face greater financing constraints in the process of
technological innovation (Ji and Zhang, 2019). Recently, under
the background of the vigorous development of the digital
economy, a new financial format is being formed with the
extensive integration of digital technology and financial products
and services (Guo et al., 2020). With advanced technologies (such
as blockchain and big data), digital finance has strengthened the
connection between financial entities, expanded the content and
boundary of traditional financial services, and provided new
methods for solving the existing problems in traditional
financial services (Gomber et al., 2018; Cao et al., 2021).
However, the relationship between digital finance and corporate
GTI has not been discussed in detail in the previous literature.

Nowadays, the impact of environmental regulation on GTI has
become a hot research topic, and a few scholars have analyzed the
mechanism of digital finance on GTI. However, few studies
incorporate environmental regulation, digital finance and GTI
into a unified analytical framework. In addition, the existing
research has not yet studied the impact of environmental
regulation on GTI from the perspective of digital finance.
Under the macro background of tightening environmental
regulations, digital finance provides effective financial support
for green technological innovation activities by expanding
corporate financing channels and reducing information
asymmetry (Dendramis et al., 2018; Liao et al., 2020; Cao
et al., 2021). Therefore, this paper aims to analyze the
following issues. How do environmental regulation and digital
finance affect GTI? Will digital finance indirectly affect the effect
of environmental regulation on GTI? Is there a threshold effect on
the impact of environmental regulation on GTI?

The rest of the paper is arranged as follows: Section 2 reviews
the related literature. Section 3 presents the mechanism analysis.
Section 4 constructs the econometric model and explains the data
sources. Empirical results and analysis of the benchmark research
are reported in Section 5, and Section 6 further explores the
moderating effect and threshold effect of digital finance. Finally,
Section 7 summarizes the full text and puts forward
corresponding policy suggestions.

2 LITERATURE REVIEW

Current literature about environmental regulation, digital finance
and GTI mainly focuses on both the relationship between
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environmental regulation and GTI, and the relationship between
digital finance and GTI. Therefore, this section also reviews the
relevant research from these two aspects.

2.1 Environmental Regulation and Green
Technological Innovation
Environmental regulation is an effective way to manage
environmental problems; this has been verified in practice
(Porter and Van der Linde, 1995a). However, research on
environmental regulation’s impact on GTI (and the
corresponding conclusions) is still controversial. At present,
there are mainly three viewpoints regarding environmental
regulation’s impact: positive promotion, negative inhibition
and uncertain effect. First, the positive promotion view holds
that, when the government implements environmental
regulations, enterprises will actively carry out GTI to reduce
production costs and strengthen competitiveness. These
enterprises obtain high profits by developing green processes
and products (Guellec and Van Pottelsberghe De La Potterie,
2003), thus resulting in an “innovation compensation” effect.
Perino and Requate (2012) put forward the hypothesis of green
advanced production technology diffusion. Specifically, to
decrease the pollution discharge expenses caused by an
environmental protection policy, enterprises will have the
motivation to introduce new green technology or buy green
production technology in the market. This will promote the
emergence and diffusion of green advanced production
technology. Bréchet and Meunier (2014) analyzed the
influence of technological innovation diffusion on
environmental regulation by building a model. The study
found that the implementation of either a pollution emission
tax or a pollution permit will increase the rate of adoption of
environmental innovation technology. Second, the view of
reverse inhibition holds that environmental regulation is
unfavorable to GTI. This is mainly manifested in the fact that
environmental regulation has brought about high costs to
enterprises, which in turn makes them unable to engage in
GTI. This is called the “following cost” effect (Stucki et al.,
2018; Li et al., 2019). Further, the cost borne by enterprises
mainly includes two parts. One is the direct cost of dealing with
pollution emissions; the other is the opportunity cost of
investment activities abandoned to meet the requisite
environmental protection policy standards (Rubashkina et al.,
2015). Third, the view of uncertain effect maintains that a non-
monotonic or insignificant correlation exists between
environment regulation and GTI, and the relationship between
them is complicated and unsure (Yuan et al., 2017; Fan et al.,
2021). Scherer et al. (2001) took U.S. and German patents as
samples, and concluded that environmental regulation is not
related to GTI. Perino and Requate (2012) pointed outed that,
when a company’s new technology paradigm intersects the
marginal “abatement” cost curve of the traditional
technological paradigm, environmental regulation affects GTI
in an inverted “U” shape. In addition, some scholars have
classified environmental regulations and have found that
command-controlled environmental regulations and

market-driven environmental regulations produce different
effects on GTI (Kesidou and Wu, 2020; Peng, 2020).

2.2 Digital Finance and Green Technological
Innovation
Related literature in this field mainly falls into two categories. One
discusses digital finance’s impact on regional GTI from a macro
view. Sun (2020) showed that the level of digitalization has a
positive correlation with the benefits of the green economy,
among which technological innovation is a factor that cannot
be ignored if the former is to influence the latter. Cao et al. (2021)
believed that digital finance has obviously improved regional GTI,
thus improving the energy and environmental performance. Feng
et al. (2022) drew the conclusion that digital finance promotes
regional GTI by elevating the efficiency of capital allocation and
optimizing the industrial structure. The second category explores
the relationship of digital finance and GTI from a corporate micro
view. For example, Yu et al. (2021) claimed that many enterprises
often cannot obtain the necessary financial support for green
innovation; rather, these enterprises usually face the problem of
financing constraints.With the help of advanced technical means,
digital finance effectively deals with this problem, generating a
positive influence on enterprises’ GTI. Frost et al. (2019) took the
micro-loan data of Ant Financial as the research sample. The
study found that digital finance has changed the traditional
financial service mode by means of an internet platform and
digital technology. This approach has greatly shortened the credit
approval process and reduced the financing cost of enterprises,
thus promoting enterprise innovation. Utilizing a sample of
Chinese enterprises, Liu et al. (2022) showed that digital
finance can greatly elevate the availability and inclusiveness of
finance. As such, digital finance improves the normal situation in
which financing is difficult and expensive for enterprises, and
then promotes enterprises’ GTI. Moreover, the promotion of
digital finance to GTI is more obvious in economically
underdeveloped areas and high-pollution industries. However,
most of the above-mentioned studies were conducted from a
spatially independent perspective, without considering the spatial
spillover effect of financial resources.

To sum up, the existing research on environmental regulation,
digital finance and GTI is relatively fruitful, but the following
points still need to be further discussed: first, current research
mainly concentrates on the relationship between environmental
regulation and GTI, or between digital finance and GTI. These
studies generally fail to incorporate the three (digital finance, GTI
and environmental regulation) into the same research framework
for systematic analysis. In addition, existing literature has
classified the different means of environmental regulation to
make differential analyses, but the differentiation analysis of
different kinds of GTI still needs further detailed research.
Second, most related researches are based on the spatial
independence perspective. However, environmental regulation
will influence the migration of enterprises, thus affecting the GTI
in adjacent regions. Financial elements also have spatial spillover
effects, so an independent perspective will inevitably lead to
neglecting the spatial connection between regions. Third, the
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tightening of an environmental regulation policy will inevitably
impose higher requirements on enterprises’ capital and
technology resources. At present, there is an extreme lack of
research on whether or not digital finance can modulate
environmental regulation’s impact on GTI.

The possible contributions of this study are as follows: First,
from the research perspective, environmental regulation, digital
finance and GTI are incorporated into the same research
framework to comprehensively analyze the spatial spillover
effects between them. Furthermore, unlike existing studies that
only consider the overall GTI, GTI is further subdivided into
green invention patents (hereafter GIP) and green utility model
patents (hereafter GUP) to analyze the impact of environmental
regulations on different innovation models. Secondly, in terms of
research methods, given the spatial dependence of economic
activities, the spatial Durbin model is adopted to empirically
explore the direct impact and spatial spillover effects of
environmental regulation and digital finance on cross-
provincial GTI. Thirdly, the moderating effect model and
threshold effect model are employed to explore the
moderating and nonlinear influence of environmental
regulation on GTI under different digital finance development
levels.

3 MECHANISM ANALYSIS

The spatial correlation of economic activities will produce a
spillover effect. Therefore, the mechanism between
environmental regulation, digital finance and GTI should be
discussed from the spatial perspective.

3.1Mechanism of Environmental Regulation
on Green Technological Innovation
Direct effect of environmental regulation on local GTI: To meet
environmental protection requirements, enterprises’ pollution
control expenses will provisionally rise. However, in the long
term, under the innovation compensation effect, enterprises will
take measures to raise investment in R&D, driven by the pursuit
of their own profits. These enterprises will also improve their
competitiveness and the overall technical level of the industry by
elevating production efficiency and changing production
methods, in order to adapt to environmental standards
(Peuckert, 2014; Wang and Shen, 2016; Chakraborty and
Chatterjee, 2017; Cainelli et al., 2020). Moreover, due to the
implementation of environmental protection policies, enterprises
will decrease the consumption of high-pollution energy.
Consumers will also turn to the consumption of
environmentally friendly products, resulting in a consumption
substitution effect. The changes in consumption concept and
consumption structure will impel enterprises to conduct GTI.
Therefore, environmental regulation will promote the level of
GTI through both the innovation compensation effect and
consumption substitution effect.

Spatial spillover effect of environmental regulation on GTI in
neighboring regions: The “Pollution Shelter Hypothesis” (Porter

and Van der Linde, 1995b) pointed out that, if a region’s
environmental regulations become strict, polluting enterprises
will choose to move out of that region, because of rising costs (List
and Co., 2000; Xing and Kolstad, 2002; Yin et al., 2015; Wu et al.,
2017). Under the transfer effect of polluting industries, the green
innovation capability of the areas where the polluting industries
transferred is solidified at a low level. At the same time, China’s
current political system framework is made up of “political
centralization and fiscal decentralization.” Local economic
performance is also often used as a standard for the
promotion of government officials. When a certain place
implements a stricter environmental access policy, the
neighboring regional governments take on the mode of
“bottom-to-bottom competition,” in order to achieve GDP
growth (Wheeler, 2001). These areas do not raise or even
lower environmental standards to attract an inflow of
resources, thus inhibiting GTI. However, even when the level
of economic development varies among regions, some studies
have pointed out that, under the background of high-quality
economic development, a central environmental protection
inspector will require the region’s environmental regulation
policies to be upgraded. In addition, the intergovernmental
competition mode may also be expressed as being in the mode
of “top-to-top competition” (Bu and Wagner, 2016). When one
region improves the regulatory intensity, and adjacent places
follow suit, the result will be a demonstration learning effect.
Therefore, enhancing environmental regulation intensity may
also produce a positive spillover effect on GTI in
neighboring areas.

3.2 Mechanism of Digital Finance on Green
Technological Innovation
Direct effect of digital finance on local GTI: The characteristics of
high risk and high investment in GTI automatically mean that
GTI requires long-term financial support (Stanko and Henard,
2017). The advantages of digital finance (such as wide coverage
and low cost) mean the financial needs of green innovation can
easily be met. Specifically, first of all, digital finance can enrich the
sources of corporate funds and broaden the boundaries of
financial services. Under the traditional financial service mode,
a great deal of small and medium-sized enterprises with active
innovation cannot obtain the required funding support from
formal and traditional financial services. In the era of the digital
economy, a new financial format has broken the constraints of the
traditional modes of financial service through hardware facilities
and geographical location. Digital finance offers coverage to a
wider range of customers, as well as more modes of financial
services. Digital finance has greatly improved the availability of
corporate credit resources and provided a continuous capital
supply for enterprises’ GTI (Liao et al., 2020; Ozili, 2021).
Secondly, digital finance can improve information
transparency and financial service efficiency. The asymmetric
information between enterprises and the traditional capital
suppliers is one of the reasons why enterprises have difficulty
obtaining external financing (Kaplan and Zingales, 1997). Digital
finance is able to accurately obtain the enterprises’ relevant data
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(and that of their innovative projects) by means of emerging
technologies. Thus, a complete information monitoring system
and risk assessment system can be set up accordingly (Du et al.,
2021). This method not only improves the information
transparency of enterprises and avoids credit discrimination
under the influence of information asymmetry (Kshetri, 2016;
Dendramis et al., 2018), but also simplifies the credit review and
evaluation process of enterprises and improves their financing
efficiency (Gomber et al., 2018; Feng et al., 2022). Therefore,
digital finance can meet the capital needs of enterprises through
the capital replenishment effect and efficiency improvement
effect, thereby mobilizing the innovation initiative of
enterprises, and enhancing the innovation ability of green
technology.

Spatial spillover effect of digital finance on GTI in neighboring
regions: Digital finance has strong spatial correlation and an
agglomeration effect (Wang and Guan, 2017; Shen et al., 2021).
This not only affects the local technological innovation activities,
but also affects the neighboring technological innovation
activities through the “correlation effect.” For one thing, local
digital finance can produce a radiation effect. Capital flow,
personnel flow and data sharing drive the promotion of digital
finance in adjacent areas and also alleviate the financing
constraints faced by those adjacent areas. Thus, the innovation
environment in adjacent areas is improved, and the level of GTI
in those areas is elevated. For another thing, the development of
digital finance will also produce a siphon effect. Relying on the
first-mover advantage, a characteristic of digital finance, a better
financial support and innovation environment has been created
locally, thus attracting investment and consumption from the
surrounding areas. Shortages of supply-side investment and
demand-side consumption have simultaneously inhibited the
innovation vitality of the surrounding areas. Meanwhile, the
“digital divide” caused by the continuous improvement of
local digital finance, as well as the high technical threshold of

digital finance itself, makes it impossible for neighboring areas to
quickly improve the level of digital finance in a short time. This
inhibits the improvement of GTI levels in neighboring areas.

3.3 Coordination Mechanism of
Environmental Regulation and Digital
Finance on Green Technological Innovation
The implementation of an environmental regulation policy will
impose higher standards on enterprise production. Enterprises
will adopt technological innovation to meet environmental
protection requirements, but this will put pressure on their
ability to invest. Under the background of tightening
environmental regulations, enterprises’ production funds are
facing constraint pressure. Meanwhile, traditional finance
methods and sources lead to capital mismatch, due to the
asymmetric information between banks and enterprises;
financial discrimination also exists (Talavera et al., 2012). The
development of digital finance, which relies on information
processing, can effectively achieve accurate data matching and
more accurate risk assessment, thus realizing a more effective
allocation of funds (Li et al., 2020). Meanwhile, digital finance can
use its own information and technology advantages to broaden
enterprises’ financing channels. Digital finance can touch more
long tail groups that are facing the pressure of financial
constraints due to the tightening of environmental regulations,
alleviate the phenomenon of financial discrimination, and help
inclusive finance to realize its due meaning. Therefore, with the
strengthening of environmental regulation, the development of
digital finance can optimize the resource allocation structure,
slow down financial discrimination, promote the continuous
improvement of the financial system, and ultimately provide
potential fund support for enterprises. Finally, digital finance
will positively modulate the influence of environmental
regulation on GTI.

FIGURE 1 | Mechanism analysis diagram.
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According to the above analysis, themechanism of environmental
regulation and digital finance on GTI is organized in Figure 1.

4 METHODOLOGY AND DATA

4.1 Econometric Methodology
4.1.1 Spatial Durbin Model
The development of environmental policies and digital finance in
China’s provinces has significant spatial dependence. Meanwhile,
many studies have shown that when the variables are spatially
correlated, traditional econometric estimation models will lead to
biased estimation results (Feng and Chen, 2018; Feng et al., 2019).
Therefore, to better reflect the spatial effect of economic variables,
this paper adopts a spatial econometric model to explore the
influence of environmental regulation and digital finance on GTI
in the spatial category. The spatial Durbin model comprehensively
considers the spatial effects of independent variables and dependent
variables, thereby effectively capturing the spillover effects of
economic activities (LeSage and Pace, 2009; Ren et al., 2022a).
Therefore, this study employs the spatial Durbinmodel for empirical
analysis. The specific model setting is as follows:

GTIit � α + ρ∑n

j�1WijGTIit + α1erit + α2dfiit + γcontrolsit
+ β1∑n

j�1Wijperit + β2∑n

j�1Wijpdfiit

+ϕ∑n

j�1Wijpcontrolsit + ui + vt + εit

(1)

Here, GTIit is the green technology innovation index of the i
province in the t year; er is environmental regulation; dfi is digital
financial index, and controls is the series of control variables in this
paper. Next,Wij is the spatial weightmatrix, α is the intercept term,
ρ, α1, α2, γ, β1, β2, and ϕ are the parameters to be estimated; ui is the
time effect, vt is the individual effect, and εit is a random error term.
As for the choice of spatial weight matrix, this paper selects the
adjacent weight matrix (W1

ij) for empirical analysis; the geographic
distance weight matrix (W2

ij) and economic distance weight matrix
(W3

ij) are used for the robustness test. The formulas are:

W1
ij � { 1, i ≠ j

0, i � j
(2)

If the province i and province j are geographically adjacent,
W1

ij � 1; otherwise W1
ij � 0.

W2
ij �

⎧⎪⎪⎨⎪⎪⎩
1

(dij)2, i ≠ j

0, i � j

(3)

where dij is the spherical distance between cities, calculated
according to the longitude and latitude coordinates of
municipalities and provincial capitals.

W3
ij �

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1∣∣∣∣∣∣∣Yi − Yj

∣∣∣∣∣∣∣
, i ≠ j

0, i � j

(4)

where Yi indicates the average GDP of i province.

4.1.2 Moderating Effect Model
To investigate the moderating role of digital finance (dfi) in the
influence of environmental regulation on GTI, the interaction
term er*dfi between environmental regulation and digital finance,
and its spatial lag term W*er*dfi, are added into the benchmark
model. When a model contains interactive terms, it is generally
necessary to centralize the interactive variables. This approach
can alleviate the problem of multicollinearity to some extent, and
make the interactive variables more economical (Balli and
Sørensen, 2013). The moderating effect model is designed as
follows:

GTIit � α + ρ∑n

j�1WijGTIit + α1erit + α2dfiit + α3eritpdfiit + γcontrolsit+
β1∑n

j�1Wijperit + β2∑n

j�1Wijpdfiit + β3∑n

j�1Wijeritpdfiit

+ ϕ∑n

j�1Wijpcontrolsit + ui + vt + εit (5)

4.1.3 Threshold Effect Model
Under different levels of digital finance, environmental
regulations are likely to have varying degrees of impact on
GTI. To further verify the above moderating effect, this study
sets up a panel threshold model to examine the nonlinear effect of
environmental regulation on GTI, under the influence of different
levels of digital finance. Referring to Hansen (1999), the panel
threshold model is built as follows:

GTIit � α + λ1erit × I(dfi≤ μ1) + λ2erit × I(μ1 < dfi≤ μ2) + · · ·λnerit × I(μn−1 < dfi≤ μn) + λn+1erit × I(dfi> μn) + βcontrolit + ϕit

(6)
Here, the explained variable is GTI; the core explanatory variable
is environmental regulation (er); the threshold variable is digital
finance (dfi); control represents the control variables set for the
model; λ1, λ2. . .λn, λn+1 are the staged influence of
environmental regulation on GTI under different threshold
variable values; I(·) is an instruction function; ui is a specific
threshold value, and ϕit is a random interference term.

4.2 Explanation of the Variables
4.2.1 Explained Variables
Green technological innovation (GTI): Existing research mainly
takes the number of green patents to represent the level of GTI
(Wagner, 2007; Johnstone et al., 2010). Furthermore, the number
of green patents includes the number of both applications and
authorizations. To some extent, the number of patent
applications merely reflects the willingness to carry out GTI,
but the number itself does not represent the actual upgrading of
the technical level. Based on this and referring to Liu et al. (2020),
this paper chooses the number of granted green patents to
represent the level of GTI in each province and city.
Specifically, according to all the patent application information
published by the Intellectual Property Office of China, combined
with the international patent classification code of green patents
provided by the World Intellectual Property Organization
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(WIPO), the patent data of different provinces have been
obtained. The logarithm values of patent data are taken to
construct the GTI index.

Green invention patents (GIP) and green utility model patents
(GUP): GTI includes both GIP and GUP. Therefore, to further
discuss the impact of environmental regulation and digital
finance on different GTI, the authorized number of GIP and
GUP are sorted out, and their logarithmic values are utilized as
the proxy variables of GIP and GUP, respectively.

4.2.2 Core Explanatory Variables
Environmental regulation: To reflect the implementation effect of
environmental regulation as a whole and to overcome the defect
whereby a single index has difficulty in fully expressing
environmental regulation, this study refers to Du and Li
(2020) and Wang and Zhang (2022). Specifically, four
indicators of 1) industrial solid waste, 2) industrial wastewater
discharge, 3) sulfur dioxide discharge in industrial waste gas and
4) energy consumption in various regions are selected, in order to
construct comprehensive indicators of environmental regulation
intensity. Because these four indexes can comprehensively
represent the control of the three wastes in a region, they have
good representativeness. In addition, the entropy method is
adopted in the determination of index weights. Specifically,
after standardizing the indicators of different dimensions and
units, the weight, entropy value and coefficient of difference are
further calculated. Finally, the annual comprehensive score of
each province is obtained; that is, the environmental regulation
intensity index of each province, which is denoted by er.

Digital finance: Following Guo et al. (2020), the digital
inclusive finance index developed by the Peking University
Digital Financial Center is used as the proxy variable of digital
finance. This index includes multidimensional data, such as
coverage, depth of use, degree of digitization, etc. These data
can comprehensively measure the current status of digital finance
in China, and have certain representativeness and reliability. This
study selects the provincial-level digital financial inclusion index,
from 2014 to 2019, as the proxy variable of digital finance in the
empirical analysis, represented by dfi.

4.2.3 Control Variables
Referring to existing studies (Luo and Liang, 2016; Feng et al.,
2020; Shang et al., 2022), we select a series of control variables that
affect GTI in the basic model.

Economic development (pergdp): Economic development can
influence the industrial structure and energy utilization efficiency
and plays an important role in GTI. We adopt the per capita GDP
of each province to measure it.

Governmental support (gov): Government public financial
support can help optimize resource allocation, improve
economic efficiency, and promote GTI. We use the proportion
of government public financial expenditure in GDP to express the
size of the government.

Financial development (fiance): Financial development can
provide more convenient financial services for enterprises to
carry out technological innovation activities by lowering the
threshold of financial services and improving the efficiency of

financial services (Ren et al., 2022c). It is expressed by the
proportion of the balance of loans from financial institutions
to GDP at the end of the year.

Information level (inform): Information technology
development can influence industrial agglomeration, promote
industrial structure adjustment and promote enterprise
innovation. Per capita post and telecommunications are used
to measure the level of representative informatization (inform).

Economic openness (open): Economic openness can affect the
regional GTI by introducing the leading energy-saving
technology in developed countries. This paper uses the
proportion of actual foreign investment and GDP to measure it.

R&D investment (rd): Green technology innovation is
inseparable from a large amount of financial support.
Therefore, increasing R&D investment can increase innovation
output and improve GTI. This paper uses the ratio of R&D
investment to GDP in each province to represent.

4.2.4 Date Sources
In this study, China’s provincial panel data from 2011 to 2019
are used for empirical analysis. Digital finance index comes
from the website of Institute of Digital Finance, Peking
University. The environmental regulation data, GTI, GIP,
GUP and control variables come from the State Intellectual
Property Office, the website of the National Bureau of
Statistics, the China Statistical Yearbook, China Regional
Economic Statistical Yearbook and the statistical yearbooks
of various provinces. Some missing data are filled in according
to the linear interpolation method. The descriptive statistics of
sample data are displayed in Table 1.

5 EMPIRICAL RESULTS AND ANALYSIS

5.1 Estimation Results of Spatial Model
5.1.1 Spatial Correlation Test
To explore whether spatial auto correlation exists between
environmental regulation, digital finance and GTI, the global
Moran’s indexes of 2011–2019 are calculated respectively.
Table 2 demonstrates the results. As can be seen, from 2011
to 2019, the Moran’s I indexes of environmental regulation,
digital finance and GTI are all significantly positive.

TABLE 1 | Statistical description of variables.

Variable Obs Mean Std. Dev. Min Max

GTI 270 7.399 1.338 2.996 10.262
GIP 270 5.837 1.369 1.609 8.626
GUP 270 7.144 1.345 2.708 10.097
dfi 270 5.151 0.670 2.909 6.017
er 270 0.585 0.086 0.188 0.683
pergdp 270 0.003 1.014 −1.337 4.270
gov 270 0.007 1.016 −0.628 6.125
finance 270 −0.038 0.939 −1.669 2.389
inform 270 0.022 1.009 −0.641 9.146
open 270 0.007 1.001 −1.085 5.274
rd 270 1.640 1.122 0.412 6.310
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Next, this paper tests the local spatial correlation of GTI,
environmental regulation and digital finance. According to the
average values of the three in 2011–2019, Moran’s index scatter
plots were drawn, as shown in Figures 2–4. Due to space limitations,
only the scatter plots for 2011, 2015, and 2019 are presented. One
can intuitively see thatmost provinces in the scatter chart of the three
indicators are distributed in the first and third quadrants, whether in
2011, 2015 or 2019. These findings show that the three factors have a

significant spatial agglomeration effect, showing obvious
characteristics of high agglomeration and low agglomeration. All
the evidence shows that environmental regulation, digital finance
and GTI have significant positive spatial correlations in the spatial
scope, as well as having the characteristics of spatial agglomeration.
Therefore, the spatial effect should be considered when constructing
a model of the influence of environmental regulation and digital
finance on GTI.

TABLE 2 | Global correlation test: Moran index.

Variable Moran’s I 2011 2012 2013 2014 2015 2016 2017 2018 2019

GTI Moran’s I 0.323** 0.361*** 0.356** 0.364*** 0.407*** 0.431*** 0.402*** 0.427*** 0.451***
Z-value 3.009 3.309 3.267 3.371 3.681 3.878 3.648 3.854 4.038

er Moran’s I 0.345** 0.353*** 0.351*** 0.341** 0.379*** 0.381*** 0.403*** 0.398*** 0.346***
Z-value 3.394 3.495 3.514 3.465 3.810 3.743 3.960 3.817 3.321

dfi Moran’s I 0.160** 0.111** 0.122** 0.126** 0.100* 0.119** 0.116** 0.112** 0.097*
Z-value 1.840 1.892 2.034 2.106 1.749 1.989 1.948 1.904 1.702

Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively.

FIGURE 2 | Scatter plot of the Moran’s I of China’s green technology innovation in 2011, 2015, and 2019.

FIGURE 3 | Scatter plot of the Moran’s I of China’s environmental regulation in 2011, 2015, and 2019.
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5.1.2 Estimation Results of the Spatial Durbin Model
Table 3 displays the GTI, GIP and GUP regression results. For
comparative analysis, the regression results of fixed effect (FE) and
the 0-1 weight matrix SDMmodel are both reported. From Table 3,
the regression of principal variables suggests that both
environmental regulation (er) and digital finance (dfi) promote
GTI, but there are differences in terms of promoting GIP and
GUP. As for control variables, the regression coefficients of
economic development level (pergdp), financial development
(finance) and R&D investment (rd) are all significantly positive
and in accordance with economic significance. The higher a region’s
economic development level (pergdp), financial development level
(finance) and R&D investment intensity (rd) are, themore effectively
that region can promote their own GTI level. The impact of
informatization (inform) on GTI is significantly negative. This
finding suggests that the flow and diffusion of information
technology may not be the driving force of GTI, and may not
even produce an inhibitory effect on GTI. In addition, the
coefficients of government expenditure (gov) and the degree of
openness (open) in the SDMmodel do not pass the significance test.
This finding means that government expenditure and the degree of
external development are not the main driving forces behind
promoting GTI.

5.1.3 Estimation Results for the Decomposition Effects
To further investigate the spatial influence of environmental
regulation and digital finance on GTI, this study made a
partial differential decomposition of the SDM model to
analyze the impact’s direct effects and indirect effects (spatial
spillover effects). The GTI partial decomposition results show
that the direct impact of environmental regulation on GTI is
significantly positive (see Table 4). This finding suggests that the
enhancement of environmental regulation intensity in one area
will improve the local GTI capability. The conclusion is consistent
with the “innovation compensation effect” of environmental
regulation (Guellec and Van Pottelsberghe De La Potterie,
2003; Bréchet and Meunier, 2014). Digital finance also has a
positive effect on GTI, which is consistent with the research

results of Cao et al. (2021) and Feng et al. (2022). Themain reason
is that digital finance can provide financial guarantees for
innovation activities. For the spatial spillover effect, the results
imply that environmental regulation’s spillover effect on GTI is
significantly negative. One possible reason for this finding is that
strict environmental regulation makes local governments more
competitive compared to surrounding regions, which has a
spatially inhibiting effect on GTI in neighboring regions
(Wheeler, 2001). Digital finance’s indirect effect on GTI is
positive. This finding implies that the spatial interaction of
digital finance will produce a positive spillover effect and
promote GTI in adjacent regions.

From the spatial decomposition results of GIP, environmental
regulation (er) and digital finance (dfi) have direct positive effects
on local GIP. The spatial spillover effects of both er and dfi on GIP
in neighboring regions are consistent with the effects on GTI.

The GUP spatial decomposition results indicate that
environmental regulation can promote local GUP, while
negatively inhibiting GUP in neighboring regions. Neither the
direct effect nor the spillover effect of digital finance on GUP is
significant. This is because digital finance has greatly improved
the financing environment for enterprises. With a stable source of
funds, enterprises are more likely to carry out GIP, which in turn
can bring them core competitiveness. However, the research and
development of GUP is less difficult; the cost is low, and the
financing constraints are minimal (Tong et al., 2014). Therefore,
the promotion effect of digital finance on GUP is not significant.

5.2 Heterogeneity Analysis
Considering China’s vast territory, the strength of environmental
regulation, the level of digital finance and the innovation ability
all vary from region to region. This may cause the heterogeneity
of GTI’s response to environmental regulation and digital
finance. Therefore, this study divided the 30 provinces into
eastern, central, and western regions for further heterogeneity
analysis. Table 5 presents the regression results.

In terms of the GTI regression results, environmental
regulation’s direct effects on GTI were significantly positive

FIGURE 4 | Scatter plot of the Moran’s I of China’s digital finance in 2011, 2015, and 2019.
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in all three regions during the study period. However, the
spillover effects of environmental regulation on GTI varied in
the three regions. Specifically, in the eastern region, this
spillover effect was significantly positive. The economies of
the eastern provinces and cities are relatively developed, and
the tightening of environmental protection may produce a
demonstration effect, thus prompting the GTI in neighboring
areas. In the central region, this spillover effect is not
significant, while in the western region, the effect is
significantly negative. This negative effect occurs because

most western provinces and cities are underdeveloped.
Therefore, to achieve economic growth, local governments
choose the “bottom-to-bottom” mode of competition and
allow inefficient polluting industries to develop. This results
in a spatial inhibition effect. As for the influence of digital
finance on GTI, only in the western region has digital finance’s
direct effect on GTI not appeared. The reason may be that the
development of digital finance in western provinces and cities
is still immature, so digital finance’s promotion effect on GTI is
not obvious. The spillover effect of digital finance on GTI only

FIGURE 5 | Threshold values of different independent variables.
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passed the significance test in the eastern region. This occurred
because the eastern region has a relatively complete financial
infrastructure and a high degree of digitalization, so the spatial
spillover effect is more obvious.

In terms of the GIP regression results, environmental
regulation’s direct effects on GIP are significantly positive in
all three regions, while the spillover effects are regional
heterogeneous. Specifically, only in the eastern region did

TABLE 3 | Estimation results of the basic model.

Variable GTI GIP GUP

FE SDM FE SDM FE SDM

er 4.265*** 3.175*** 3.256*** 1.817*** 5.036*** 3.404***
(0.650) (0.477) (0.640) (0.494) (0.828) (0.504)

dfi 0.172*** 0.238*** 0.253*** 0.319*** 0.104 0.120
(0.050) (0.065) (0.049) (0.067) (0.063) (0.111)

pergdp 0.400*** 0.193*** 0.388*** 0.219*** 0.390*** 0.176***
(0.066) (0.052) (0.065) (0.053) (0.084) (0.068)

gov −0.200 −0.026 −0.293** −0.084 −0.099 −0.025
(0.128) (0.089) (0.126) (0.092) (0.163) (0.091)

finance 0.302*** 0.115** 0.164** −0.004 0.451*** 0.207***
(0.066) (0.049) (0.065) (0.051) (0.084) (0.057)

inform −0.256*** −0.063** −0.165*** −0.068** −0.366*** −0.099***
(0.032) (0.027) (0.031) (0.027) (0.041) (0.028)

open 0.021 −0.014 0.026 0.007 0.010 −0.002
(0.027) (0.018) (0.026) (0.018) (0.034) (0.019)

rd 0.219* 0.240*** 0.452*** 0.224*** −0.016 0.187**
(0.122) (0.078) (0.120) (0.081) (0.156) (0.081)

cons 4.176*** 3.260*** 3.738***
(0.398) (0.392) (0.507)

W*er −2.877*** −2.277** −1.354
(0.958) (0.981) (1.105)

W*dfi 0.126 0.209*** 0.329***
(0.071) (0.074) (0.121)

rho 0.219*** 0.375*** −0.201*
(0.077) (0.071) (0.119)

sigma2_e 0.023*** 0.024*** 0.022***
(0.002) (0.002) (0.002)

N 270 270 270 270
R2 0.804 0.462 0.824 0.394 0.700 0.288

Notes: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively. Figures in () are the t-values of the coefficients. The following tables are the same.

TABLE 4 | Estimation results of decomposition effects.

Variable GTI GIP GUP

Direct
effect

Indirect
effect

Total
effect

Direct
effect

Indirect
effect

Total
effect

Direct
effect

Indirect
effect

Total
effect

er 3.021*** −2.591** 0.431 1.622*** −2.340* −0.718 3.446*** −1.703* 1.743*
(0.473) (1.113) (1.262) (0.505) (1.421) (1.637) (0.496) (0.934) (1.023)

dfi 0.236*** 0.085* 0.321*** 0.313*** 0.125* 0.438*** 0.107 0.253 0.360**
(0.064) (0.068) (0.047) (0.065) (0.075) (0.060) (0.114) (0.209) (0.159)

pergdp 0.226*** 0.570*** 0.796*** 0.255*** 0.430*** 0.685*** 0.164*** 0.495*** 0.659***
(0.050) (0.106) (0.125) (0.053) (0.136) (0.162) (0.062) (0.100) (0.127)

gov −0.015 0.246 0.231 −0.088 −0.039 −0.128 −0.030 0.105 0.075
(0.087) (0.192) (0.210) (0.091) (0.246) (0.276) (0.090) (0.166) (0.163)

finance 0.129*** 0.242*** 0.370*** 0.039 0.577*** 0.616*** 0.204*** 0.196* 0.400***
(0.047) (0.093) (0.111) (0.050) (0.121) (0.145) (0.056) (0.106) (0.132)

inform −0.063** −0.019 −0.082** −0.076*** −0.121*** −0.198*** −0.097*** −0.026 −0.123***
(0.025) (0.034) (0.035) (0.026) (0.042) (0.046) (0.028) (0.042) (0.042)

open −0.018 −0.080* −0.098* 0.012 0.067 0.079 0.000 −0.058* −0.058
(0.019) (0.045) (0.055) (0.021) (0.061) (0.074) (0.019) (0.031) (0.038)

rd 0.232*** −0.074 0.158 0.208*** −0.155 0.053 0.186** −0.038 0.148
(0.074) (0.182) (0.210) (0.079) (0.234) (0.273) (0.076) (0.138) (0.147)

N 270 270 270 270 270 270 270 270 270
R2 0.462 0.462 0.462 0.394 0.394 0.394 0.288 0.288 0.288
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environmental regulation produce a spillover effect and improve
GIP in neighboring regions. Digital finance’s direct and spillover
effects on GIP are generally consistent with its impact on GTI.
However, in the central region, digital finance’s spillover effect on
GIP passed the significance test for the studied period, while this
effect still had not appeared in the western region. The reason for
this lies mainly in the low level of digital finance resources in
western provinces and cities; digital finance’s spillover effects may
also be limited by geographical factors. Only when digital finance
rises to a certain level can more of the small and medium-sized
enterprises obtain its benefits, realize the coming together of

enterprise goals and inclusive goals, and promote an
improvement of the GIP level.

In terms of the GUP regression results, the direct effects of
environmental regulation on GUP were significantly positive in the
eastern and western regions, but the effects were not significant in
the central region during the study period. Meanwhile,
environmental regulation’s spillover effects on GUP were
completely different in these three regions. This is mainly the
result of the differences in environmental regulation intensity in
various regions, as well as the differences in the competition modes
adopted by the government. The influence of digital finance on local

TABLE 5 | The estimation results for regional heterogeneity.

Variable Eastern region Central region Western region

GTI GIP GUP GTI GIP GUP GTI GIP GUP

Direct-er 3.470* 5.904*** 3.063* 2.112* 2.018* 1.868 3.425*** 1.683* 3.706**
(1.854) (1.822) (2.228) (1.108) (1.473) (1.260) (0.741) (1.016) (0.762)

Direct-dfi 0.201*** 0.316*** 0.190** 0.087* 0.154** 0.081 0.171 0.052 0.012
(0.076) (0.073) (0.092) (0.050) (0.063) (0.057) (0.154) (0.174) (0.168)

Indirect-er 2.079* 2.533** 1.644 −0.791 −0.826 −0.592 −4.657** −1.548 −5.083**
(1.257) (1.039) (1.341) (0.584) (0.745) (0.540) (2.244) (3.545) (2.042)

Indirect-dfi 0.117** 0.135*** 0.098* 0.029 0.058* 0.022 0.088 0.227 0.215
(0.049) (0.047) (0.052) (0.020) (0.031) (0.019) (0.176) (0.223) (0.384)

Total-er 5.549* 8.438*** 4.707 1.321* 1.192 1.276 −1.232 0.135 −1.377
(3.039) (2.684) (3.501) (1.615) (2.153) (1.725) (2.809) (4.407) (2.585)

Total-dfi 0.318*** 0.451*** 0.288** 0.116* 0.212** 0.103 0.259 0.279 0.227
(0.120) (0.109) (0.139) (0.066) (0.087) (0.072) (0.232) (0.194) (0.225)

N 99 99 99 72 72 72 99 99 99
R2 0.494 0.421 0.396 0.228 0.216 0.173 0.452 0.315 0.360

TABLE 6 | Estimation results of the robustness test.

Variable Geographic matrix Economic distance matrix

GTI GIP GUP GTI GIP GUP

er 2.943*** 3.814*** 3.755*** 3.114*** 1.674*** 3.633***
(0.481) (0.547) (0.531) (0.459) (0.600) (0.547)

breadth 0.160*** 0.087* 0.002 0.073* 0.183*** 0.068
(0.044) (0.050) (0.114) (0.041) (0.054) (0.049)

pergdp 0.038 −0.014 0.043 0.070 0.048 0.002
(0.059) (0.067) (0.065) (0.054) (0.070) (0.064)

gov −0.020 0.030 0.076 0.047 −0.058 0.037
(0.073) (0.083) (0.082) (0.070) (0.090) (0.082)

finance 0.039 0.158*** 0.161*** 0.106** −0.100 0.152***
(0.050) (0.057) (0.056) (0.048) (0.063) (0.057)

inform −0.075*** −0.099*** −0.070*** −0.070*** −0.052** −0.085***
(0.020) (0.023) (0.022) (0.019) (0.025) (0.023)

open 0.026 0.007 −0.003 −0.017 0.030 −0.004
(0.019) (0.021) (0.021) (0.018) (0.023) (0.021)

rd 0.276*** 0.188* 0.189** 0.178** 0.323*** 0.158
(0.086) (0.098) (0.094) (0.081) (0.106) (0.098)

rho 0.641*** 0.701*** 0.380*** 0.376*** 0.266** 0.652***
(0.062) (0.051) (0.087) (0.088) (0.105) (0.056)

sigma2_e 0.025*** 0.032*** 0.030*** 0.022*** 0.038*** 0.031***
(0.002) (0.003) (0.003) (0.002) (0.003) (0.003)

W*breadth 0.163* 0.127** 0.038 0.014 0.088* 0.086
(0.155) (0.062) (0.118) (0.055) (0.071) (0.064)

W*er −1.792* −2.075* −1.183 −2.274** −3.289*** −1.576
(1.058) (1.193) (1.193) (1.042) (1.215) (1.322)

N 270 270 270 270 270 270
R2 0.645 0.497 0.512 0.479 0.616 0.356
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and neighboring GUP also varies across regions. In underdeveloped
areas, such as central andwestern regions, the degree of digitalization
is low, and the financial market is underdeveloped. As such, the
influence of digital finance on GUP has not yet appeared.

5.3 The Robustness Test
To enhance the reliability of the conclusions, the following
robustness tests were conducted. First, to avoid the bias of
regression results caused by the choice of spatial weights, the
geographic distance matrix and economic distance matrix were
utilized to regress. Second, we sought alternative indicators of
the main explanatory variable (digital finance) for a robustness
analysis. Based on Guo et al. (2020), digital financial index
includes breadth of coverage, depth of usage and level of
digitalization. Among them, the breadth of coverage index
accounts for the highest proportion of the digital financial
index, at 54%. Therefore, as an important part of the digital
finance index, this study chooses the breadth index as a proxy
variable to regress the SDM model. Table 6 reports the
robustness test, which shows that the results after regression

are roughly the same as the previous results. All these tests
indicate that the conclusions of this paper are still valid after
changing the weight matrix and the measurement methods of
core variables.

6 THE MODERATING EFFECT AND
THRESHOLD EFFECT OF DIGITAL
FINANCE
The above research confirms that environmental regulation and
digital finance have direct effects on local GTI, as well as spatial
spillover effects on the GTI in adjacent regions. This section will
empirically analyze the moderating role and threshold role of
digital finance in environmental regulation’s effect on GTI from
the perspectives of coordination and interaction.

6.1 Empirical Verification of Moderating
Effect
To verify the moderating role of digital finance, the interaction
term er*dfi between environmental regulation and digital
finance is introduced into the benchmark model. The
decomposition results of spatial effects after adding
interactive terms are displayed in Table 7. As can be seen
from the results of GTI, the coefficient of interaction term
Direct-er*dfi is significantly positive. This finding suggests that
digital finance has played an active role in environmental
regulation’s effect on local GTI. Digital finance can provide
inclusive financial support to enterprises faced with tightening
environmental regulations, allowing enterprises to have stable
and sufficient funds for green production innovation,
ultimately stimulating GTI. In addition, the results show
that the indirect effect of er*dfi failed the significance test.
The GIP results reveal that the coefficients of interaction terms
Direct-er*dfi and Indirect-er*dfi are both significantly positive.
This finding suggests that digital finance can act an important
moderating function in environmental regulation’s influence
on GIP. In addition to significantly alleviating the local
financial constraints caused by environmental regulations
and promoting the GIP level in the relevant region, the
financial support provided by digital finance will also

TABLE 7 | Spatial effect decomposition considering interaction terms.

Variable GTI GIP GUP

Direct-er 3.218*** 2.124*** 3.416***
(0.528) (0.548) (0.595)

Direct-dfi 0.239*** 0.385*** 0.211***
(0.067) (0.068) (0.076)

Direct-er*dfi 0.187* 0.626*** −0.036
(0.18) (0.205) (0.209)

Indirect-er −2.869** −0.110
(1.221) (1.510) (1.328)

Indirect-dfi −0.038 0.157 −0.068
(0.088) (0.102) (0.097)

Indirect-er*dfi 0.265 2.819*** −0.136
(0.578) (0.767) (0.625)

Tatal-er 0.350 2.014 0.088
(1.298) (1.652) (1.399)

Total-dfi 0.201*** 0.542*** 0.143*
(0.074) (0.100) (0.079)

Total-er*dfi 0.452 3.445*** −0.172
(0.657) (0.877) (0.707)

N 270 270 270
R2 0.459 0.480 0.407

TABLE 8 | Test results of threshold effect.

Independent
variable

Threshold
variable

Model F-
test

p-
value

BS 1% 5% 10%

GTI Digital finance Single threshold 23.93 0.000 300 21.435 18.560 16.499
Double
threshold

25.48 0.003 300 23.862 15.960 14.019

Triple threshold 20.34 0.660 300 65.711 57.871 47.746
GIP Digital finance Single threshold 46.52 0.053 300 55.306 46.871 38.338

Double
threshold

49.90 0.000 300 22.161 13.698 12.267

Triple threshold 18.66 0.170 300 32.533 27.029 23.182
GUP Digital finance Single threshold 39.48 0.030 300 43.808 35.876 32.564

Double
threshold

27.43 0.167 300 38.399 32.147 29.471
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promote the GIP in neighboring regions. However, the GUP
results reveal that the coefficients of interaction terms Direct-
er*dfi and Indirect-er*dfi are not significant. This finding
implies that digital finance has not acted as a moderating
function in environmental regulation’s influence on GUP.
Previous empirical analyses have suggested that GUP has
not been affected by digital finance, so the moderating
effect of digital finance is not obvious.

6.2 Estimation Results of Threshold Effect
Considering that the level of digital finance may influence the
correlation between environmental regulation and GTI and lead

to a nonlinear relationship between them, this study further
investigates the effect of environmental regulation on GTI at
different levels of digital finance. This is achieved by building a
threshold effect model. Referring to Hansen’s threshold effect
model design (1999), digital finance is taken as a threshold
variable for further research and analysis.

By using the self-sampling method (bootstrap) iteration 300
times, we tested the existence of the threshold effect of digital
finance, and further estimated the specific threshold number. The
results in Table 8 suggest that, when the explained variable is
GTI, the influence of environmental regulation on GTI has
double thresholds. When the explained variable is GIP, once

TABLE 9 | Value of threshold estimation and its confidence interval.

Independent variable Threshold variable Model Threshold value 95% confidence interval

GTI Digital finance Double threshold 4.634 [4.564, 4.806]
5.590 [5.568, 5.604]

GIP Digital finance Double threshold 5.319 [5.309, 5.327]
3.819 [3.735, 4.123]

GUP Digital finance Single threshold 5.736 [5.708, 5.779]

TABLE 10 | Threshold regression results.

Variables Model (1) Model (2) Model (3)

Independent
variable = GTI

Independent
variable = GIP

Independent
variable = GUP

er_0 (dfi ≤ 4.634) 4.629***
(0.487)

er_1 (4.634 < dfi ≤ 5.590) 5.043***
(0.483)

er_2 (dfi > 5.590) 5.361***
(0.482)

er_0 (dfi ≤ 3.819) 2.164***
(0.488)

er_1 (3.819 < dfi ≤ 5.319) 2.790***
(0.498)

er_2 (dfi > 5.319) 3.303***
(0.509)

er_0 (dfi ≤ 5.736) 4.663***
(0.641)

er_1 (dfi > 5.736) 3.853***
(0.705)

pergdp 0.260*** 0.371*** 0.718***
(0.060) (0.053) (0.090)

gov 0.047 −0.191* 0.092
(0.078) (0.100) (0.139)

finance 0.258*** 0.134* 0.520***
(0.077) (0.073) (0.084)

inform −0.073 −0.130*** −0.334***
(0.048) (0.016) (0.073)

open −0.032 0.003 −0.012
(0.044) (0.018) (0.031)

rd 0.297** 0.228* −0.029
(0.135) (0.119) (0.162)

Constant 3.955*** 3.690*** 4.568***
(0.303) (0.242) (0.448)

N 270 270 270
R2 0.905 0.879 0.742
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again, there are double thresholds. When the explained variable is
GUP, there is only a single threshold.

Table 9 presents the threshold estimation results. The double
thresholds of the GTI model are 4.634 and 5.590; for the GIP
model, they are 5.319 and 3.819, and the threshold of the GUP
model is 5.736. The confidence intervals of the above threshold
values are all narrow, indicating that the estimated threshold
values are accurate. Further, this paper has drawn a likelihood
ratio function diagram, to check whether the estimated values are
consistent with the actual values of the threshold. The results are
shown in Figure 5. One can observe that the LR values
corresponding to the threshold values estimated by the model
are obviously smaller than the critical value of 7.35. This finding
proves that the above estimated threshold values are true and
effective.

Table 10 displays the regression results of the panel threshold
model. The GTI results show that, when the digital financial index
is below 4.634 (i.e., with a coefficient of 4.629), environmental
regulation can significantly promote GTI. When the digital
financial index is between 4.634 and 5.590 (i.e., with a
coefficient of 5.043), the promotion effect of environmental
regulation intensity on GTI becomes greater. When the level
of digital finance is above 5.590 (i.e., with a coefficient of 5.361),
the influence effect is further enhanced. The above results mean
that, when digital finance is in different stages of development,
environmental regulation’s impact on GTI is not invariable.
Rather, the impact presents a nonlinear characteristic of
positive and increasing marginal effect.

The GIP regression results show that, when the digital
financial index exceeds the threshold values of 3.819 and
5.319, the estimated coefficients of environmental regulation’s
effect on GIP rises from 2.164 to 2.790 and 3.303, respectively.
This finding indicates that a rise of the digital financial level can
also cause the promotion effect of environmental regulation on
GIP to increase marginally.

The GUP regression results reveal that, if the digital financial
index is below the threshold value of 5.736 (i.e., with a coefficient
of 4.663) digital finance can significantly promote GUP. When
the digital financial index crosses the threshold value, the
estimated parameter is still significantly positive, but the
coefficient drops to 3.853. That is to say, environmental
regulation can effectively elevate the GUP level, but under the
threshold effect of digital finance, the marginal effect is
decreasing.

7 CONCLUSION AND POLICY
RECOMMENDATIONS

Under the macro background of tightening environmental
regulations, digital finance, with its digital and inclusive
characteristics, plays a particularly important role in green
technology innovation (GTI). Using provincial panel data
from China, covering the period from 2011 to 2019, this study
discusses the direct effects and spatial spillover effects of
environmental regulation and digital finance on GTI, by
building a spatial Durbin model. In addition, the moderating

effect and threshold effect of digital finance in environmental
regulation’s influence on GTI is deeply analyzed. The following
conclusions are obtained:

(1) Environmental regulation has significant positive effects on
local GTI, GIP and GUP, while having negative spatial
spillover effects on the three in neighboring regions.
Furthermore, environmental regulation’s influence on the
three is obviously different from region to region.

(2) Digital finance can significantly promote GTI and GUP.
Specifically, the improvement of the digital financial level
not only promotes local GTI and GIP in the relevant region,
but also produces positive spillover effects on adjacent
regions’ GTI and GIP. Moreover, in the eastern and
central regions, the direct effect of digital finance on both
GTI and GIP is significantly positive, while in the western
region, this effect is not obvious. The spatial spillover effect in
the three regions is also heterogeneous. Furthermore, the
effect of digital finance on GUP in both local and neighboring
areas is not significant. A regional analysis suggests that the
influence of digital finance on GUP obviously varies between
regions.

(3) Digital finance is an important moderating variable of
environmental regulation’s effect on GTI. Environmental
regulation’s effect on GTI and GIP in local and
neighboring areas will also become stronger with the
continuous improvement of digital finance. However,
digital finance has not played a moderating role in the
impact of environmental regulation on GUP.

(4) Digital finance is the threshold variable of environmental
regulation’s effect on GTI. If the digital finance index exceeds
a certain threshold, the promotion impact of environmental
regulation on GTI and GIP will be greater. However, if the
digital finance index crosses the threshold value, the role of
environmental regulation in promoting GUP will weaken.

According to the above conclusions, the following policy
recommendations are made:

First, environmental regulation can effectively promote GTI.
For that reason, government departments should unswervingly
adhere to and improve environmental protection laws and
policies. At present, given the country’s severe environmental
problems, enhanced environmental regulation must be part of
China’s sustainable economic development. In the short term,
enterprises’ production costs will rise to meet the prescribed
environmental standards, and this will crowd out R&D
investment and restrain GTI. However, with the optimization
and adjustment of enterprises’ production processes,
environmental regulation will help restrain the pollution
behavior of enterprises by forcing enterprises to take the
development road of a low-carbon life, and thereby promoting
enterprises’ technological innovation.

Secondly, government departments and related financial
institutions should focus on promoting the level of digital
finance by insisting that digital finance plays an active role in
funding GTI under the background of tightening
environmental regulations. Specifically, this can be done
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from two aspects. First, the government should make full use of
scientific and technological means to build a financial service
platform. They should encourage the financial industry to
transform into an industry characterized by digitalization
and informatization, and they should enhance the mutual
integration of the digital economy industry and financial
industry. In addition, the government should expand the
coverage of digital finance in central and western provinces
and cities. The digital service level should be improved, and the
application depth of digital financial innovations should be
enhanced. Secondly, the government should actively guide and
encourage digital finance to give targeted financial support to
the research and application of green, low-pollution, low
energy consumption and recyclable new technologies and
products. This would promote the GTI of enterprises and
achieve high-quality economic development.

Thirdly, economic activities have significant spatial spillover
effects, so all regions should strengthen regional cooperation to
jointly promote green development. The spillover effects of GTI
show that, in addition to the impact on local GTI,
environmental regulation and digital finance in one province
will also have a significant impact on GTI in neighboring
provinces. To promote high-quality economic development
of the whole society, it is suggested that the government
should strengthen the coordination and cooperation between
neighboring regions when formulating relevant policies. The
central and regional governments should jointly explore and
improve the regional cooperation mechanism and coordination
mechanism of environmental regulation and digital finance.
Specifically, the government should carry out cross-regional
cooperation in environmental law enforcement and the
implementation of financial instruments. A cautious view
should be taken with regard to the phenomenon of “bottom-
to-bottom competition” among different areas, as well as the
unbalanced level of digital finance. Addressing these issues
would help build a harmonious environment and financial
and economic ecosystem in various regions, and would
jointly promote green innovation.

This paper makes a preliminary exploration of the influence of
environmental regulation and digital finance on GTI, but there are
still limitations, which can be further expanded in the following
aspects in the future. Firstly, although this paper discusses the direct
effect and spatial spillover effect of environmental regulation and
digital finance on GTI, there is no in-depth discussion on their
specific influence mechanisms on GTI. Therefore, the discussion of
these influence mechanisms will be of great significance for future
research. Secondly, the data used in this paper are macro data at the
provincial level. Because the economic development level,
environmental regulation level, digital financial development
status and innovation level of different cities in the same
province are obviously heterogeneous, the future research can use
city level data to do further detailed research.
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