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As digital finance ushers into a new era, carbon emissions in China have

been peaking, highlighting the necessity of carbon neutrality. This work

uses a dynamic spatial Durbin model, combined with a mediating effect

model of the data from 30 provinces from 2011 to 2019, to explore the

impact, transmission paths, and spatio-temporal heterogeneity of digital

finance (Df) on carbon emission intensity (Cg). Meanwhile, the validation

explores the mediating role of technological innovation (Rd), industrial

restructuring (Is), and entrepreneurial effects (Es) in the process of digital

finance influencing green low-carbon development. The empirical

results show that: first, digital finance (Df) has a promoting effect on

regional CO2 reduction capacity (Cg), and this conclusion still holds

under multiple robustness tests; second, digital finance (Df) can

promote the regional CO2 reduction capacity (Cg) through two paths,

namely, promoting technological progress (Rd) and optimizing industrial

structure (Is); third, the impact of inclusive digital finance on CO2

emission intensity is heterogeneous. By analyzing regions with

different economic development levels, we found that digital inclusive

finance in the eastern region can enhance CO2 reduction capacity, while

in the central and western regions, the impact is not significant. Given this

situation, China, to achieve carbon neutrality, should boost financial

development’s ability to reduce carbon emission, promote

technological progress, and optimize the industrial structure, thus

forming a green and low-carbon economic cycle. This paper fills the

research gap on how digital finance can effectively promote green

development while exerting economic effects, and at the same time,

enriches the literature on factors influencing green and low-carbon

development.
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1 Introduction

1.1 Research background

Since the reform and opening up, many great achievements

have been made in China’s economic development, but China’s

economy has been running in a crude growth model. Over

time, rapid economic growth has come at the expense of the

environment and consumed enormous amounts of energy.

China’s economy has suffered from huge environmental costs,

and one of the prominent problems is the sharp increase in CO2

emissions. Therefore, energy conservation and emission reduction

have become strategic needs for China’s sustainable economic

development in the new era. In late 2014, China made its first

commitment to peak CO2 emissions around 2030 and to work

toward an early peak in the U.S.-China Joint Announcement on

Climate Change (House, 2014; Ji et al., 2014). The targets serve

not only as a challenge but also as an important opportunity

and lever for the green transformation of China’s economy.

Green development, however, can hardly be achieved by end-

of-pipe governance alone. Forming a long-term mechanism for

the governance of environmental pollution through effective

financial instruments remains critical. The relationship

between finance and the environment has been studied by the

academic community for a long time. For example, some studies

pointed out that financial development reduces CO2 emissions

by promoting technological innovation and reducing energy

consumption per unit of GDP (Li Y. et al., 2021; Gao et al.,

2022); however, other voices hold quite the opposite opinion as

they found that financial development empowers firms to

produce on a larger scale, ultimately increasing CO2 emissions

(Zaidi et al., 2019; Acheampong et al., 2020); other studies also

showed that financial development leads to more spending on

home appliances, which also increase CO2 emissions (Yue et al.,

2019).

The booming information technology revolution has seen the

integration of traditional finance with information technology.

As one of the representations of new finance, digital finance is the

key driving force for high-quality economic development.

Compared with traditional finance, digital finance has further

broken free from the boundaries of time and space, and has wider

service coverage and more frequent usage, reducing the related

transaction and operation costs. Therefore, it is of great

theoretical value and practical significance to further

investigate the carbon emission reduction effect of digital

finance and explore its inherent mechanism.

1.2 Literature review and marginal
contribution

Current scholars have more abundant research on the factors

affecting CO2 emissions and environmental pollution, which is

mainly reflected in the following characteristics: wide coverage of

content, refinement and variation of topics, and many disciplines

involved (Isik et al., 2021a; Rehman et al., 2021; Jiang et al., 2022).

Meanwhile, the influencing factors of CO2 emissions can be

divided into four aspects: population, economy, industry, and

energy in total. Existing studies point out that economic

development significantly affects carbon emissions (Ma and

Cai, 2019; Isik et al., 2021b). Whereas there is no consensus

on whether the level of external openness promotes or reduces

carbon emissions, fiscal revenue is thought to promote carbon

emissions. In terms of population, urbanization is considered to

lead to an increase in carbon emissions (Zhang et al., 2017).

Energy structure and industrial structure, on the other hand, are

very important influences on carbon emissions (Lenzen, 2016;

Dong et al., 2020). In particular, with the increasing importance

of innovation, the level of technological innovation is also

included in the study and is considered to suppress carbon

emission intensity (Erdogan, 2021).

Also on the economic side, earlier studies have explored more

the impact of traditional financial development on the environment,

arguing that financial development can affect environmental quality

through technological progress effects, scale effects, capital allocation

effects, and structural effects. The main views are the followings: 1)

Inhibition theory. Traditional finance inhibits carbon dioxide

emissions (Bouyghrissi et al., 2022). Traditional finance reduces

CO2 emissions through channels such as changing production factor

inputs and economic structure (Murshed et al., 2022), financing

environmental protection projects at lower capital costs, increasing

investments related to environmental protection, and promoting the

development of carbon trading activities and technological

innovation. 2) Facilitation theory. Conventional finance is an

important factor in increasing CO2 emissions. It promotes

economic growth and energy consumption through channels

such as increased consumer purchases of bulky goods, corporate

investments in new equipment and projects (Sheraz et al., 2021), and

financial support to natural resource-intensive polluting industries

and polluting industries (Isik et al., 2022), thereby rising CO2

emissions (Qin et al., 2021; Szymczyk et al., 2021). 3) Dynamic

relations. Studies have shown an inverted U-shaped relationship

between conventional finance and CO2 emissions (Ali et al., 2021;

Al-Silefanee et al., 2022). The relationship depends on the trade-off

between the two effects, as traditional finance promotes CO2

emissions by increasing the economy volume, but it also reduces

CO2 emissions by improving technology (Li J. et al., 2020; Wang

et al., 2022).

With the advent of the digital economy, digital finance, which

combines digital technology with traditional finance, has

gradually become the focus of academic circles (Cao et al.,

2021; Cao et al., 2022). Digital finance refers to a new

business model that combines the internet and new-

generation information technology such as big data, cloud

computing, blockchain and artificial intelligence with

traditional finance (Risman et al., 2021; Daud et al., 2022). Its
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marginal innovations to financial theory include digital footprint

that provides new information for credit scoring (Agarwal and

Zhang, 2020; Benami and Carter, 2021), big data that serve as a

new collateral security tool, blockchain that can improve the

efficiency of financial contracts, and new ways of investment,

financing, and risk management (Rozario and Thomas, 2019;

Tian et al., 2020).

Based on the above studies, there are also scholars who

believe that digital finance also has an important impact on

CO2 emissions or environmental pollution (Ozturk and Ullah,

2022; Wu and Huang, 2022; Yang et al., 2022). On the one hand,

it can lower the access barrier to financial services (Ji et al., 2021),

provide financial support for commodity production and

consumption (Liu G. et al., 2021), and promote economic

growth and inclusive growth in China (Liu L. et al., 2021),

thus increasing energy consumption and CO2 emissions. On

the other hand, digital finance can promote technological

innovation (Hasan et al., 2022) and industrial structure

transformation and upgrading (Breidbach et al., 2020; Farouq

et al., 2021), thus reducing the dependence of economic growth

on fossil energy and ultimately reducing CO2 emissions (Faisal

et al., 2020; Li Z. et al., 2021). Therefore, digital finance

development has both positive and negative effects on CO2

emissions, and whether the overall effect is positive or

negative becomes an important issue worth studying.

In summary, the environmental impacts of digital finance has

not received sufficient attention compared to economic

performance. Studies have focused on the impact of digital

finance on mitigating industrial pollution (Puschmann et al.,

2020; Borowski, 2021), but there is a lack of research on how

digital finance can effectively promote green development while

playing an economic role in the context of “double carbon

target,” thus promoting the low-carbon development of the

whole society. Given these issues, this paper explores the

impact, transmission paths, and spatio-temporal heterogeneity

of digital finance on green low-carbon development using a

dynamic spatial Durbin model combined with a mediating

effect model constructed of data from 30 provinces from

2011 to 2019. The internal logic between digital finance and

green low-carbon development is analyzed; the mediating role of

technological innovation, industrial restructuring, and

entrepreneurial effect in the process of digital finance

influencing green low-carbon development is explored. The

findings will enrich the literature on the influencing factors of

green low-carbon development.

The marginal contributions of this paper are: first, the

relationship between digital finance and carbon emission

reduction capacity is explored by using the China Digital

Inclusive Finance Index combined with relevant provincial

panel data to verify the promotion effect of digital finance on

regional carbon emission reduction capacity. Second, it focuses

on the question of through what mechanism digital finance

affects carbon emission reduction capacity, and verifies that

digital finance can promote the improvement of regional

carbon emission reduction capacity through technological

innovation and industrial structure transformation. Third, the

spatial effect of digital finance on regional carbon emission

reduction capacity is further analyzed, with a view to

enriching the literature on carbon reduction from digital

finance; finally, the policy basis for China’s low-carbon

economic development is provided from the perspective of

digital finance development.

The remainder of this paper is structured as follows: the

second part is the theoretical analysis and research hypothesis;

the third part is the description of the empirical model setting

and indicator selection; the fourth part is the empirical analysis of

the impact effect and transmission mechanism of digital financial

development acting on CO2 emissions; the fifth part is the

conclusion and implication.

2 Theoretical analysis and research
hypothesis

2.1 The impact of digital finance on carbon
emission

In recent years, the focus of environmental pollution

literature has shifted to the analysis of the determinants of

CO2 emissions. The relatively more important studies adopted

time series analysis methods with a particular country as the

subject, concluding that economic growth, urbanization, trade

openness, and financial development are all important factors

influencing CO2 emissions (Tamazian et al., 2009; Shahbaz et al.,

2013a; Zhao et al., 2021). Tamazian et al. (2009) examined the

effect of financial development on CO2 emissions using data

from Brazil, Russia, India, and China from 1992 to 2004, and

found that financial development led to a decrease in per capita

CO2 emissions, with the development of capital markets and

expanding impact of the banking sector. Shahbaz et al. (2013b)

collected data from 1971 to 2011 in Malaysia and found that

there is a long-run equilibrium relationship between financial

development and CO2 emissions through cointegration test, and

financial development is conducive to reducing CO2 emissions.

Jalil and Feridun (2011) used data from 1953 to 2006 in China

and examined by ARDL method the development and carbon

dioxide emissions in the long-run equilibrium relationship, and

their study showed that financial development is conducive to

emissions reduction.

However, digital finance started with its widespread

application in the payment field and it extended rapidly to

other fields beyond the financial industry. Chinese scholars

have also studied the development of digital finance and the

low carbon economy. First, the development of digital finance

promotes the availability of low-carbon funds. On the one hand,

more advanced digital finance facilitates conceptual change in
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banks, which would strengthen green credit organization

management and green credit capacity building. On the other

hand, the growth of the capital market and diversified direct

financing tools, such as stocks and bonds, can broaden the

financing channels for green projects and boost the green and

low-carbon economic transformation. Second, consumers would

exhibit a greater preference for low-carbon goods with the

development of digital finance, with which, green consumer

credit products would be on the rise, strengthening

consumers’ awareness of environmental protection and

increasing the demand for green products, ultimately reducing

CO2 emissions for society as a whole. The resulting virtuous

circle of digital finance has injected new vitality into low-carbon

living and generated significant green economic benefits.

The first hypothesis is put forward here on this basis:

Hypothesis 1. The development of digital finance is conducive

to reducing carbon emissions.

If digital finance can drive regional emissions reductions,

what are the specific pathways through which this driving effect

can be generated?

2.2 The mechanism of the effect of digital
finance on carbon emission

2.2.1 Technological innovation pathway
Wang and Zhu, (2020) found that one of the essential factors

curbing carbon emissions is technological advancement, and the

variation in their degrees can result in differences in energy use

efficiency. Yang W et al. (2019) attributed the difference in

regional carbon emissions in China to varying degrees of

technological development and the rationality of regional

economic structure. It was also found that R&D input has the

greatest impact on carbon emission efficiency among all factors

(Jiao et al., 2018; Alam et al., 2019; Churchill et al., 2019), while

technology spillover can play a negative role in carbon emission

efficiency (Shahzad et al., 2017; Cheng et al., 2018; Zhang and

Zhang 2018). They also found that endogenous innovation

efforts are the key to improving regional carbon emission

efficiency, and therefore China needs to act in this regard (Lin

and Zhu, 2019).

At the same time, the development of science and technology

innovation activities cannot be carried out without the support of

the financial system (Maskus et al., 2012), but the long-term

undersupply of traditional financial services has been a stumbling

block (Stiglitz and Weiss, 1981). To overcome the restriction

imposed by this disadvantage, big data technology and other

support are needed, which will help to rectify the problems

arising from “attribute mismatch” due to insufficient supply of

traditional financial services. Digital finance can support the

technological innovation development of science and

innovation enterprises in the following ways: first, providing

more diverse financing channels and methods such as supply

chain finance and consumer finance (Ahmad et al., 2021a);

second, ameliorating the external financing environment for

enterprises, thus promoting efficient R&D investment, raising

industrial total factor productivity at the enterprise level under

the synergy of spatial knowledge spillover (Bakhtiari et al., 2020),

enhancing energy utilization (He and Lin, 2019; Li et al., 2022),

and empowering sustainable regional economic development

intrinsically (Hang et al., 2019; Razzaq et al., 2021).

In view of this, this paper proposes Hypothesis 2:

Hypothesis 2. The development of digital finance may have a

positive impact on carbon emissions through transmission

channels such as technological innovation.

2.2.2 Industrial restructuring pathway
The evolution of industrial structure can reflect changes in

the economic growth and development pattern of a country or

region, shaping the ecological environment of the country

(Ahmad et al., 2021b). The level of regional carbon emissions

is intrinsically related to its industrial structure (Zhang et al.,

2014; Dong et al., 2020; Zhang et al., 2020). Most existing studies

have shown that the share of the secondary sector has a

significant and positive effect on carbon emissions and energy

consumption at all regional scales, and some empirical analyses

have found that the expansion of almost all industries exacerbates

carbon emissions, but the intensity of this effect in the tertiary

sector is significantly lower than that in the secondary sector

(Wang et al., 2019; Wang and Wang, 2021). At this stage, the

domestic and international macro-environment facing China’s

economic and social development has undergone profound

changes, followed by a new round of accelerating trends of

domestic industrial transfer. The regional transfer of labor-

intensive industries and resource-based processing industries

provides new room for strategically emerging industries and

modern service industries (Rauf et al., 2018), and the emission

reduction effect exerted by the digital financial market will also

usher in a new height. Exploring the issue of carbon emission

intensity from the perspective of industrial structure is conducive

to correctly judging and grasping the industrial factors affecting

it, offering insights in guiding industrial development policies to

control carbon emissions (Yang et al., 2018).

The industrial upgrading effect of digital finance is reflected

in both supply and demand sides: 1) On the supply side: digital

finance reduces the external financing cost of enterprises by

optimizing the information asymmetry problem within and

across industries (Yang and Zhang, 2020). In addition, the

user information and consumption-side data obtained by

digital finance and mobile payment platforms are used to

better analyze user preferences and market demand, identify

market gaps timely, and promote the transformation and

upgrading of industrial structure. Finally, it enables enterprises

to invest more resources in product development and reduce
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ineffective supply and waste of link resources (Haberly et al.,

2019). 2) On the demand side: digital finance, as a new driver to

stimulate consumption and boost domestic demand, is

conducive to the expansion of China’s consumption scale and

the upgrading of consumption patterns. On the one hand, the

consumer credit function of digital finance can alleviate the

liquidity constraint on residents’ consumption and improve

the convenience of converting savings or investment returns

into consumption (Lai et al., 2020). On the other hand, digital

finance also reduces the difficulty in accessing financial services,

especially in rural areas with poor traditional financial services

that have led to chronic underconsumption; it enhances the

inclusive effect of financial services and fully releases the

consumption potential (Li Z. et al., 2020). Ultimately, the

expansion and upgrading of consumer demand can force

industrial upgrading and accelerate the processes of energy

saving and emission reduction in enterprises and markets.

In view of this, this paper proposes Hypothesis 3:

Hypothesis 3. The development of digital finance may affect

carbon emissions through transmission channels such as

industrial restructuring.

2.2.3 Entrepreneurial effect pathway
As a long-term economic growth “engine”, entrepreneurship

is an important vehicle for implementing the innovation-driven

development strategy, which can increase social employment

rates, encourage engagement in more economically efficient and

energy-efficient work, alleviate factor mismatch, and reduce

pollution (Boasson and Wettestad, 2014; Rogalev et al., 2018;

Liang et al., 2019; Sun et al., 2020). Finance is an important

component of the entrepreneurial environment (Luc, 2018), and

the extent to which a country’s financial system supports

entrepreneurial ventures influences the country’s

entrepreneurial activity (Del Giudice et al., 2019; Estrin et al.,

2019). It has been widely argued among the academic society that

financial development can ease the liquidity constraints on

potential entrepreneurs by allocating resources rationally and

efficiently, thus promoting entrepreneurial activity (Zaidi et al.,

2019; Khan et al., 2020).

The effect on entrepreneurship exerted by digital finance is

mainly manifested as follows: 1) Digital finance has shifted

financial activities from offline to online, completing the “last

mile” of financial services by offering services such as remittances

and lending whenever the internet is available, making up for the

deficiencies in many places particularly rural areas, thus

promoting regional entrepreneurial activities (Philip and

Williams, 2019; Jafari-Sadeghi et al., 2021). 2) The cost of risk

assessment for micro and small enterprises has been lowered by

big data-based digital finance, and a more complete credit rating

system can be established by cloud computing technology,

lowering the financing threshold for micro and small firms

and supporting their development, ultimately lightening the

enthusiasm of public entrepreneurship (Hommel and Bican,

2020). 3) Digital finance, as financial infrastructure, provides

the foundation for innovation and space for

entrepreneurship. Digital finance further facilitates the

internet-oriented transformation of offline businesses, such as

bike-sharing, online car-hailing, and take-away food delivery,

releasing a large number of new business opportunities and

providing greater entrepreneurial space. The effect on

entrepreneurship exerted by digital finance, while alleviating

financial resource mismatch and providing more career

options, indirectly raises corporate labor costs, thus forcing

companies to innovate technologically, adopt cleaner and

more efficient production methods, and reduce environmental

pollution (Parrish and Foxon, 2006; Omri and Afi, 2020).

In view of this, this paper proposes Hypothesis 4:

Hypothesis 4. The development of digital finance may affect

carbon emissions through transmission channels such as the

entrepreneurial effect.

3 Research design

3.1 Model setting

3.1.1 Spatial econometric model
3.1.1.1 Spatial econometric regression model selectivity

test

According to the needs of the actual research problem, we

draw on the research method of Elhorst (2014) to test the

applicability of the model, and the test shows that the spatial

Durbin model with fixed effects is more appropriate for this

paper.

3.1.1.2 Setting of spatial durbin model

Considering the possible time-dependent path-dependent

characteristics of carbon emission changes, i.e., time-lagged

effects, the possible bi-directional causality between carbon

emissions and economic growth, technological progress, and

other factors leading to endogeneity problems (Shao et al.,

2011), this paper introduces the one-period lag of carbon

emission variables into the standard static spatial panel

Durbin model and constructs the following dynamic spatial

panel Durbin model.

Cgit � β0 + β1Cgi,t−1 + ρ1∑n

i�1wijCgjt + β2Dfit + ρ2∑n

i�1wijDfjt + β3Rdit

+ρ3∑n

i�1wijRdjt + β4Isit + ρ4∑n

i�1wijIsjt + β5Esit + ρ5∑n

i�1wijesjt + θ∑n

i�1Xit

+λ∑n

i�1wijXjt + μi + ηt + εit

(1)

where Cgit is the explanatory variable (regional carbon emission

intensity); Dfit is the key explanatory variable (digital finance

index); Rd (technological innovation), Is (industrial structure),

and Es (mass entrepreneurship) are the mediating variables, Xit is
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the control variable; β0 is the constant term; β1 represents the

regression coefficient of carbon emission lagged by one period

Cgi,t-1; ρ is the spatial self-regression coefficients; μi represents

individual fixed effects; ηt represents time fixed effects; εit is the
residual term; wij is the element of the spatial weight matrix used

to describe the spatial proximity between regions; and the most

commonly used binary spatial weight matrix is used in this paper,

i.e., wij = 1 when two regions are geographically contiguous and

wij = 0 when they are not.

3.1.1.3 Selection of the spatial weight matrix

Based on the consideration of the fit and operability of the

research problem, this paper will refer to Shao et al. (2011) and

use the geographic distance matrix to describe the spatial panel

model, which is calculated as follows:

Geographical distance spatial weightingmatrix: Wij{� 1/d2
ij , i ≠ j

0
(2)

dij is the geographical Euclidean distance between two

provincial capitals in region i and region j.

3.1.2 Intermediary effect model
To test whether these three factors act as mediating variables,

this paper uses a canonical mediating effects model and conducts

further empirical investigation based on a spatial econometric

model. A more widely adopted method to test for mediating

effects is the stepwise method proposed by Baron and Kenny

(1986). The specific mediating effect model is set as follows.

Cgit � α0 + α1Cgi,t−1 + π1∑n

i�1wijCgjt + α2Dfit + π2∑n

i�1wijDfjt + φXit + π3∑n

i�1wijXjt

+μi + ηt + εit
(3)

Mit � η0 + η1Mi,t−1 + ω1∑n

i�1wijMjt + η2Dfit + ω2∑n

i�1wijDfjt + κXit + ω3∑n

i�1wijXjt

+μi + ηt + εit
(4)

According to hypotheses H2~H4, this paper considers

carbon emission intensity (Cgit) as the explanatory variable,

technological innovation, (Rdit) industrial structure (Isit), and

mass entrepreneurship (Esit) as the mediating variables to be

tested M, and digital finance (Dfit) as the explanatory variable.

The time-lagged and spatial-lagged terms of carbon emission

intensity, technological innovation (Rdit), industrial structure

(Isit), mass entrepreneurship (Esit), digital finance (Dfit), and

other control variables are used as control variables in the

mediating variable model.

3.2 Variable specification

3.2.1 Explained variable: Carbon emission
intensity

Carbon emissions intensity (Cg): carbon emissions based on

energy consumption are used to characterize the carbon

emissions, and its measurement method is borrowed from the

carbon emissions formula for energy consumption in IPCC, and

the formula for carbon emissions is shown below:

Cgijt � ∑n

j�1Enijt × ηj × θj × γj ×
44
12

(5)

Where, Cgijt denotes the carbon emission of i th province, Enijt
denotes the physical quantity of the j th energy consumed in i th

province in year t. ηj, θj, γj denote the average low-level heat

generation (KJ/kgm3), CO2 emission factor (kgCO2/TJ) and

carbon oxidation factor of the jth energy, respectively, and 44/

12 denotes the CO2 gasification factor. To eliminate the effect of

heteroskedasticity, they are treated as logarithmic (lnCg).

3.2.2 Core explanatory variable: Digital finance
development

Digital Finance Development Index (Df): this paper uses the

2011–2019 Peking University Digital Inclusive Finance Index

(Phase I and Phase II) at the provincial level compiled by the

Digital Finance Research Center of Peking University to

represent the level of digital finance development in each region.

3.2.3 Mediating variable
In this paper, the technological innovation (Rd) is measured

using the logarithm of the number of patented technology

applications by region. The value added of the tertiary sector,

as a share of GDP, is used to represent the industrial upgrading

effect (Is). The mass entrepreneurship (Es) is measured using the

ratio of the number of private and individual employees to the

number of employees in urban areas.

3.2.4 Control variable
With reference to existing research on factors influencing

carbon emissions, the following indicators are selected as

control variables to be included in the model in this paper:

1) Level of economic development (lnGdp): measured by the

natural logarithm of regional gross domestic product per

capita. 2) Level of opening up to the outside world (Open):

measured by the share of foreign direct investment (FDI) in

GDP. The U.S. dollar is converted according to the mid-price

of the annual RMB exchange rate in the processing (Zhang and

Zhang, 2018). 3) Urbanization level (City): measured by the

share of the urban population in the total population (Liddle,

2014). 4) Informatization level (lnIntel): The logarithm of the

number of regional Internet domain names is used to measure

this index. 5) Human capital level (lnH_c): measured by the

number of students enrolled in higher education per

10,000 people (Marvel and Lumpkin, 2007). 6) Government

intervention (lnGov): measured by the logarithm of regional

government spending on energy conservation and

environmental protection. 7) Energy consumption (lnE_c):

Measured by per capita coal consumption, which directly

determines the size of carbon emission intensity of energy

consumption (i.e., carbon emission per unit of energy
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consumption) (Akhmat et al., 2014). Table 1 describes the

main variables in this article.

3.3 Data source

Given the availability of digital financial inclusion data, this

paper selects panel data collected from 30 provinces in China

from 2011 to 2019. Among them, the data on carbon emission

intensity are obtained from China Energy Statistical Yearbook,

the data on proxy variables of digital financial development index

are obtained from Peking University Digital Financial Inclusion

Index (2011–2019) by Peking University Digital Finance

Research Center, and the data on intermediary variables as

well as control variables are obtained from China Statistical

Yearbook. To eliminate the effect of price fluctuations,

economic variables were deflated using 2011 as the base

period. To eliminate the effect of heteroskedasticity, the

variables with non-ratio values are treated as logarithmic.

4 Results and discussion

4.1 Discussion of the spatial
autocorrelation test

Before the empirical analysis, Moran’s I index is first used to

measure the spatial correlation between the level of digital

finance as well as the intensity of carbon emissions. Its

calculation formula is as follows.

Moran ′s I �
∑n
i�1
∑n
j�1
Wij(Yi − �Y)(Yj − �Y)

S2∑n
i�1
∑n
j�1
Wij

(6)

where, S2 � 1
n∑n

i�1(Yi − �Y), �Y � 1
n∑n

i�1Yi; Yi is substituted to

denote the digital financial level and carbon emission intensity

of the i th region, respectively, n is the total number of regions,

and Wij is the adjacency matrix.

Table 2 shows the Moran’s I indices of digital finance level

and carbon emission intensity for 30 provinces in China from

2011 to 2019. As can be seen from the Table 2, the Moran’s I

indices of regional digital finance levels are all around 0.4 and all

pass the 1% significance level test. The Moran’s I indices of

regional carbon emission intensity are all located around 0.2, and

all of them also pass the 1% significance level test. This result

indicates that there is a significant positive spatial correlation of

carbon emissions in 30 provinces in China from 2011 to 2019, so

the carbon emission intensity based on spatiality analysis is

reasonable, and also lays a solid foundation for the following

empirical analysis.

TABLE 1 Summary statistics of main variables.

Variable Index selection Sign Mean SD Min Max

Explained Variable Carbon emission lnCg 5.660 0.774 3.796 7.454

Core Explanatory Variable Digital finance Df 203.357 91.567 18.330 410.281

Mediating variable Technological innovation Rd 10.639 1.406 6.595 13.601

Industrial structure Is 1.291 0.712 0.527 5.234

Mass entrepreneurship Es 0.279 0.296 0.012 1.463

Control Variable Economic development lnGdp 10.423 0.410 9.428 11.578

Openness Open 0.022 0.022 0.000 0.136

Urbanization City 0.576 0.123 0.343 0.941

Informatization lnIntel 3.528 1.501 0.104 6.782

Human capital lnH_c 7.817 0.283 6.986 8.632

Government intervention lnGov 4.782 0.619 3.055 6.616

Energy consumption lnE_c 3.768 1.803 1.548 10.666

TABLE 2 Main variables Moran’s I index.

Year Digital finance Carbon emission

Moran’s I Z-value Moran’s I Z-value

2011 0.338 4.006*** 0.208 2.638***

2012 0.387 4.59*** 0.213 2.699***

2013 0.367 4.393*** 0.221 3.032***

2014 0.372 4.454*** 0.204 2.860***

2015 0.321 3.894*** 0.209 2.862***

2016 0.358 4.316*** 0.192 2.628***

2017 0.365 4.389*** 0.168 2.381***

2018 0.387 4.591*** 0.170 2.429***

2019 0.397 4.695*** 0.164 2.347***

Note: *** represent the significance levels of 1%.
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4.2 Discussion of the benchmark
regression results

As shown in Table 3, the estimated coefficients of digital

finance are not significant in columns (1) and 2) without

considering endogeneity and spatial correlation issues,

which means that not considering both endogeneity and

spatial correlation may lead to biased estimation results.

The estimation results of columns (3) and (4), which

consider both endogeneity and spatial correlation,

exhibited better statistical characteristics. Further,

compared with column (3), the coefficient of the time-

lagged term of carbon emission intensity in column (4) is

significantly positive at the 1% level, verifying that the

change in carbon emission intensity has a time-dependent

path characteristic, as described in the previous section.

Undoubtedly, compared with the rest of the models,

column (4) has the most excellent theoretical expectations

and econometric technical performance as it considers both

the endogeneity problem, spatial correlation, and the results

of time lagged effects of the explanatory variables. Therefore,

we focus on the estimation results of column (4) in the

following discussion.

The results obtained from column (4) show that carbon

emission intensity has both a significant time lag effect and a

spatial spillover effect. On the one hand, carbon emission

intensity has a strong path-dependent characteristic in the

time dimension, which is also called the “snowball” effect.

High emission intensity in the previous period may indicate

high emission in the next one. On the other hand, the coefficient

of the spatial lag of carbon emission intensity is significantly

positive at the 1% level, indicating that there is an obvious

strategic competition effect among provinces and regions in

terms of carbon emission intensity.

Meanwhile, the coefficient corresponding to the key variable of

this paper, i.e., digital finance index, is significantly negative (the

higher the level of digital finance development, the lower the carbon

emission intensity), indicating that digital finance development helps

reduce carbon emission intensity. 1) Firstly, the convenience of

mobile payment brought by digital finance has led to the reduction of

cash use, and various online cell phone APPs provide financial

services tomeet users’ needs, reducing the frequency of visits to bank

TABLE 3 Benchmark regression test.

Variable OLS General panel Static SDM Dynamic SDM

M1 M2 M3 M4

L.lnCg —— —— —— 0.5941***

(13.46)

Dfact −0.0016 −0.0004 −0.0032** −0.0059**

(−2.99) (−1.34) (−2.21) (−2.21)

lnGdp 0.9425*** 2.6591*** 0.6340 0.1438

(5.37) (1.97) (4.07) (1.05)

Open −0.1745 −0.2620 −0.0019* −0.0024**

(−0.84) (−1.96) (−0.02) (−0.04)

City −2.7011*** −0.1659* 0.0596* −0.6223*

(−4.14) (−0.34) (0.12) (−1.49)

lnIntel 0.2662 0.0037 −0.0144 −0.0142

(6.40) (0.24) (−0.98) (−1.23)

lnH_c −1.0479 −0.1233 −0.1484 −0.0164

(−6.49) (−1.01) (−1.38) (−0.19)

lnGov −0.559 −0.0333 −0.0588* −0.0106*

(−9.06) (−0.98) (−1.91) (−0.42)

lnE_c 0.3025*** 0.1216*** 0.1352*** 0.0544***

(12.82) (6.83) (8.57) (3.90)

WpDf —— —— −0.0023 −0.0011

(−0.04) (−0.02)

F(Wald) 59.24 6.75 35.07 89.73

R2 0.0162 0.0465 0.4969 0.7345

Obs 270 270 270 270

Note: ***, **, and * represent the significance levels of 1%, 5%, and 10% respectively.
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counters. The increase in financial efficiency significantly reduces the

original transaction costs and possible resource consumption

(Bachas et al., 2018). 2) Secondly, the development of digital

finance expands the channels for public participation in

environmental protection, promotes resource recycling, and

improves the utilization rate to avoid the waste of resources

caused by repeated production (Ting et al., 2019); meanwhile, it

closely integrates the public’s daily life with the environmental

protection cause, thus establishing the relevant awareness in

public. 3) Finally, compared with the traditional financial system

that controls carbon emissions by technological innovation driven by

bank lending, digital finance builds a carbon financial market and

uses inter-regional carbon emissions trading to achieve this goal

(Shahbaz et al., 2013a). The development indicators of digital finance

show a negative impact on the intensity of CO2 emissions in this

research, enriching existing literature. However, the estimated

coefficient of its spatial lag term “WpDf” is not significant under

the adjacency matrix. Although it indicates that the development of

digital finance in this province has a significant contribution to

carbon emission reduction in this province, it has no significant

spatial spillover effect on carbon emission reduction in neighboring

provinces.

In terms of control variables: 1) The coefficient

corresponding to the level of external openness is negative

and passes the significance test at a level of 5%, which

indicates that the higher the level of openness, the lower the

CO2 intensity. The possible reason for this is that the level of

openness has a dampening effect on CO2 emissions through the

introduction of new technologies. 2) Urbanization corresponds

to a negative coefficient and passes the significance test at the 10%

level, which means that accelerated urbanization may contribute

to lower CO2 emissions in a society. This may be due to the fact

that urbanization accelerates the modernization process, and that

the economies of scale effects of urbanization and the division of

labor have led to an increase in the factor agglomeration effect,

which upgrades technology and production organization

patterns, reducing the CO2 intensity. 3) The coefficient

corresponding to government intervention is negative and

passes the significance test at the 10% level. The improvement

of carbon emission performance is closely related to

governments’ role in setting the price of energies, natural

resources, and other factors. 4) The coefficient of energy

consumption is positive and significant at the 1% level, which

again verifies that the current energy consumption structure with

an abnormally high proportion of coal in China is an important

factor hindering the reduction of carbon emission intensity.

4.3 Discussion of the heterogeneity results

The above section empirically examines the overall effect of

digital finance on regional carbon emission intensity. The next

section analyze China by dividing it into three regions, i.e., East,

Central and West, based on the level of economic development,

and then explore the impact of digital finance development on

carbon emissions in different regions. The results of column (1)

in Table 4 show that the regression coefficient of digital finance in

the east is significantly negative at 1%, indicating that digital

finance can significantly reduce carbon emissions in the eastern

region. However, the regression coefficients of digital finance are

not significant in both columns (2) and (3), indicating that

although the development of digital finance in China as a

whole has contributed to CO2 reduction in certain regions,

the degree varies across regions. That is, the positive impact

of digital finance on regional carbon emission reduction is

stronger in the eastern region, and the reason for this

variability may be its earlier development of digital finance

brought relatively higher level of development and more

comprehensive implementation of the innovation-driven

development strategy. Therefore, it is more conducive to

eliminating the mismatch of production factors and pollution

emission reduction, thus allowing the dividends played by digital

finance to be fully released.

TABLE 4 Estimation results of the effect of digital finance on carbon
emissions in regions with different development situations.

Variable Eastern region Central region Western region

M1 M2 M3

L.lnCg 0.3833*** 0.0171* 0.3785***

(4.89) (0.17) (4.92)

Df −0.0007*** −0.0019 −0.0041

(−0.75) (−0.89) (−2.21)

lnGdp 0.6810*** 1.4438*** 0.2883

(3.57) (4.39) (0.73)

Open −0.0074 −1.3996 −1.2715***

(−0.07) (−1.46) (−2.83)

City −0.3098* −4.3959 2.9168

(−0.58) (−1.33) (1.33)

lnIntel −0.0118* 0.0343 0.0563

(−1.24) (1.51) (1.55)

lnH_c −0.2230 −0.5022 −0.4520

(−1.67) (−0.92) (−1.43)

lnGov −0.0480** −0.1672* −0.0571*

(−2.03) (−1.55) (−0.90)

lnE_c 0.1852*** 0.5897*** 0.1377***

(3.94) (5.90) (5.10)

WpDf −0.0017* −0.0243 0.0141

(−0.89) (−1.26) (1.09)

Log-L −317.8219 −1836.9992 −533.6390

R2 0.0595 0.3412 0.0013

Obs 99 72 99

Note: *** means significant at 1%, ** means significant at 5%, and * means significant

at 10%.
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4.4 Discussion of the robustness results

First, the explanatory variables are replaced. In this step,

the logarithm of regional per capita carbon emissions

(lnCg_p) is used to remeasure the regional carbon

emission intensity, with static spatial Durbin as well as

dynamic spatial Durbin regressions being conducted on

it. The results are shown in the first and second columns

of Table 5, according to which, the data of each variable

changed slightly, but most of the positive and negative signs

and significance did not change much, verifying the

robustness of our results. Second, the sample time years

are adjusted. The original sample time range of

2011–2019 was shortened to 2014–2019, for which static

spatial Durbin and dynamic spatial Durbin regressions are

conducted. The results are shown in the third and fourth

columns of Table 5, and like columns 1 and 2, the data

changed slightly, but the signs and significance did not

change much, also proving the robustness of the results

of this paper.

4.5 Discussion of the intermediary effect
results

The above empirical results show that digital finance helps

suppress regional CO2 emissions, but this work focuses on how

this impact works. Therefore, we gave column (1) in Table 6,

which is the baseline model without any mediating variables, and

columns (2)~(7), which are the six spatial dynamic Durbin

models constructed by testing the mediating variables. Then

the mediating effects played by technological innovation,

industrial structure optimization, and mass entrepreneurship

are explored.

4.5.1 The mediating variable technological
innovation

1) It is clear from baseline column (1) that local digital

financial development has a negative and significant effect on

regional carbon emission intensity. 2) Column (2) shows a

significant positive effect of local digital financial development

on technological innovation, indicating that the improvement of

TABLE 5 Robustness check.

Variable Replace the explanatory variable Adjust sample time

Static SDM Dynamic SDM Static SDM Dynamic SDM

L.lnCg —— —— —— 0.4192***

(6.06)

L.lnCg_p —— 0.5781*** —— ——

(12.97)

Df −0.0034** −0.0027** −0.0025* −0.0014*

(−2.40) (−2.29) (−1.74) (−1.05)

lnGdp 0.5921*** 0.1191 0.4119** 0.0205

(3.88) (0.87) (2.51) (0.12)

Open −0.3325 −0.2795* 0.4411 −0.0503*

(−0.56) (−0.60) (0.91) (−0.09)

City −0.6417*** −0.3974*** −1.8307*** −1.5888**

(−1.32) (−0.96) (−3.33) (v2.17)

lnIntel −0.0090 −0.0121 −0.0341** −0.0154

(−0.63) (−1.06) (−2.24) (−0.97)

lnH_c −0.0482 −0.0507 −0.1014 −0.0622

(−0.46) (−0.59) (−0.95) (−0.54)

lnGov −0.0419 −0.0069* −0.0280 −0.0273

(−1.39) (−0.28) (−1.00) (−1.06)

lnE_c 0.1202*** 0.0507*** 0.1019* 0.0927*

(7.78) (3.70) (5.87) (5.15)

WpDf −0.0039 −0.0006 −0.0019 −0.0027

(−0.02) (−0.01) (−0.01) (−0.03)

Log-L −6535.0988 −7179.2445 −7179.2445 −1482.8065

R2 0.0466 0.4093 0.0552 0.6133

Obs 270 270 180 180

Note: ***, **, and * represent the significance levels of 1%, 5%, and 10%, respectively.
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digital financial level helps promote technological progress. 3)

After adding technological innovation into column (1), column

(3) is obtained, and it can be found that the absolute value of the

regression coefficient of digital finance in this region decreases

from 0.0059 in column (1) to 0.0026 in column (3), and the

coefficient remains significant. Then it is known from the

criterion of mediating effect that technological innovation

plays a partial mediating effect in the promotion of digital

finance on regional carbon emission intensity, which is

consistent with hypothesis 2. The increase in technological

innovation and R&D expenditure in China has a suppressive

effect on CO2 emissions. A higher level of financial development

can contribute to corporate R&D financing, with which, CO2

emissions can be reduced by boosted innovation (Quan et al.,

2020).

In summary, digital financial development indirectly curbs

carbon dioxide emissions by promoting technological progress.

The specific working mechanism is as follows: First,

technological progress improves the energy consumption

structure by developing new energy sources and finding

alternative clean sources to replace traditional fossil energy

sources. Second, technological advances help to improve

energy efficiency by consuming less energy for the same level

of output. In addition, digital finance provides a larger room for

technological innovation. The business ecosystem in the digital

economy era created by Alipay, WeChat, and other payment

platforms has penetrated into every aspect of life, giving rise to a

variety of new business models such as shared travel and

crowdfunding, further controlling the intensity of carbon

emissions.

TABLE 6 Mediating effect test.

Variable Benchmark model M = Rd M = Is M = Es

Cg Rd Cg Is Cg Es Cg

M1 M2 M3 M4 M5 M6 M7

L.lnCg 0.5941*** —— 0.6322*** —— 0.5858*** —— 0.6372***

(13.46) —— (14.26) —— (13.50) —— (14.60)

Df −0.0059** 0.0005*** −0.0026** 0.0003* −0.0039** 0.0021 −0.0026**

(−2.21) (2.78) (−2.24) (0.34) (−2.30) (1.74) (−2.26)

Rd —— —— −0.5756* —— —— —— ——

(−1.88)

Is —— —— —— —— −0.1973** —— ——

(−3.36)

Es —— —— —— —— —— —— −0.0193

(−0.39)

lnGdp 0.1438 0.0163 0.0193 0.2271 0.1534 0.1179 0.0141

(1.05) (0.90) (0.15) (2.21) (1.13) (0.93) (0.11)

Open −0.0024** 0.1015 −0.2506* −0.4984 −0.3084* −0.0606 −0.1229*

(−0.0004) (1.54) (−0.54) (−1.44) (−0.70) (−0.64) (−1.33)

City −0.6223* −0.0670 −0.7342* 0.8672*** −0.6430* −0.0445 −0.6305*

(−1.49) (−1.10) (−1.73) (2.65) (−1.55) (−0.10) (−1.51)

lnIntel −0.0142 0.0051*** −0.0196* 0.0126 −0.0151 0.0012 −0.0179

(−1.23) (2.99) (−1.69) (1.39) (−1.34) (0.10) (−1.55)

lnH_c −0.0164 0.0273** −0.0073 −0.1111 −0.0147 0.0635 −0.0025

(−0.19) (2.11) (−0.08) (−1.60) (−0.17) (0.70) (−0.03)

lnGov −0.0106* −0.0100*** −0.0046* −0.0125 −0.0150* −0.0052 −0.0060*

(−0.42) (−2.66) (−0.18) (−0.63) (−0.60) (−0.21) (−0.25)

lnE_c 0.0544*** 0.0022 0.0531*** −0.0092 0.0561*** −0.0264* 0.0545**

(3.90) (1.13) (3.72) (−0.86) (4.06) (−1.90) (3.83)

Log-L −468.7241 362.6435 −1486.1559 204.6694 −6535.0988 −876.6816 −739.1573

R2 0.7345 0.8374 0.7935 0.8608 0.4819 0.0233 0.8405

Obs 270 270 270 270 270 270 270

Note: *** means significant at 1%, ** means significant at 5%, and * means significant at 10%.
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4.5.2 The mediating variable industrial structure
optimization

1) The benchmark column (1) clearly shows that local digital

finance development has a negative and significant effect on

regional carbon emission intensity; 2) Column (4) shows that

there is a significant positive effect of local digital finance

development on industrial structure, i.e., the improvement of

digital finance level helps to promote the development of the

tertiary industry; and 3) Column (5)adds industrial structure

optimization to column (1), and it can be found that the absolute

value of the regression coefficient of digital finance in the region

decreases from 0.0059 in column (1) to 0.0039 in column (5), and

the coefficient remains significant. Then it is clear from the

criterion of mediating effect that the industrial structure plays a

partially mediating effect in the promotion of regional carbon

emission intensity by digital finance, indicating that the increase

in the proportion of GDP added value in the service sector

reduces the CO2 intensity. The possible reason is that the process

of service sector development implies that technological progress

and factor reallocation elevates production efficiency, which is

consistent with hypothesis 3.

In short, more advanced digital finance will promote

industrial restructuring, thus suppressing CO2 emissions. With

the continuous improvement of the financial system, financial

services can effectively alleviate or even address information

asymmetry, and lower transaction costs, ultimately stimulating

capital accumulation and promoting the optimization of

industrial structure and economic development (Chava et al.,

2013). Second, there is a long-term equilibrium relationship

between financial operation efficiency and industrial structure

upgrading; by lowering the access threshold of financial services

and promoting the free development of the capital market, we

can effectively promote the transformation of industrial

structure, improve the efficiency of economic operation and

growth vitality (Kahia et al., 2016), and finally achieve

pollution emission reduction.

4.5.3 The mediating variable mass
entrepreneurship

1) The baseline column (1) shows that local digital financial

development has a negative and significant effect on regional

carbon emission intensity. 2) Column (6) indicates a positive

effect of local digital financial development on mass

entrepreneurship, but the impact is not significant. 3) Column

(7) adds mass entrepreneurship based on column (1), and

according to it, the coefficient corresponding to mass

entrepreneurship is negative, but still not significant. From the

criterion of mediating effect, it can be seen that mass

entrepreneurship has no mediating effect on the promotion of

regional carbon emission intensity by digital finance; therefore, it

has no positive effect on carbon emission intensity. The “green

bias” held by informal workers will be beneficial to energy saving

and emission reduction; however, if the production behavior is

oriented to increase productivity, the impact will be detrimental

as it leads to the expansion of the production scale.

5 Conclusions and policy implications

This paper first theoretically analyzes the mechanism of the

role of digital inclusive finance in influencing carbon emission

intensity; secondly, it uses panel data of 30 provinces across

China from 2011 to 2019 to test the relationship between digital

finance and green low-carbon development by constructing a spatial

econometric model. The empirical analysis showed that the impact of

digital finance on green low-carbon development is mediated by

factors such as technological innovation and industrial restructuring.

The conclusions are: first, digital finance has a promoting effect on

regional CO2 reduction capacity, and this conclusion still holds under

multiple robustness tests. Second, digital finance can promote regional

CO2 reduction capacity through two paths: promoting technological

progress and optimizing industrial structure. Third, the impact of

digital inclusive finance on CO2 emission intensity is heterogeneous.

Seeing from regional economic development levels, the development

of digital inclusive finance in the eastern region can enhance CO2

reduction capacity. In contrast, in the central and western regions, the

impact of digital inclusive finance on carbon emission reduction is not

significant.

Based on the above empirical findings, this paper puts

forward the following three suggestions to promote green

and low-carbon development: First, strengthen the exchange

and cooperation of carbon emission reduction among

regions. Efforts as such are interlinked among regions, so

it is necessary to establish a sound exchange and cooperation

mechanism to strengthen project exchange and cooperation,

and to accelerate the cooperation in environmental

governance and industrial docking, so as to enhance the

systemic and linkage of energy conservation and emission

reduction. Second, continue to develop digital finance. First,

improve the regulatory system of the digital finance industry.

Regulators should set entry thresholds for financial

enterprises, while establishing a reliable risk disclosure

mechanism to make the operation of financial enterprises

transparent. Secondly, relevant departments should pay

attention to the innovative and entrepreneurial incentive

functions of digital finance and work on its promotion, so as

to enhance the entrepreneurship level and boost enterprise

research and innovation activities. Finally, the advantages of

traditional finance in supporting infrastructure should be

given full play to achieve complementary advantages and

improve the efficiency of financial services (Gossling et al.,

2013). Third, financial policies should be tailored to local

conditions. For the eastern region, relevant enterprises

should innovate in technologies, products and services in

digital finance to meet the diversified needs of consumers,

which will drive force the development of digital finance. For
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the central and western regions, relevant departments should

improve the financial infrastructure, promote financial

knowledge in laggard regions, and improve their

acceptance and recognition of digital finance.

It should also be noted that this paper’s theoretical model and

empirical study have certain shortcomings. First, some of the

settings in the theoretical model are overpowered to reflect

the real economy and to comply with the technical

conditions of the endogenous growth model. Therefore,

future scholars will try to relax the assumptions to verify

the universality of the conclusions. Second, due to the

limitation of data availability, the research interval of this

paper only covers 9 years, so the time series of data can be

added in future research to enhance the effectiveness of the

results. Third, the macro-level data at the provincial level do

not reflect the micro-decision making behavior, and a more

micro-level data analysis, such as industry or firm data, may

be better.
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