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ARTICLE INFO ABSTRACT
Keywords: The digitalization of finance drives economic development and plays a crucial role in energy
Digital finance conservation and carbon emission reduction. Utilizing carbon emissions data from 2011 to 2020,

Low carbon development
Production technology innovation
Green technology innovation
Chain mediation effect

we find that digital finance development can mitigate carbon emissions intensity (CEI) by
approximately 0.14 %. Then, we employ a diverse set of robustness and endogeneity tests to
assess the reliability of the empirical findings. Moreover, the study delves into how digital finance
impacts CEI through production technology innovation (PTI) and green technology innovation
(GTD). The results indicate a positive effect of PTI on CEL GTI exerts a negative influence on CEL
In addition, there is a chain mediation effect between PTI and GTI in the baseline path. Finally,
the impact of digital finance on CEI exhibits apparent regional heterogeneity.

1. Introduction

With the increasing global attention to environmental problems, achieving a harmonious and balanced development between the
economy and the environment has emerged as a prominent and widely discussed topic [1,2]. China, the world’s outstanding
contributor to carbon emissions, is under immense pressure to reduce its emissions [3]. Based on achieving peaking carbon dioxide
emissions by 2030 and carbon neutrality by 2060 [4,5], China clarifies the role of finance in securing action to achieve carbon peaks.

However, academics have no consensus on the relationship between financial development and the environment. There are two
main points of disagreement. Some scholars impose that financial development can support environmentally friendly enterprises and
projects, promote industrial restructuring, and enhance investment in energy-efficient technologies [6-8]. Therefore, they believe
financial development can improve the environment and reduce CO; emissions. Contrarily, some researchers argue that financial
development may also increase CO, emissions and degrade environmental quality, since financial development raises residents’ in-
come, increasing their purchases of energy-intensive products. Simultaneously, financial development can give rise to a rebound effect
of technological progress, leading to an increase in energy consumption [9-12]. As an evolved mode of traditional finance, it is worth
studying whether digital finance similarly impacts low-carbon development.

The prevailing body of literature indicates that digital finance possesses low-carbon and green attributes, thereby holding the
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potential to drive sustainable economic development. Additionally, digital finance has enhanced service delivery and expanded the
service scope of traditional finance [13]. For example, Zhang and Liu [14] investigate the influence of digital finance on carbon
emission efficiency in 283 cities. Their study reveals that digital finance can decrease offline transactions and direct capital flows to
low-carbon industries. As a result, digital finance can exert a positive low-carbon impact, improving carbon emission efficiency.
Besides, Wang et al. [15] also argue that financial development plays a vital role in carbon emissions in terms of exploring the
relationship between the economy and the environment. Wang et al. [1] uncover that ICT on carbon emission presents a "U" shape
under the influence of financial development, and the "U"-shaped turning point occurs when the level of financial development is low.

It is essential to acknowledge that the literature on the potential mechanisms through which digital finance influences carbon
emissions is still in its infancy. Among these potential mechanisms, technological innovation has garnered significant attention. Wu
et al. [16] believe technological innovation and upgrading industrial structure are essential chain mediation mechanisms. Hao et al.
[17] and Lin and Ma [18] argue that digital finance positively affects emission reduction by promoting investment in green technology
innovation (GTI). However, Wu et al. [16] find that technological innovation significantly inhibits carbon emission efficiency.
Therefore, it is paramount to comprehensively analyze the disparities in emission reduction effects between production technology
innovation (PTI) and GTI while acknowledging the intrinsic interconnections between these two aspects within a unified framework.

This paper mainly endeavors to explore the following three questions. First, does digital finance effectively contribute to actions
aimed at reducing carbon emissions? Second, are there notable attribute differences in technological innovation for low-carbon
development? Third, do PTI and GTI serve as chain intermediaries in the pathway through which digital finance influences carbon
emission intensity (CEI)?

To answer these issues, we first analyze the direct effects of digital finance on CEI via a panel fixed effects model. Second, this paper
constructs a chain mediation model to investigate the effects of different technological innovations on carbon emission reduction.
Finally, we further investigate the characteristics of regional heterogeneity regarding the impact of digital finance on CEL

This paper makes several potential contributions. First, this paper makes several potential contributions. First, Existing literature
has extensively explored the relationship between the economy and the environment from a macroscopic perspective, such as Wang
et al. [19] and Wang et al. [20] have shed light on the influence of trade openness and geopolitical changes on the environment. They
identify financial development as a crucial moderating variable in the nexus between economic efficiency and environmental con-
servation. Digital finance represents an innovative paradigm within traditional financial systems, yet research on its emission
reduction mechanisms needs further refinement. In contrast to the research conducted by Li et al. [21], this paper constructs the direct
pathway through which digital finance influences carbon emissions intensity (CEI). Additionally, it investigates the potential indirect
impact mechanisms of digital finance on CEI from the perspective of technological innovation. By delineating both direct and indirect
pathways, this paper comprehensively explains the multifaceted relationship between digital finance and environmental
sustainability.

Second, this paper fills a research gap by examining the distinctions in the attributes of both PTI and GTI in the context of the
influence of digital finance on CEI. To our knowledge, this aspect has been underexplored by previous scholars in the field. Therefore,
in this paper, we examine the disparities in emission reduction effects between PTI and GTI within a unified framework, which enriches
the existing relevant studies. Third, existing studies tend to study the mediating effect of a single variable in a fragmented manner, and
the chain relationship between multiple mediating variables is ignored. Therefore, based on the learning by doing (LBD) theory
proposed by Arrow [22], we construct a more complex model to explore the chain mediation effect between PTI and GTI.

Finally, this paper makes targeted recommendations from digital finance and technological innovation perspectives. This study’s
research findings carry significant policy implications for governments striving to achieve carbon neutrality objectives and enhance
regional coordinated development. The implementation of these recommendations can facilitate progress towards carbon neutrality
targets while fostering regional harmonization and sustainable development.

The remainder of the paper is organized as follows. Section 2 theoretically analyzes the potential impact mechanisms and presents
the corresponding research hypotheses. The research methodology and data are presented in Section 3. Section 4 enumerates the
empirical results and provides an in-depth analysis of the valuable findings. Finally, Section 5 summarizes the relevant findings and
makes recommendations.

2. Theoretical mechanism and hypotheses
2.1. Digital finance and carbon emissions

Digital finance utilizes cutting-edge technologies such as artificial intelligence and blockchain to provide services, leading to a
qualitative improvement in the efficiency of financial services [13]. Digital finance has two direct impacts on carbon emissions. On the
one hand, financial institutions can directly provide credit products to borrowers through online platforms, avoiding the offline
consumption of resources and energy and reducing associated CO, emissions [23]. Consequently, digital finance enhances resource
allocation efficiency and effectively fulfills the requirements of green development [24].

On the other hand, digital finance’s technological benefits can help alleviate the information asymmetry between lenders and
borrowers [25]. By leveraging digital technology, financial institutions can accurately and efficiently identify environmentally friendly
enterprises, enabling loans to low-consumption and low-emission businesses, thus contributing to alleviating environmental pressure.
Therefore, we sorted out a hypothesis from the mechanism mentioned above analysis.

Hypothesis 1. Digital finance can curb carbon emissions, and it is negatively related to CEI.
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2.2. The intermediary effect of technological innovation

Endogenous growth theory posits that technological progress is necessary for sustainable economic development. Brock and Taylor
[26] propose the Green Solow model based on the Solow model [27], which takes into account the adverse impact of environmental
pollution (i.e., carbon emissions) on economic production and incorporates technological progress into carbon emission reduction
activities. According to Ref. [26], the growth rate of CO, emissions in the balanced growth path, i.e., gg = gz + n— ga. gg means the
total growth rate of CO, emissions, which depends on the population growth rate n, the production technology growth rate gz, and the
rate of carbon emission reduction technology growth ga.

However, the Green Solow model is inconsistent with reality. This model assumes that technological progress is exogenous. If the
rate of technological progress is zero, socio-economic development will stagnate. The learning by doing (LBD) theory imposes that
capital accumulation can promote technological progress [28], which provides theoretical support for exploring how digital finance
can affect CEIL

Therefore, digital finance indirectly affects CEI through three potential mechanisms. First, digital financial capital can improve
production and energy usage efficiency through technological innovation but increase CEI. As Wang and Wei [29] mentioned, the
technology rebound effect leads to increased carbon emissions and environmental pressures as digital finance facilitates technological
innovation in production. Similarly, According to Refs. [16,30], digital finance has the potential to stimulate technological innovation.
However, they also acknowledge that technological innovation leads to a substantial increase in CO, emissions while simultaneously
reducing carbon emission efficiency. They argue that technological innovation improves production efficiency and reduces production
costs. Hence, technological innovation indirectly expands energy consumption, ultimately producing a rise in CO, emissions.

Second, it is essential to note that GTI and PTI possess distinct attributes. GTI, in particular, emphasizes advancements in envi-
ronmentally friendly innovation domains [31]. With the government guiding financial capital into green innovation, digital finance
can directly support green innovation R&D to reduce carbon emissions. Feng et al. [32] and Li et al. [33] point out that digital finance
can alleviate financial constraints for companies, thereby increasing financing support for technological innovation, particularly in
green technologies. The development and use of green technologies can generate direct environmental benefits.

Third, The LBD theory provides the basis for explaining the intrinsic link between digital financial capital and innovation. Pro-
duction technology accumulates a large amount of valuable experience and innovation base in the process of continuous innovation.
These skill reserves gained from PTI can provide practical innovation support for the subsequent GTI. Theoretically, there exists an
inherent connection between technological innovations that drive production activities and those focused on promoting green
governance.

Therefore, we propose three research hypotheses related to the aforementioned analysis.

Hypothesis 2. Digital finance can indirectly impact CEI through PTI. Meanwhile, PTI increases CEL
Hypothesis 3. Digital finance can indirectly influence CEI through GTI. Meanwhile, GTI diminishes CEL
Hypothesis 4. Digital finance can indirectly mitigate CEI through the chain relationship facilitated by PTI and GTIL.

This study presents a diagram illustrating the influential mechanism of digital finance and CEI, as depicted in Fig. 1.
3. Methodology and indicator selection
3.1. Model

The Impact, Population, Affluence, and Technology (IPAT) model posits that environmental changes primarily result from the
combined influence of three driving factors: population, economic activity, and technology. This model underscores the
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Fig. 1. Potential mechanism.
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interconnectedness of these factors, highlighting that individual components cannot exert independent effects on environmental
impacts. While the IPAT model serves as a valuable framework for studying environmental changes by isolating individual factors
while keeping others constant, it possesses inherent limitations. The Stochastic Impacts by Regression on Population, Affluence, and
Technology (STIRPAT) model, introduced by York et al. [34], represents an enhancement of the IPAT model by incorporating error
elasticities and stochastic errors. Yu et al. [35] elucidate that the STIRPAT model offers greater structural composition flexibility than
the traditional IPAT model. This flexibility allows for a nuanced decomposition of various influencing factors, enabling tailored
environmental impact studies to suit diverse scenarios.

The model is expressed as follows: I = aP’A°T4e, where I denotes environmental pressure, P represents the total amount of pop-
ulation, A signifies affluence level, and T denotes technological level. a, b, ¢, and d represent the intercept term and the elasticity
coefficients of the corresponding variables, respectively. e denotes error term.

This paper employs a logarithmic transformation to address the issues of trend and heteroscedasticity in the time series data, as Xu
et al. [36] suggested. In line with our research objectives, the benchmark regression model can be reformulated as equation (1):

In CEL, =+ 10 DIF; + > 7, 10 Xppio + p; + vi + € @

m=1

where, i and t represent the province and year, respectively. CEL; and DIF; are this paper’s core explained and explanatory variables,
namely CEI and digital finance. X, includes a vector of control variables, such as financial development level, the total number of
populations, energy structure, and government intervention. The notation In( -) signifies taking the logarithmic form of the variable. In
equation (1), our primary focus lies on the coefficient f, as it represents the specific object of our attention, which is the relationship
between digital finance and CEI. We expect /i to be significantly negative, suggesting that provinces with higher levels of digital finance
may generate lower CEL This would be lined with H1.

In addition, to differentiate the distinct effects of PTI and GTI on CEI and investigate whether they serve as potential mechanisms
through which digital finance influences CEI, we establish several models as follows:

In PTI, = a; + B, In DIF; + ; Yo I X + ;4 v + &4 (2)
In GTI; = ay + B, In DIF; + Zl Yo I X + 4y 4+ v + €5 3)
In GTI;; = a3 + f; In DIF; + &, In PTI;, + ; Voo 10 Xoio + i + v + € @
In CEL; = a4 + B4 In DIF; + 6, In PTI;, + ¢, In GTI;, + 25: Vo I X0 + p; + v, + €4 (5)

m=1

Combining equations (1)-(3) and (5), we could identify the multiple mediating effects of PTI and GTL If j,, f3,, 62, and ¢, are
statistically significant, PTI and GTI are potential mechanisms by which digital finance affects CEI If both f, and &, are significantly
positive, then H2 holds. If g, is significantly positive and ¢, is significantly negative, the results are consistent with H3. f3,6, and f,¢,
are mediating effects of production technology innovation and green technology innovation, respectively. g, indexes direct effects.
Therefore, the total effect of digital financial interference CEI can be quantified by f = g, + f,62 + So¢;-

Moreover, by jointing equations (1), (2), (4) and (5), we may analyze the chain mediation effect of PTI and GTI in the path of digital
finance impacts CEL f;52 and f;¢; are mediating effects of PTI on GTI, $;61¢,; means the chain mediation effect. The total indirect
effects to be 5,52 + f3¢;, + f11¢,, and the total effects of digital finance can be described as: § = 4 + 162 + f3¢1 + f161¢; . If all these
coefficients are statistically significant, corresponding underlying mechanisms and chain mediation effects are valid. It is clear that H4
holds as long as $; and &, are significantly positive and ¢, is negative.

3.2. Variables and data description
We leverage annual balanced panel data covering 30 provinces in China for 2011-2020. The variables are constructed as follows.

3.2.1. Dependent variable

The dependent variable, CEIL, is measured as CO, emissions per unit of gross domestic product (GDP), as described in previous
studies [37,38]. The CO, data is collected from Carbon Emission Accounts and Datasets (CEADs),' which provide a comprehensive
measurement of carbon emissions data with high spatial accuracy and quality. GDP data derived from the China Statistics Yearbook.”
The higher the CEI, the greater the CO, emissions per unit of GDP output and the worse the environmental quality.

1 Carbon Emission Accounts and Datasets is available at https://www.ceads.net.cn/.
2 GDP data is officially released by the National Bureau of Statistics, retrieved from http://www.stats.gov.cn/sj/ndsj/.
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3.2.2. Independent variable

Following previous research by Guo et al. [39], we utilize digital inclusive finance as a proxy variable for digital finance, denoted as
DIF. This indicator captures the level of development of digital finance based on three dimensions: breadth of coverage (DIFbre), depth
of usage (DIFdee), and degree of digitization (DIFdig). We obtained the index information from the Peking University Institute of Digital
Finance, which is widely used in existing studies [18,40-42].

3.2.3. Mediating variables

According to Ref. [16], technological innovation and industrial structure upgrading are essential chain mediation mechanisms.
Some literature argues that digital finance positively affects emission reduction by promoting investment in green technology inno-
vation (GTI) [17,18]. However, production technology innovation (PTI) significantly inhibits carbon emission efficiency [16]. Hence,
it is imperative to concurrently examine the disparities in emission reduction effects between production technology innovation and
green technology innovation, as well as their inherent connections, within a unified framework.

We propose two potential mechanisms by which digital finance could affect CEI. One of the mediating variables is the PTI.
Following Furman et al. [43], the construction of PTI is obtained from the evolution of the Cobb-Douglas production function A =
eR*S/, where A is the number of patents, R represents an investment in R&D, S is the number of researchers, and ¢ indicates technical
level. Given constant returns to scale and conditional on @ = f, we can rewrite the production function as: PTI = ¢2 = A?/ RS. The
model’s numerator represents technical outputs, and the denominator denotes technical inputs. A higher value demonstrates a higher
level of technological innovation. Relevant data can be obtained from the China Statistical Yearbook on Science and Technology.

According to Ref. [44], The other variable, GTI, is measured using the total number of green patent applications, this data is
collected from the China National Intellectual Property Administration. Specifically, green patent applications are summed up at the
provincial level according to the green patent list and international classification codes provided by the World Intellectual Property
Organization.

3.2.4. Control variables

To comprehensively examine the determinants of CEI, drawing insights from the studies of Shahbaz et al. [8], Li et al. [33], and Xu
et al. [36], we introduce a range of control variables that may be related to CEI into our estimation, including, financial development
level (FIN), which is quantified by the balance of deposits and loans of financial institutions per unit of GDP; the population (POP);
energy structure (COA), which is defined as the coal consumption; and government intervention (GOV), as a ratio of financial in-
vestment to GDP. All control variables information is retrieved from the Statistical Yearbook by Province. The descriptive statistics of
the variables of interest are shown in Table 1.

In Table 1, the standard deviation of CEI is 2.08. The minimum and maximum values range from 0.20 to 12.16 Tons/10000 RMB,
highlighting the significant variation in CEI levels across different provinces. This variation serves as the research basis and neces-
sitates the testing of heterogeneity analysis regarding the influence of digital finance on CEI on a provincial scale.

4. Empirical analysis
4.1. Unit root test, co-integration test, and Hausman test

To address concerns regarding pseudo-regression issues, we conducted a unit root test to examine the stationarity of the variables.
Additionally, we utilized the Hausman test to determine the suitable regression model for our analysis. These measures were taken to
ensure the reliability and validity of our regression results. First, this research follows [45] to perform LLC, IPS, and PP panel unit root
tests, and the results are presented in Table 2. The test results indicate that the data is stationary after the first differencing.

Then, we introduce the Kao test to verify the long-term co-integration relationship between variables. The outcomes are shown in
Table 3. The co-integration test results show that all t-statistics are significant at a 5 % level, demonstrating a long-run co-integration
relationship between the variables. Besides, we report the Hausman test estimator in Table 3. The p-value for y2 is less than 0.001, so
the fixed effects model is the preferred choice.

4.2. Baseline regression and robustness test

4.2.1. Benchmark regression

In Table 4, M1 and M2 represent the results without and with control variables, respectively. The coefficients of digital finance are
negative and significant at the level of 1 %, signifying that digital finance has a mitigating effect on carbon emissions, which is
consistent with the H1 and aligns with the finding of Lee et al. [46]. Moreover, our outcome reveals a significant negative influence of
financial development on CEIL, with a coefficient of —0.559. This result may be that the development of the financial sector can regulate
the financing and loan structure of high-energy-consuming enterprises, thereby influencing their energy consumption and structure.
This finding aligns with the conclusion of Acheampong et al. [47].

4.2.2. Robustness test
To ensure the reliability of the estimation results, we perform a series of robustness checks in this section, shown in Table 5. First,
M3 shows outcomes for incorporating year-fixed effect. Second, we use alternative measurement (i.e., the ratio of CO, emissions to the
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Table 1
Summary statistics.
Type Variables Unite Obs Mean Std. Dev. Min Max
Dependent variable CEI Tons/10000 RMB 300 2.11 2.08 0.20 12.16
Independent variable DIF - 300 217.25 96.97 18.33 431.93
DIFbre - 300 198.01 96.33 1.96 397.00
DIFdee - 300 212.04 98.11 6.76 488.68
DIFdig - 300 290.24 117.64 7.58 462.23
Mediator variable PTI - 300 149.06 118.22 6.28 746.89
GTI piece 300 7568.89 10651.88 29.00 67258.00
Control variable FIN - 300 3.35 1.09 1.68 7.55
POP 10000 people 300 4599.78 2837.85 568.00 12624.00
COA 10000 tons 300 14587.13 11060.21 134.98 51331.61
GOV - 300 0.26 0.11 0.12 0.76
Table 2
Unit root tests.
Variables LLC IPS Fisher-PP
trend constant trend and constant constant trend and constant constant

and constant

Levels InCEI —9.9518%** 0.0116 —3.5414%** 3.2297 —1.3439
InDIF —26.8081 —9.1291* —21.2589* 121.3666
InDIFbre —46.8479 —78.3008 —45.6670* 164.0372
InDIFdee —16.5215%** —33.0462%** —8.2469*** —16.0413%*** 90.2113***
InDIFdig —30.5175%** —12.5510%** —16.5597*** 86.7705%**
InPTI —5.3671%** —2.8571%** —0.2090 1.8015%* 4.2765%**
InGTI —8.0462%** —6.4953*** —1.7481** —0.4471 2.6673*** 2.7964%**
InFIN —-1.613 1.3944 1.9979 —3.8161 —2.4566
InPOP ¢ —3.8880* —1.2826* —1.5130* 0.7035 39.0680***
InCOA —6.5975%** —1.7815%* —1.7544** 0.8638 1.2360 2.1354**
InGOV —8.3814** —1.4296* —1.3502* 0.5586 —0.1646

First difference InCEI —47.337 —12.6609 —19.410 —8.4850 22.5027
InDIF —43.5341%** —15.0808 —18.915 —16.8836*** 93.6830 *
InDIFbre —21.1187%*** —110.0000*** —42.3787%** —100.0000%*** 160.0000%*** 158.4162%**
InDIFdee —16.9236*** —25.3201%** * 56.5545***

InDIFdig —48.3322%** —30.5020%** —59.3758*** —19.3861*** 68.2668*** 85.8872%**
InPTI —49.9526%*** —8.4201%** —21.1031%** —8.6967*** 21.7746*** 18.7313**
InGTI —45.6455*** —8.6244* —13.0603* —5.5342%** 12.8451*** 15.9004***
InFIN —22.643 —5.343 —6.9366" —3.3304 1.8888* 2.6403°
InPOP —20.6505*** —13.9357*** —4.7886*** —4.7287%** 11.3819*** 1.7931%*
InCOA —8.6287*** —10.0333*** —11.5523%*** —7.1184%*** 10.7865%*** 14.3242%**
InGOV —64.5855%** —14.3667*** —31.6245%** —8.8208*** 13.0674*** 16.2428%***

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

Table 3

Co-integration test and Hausman test.
Kao test t-statistics p-value
Modified Dickey-Fuller —2.9431 0.0016
Dickey-Fuller —4.8516 0.0000
Augmented Dickey-Fuller —2.2516 0.0122
Unadjusted modified Dickey-Fuller —3.5951 0.0002
Unadjusted Dickey-Fuller —5.1381 0.0000
Hausman test chi2 p-value

47.07 0.0000

Model type Fixed effect model

value added in the secondary sector, labeled as InCEI*) to take the place of the dependent variable in Model (1). The estimated outcome
is shown in M4. Third, M5-M7 presents the regressing Model (1) results using the logarithm of three dimensions of digital finance
indicators (InDIFbre, InDIFdee, InDIFdig). Finally, we use a lagged one-period of digital finance (L.InDIF) and green finance index
(InGRF) logarithm as an alternative. Regression results are described in M8 and M9.

As indicated in M2 to M9, all the digital finance coefficients are negative and statistically significant at the 1 % confidence interval,
suggesting that digital finance diminishes CEI.
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Table 4
Baseline results of digital finance on CEL
Variables M1 M2
InCEI InCEI
InDIF —0.2552%** —0.1439%**
(0.0150) (0.0215)
InFIN —0.5589%***
(0.1336)
InPOP —2.6027%**
(0.3114)
InCOA 0.3977%**
(0.0335)
InGOV 0.4885%***
(0.1196)
Constant 1.7542%** 20.1962%**
(0.0787) (2.5714)
Time Effect No No
Individual Effect Yes Yes
N 300 300
Within R2 0.5198 0.7329

Note: *** ** and * denote statistical significance at the 1 %, 5 %, and 10 % levels, respectively.
Standard error in parentheses.

4.2.3. Endogeneity analysis

Endogenous problems may disrupt the reduction effect of digital finance on CEIL For instance, there is a possibility of overlooking
unobservable variables that influence CEI and digital finance. Moreover, there are interactions among variables in the model. We
address potential endogeneity issues using the Two-Stage Least Squares (2SLS) method with instrumental variables and lagged the one-
period digital financial index as instrumental variables.

According to related literature, we construct two instrumental variables [12,48]. One is an artificially constructed instrumental
variable (InINV), comprising the product of the previous year’s Internet users in the country and the number of fixed telephones per
100 people in each province in 1984. The other one is the lag term of digital finance. Historical telecommunications infrastructure can
impact the phased adoption of internet technology by financial institutions, and the lagged digital finance development does not
influence the current level of carbon emissions. Therefore, the instrumental variables selected in this paper are theoretically
reasonable.

Employing the instrument variables, we perform a 2SLS regression to explore the influence of digital finance on CEIL. We fitted and
regressed the relationship between instrumental variables and digital finance in the first stage. In the second stage, we analyzed the
fitting value of digital finance and CEI The estimated outcomes are summarized in Table 6.

According to Table 6, the F-statistics for the weak instrumental variable test are all higher than 16.38 (i.e., the 10 % maximal IV
size), indicating that the instrumental variables are valid. As presented in columns (3) and (5), the coefficients of InDIF are still negative

Table 5
Robustness checks: alternative measures.

Variables M3 M4 M5 M6 M7 M8 M9

InCEI InCEI* InCEI InCEI InCEI InCEI InCEI
InDIF —0.2551%** —0.2460%**

(0.0747) (0.0728)
InDIFbre —0.1085%**

(0.0165)
InDIFdee —0.1159%**
(0.0220)
InDIFdig —0.0854***
(0.0174)
L.InDIF —0.2337%**
(0.0717)
InGRF —0.7423%**
(0.1703)

Constant 14.0331%** 10.6220%** 21.2143%** 22.4105%** 23.0013*** 15.0160%** 8.7799%**

(2.9303) (2.8576) (2.5187) (2.5872) (2.5829) (3.2008) (3.0001)
Control Variables YES YES YES YES YES YES YES
Time Effect YES YES NO NO NO YES YES
Individual Effect YES YES YES YES YES YES YES
N 300 300 300 300 300 270 300
Within R2 0.7704 0.6726 0.7314 0.7173 0.7138 0.7418 0.7765

Note: *** ** and * denote statistical significance at the 1 %, 5 %, and 10 % levels, respectively. Standard error in parentheses.
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and significant at the 1 % level, suggesting that the conclusion that digital finance effectively mitigates CEI remains valid.

4.3. Mediation effect analysis

In this section, we further identify the mediation effects of heterogeneous PTI and GTI on CEI and their potential roles in the in-
fluence of digital finance on CEL. We employ a stepwise regression approach to run equations (2)-(5), and the estimated results for the
mediating and chain mediation effects are displayed in Table 7.

The coefficients in columns M13 and M14 demonstrate that digital finance significantly promotes PTI and GTI at the 1 % signif-
icance level because the inclusiveness of digital finance enables more small and medium-sized enterprises and underserved pop-
ulations to access sufficient credit funding to support innovative project research and development [49], this finding aligns with the
results of Lin and Ma [18] and Jiang et al. [50].

The results in column M15 indicate that increased PTI levels further promote GTIL. The human resources engaged in PTI accumulate
advanced experience while developing green technologies, laying the foundation for GTI [51,52]. The coefficient of PTI on CEI,
displayed in column M16, exhibits a significant positive relationship at the 1 % significance level. Additionally, GTI demonstrates a
significant negative correlation with CEI This outcome suggests that PTI increases carbon dioxide emissions because the purpose of
PTI is to enhance production efficiency, reduce production costs, and pursue high returns [53], whereas GTI reduces CEI.

Overall, the regression shows that digital finance impacts CEI through PTI and GTI. These results are lined with H2 and H3. In
addition, the results of columns M12, M13, M15, and M16 demonstrate a chain mediation effect between PTI and GTI. This implies that
digital finance can indirectly mitigate CEI by sequentially promoting PTI and encouraging GTI along a chain pathway, which is lined
with H4.

According to the regression coefficients in Table 7, we find the following conclusions. First, as shown in M16, the negative effect of
GTI on CEI is significantly greater than the positive effect of PTI on CEI. Undeniably, the inherent green attributes of GTI are still a key
driver in achieving sustainable and environmentally friendly economic development [54]. Second, we calculate the impact effect
indicators of each mechanism. The results show that the direct effect of digital finance on CEI is —0.2782, and the indirect effects of PTI
and GTI are 0.2123 and —0.0575, respectively. This result suggests that the mitigation effects of digital finance on CEI through GTI do
not yet compensate for the positive effect of PTI, which is consistent with the related research [16]. Third, the chain mediation effect of
PTI and GTI is —0.1317, and the total effect is —0.2551. This result indicates that digital finance can further promote the abatement
efficacy of GTI by promoting PTI. Overall, the total emission reduction effect of digital finance and GTI is still more prominent than the
carbon increase effect of PTI. Therefore, strengthening the development of digital finance and GTI and promoting the green trans-
formation of PTI can help reduce carbon emissions.

4.4. Heterogeneity analysis

In this section, we further investigate regional heterogeneity in digital finance’s inhibitory effect on CEL These results can be
viewed in Table 8. Columns M17-M19 represent the estimated outcomes for the Eastern, Central, and Western regions.

As presented in Table 8, digital finance reduces CEI in the Western region. This could be due to the reasonable industrial layout and
solid economic foundation in the Eastern and Central areas, where there is currently a good decoupling between economic devel-
opment and environmental governance [55]. Therefore, a significant reduction in emissions resulting from digital finance cannot be
observed in the Eastern and Central regions. However, low-carbon development in the Western region still needs financial support.
Therefore, the role of digital finance in decreasing emissions in the Western area is significant. Besides, PTI significantly drives CEI
across all regions, while GTI has a mitigating influence on CEI in the Eastern and Western areas. Population size and energy structure
also exert a clear regional heterogeneous impact on CEI.

Table 6
Two-stage least square (2SLS) regression.
Variables M10 M11
InDIF InCEIL InDIF InCEI
InDIF —0.2687*** —0.2752%**
(0.0414) (0.0418)
InINV 1.6939%**
(0.1593)
L.InDIF 0.4840%**
(0.0139)
Control Variables YES YES YES YES
Time Effect NO NO NO NO
Individual Effect YES YES YES YES
N 300 300 270 270
Centered R2 0.8088 0.6990 0.9633 0.7258
Under-identification test 80.741%** 201.075%**
Weak identification test 113.054[16.38] 1213.945[16.38]

Note: *** ** and * denote statistical significance at the 1 %, 5 %, and 10 % levels, respectively. Standard error in parentheses.
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Table 7
Chain mediation effect analysis for innovation.
Variables M12 M13 M14 M15 M16
InCEI InPTI InGTI InGTI InCEI
InDIF —0.2551*** 1.4482%** 0.5828*** 0.1772* —0.2782%**
(0.0747) (0.2690) (0.1150) (0.0918) (0.0720)
InPTI 0.2801*** 0.1466***
(0.0202) (0.0208)
InGTI —0.3247%**
(0.0488)
Constant 14.0331%** 18.4628* —7.2242 —12.3953*** 8.9806***
(2.9303) (10.5577) (4.5116) (3.4344) (2.7427)
Control Variables YES YES YES YES YES
Time Effect YES YES YES YES YES
Individual Effect YES YES YES YES YES
N 300 300 300 300 300
Within R2 0.7704 0.6349 0.9238 0.9565 0.8124

Note: ***  ** and * denote statistical significance at the 1 %, 5 %, and 10 % levels, respectively. Standard error in parentheses.
5. Conclusion and implications

We first use data from 30 provinces in China from 2011 to 2020 and conduct a fixed-effects model to identify the relationship
between digital finance and carbon emission reduction. Besides, we examine the chain mediation effect of PTI and GTI and the dif-
ference in their effects on CEI by constructing a chain mediation model.

The conclusions are as follows: 1) digital finance can significantly reduce CEI and is an enabler of green development. And the sub-
dimension indicators of digital finance can also significantly inhibit CEL 2) in the baseline path of digital finance affecting CEL, PTI and
GTI have a chain intermediary effect. Among them, there is a significant positive relationship between PTI and CEI, while GTI has a
significant negative effect on CEI 3) significant regional heterogeneity exists in the effects of variables on CEI Digital finance only
significantly and negatively affects CEI in the Western region, GTI can significantly suppress CEI in the Eastern and Western regions,
and PTI significantly contributes to carbon emission in all regions.

Based on the conclusions, we posit several policy implications. In light of our findings, First, digital finance significantly inhibits
CEL Therefore, it is essential to strengthen the digital development of finance, increase the construction of digital platforms and in-
frastructures, and expand the scope of digital finance usage. It is worth noting that green building materials need to be paid attention to
in constructing digital infrastructure facilities to avoid endangering environmental quality. Equally important is the promotion of
integrating and developing digital finance with traditional and green finance to transform financial services towards both green and
digital aspects.

Additionally, digital finance can promote technological innovation in production, but technological innovation in production can
increase CEI. In addition, digital finance can stimulate green technology innovation and thus reduce CEI. This observation highlights a
distinct attribute difference between the effects of PTI and GTI on carbon emission reduction. This conclusion aligns with the
perspective put forth by Wang et al. [56] and Feng et al. [57] regarding the promotion of green innovation. Consequently, investment
in the development of green technology is necessary to facilitate the attainment of carbon peak targets, irrespective of financial or fiscal
support. This paper argues that production-based and green technological innovation should form a dynamic complementarity to
achieve more significant economic gains while safeguarding environmental quality from deterioration through specialized tools.

Furthermore, substantial regional heterogeneity exists in the impact of each variable on CEL Thus, it is crucial to foster multi-
regional linkage and synergistic development to accomplish the objective of low-carbon development. The Eastern region, with its
good economic development foundation and advantages in green technology innovation, should share its management development
experience and green technology achievements with regions with higher CEI. The development of digital finance in the Western region
benefits carbon emission reduction. Therefore, government departments can further promote and expand the inclusiveness of digital
finance in the Western region.

This paper can be further expanded. For example, the spatial and temporal characteristics of CEI are worth exploring. Moreover, the
abatement effect of digital finance can be further studied using micro-data. Besides, we consider that analyzing the coordinated
emission reduction effects of digital finance and green finance should be equally valuable for application.

Ethics permission and consent to participate

We verified the fact that this paper is original and not currently pending publication in another journal. This research is exempt
from informed consent requirements and ethical clearance.

Consent for publication

Not applicable.



Y. Jiang et al. Heliyon 10 (2024) e30155

Table 8
Heterogeneity analysis results of different regions.
Variables M17 M18 M19
Eastern Central Western
InCEIL InCEI InCEI
InDIF 0.3060 —0.2567 —0.2185%*
(0.1842) (0.1991) (0.0863)
InPTI 0.0941** 0.1236%** 0.0423*
(0.0396) (0.0296) (0.0247)
InGTI —0.3117%*** 0.0593 —0.1438**
(0.1154) (0.0750) (0.0561)
InFIN —0.0547 —0.3667 —0.2626
(0.2702) (0.3036) (0.1914)
InPOP —2.1140%** —3.3772%%* —1.7649%**
(0.8035) (0.5316) (0.5905)
InCOA 0.2711%** 0.6892%** 0.7235%**
(0.0382) (0.0923) (0.0646)
InGOV 0.0837 —0.1228 0.4215**
(0.1757) (0.2440) (0.1718)
Constant 16.4679** 22.8181%** 10.6417**
(6.5943) (4.4294) (4.3772)
Time Effect YES YES YES
Individual Effect YES YES YES
N 120 80 100
Within R2 0.8150 0.9521 0.9422
Note: ***, ** and * denote statistical significance at the 1 %, 5 %, and 10 % levels, respectively. Standard error in parentheses.
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