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Abstract

Innovation in green technologies is a useful strategy for achieving sustainable eco-
nomic growth. This study used a two-way fixed effects model and a threshold regres-
sion model, drawing on data from 282 Chinese prefecture-level cities, to examine
the influence and workings of digital financial inclusion on regional green technol-
ogy innovation between 2011 and 2020. The empirical findings demonstrate that
digital financial inclusion significantly boosts regional green technology innovation.
In particular, the degree to which digital financial inclusion is used and geographic
location-related factors that influence this impact may differ. This study also discov-
ered that regional green technology innovation is mediated by the amount of R&D
expenditure made by social and economic actors and moderated by environmental
regulations. Furthermore, the threshold regression model’s empirical results point to
a single threshold value in the connection between green technology innovation and
digital financial inclusion. It is projected that digital financial development greatly
encourages green technology innovation below a certain threshold of digital finan-
cial inclusion, set at 2.662. In conclusion, this study emphasizes that, particularly in
central and western areas, efforts should be made to supplement the deficiencies of
the inadequate development of digital services by strengthening the construction of
information infrastructure.

Keywords Digital Inclusive Finance - R&D investment - Green technology
innovation - Mediating effects - Moderating effects

Introduction

With the increasing environmental pressure, various sectors of the international
community have realized the importance and necessity of developing an environ-
mentally friendly green economy. In 2024, China proposed the “new quality pro-
ductivity” concept, which is led by innovation and focuses on data and technological
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elements, with high-technology, high-efficiency, and high-quality characteristics.
In other words, new productive forces are inevitably environmentally friendly, and
the foundation of the new energy system is the new productive forces created by
green technology (Hong, 2024). Therefore, accelerating green technology innova-
tion (GTP) is important in developing new quality productivity (Zhou & Li, 2024).
However, the high risk, long innovation return period, and low return characteristics
of GTP naturally contradict finance’s profit-seeking and risk avoidance nature, and
the lack of transparency in green information disclosure is widespread. Traditional
finance makes it difficult to solve the fundamental deficiencies in information dis-
closure between banks and enterprises, and there are moral risks and adverse selec-
tion problems in the financing process of green innovation for enterprises, resulting
in severe financial exclusion (Ba et al., 2022). However, currently relying solely on
financial support makes it difficult to meet enterprises’ huge funding needs in green
innovation, so financing constraints have become the core element affecting enter-
prise green innovation (Wu & Liu, 2023). Even worse, the Chinese financial mar-
ket is facing the problem of command-and-control financial allocation constraints
caused by supply and demand imbalances (Deng & Zumulaiti, 2023), which can
exacerbate the mismatch of financial resources and trigger systemic financial risks
(Feng et al., 2022). In this context, China urgently needs a green finance policy to
break information asymmetry and incentivize the market.

Thanks to its technological advantages, the booming of digital inclusive finance
(Inf) has brought new hope to areas with severe financial exclusion, such as green
finance and rural finance (Wang et al.,, 2022). The problems of financial exclu-
sion and attribute mismatch exist in traditional finance, but Inf affects inclusive-
ness. Firstly, Inf can reduce transaction costs, and digital technology can also break
through time and space limitations to alleviate information asymmetry and finan-
cial exclusion problems, improve the breadth, accuracy, and efficiency of financial
services, and make up for the shortcomings of traditional finance (Feng & Zhang,
2024). Secondly, Inf can use big data information platforms to evaluate the credit
level of users accurately, achieve rapid credit granting, improve the financing envi-
ronment, broaden the channels for enterprises to obtain green production funds,
and increase users’ adoption of new technologies (Wang & Ma, 2023). Meanwhile,
the broader and deeper the scope and degree of financial exclusion, the greater the
space for implementing Inf and the more significant the effect of alleviating finan-
cial exclusion (Jiang & He, 2023). Therefore, Inf is a financial product based on new
productive forces, which can improve the financing situation of GTP, thereby feed-
ing back new productive forces and forming a virtuous economic cycle. The above
literature mainly explores the impact of digital finance on financial exclusion, green
economic growth, and other aspects. As far as we know, no literature has systemati-
cally and deeply analyzed green innovation from the perspective of digital finance.
Thus, it is important to clarify the impact and mechanism of digital finance on pro-
moting green innovation and development and clarify this issue for the construction
of Digital China.

Drawing on both theoretical and empirical approaches, this study aims to
analyze the relationship between GTP and Inf. In addition to offering policy
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recommendations, this will provide a complete understanding of the current state of
China’s green growth.

The marginal contribution of this study reflects the following three aspects: First,
it enriches the research related to Inf. Starting from the novel perspective of Inf, this
study systematically examines its impact on GTP at the theoretical and empirical
levels. It provides a new perspective for understanding the role of digital financial
inclusion. With the continuous advancement of Inf, there has been an increase in
relevant research. Still, existing studies mainly explain Inf’s connotation, frame-
work, development, influencing factors, and effects based on a qualitative analysis.
This study breaks through the previous perceptual cognition, combines the theories
of financial inclusion and green development, and provides theoretical and empiri-
cal support for understanding the effect of Inf. Second, it clarifies the mechanism
by which digital financial inclusion promotes GTP. Most existing empirical analy-
ses have separately explored the direct impact of financial development and R&D
investment on GTP, ignoring the logical relationship between Inf and R&D invest-
ment. This study explores the intermediary role of R&D investment in Inf and GTP.
At the same time, we find the dual regulatory role of government environmental
regulatory policies concerning corporate R&D investment. It builds a more compre-
hensive multi-theoretical analysis framework. Third, the conditions required for Inf
to exert an innovative effect on green technology are identified. This study examines
the direction of the impact of Inf and conducts a heterogeneity analysis based on dif-
ferent regions. While ensuring the richness of the research and providing ideas for
analyzing the heterogeneity of the effects of Inf, it also reveals the conditions under
which inclusive finance can play a role and provides useful insights for improving
the development plan of Inf.

Literature Review

Four categories can be used to categorize the pertinent literature on R&D invest-
ment, GTP, and Inf. Firstly, regarding the research on Inf and research and devel-
opment investment, Qi et al. (2023) found that Inf has a positive spatial spillover
effect on the R&D efficiency and achievement conversion efficiency of enterprises,
which can motivate them to increase their R&D investment. Based on panel data,
Liang et al. (2023) found that Inf helps increase enterprises’ confidence and enthu-
siasm in R&D, reduce financing and transaction costs, and improve R&D produc-
tivity. Inf not only helps to create new products but can also strengthen existing
products or services. However, several scholars have also noticed some shortcom-
ings. He and Liu (2023) used listed companies on the ChiNext and Science and
Technology Innovation Boards as samples. They found that improving the level of
Inf weakens the ability of enterprises to use research and development investment
to reduce credit risk.

Secondly, regarding the research on Inf and GTP, Zheng et al. (2024), drawing on
panel data, found that Inf promotes the transformation and upgrading of industrial
structure, effectively promoting green innovation. Wang and Zhan (2023) found that
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Inf and green finance have a synergistic effect, jointly stimulating GTP and promot-
ing high-quality economic development.

Thirdly, regarding the existing study on R&D investment and GTP, Wang et al.
(2023) used the SBM-DEA model and the two-way fixed effects model in their
study and found that green innovation efficiency in various regions of China showed
a trend of first decreasing and then increasing, mainly due to the large investment
of R&D personnel and funds in the early stage, and the effect of R&D investment
in the later stage began to emerge. Xiao et al. (2023) found that GTP by enterprises
has positive public externalities, and its benefits are difficult-to-bridge R&D costs,
which can lead to insufficient R&D investment of firms in GTP, requiring continuous
government measures. Xu et al. (2023) manually collected, organized, and studied
data on the shareholding ratio and appointed executives of non-state-owned enter-
prises in state-owned listed enterprises from 2008 to 2019. They found that GTP
often involves improvements in production processes, as well as in other processes,
thus posing higher R&D risks than general technology innovation. Therefore, more
funds are needed to hedge technology risks, and continuous R&D investment is a
prerequisite for GTP in enterprises. Finally, regarding environmental regulation and
GTP research, Ouyang et al. (2022), who examined heterogeneity effects and spa-
tial spillover perspectives, found that environmental regulations significantly stimu-
late GTP. There is also a phenomenon of spatial spillover: inter-regional industrial
transfer affects the industrial structure and industrialization process of neighboring
regions, thereby improving their green innovation output.

The academic community has extensively researched Inf, GTP, research and
development investment, and environmental regulations. However, there is still a
lack of overall framework research focusing on promoting GTP through Inf. The
research on these two aspects does not clarify the mechanism that promotes GTP.
Specifically, the research on R&D investment and environmental regulations indi-
cates that only by improving the independent financing ability of enterprises and
breaking away from dependence on government R&D support can the promoting
effect of R&D investment be realized. Therefore, solving financing constraints and
financial exclusion is the key to promoting GTP. We believe that, in this study, we
should start with Inf. Still, we cannot ignore the multiple regulatory effects of gov-
ernment environmental regulations on financing, input, and output, as well as the
need for enterprises to invest in research and development to promote GTP through
independent financing.

Using a moderated mesomeric effect model as a foundation, this research inves-
tigates the connection between R&D investment, Inf, and innovation in green tech-
nologies. In the sample, the Chinese nationwide panel data at the city and county
level are used, the period is from 2011 to 2020, and the overall framework of how
Inf supports GTP is examined. This comes from the Inf index provided by Peking
University.

At the same time, we set R&D investment as an intermediary variable and envi-
ronmental regulation as a moderating variable to study the mechanism by which
Inf stimulates GTP more accurately. We study the non-linear characteristics of
this impact through threshold regression models. By analyzing the heterogene-
ity between the North and South regions and the degree of digitization, depth of
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application, and coverage, we aim to clarify the specific impact of Inf on GTP within
the overall framework.

Theoretical Analysis
The Direct Mechanism of Inf and GTP

Firstly, Inf can utilize the capital accumulation effect to adjust the optimal input of
industrial development factors (Liu et al., 2023), improve the efficiency of financial
resource allocation, convert idle social funds into financial products, and increase
the efficiency of social fund utilization (Yang & Guo, 2024), which is conducive
to improving enterprise research and development investment and manufacturing
GTP efficiency. Secondly, Inf can alleviate the scale and regional biases of finan-
cial constraints in enterprises (Liu & Xu, 2023), thereby optimizing resource allo-
cation, especially for private enterprises and small- and medium-sized enterprises
with strong innovation capabilities (Pang et al., 2023), as well as promoting GTP.
Thirdly, Inf uses the Internet tool and other scientific and technological methods to
break through the limitations of time, space, and size of the working population;
alleviate the information asymmetry between capital supply and demand; reduce the
cost of financing (Wei & Li, 2024); improve financing convenience (Hong, 2023);
and increase the availability of credit. Due to this reason, this study puts forward
Hypothesis 1:

Hypothesis 1: The advancement of Inf fosters innovation in green technologies.

The Indirect Impact of Inf on Innovation in Green Technologies

Under the pressure of environmental regulations, enterprises face the constraints
of factor substitution effects. High-productivity enterprises will choose to increase
R&D investment to achieve marginal benefits of GTP (Lei & Guo, 2023). Low-pro-
ductivity enterprises that were originally limited by financial constraints can also
obtain funds that match the demand for R&D investment through Inf, carry out GTP,
and avoid exiting the market due to passive production. We will increase investment
in GTP. Inf can lower the threshold for financial services, broaden financing chan-
nels, increase enterprise funds, and promote upgrading the industrial structure (Guo
& Jin, 2022). It is worth mentioning that government environmental regulatory
policies play a regulatory role in the various stages of inclusive finance affecting
corporate green innovation. China is in the development stage of institutional trans-
formation, and the market mechanism cannot yet play a decisive role in allocating
innovation resources. The government needs to intervene in the incentive process
of innovation activities. Therefore, China mainly adopts administrative command-
type or government performance assessment-type environmental regulation meth-
ods (Yu & Yin, 2022). China’s finance has a relatively prominent problem of misal-
locating financial resources (Deng & Zumulaiti, 2023). To a large extent, financial
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resources need to be allocated through government policy orders. Environmental
regulatory policies can encourage financial institutions to develop more green pro-
jects and increase green credit; however, to promote green development, the Chinese
government has successively implemented different types of environmental regula-
tions, such as the market incentive type, investment type, and government command
type (Tian & Hao, 2020). These environmental regulations and policies have greatly
affected the amount of inclusive financial funds enterprises invest in green innova-
tion and have a large indirect effect on enterprises’ green innovation. Based on this,
in the model, the regulatory role of the government’s environmental regulatory poli-
cies for enterprises cannot be ignored.

Hypothesis 2: R&D plays an intermediary effect in the process of digital finance
affecting GTP, while environmental regulation plays a moderating effect in the
process of digital finance affecting GTP.

The Non-Linear Transmission Mechanism of Inf to GTP

The non-linear characteristics of Inf manifest in various fields such as household
income (Chen & Chang, 2024) and household consumption (Chen & Zhao, 2023),
urban—rural integration (Cui & Zhao, 2023), carbon emissions (Sun & Zhang, 2023),
and GTP (Zhang et al., 2022). The main reason for this is that digital technology’s
non-linear development leads to Inf’s non-linear development. Digital infrastructure
is the cornerstone of Inf (An et al., 2023). In the early stages, the immaturity of digi-
tal technology led to high costs of technology research and information acquisition
and high costs of digital infrastructure. The development process of Inf was slow.
The ability to eliminate information asymmetry was weak, especially because the
existence of the “rural finance paradox” and “triple divide” (Xing, 2021) made it
difficult to leverage its advantages of low cost and diversification. With emerging
technologies such as big data, 5G communication, artificial intelligence, cloud com-
puting, and blockchain, the integration of digital technology and the financial indus-
try continues to deepen. The “network effect” and “connectivity effect” (Wei & Luo,
2023) continue to emerge, and the aggregation of funds, talents, and technology
continues to reinforce. The ability of Inf to allocate factors continues to strengthen,
and its impact scope continues to expand, improving the promotion of GTP. There-
fore, Inf exhibits non-linear characteristics. This paper thus proposes Hypothesis 3:

Hypothesis 3: There is a non-linear quality to the way Inf fosters GTP in businesses.

Theoretical Implication

Due to the relatively short introduction of the concept of digital finance in China,
research on digital finance has mostly focused on aspects such as household income,
economic growth, and the urban—rural income gap. However, few articles explore
how digital finance affects green technology innovation and its underlying impact
mechanisms. This article reviews existing literature and, based on China’s current
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strategy of promoting green development and harmonious coexistence between
humans and nature, explores the mechanism of how digital finance invests in urban
green technology innovation through research and development and how it affects
urban green technology innovation under government environmental supervision,
using R&D investment as a mediator variable and government environmental regu-
lation as a moderating variable. It enriches the research on how digital finance can
better play a role in high-quality green development and has certain theoretical sig-
nificance. However, Fig. 1 shows how Inf influences the development of GTP.

Indicator Selection and Model Design

Variable Selection

Dependent Variable: Green Technology Innovation (GTP) Generally speaking, if new
products and processes can create value for consumers and businesses, help reduce
environmental burdens, or achieve ecological sustainability goals, they can be clas-
sified as green innovations. This study adopts the International Patent Classification
Green Inventory (IPc Green Inventory) released by the World Intellectual Property
Organization (WIPO) in 2010. The classification of green patents in the classifica-
tion list provides a basis for accurately identifying urban green innovation. Most pre-
vious literature used nonparametric DEA and the Solow residual method to meas-
ure technological progress. Considering that it is not easy to completely separate
the input and output of green elements from general production, this study matches
the patent data obtained from the China National Intellectual Property Administra-
tion with the IPC code of green patents defined in the above green list. Using the
number of urban green patent applications to characterize the level of green inno-
vation (Dong & Wang, 2021), this study focuses on the role of Inf in promoting
both the quality and quantity of green innovation. Considering that invention pat-
ents are “high-quality” innovative achievements and have higher technological con-
tent and innovation than utility model patents, the commonly used practices in the
existing literature are adopted (Li & Zheng, 2016; Wang & Wang, 2021). The qual-
ity of urban green innovation is measured by the number of green invention patent

Environmental
Regulation
Reduce transation cost
Degree of Reduce information
Digitalization asymmetry
Depth of R&D Expand financial channels Green Technology
Application Investment for green enterprises Innovation
Breadth of Establish an effective risk
Coverage control system
Targeted green credit
services

Fig.1 Diagram illustrating how Inf influences the development of GTP

Inclusive Digital
Finance
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applications per 10,000 people (Gtpl). The number of green innovations is meas-
ured by the number of green utility model patent applications per 10,000 people
(Gtp2). This can ensure the accuracy and pertinence of the data and, to some extent,
alleviate the impact of other unobservable factors in the macroeconomy.

Independent Variable: Digital Finance (Inf) The second edition of the “Peking Uni-
versity Inf Index,” created in collaboration with Ant Financial and the Peking Uni-
versity Digital Finance Research Centre, is used in this study as a stand-in for the
degree of Inf development (Guo et al., 2020). Simultaneously, Inf_di, Inf _de, and
Inf_cov represent the three tiers of Inf, the extent of digitalization, the breadth of
coverage, and the depth of application, respectively. Considering the issue of magni-
tude, the Inf index is processed by dividing it by 100.

Mediating Variable: R&D Investment (R&D) An essential component of the inno-
vation process is capital investment. This study uses technology expenditure/GDP
from different regions to show investment in research and development because pre-
fecture-level statistics on research and experimental development expenditures are
lacking (Lin & Tan, 2019; Li et al., 2022; Zhou & Zhang, 2021).

Mediating Variable: Environmental regulation (Envir) This paper first refers to the
practice of Chen and Chen (2018), who use Python software to conduct word seg-
mentation processing on government work reports, and respectively statistics on the
word frequency of keywords related to environmental regulation in the government
work reports of 317 prefecture-level cities in China from 2011 to 2020 (in two ways:
precise word frequency and extended word frequency). However, the impact of gov-
ernment environmental governance on the cities under its jurisdiction varies with
the proportion of heavy industry in the cities. Therefore, Zhang and Chen (2021)
calculated the proportion of heavy industry in the GDP of prefecture-level cities in
the province based on the Database of China Industrial Enterprises, and then cross-
referenced it with the frequency of words related to “environmental protection” in
the provincial government work report, so as to construct the indicator of environ-
mental regulation intensity of prefecture-level cities.

Control Variables The following control variables are used in this study to guarantee
the robustness of the results: (1) the degree of fiscal decentralization (Finadp); this
is measured by the ratio of revenue within the fiscal budget to the fiscal budget. (2)
The level of traditional financial development (Tf); this is the equilibrium state of
loans from financial institutions to GDP (Omran & Bolbol, 2003). (3) The level of
human capital (Hc); given that education is a major determinant of human capital,
this study measures the degree of human capital in different locations by focusing on
permanent residents and those with a bachelor’s degree or above (Zhang & Huang,
2020; Wang et al., 2020; He et al., 2020). (4) Mi, or institutional quality; based on
earlier studies, in this work, the indicators are made up of the score of the relation-
ship between government and market, the development score of non-state-owned
economy, the score of product market development, the score of factor market devel-
opment, the development level of intermediary organizations, and the legal score,
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and these are calculated using market-oriented indices (Cao et al., 2015; Li & Yu,
2015; Ma et al., 2015) in a thorough evaluation with a strong scientific focus. (5)
The road level of transportation facilities; this is characterized by the per capita road
area of prefecture-level cities.

Model Establishment
Initially, this study is dependent on the variable GTP, which is measured by the
number of green patents granted (GTP1) and the number of declarations (GTP2),
and it sets up the following two-way fixed effects model to investigate the direct
impact of Inf on GTP:

GTP =ay+aIn fw+6c0ntrol v +w+p t+ ey 1)

ijt

In Eq. (1), i represents the city, j represents the province, ¢ represents the year,
Control;;, represents the control variable, v; represents the city fixed effects; w;, rep-
resents the province fixed effects, u, represents the year fixed effects, and ¢,, repre-
sents a random disturbance term.

Then, in order to confirm whether R&D investment intensity acts as a mediator
in the impact mechanism of Inf on the invention of green technology, the following
model is developed:

R&Dy;, = vy + viInfy, + Acontroly, + +v, + w; + p, + £ 2)

ijt

GTP;, = 6, + 6,Inf;, + 6,R&D;, + Aécontroly, + +v; + w; + u, + €, 3)

Finally, a panel threshold model is developed to investigate the non-linear mecha-
nism of Inf in GTP, given that the effects of varying degrees of Inf development on

GTP may not be linear.
GTP;;, = ay + ayInfyy, x I(Infy, £ Z,) + ayInfy, X I(Z; < Inf;,) + Acontroly, +v; + €,

ijt
(4)
Here, Z, and Z, are the thresholds for Inf, and /() is an indicator function. The
other variables are dependent, as detailed above.

Data Sources and Descriptive Statistics

This study employs 282 prefectures, municipalities, and autonomous regions in
China from 2011 to 2020 (the Tibet Autonomous Region, Hong Kong, Macao,
Taiwan, and places lacking data are not considered in this study). The data sources
are the National Bureau of Statistics, the China Statistical Yearbook published by
Peking University’s Inf Research Centre, and the China Inf Index. The median sup-
plements the missing values. Table 1 displays the descriptive statistical findings for
every variable. In this study (Gal & Rubinfeld, 2019), all variables are standardized
before being entered into the regression equation. The aforementioned continuous
variables are then submitted to 1% up and down tailing to ensure that the final out-
come is unaffected by the data dimension.
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Table 1 Descriptive statistics of Variable Obs

variables Mean Sd Min Max

Gtpl 2820 0.670 1.334 0.008 8.160
Gtp2 2820 0.691 1.230 0.010 7.717
Inf 2820 1.748 0.679 0.353 2.959
Inf_di 2820 1.656 0.668 0.229 2.950
Inf_de 2820 1.720 0.694 0.340 2.958
Inf_cov 2820 2.105 0.818 0.219 3.187
R&D 2820 10.300 1.364 7.565 14.354
Envir 2820 0.802 0.219 0.140 1.000
Tf 2820 1.011 0.567 0.315 3.268
Finadp 2820 0.458 0.220 0.103 0.999
Mi 2820 14.672 23.161 6.993 211.719
Hc 2820 0.018 0.020 0.001 0.099
Road 2820 5.037 5.057 0.535 32.614

Empirical Analysis Results
Benchmark Regression Results

The benchmark regression results are presented in Table 2 below, where columns
(1) and (2) represent the models with and without the control variables, respectively.
Drawing inspiration from Hanushek (2013), Becker (1962), Grossman and Helpman
(1991), and Romer (1990), we quantify the impact of Inf on GTP using the number of
green patent grants. The influence of Inf on GTP is indicated in columns (3) and (4)
by the quantity of green patent applications when the control variables are included
or excluded. The table shows that, when measuring GTP using the number of green
patent grants and applications or considering the control variables, the influence of
Inf on such innovation has a statistically significant positive coefficient, with a sig-
nificance level of 1%. This confirms our first hypothesis by demonstrating that Inf
can effectively reduce transaction costs, provide broader funding channels for green
enterprises, and address information asymmetry between lenders and borrowers.

Endogenous Testing

The previous empirical test controls the prefecture, city, and time-fixed effects. It can
availably solve some endogenous problems caused by omitted variable bias. How-
ever, there are still many difficult-to-observe factors that may cause endogenous prob-
lems in the model. First, enterprise green innovation is affected by many potential
factors. It is difficult to provide a comprehensive list of influencing factors in this arti-
cle, so missing variables may still cause endogenous problems. Although this study’s
independent and dependent variable data are from authoritative databases, measure-
ment errors or endogenous problems caused by people for data aesthetic reasons
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Table2 Benchmark regression Variable Y @ 3) @)
results
Gtpl Gtpl Gtp2 Gtp2
Inf 25017 2.269™ 2.503" 22117
9.32) (8.88) 9.12) (8.70)
Tf —0.066 —-0.053
(—1.43) (—0.98)
Finadp —0.442" —0.644™
(=2.16) (=3.00)
Mi 0.056™" 0.055™
(4.91) (3.16)
Hc —2.737 7.948"
(-0.61) (1.65)
Road 0.080"" 0.110™
(5.18) (6.50)
Constant 23703 —42097" 36857 —4.332"
(=7.90)  (-8.81) (=7.72) (—8.96)
Province Fe Y Y Y Y
City Fe Y Y Y Y
Year Fe Y Y Y Y
Obs 2820 2820 2820 2820
R? 0.836 0.846 0.808 0.831

The value ¢ is enclosed in parentheses
p<0.01, “p<0.05, "p<0.1

cannot be avoided. Thirdly, there is an endogenous problem caused by the correlation
between Inf-related indices and green innovation, and enterprises with policy pref-
erences in developed regions can also obtain digital financial services more easily
through the policy advantages and market advantages obtained (Zhang et al., 2016).

Thus, in order to address endogenous problems, this research employs the fol-
lowing strategies: (1) endogenous problems are solved with the instrumental vari-
able approach. The spherical distance between a city and Hangzhou is used in this
study’s construction of the tool variable (IV), following the methodologies of Huang
et al. (2019) and Jiang et al. (2021). Since the spherical distance in this research is
fixed and the data are panel data, Nunn and Qian’s (2014) methodology is followed,
and the interaction term between the spherical distance and the prior digital finan-
cial index is used as an instrumental variable. (2) A first-order lag is applied to the
independent and control variables, which can be utilized to mitigate somewhat the
endogenous problem caused by reverse causality. This approach has also been suc-
cessfully used in this work to ease other endogenous problems.

Table 3 displays the findings of the IV’s two-stage least squares estimation in
columns 1-4. The findings of the independent and control variables’ one-stage lag
estimates are shown in columns 5 and 6. The variable coefficients of Inf are signifi-
cantly positive, suggesting that Inf can still greatly encourage an increase in GTP,
even after considering the endogenous problem.
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Table 3 Endogenous test results

Variable ) ®) 3) ) 5) (6)
Inf Gtpl Inf Gtp2 Gtpl Gtp2
Inf 8.110™" 5.463™" 1.279™" 0.964™
9.73) (7.30) 4.57) (3.30)
v —0.000""" —0.000""
(—15.89) (-15.89)
Constant — — — — —2.188""  —1.977™
(—4.24) (=3.57)
Control Y Y Y Y Y Y
Province Fe Y Y Y Y Y Y
City Fe Y Y Y Y Y Y
Year Fe Y Y Y Y Y Y
Obs 2538 2538 2538 2538 2538 2538
Anderson canon. — 256.865  — 256.865"" — —
corr. LM statistic
C-D Wald F statistic =~ — 252.458 — 252.458 — —
Robustness test

The following techniques are also used in this study to carry out robustness testing
in order to guarantee the validity of the abovementioned results: First, the munici-
palities’ influence on the regression findings is removed. The regression findings are
displayed in columns (1) and (2) in Table 4. Second, the way in which the described
variable is measured is changed.

As substitute indicators for the variables discussed, the number of green inven-
tion patent authorizations per 10,000 inhabitants in the city and the number of green
utility patent authorizations per 10,000 inhabitants are chosen. In Table 4, columns
(3) and (4) display the regression findings; the third is used to omit external influ-
ence testing. The network infrastructure upgrade of the “Broadband China” pilot is
chosen as this study’s exogenous policy impact group, and pilot and non-pilot cities
serve as the experimental and control groups, respectively. The policy effects of dig-
ital financial development are empirically tested using the difference-in-difference
(DID) method. In Table 5, the first and second columns display the results; the sam-
ple period is changed in the fourth column. According to Huang and Huang (2018),
China’s digital financial development began in 2013 with the launch of Yu’e Bao.
Following that, China’s digital financial industry flourished. This study removes the
2011 and 2012 data to strengthen the conclusion. In columns (3) and (4) in Table 5,
the results obtained after re-regressing and changing the sample period to 2012 are
displayed.
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Table 4 Robustness test results 1 Variable kY @ 3) @)
Gtpl Gtp2 Gtpl Gtp2
Inf 2205 2.125™ 0.670"" 3.236™
(8.60) (8.45) (9.97) (10.43)
Constant -2.894™"  —3.129""  —1.667"" —-5.074"
(—4.93) (—5.43) (—8.08) (—8.89)
Control Y Y Y Y
Province Fe Y Y Y Y
City Fe Y Y Y Y
Year Fe Y Y Y Y
Obs 2780 2780 2820 2820
R? 0.828 0.828 0.912 0.828
Table 5 Robustness test results 2 Variable ) @ 3) @
Gtpl Gtp2 Gtpl Gtp2
Inf 0381 0350 1267 1712
(7.90) (7.90) 4.97) (5.78)
Constant -0.223 —0.452 -2.322"" —4.079™
(—=0.96) (—1.55) (—3.38) (=5.61)
Control Y Y Y Y
Province Fe Y Y Y Y
City Fe Y Y Y Y
Year Fe Y Y Y Y
Obs 2820 2820 2256 2256
R? 0.844 0.827 0.881 0.851

Since the current GTP in the city may be affected by the previous innovation
experience, the lagged first-period variables of green invention patents per 10,000
people and green utility patents per 10,000 people are included in the benchmark
regression model. Then, the systematic GMM estimation method is used for a
regression analysis, and the regression results are shown in Table 6. The lagged
dependent variable is significantly correlated with the current dependent variable
at the 1% level, indicating that the model does indeed have some endogeneity. At
the same time, Arl is significant, whereas Ar2 is not, passing the autocorrelation
test. Hansen’s test is significant, passing the other test. Therefore, GMM can be
used for endogeneity treatment, and the results are still significant.

It can be seen in Tables 4, 5, and 6 that the regression results are consistent
with those of a previous article, indicating that the conclusion that Inf can pro-
mote urban GTP is robust and reliable.
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Table6 System GMM

. Variable Sys-GMM
regression results

)] 2)
Gtpl Gtp2

L1. Gtpl/L1. Gtp2 0.816™" 0.197"
(36.70) (6.15)

Inf 0.172" 0.654"™"
(1.66) (4.22)

Constant —0.348"" —1.068"™
(=2.97) (=5.33)

Control Y Y

City Fe Y Y

Year Fe Y Y

Obs 2538 2538

AR(1) —-2.88 -3.67
[0.004] [0.000]

AR(2) -0.15 1.35
[0.879] [0.176]

Hansen 0.001 0.000

Analysis of the Mediating Effect

To investigate whether R&D investment mediates the mechanism by which Inf
fosters innovation in green technology, this study puts forward a model. Table 7
presents the results of the intermediate effect test. To begin with, the statistics in
column (1) in Table 7 show that, at a 1% confidence level, Inf has a considerable
favorable impact on R&D contributions, demonstrating a catalytic effect. Next,
we look at column (2), where we consider R&D inputs and analyze the impact of
Inf on GTP, as indicated by the quality of green patents awarded.

Similarly, column (3) investigates how Inf impacts GTP measured by the qual-
ity of green patent applications, considering the intermediaries’ R&D inputs. The
results in Table 7 demonstrate that, even with the R&D input variables included,
the impact of Inf on GTP remains significantly positive. Additionally, at a confi-
dence level of 1%, the impact coefficient of R&D input is likewise significantly
positive. Furthermore, the impact coefficient of Inf decreases with the addition of
R&D investment, indicating that this investment has an intermediary effect on the
influencing mechanism by which Inf supports GTP. Hypothesis 2 has been verified.

Analysis of the Moderating Effect
This study developed a model to examine the moderating effects and the experimen-

tal findings are presented in Table 8. The moderating effects of several variables
on inclusive finance and corporate green innovation were verified and measured.
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Table 7 The outcomes of the

intensity of R&D investment as Variable M @ ®
a mediating effect R&D Gtpl Gtp2
Inf 2.243" 1.928™" 2,048
(12.62) (7.52) (7.87)
R&D 0.152"" 0.073"
(6.22) (3.08)
Constant 6.798"" —5.243" —4.828""
(19.78) (—10.59) (—9.80)
Control Y Y Y
Province Fe Y Y Y
City Fe Y Y Y
Year Fe Y Y Y
Obs 2820 2820 2820
R? 0.921 0.848 0.831
Table 8 The moderating 'effect Variable Y @ 3) @)
of environmental regulation
policies Gtpl Gtpl Gtp2 Gtp2
Inf 2273 1.690™ 2217 1.827°
(8.87) (6.60) (8.73) (7.23)
Envir —0.038 —0.813™  —0.050 —0.568""
(—0.68) (=7.28) (—0.88) (=5.13)
Inf * Envir 0.442"" 0.296""
(7.37) (4.61)
Constant —4.187""  -3.179""  -4304™ -3.629"
(—8.81) (—6.68) (-8.88) (=7.39)
Control Y Y Y Y
Province Fe Y Y Y Y
City Fe Y Y Y Y
Year Fe Y Y Y Y
Obs 2820 2820 2820 2820
R? 0.846 0.848 0.831 0.832

Firstly, as can be seen in the results in column (1) in Table 8, the impact coefficient
of the environmental regulation policy Envir on the innovation of green technolo-
gies is significantly negative at a 1% confidence level. This suggests that environ-
mental regulation policies directly affect GTP, and stringent environmental regula-
tions offer limited advantages. Secondly, the other set of models in columns (3) and
(4) also found the same results as above. In column (2), the interaction term between
inclusive finance and environmental regulation policies is significantly positive for
GTP at a confidence level of 1%, suggesting that environmental regulation policies
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have a significant positive impact on GTP indirectly by regulating Inf. The results
in Table 8 demonstrate that the impact of Inf on GTP remains significant at a 1%
confidence level when the regulatory effect of environmental regulation policies is
included. Hypothesis 2 has been verified.

Additionally, the impact coefficient of Inf decreases when the regulatory effect
of environmental regulation policies is included, indicating that environmental reg-
ulation policies have a positive regulatory effect on the transmission of Inf. How-
ever, the advantages are negligible or even zero when environmental regulatory
laws directly impact GTP. GTP has a favorable effect when regulatory impacts are
used to convey Inf. The aforementioned phenomena suggest that incentive environ-
mental regulation policies are more effective over time than restrictive ones. There-
fore, expediting the development of incentive environmental regulation policies is
necessary.

Heterogeneity Testing
Regional Heterogeneity Test

The impact of the digital economy on GTP may lead to variations in its influence
across different locations. This study splits the national sample into southern and
northern areas for a heterogeneity analysis. The findings, presented in Table 9 below,
clearly demonstrate that Inf plays a crucial role in fostering the progress of GTP in
both the southern and northern areas. The effect coefficient of Inf in the southern
region is 3.228, higher than 0.875 in the northern region, based on the number of
inventive patent applications per 10,000 persons. Regarding utility patent applica-
tions per 10,000 inhabitants, the southern region has a higher rate of 3.529 than the
northern region’s 0.858. This is most likely a result of the disparities in development
and industry between the North and South. First, the level of economic development
in the South is generally higher than in the North. Since the South has higher levels

Tabl_e 9 Heterogeneity tests Variable South North South North
(regional)
1 2) (3) (4)
Gtpl Gtpl Gtp2 Gtp2
Inf 3.228" 0.875™ 3.529" 0.858""
(7.23) (4.94) (8.61) (3.44)
Constant —-5814™  —2.105"" -5849""  —2.749""
(-6.81) (=5.79) (—7.49) (—5.54)
Control Y Y Y Y
Province Fe Y Y Y Y
City Fe Y Y Y Y
Year Fe Y Y Y Y
Obs 1540 1170 1540 1170
R? 0.840 0.923 0.844 0.821
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of education and research than the North, Inf has a greater effect on the number
of green patents awarded there. The North’s second industrial structure is primar-
ily heavy industry, in contrast to the South’s high-tech enterprise industrial layout.
According to Mo and Long (2018), the North has a greater need for GTP, a higher
technological spillover effect, and a stronger digital inclusive financing promotion
effect on green patent grants.

Inf in Different Dimensions of Heterogeneity

This section splits the application scope into three levels, namely, the degree of
digitalization, the depth of application, and the breadth of coverage, to exam-
ine the heterogeneity of Inf at different levels. The regression analysis results are
presented in Table 10, aiming to explore how Inf sub-indicators influence the
impact of technical innovation. The breadth and depth of the usage indices of the
digitization index are notably positive, as demonstrated in the table. Regardless
of their effect on the quality of green patents awarded or green patent applica-
tions, the impact coefficient of the depth of use is observed to surpass that of the
breadth of use. The application of digital financial services relies heavily on its
breadth, while its depth can better understand the potential of big data and inclu-
sive financial services.

Table 10 Different dimensional benchmark regression models

Variable The degree of digitalization = The depth of application The breadth of coverage
(€Y 2 (3) ) (5) (6)
Gtpl Gtp2 Gtpl Gtp2 Gtpl Gtp2
Inf_di 1.182° 1.826™"
(4.84) (7.03)
Inf_de 1.081° 0.873""
(5.96) (5.43)
Inf_cov 0.492"" 0.339"
(7.89) (5.21)
Constant -2.149""  -3368""  -2201""  -2.061"" = -1.398"" = —1.284""
(—5.16) (—7.83) (=5.90) (-5.34) (—4.96) (=3.78)
Control Y Y Y Y Y Y
Province Fe Y Y Y Y Y Y
City Fe Y Y Y Y Y Y
Year Fe Y Y Y Y Y Y
Obs 2820 2820 2820 2820 2820 2820
R? 0.841 0.828 0.843 0.825 0.843 0.825
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Threshold Effect Test

According to the theoretical study presented above, the influence of Inf on green
innovation may not be linear. Thus, threshold regression is used in this study to
examine the non-linear mechanism of Inf in GTP (Hansen, 2000). First, regard-
ing the regression threshold, bootstrap is used to determine the threshold value and
whether Inf has a threshold effect, and Table 11 displays the findings. As can be
observed, the single threshold test was passed by inclusive digital banking at the 1%
confidence level. In this case, Inf has a single criterion of 2.6662.

The findings of the threshold existence test in Table 11 indicate that, at the 1%
significance level, there is only one threshold impact in the link between Inf and
GTP, contingent on the level of development of Inf. The threshold value is estimated
to be 2.662. Table 12 displays the panel threshold effect regression findings obtained
after passing the threshold existence test. When Inf is less than or equal to 2.622,
the promotion impact of Inf on GTP is 0.123, and when Inf is larger than or equal to
2.622, it is 0.253. This result supports Hypothesis 3 and shows how the expansion
of Inf reduces the cost of using it, reduces information asymmetry, and increases the
effectiveness of financial resource allocation to green businesses. All of these factors
increase Inf’s role in fostering the development of GTP.

Conclusions and Recommendations

Conclusions

Panel data from 282 Chinese prefecture-level cities between 2011 and 2020 served
as the basis for this research. This research examined the internal mechanism,

non-linear transmission path, and regional heterogeneity of the influence of Inf on

Table 11 Results of test of the threshold existence

Threshold variables Threshold type ~ Threshold values F statistics P value BS  Lower Upper

okok

Inf First threshold 2.662 143.56 0.000 1000 2.650 2.669
Second threshold 2.469 29.28 0.822 1000 0.827 0.834

Table 12 Results of the panel

; Dependent variable: Gtpl ~ Coef SD tvalue P value
threshold regression
Inf (Inf £ 2.662) 0.123"" 0.045 272 0.007
Inf (Inf>2.662) 0.253" 0.048 5.8 0.000
Control Y Y Y Y
City Fe Y Y Y Y
Constant —0.639"" 0243 —2.62 0.009
Obs 2820 2820 2820 2820
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regional GTP using the mediation effect model and threshold regression model. It
also considered the regulatory function of environmental laws, offering new empiri-
cal data on the impacts of urban innovation. This study’s main conclusions are: (1)
Generally, regional GTP greatly benefits from including Inf. In particular, to various
degrees, Inf’s scope, intensity, and location can foster local GTP; this fundamental
finding remains true following a series of experiments. (2) The R&D investments
businesses make mediate regional GTP development. At the same time, indirect
environmental regulation based on market incentives plays a positive regulatory
role, but direct environmental regulation based on administrative orders will inhibit
R&D investment and green technology innovation. Furthermore, the threshold
regression model’s empirical findings point to a single threshold for connecting GTP
and digital banking inclusion. It is anticipated that establishing Inf will considerably
boost GTP at a threshold level of 2.662. The promotion effect of Inf on GTP is 0.123
when the threshold value is smaller than 2.662, and the promotion impact is 0.253
when it exceeds 2.662. (3) The impact of Inf on GTP varies, as evidenced by the fact
that GTP has a significantly greater empowering effect on northern cities than on
other cities. This suggests that the “inclusive effect” of Inf is noteworthy.

Policy Recommendations

This study suggests the following: firstly, to improve the level of digitalization in
Inf, the focus should be placed on expanding the breadth and depth of Inf coverage,
continuing to strengthen the construction of Inf software and hardware, integrat-
ing relevant forces such as financial institutions, communication operators, finan-
cial technology platforms, universities, and research institutes. Jointly promoting the
construction of Inf infrastructures such as financial data aggregation, transmission,
and application facilities and consolidating the hardware foundation for the devel-
opment of Inf is also necessary. At the same time, the government should improve
software support in areas such as risk prevention and customer service for digital-
inclusive financial products and services. Secondly, it is suggested that, when devel-
oping green innovation to attract R&D investment from enterprises, attention should
be paid to leveraging joint efforts, comprehensively improving the urban business
environment, and creating a favorable ecology for green innovation while improv-
ing resource allocation efficiency and achieving regional differentiated development.
Based on the characteristics of different cities, policies tailored to each city should
be adhered to, as well as differentiated and tailored Inf development policies that
meet the city’s needs.

It is also recommended that the government continue increasing investment in
education and financial institutions that provide inclusive education and financial
services. In addition, it is recommended to deepen the structural reform of the finan-
cial supply side, use new-generation digital information technology to guide more
financial resources to support technological innovation, and continuously meet the
needs of high-quality economic development with high-quality digital inclusive
financial services. From product, technology, platform, and regulation channels,
the government should aim to create a more comprehensive and efficient digital
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innovation financial service model, providing one-stop and efficient financing sup-
port and diversified risk-sharing solutions for science and technology enterprises.
The government should also aim to enhance financial resources’ inclusiveness
among market entities of different ownership systems, scales, growth stages, and
regions and eliminate unequal opportunities to access financial resources. This can
lay the foundation for enhancing urban human capital and urban green innovation
capabilities.

This study still has certain shortcomings. Firstly, this article investigates the

impact of digital finance inclusivity on regional green technology innovation, focus-
ing on direct mechanisms, R&D investment, government environmental regulation
mechanisms, and non-linear effects. However, it does not directly test and analyze
other influencing mechanisms, such as the impact of enterprise digital transforma-
tion on regional green technology innovation. In future research, the development
characteristics of digital finance can be further combined to reveal the role of enter-
prise digital transformation in regional green technology innovation. Secondly,
although this article conducted heterogeneity analysis and testing on the zoning
of prefecture-level cities, it did not explore the possible differences in the role of
digital finance at different stages of urban development. In future research, taking
different stages of urban development as time points, further explore the correla-
tion mechanism between digital finance inclusiveness and regional green technology
innovation.
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