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In recent years, with the increasing attention to global warming, low-carbon
development has become a global requirement, which has attracted widespread
attention from scholars and policymakers around the world. Therefore, this study
explores the evolution of spatio-temporal dynamics and heterogeneity of the
impact of carbon finance on clean energy development using spatial
econometric modelling based on panel data from 30 provinces in China from
2010–2023, and also further explores the role of low-carbon technological
innovations in this promotion process. It is found that carbon finance
significantly promotes clean energy development, but this contribution
decreases with the intervention of low-carbon technology innovation.
Secondly, when considering government intervention and market-driven
conditions, both amplify the positive impact of carbon finance on the
development of clean energy, and the impact of carbon finance varies in
different regions. Finally, considering the existence of spatial and regional
heterogeneity, carbon finance has the largest impact among the eastern
regions, the lowest among the central regions, and the second largest among
the western regions. These facts indicate how carbon finance can be an effective
means to support the development of clean energy in China. Therefore, in
promoting the deep convergence of both carbon finance and clean energy,
this study provides theoretical support for rising emerging developing economies
such as China.
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1 Introduction

From the early 21st century, there has been global recognition of global warming and its
harms and threats to human survival, making climate warming an inevitable major issue in
theory and practice (Zhou and Li, 2019). As global climate change intensifies and
environmental problems become more prominent, low carbon, environmental
protection and sustainability have become a global agreement and development
direction (Lewis, 2010). Being the world’s biggest carbon emitter and the largest
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emerging economy, China has an important responsibility to
address climate change and promote global development (Guo
et al., 2021). To this end, since 2013, the first batch of CO2

emission trading pilots have been carried out in Shenzhen,
Beijing, Guangdong, Shanghai, Tianjin, Hubei, and Chongqing.
In 2016, trading started in Fujian as the second batch of CO2

trading pilots (Zhou et al., 2024). In 2017, the construction of a
unified CO2 emission market was initiated. However, in terms of the
level of regional carbon finance (CAF) development, the first seven
pilot regional market cities for carbon emissions trading are
relatively experienced in development, but the level is uneven;
the remaining provinces are relatively lagging behind in carbon
finance development. Currently, China’s unified CAF system is
undergoing a critical period of construction, and its first
compliance cycle was officially launched on 1 January 2021,
including 2,225 emitters from the power industry, which will be
gradually incorporated into more industries such as petroleum and
manufacturing, to control and reduce greenhouse gas (GHG)
emissions by making the best possible use of the mechanism of
the market.

In the context of “carbon neutrality”, as an emerging financial
model, CAF is widely regarded as one of the effective methods to
drive sustainable development within the context of the ‘dual
carbon’ goal (Zhou and Li, 2019; Guo et al., 2021; Chien et al.,
2023). To this end, CAF sustainable development is crucial to
achieving China’s carbon capping and carbon neutral goals. To
promote its economic sustainable development and enhance its
responsible image in the international society, therefore, the
Chinese government always placed emphasis on the CO2

emission product trading and the development of the CAF
market (Kaifeng and Chuanzhe, 2011). However, as social and
economic development progresses, the financial market is playing
an ever-increasing role in the overall human environment, and the
concept of CAF (Environmental Finance and Green Finance) has
gradually emerged. To this end, the CAF aims to channel funds into
green and low-carbon sectors, support the clean energy development
(CLE), promote the reduction of CO2 emissions, and thus create a
virtuous circle of both economic development and environment
conservation (Li et al., 2023). Therefore, CAF supports CLE
development by providing loans and investments. The
development of CLE requires huge capital investment, but it is
difficult for traditional financial institutions to meet its financing
needs. However, large inflows of funds will undoubtedly exacerbate
environmental pollution or promote environmental degradation
(Madaleno et al., 2022). For this reason, CAF, as a policy tool for
environmental governance, is the basic condition for implementing
the “dual carbon” goal and achieving CO2 emission reduction, and
plays an important role in leveraging funds to invest in CLE
development.

This study aims to explore the decisive role of CAF in the
development of CLE in China from 2010 to 2023, and explain its
mechanism from the perspective of low-carbon technological
innovation (LCTI). To study the heterogeneous impact of CAF
on CLE, the researcher also considered such factors as regional
economic development level, market drive, government regulation,
ecological environment (ecological footprint), and FDI. The
contributions of this paper are mainly in four aspects. Firstly,
this study introduces a new perspective on the study of CLE by

exploring the contribution of CAF. This approach fills a gap in the
literature and provides valuable insights into new pathways to
accelerate CLE development. Secondly, unlike previous literature
focusing on the economic, social and environmental impacts of
CAF, this study focuses on the relationship between CAF and CLE.
This study discovered the potential of CAF in promoting CLE for the
first time, thus filling the gap of previous research, providing a new
perspective for the development of CLE through CAF. Thirdly,
based on information processing and asymmetry theory, this study
will focus on the financing limitations of energy de-carbonisation as
viewed from the CAF, and it will discuss whether the CAF makes up
for the shortcomings of traditional funding with regard to the
objects of support, and whether the CAF has become a new force
driving the development of CLE. Finally, in view of the differences of
CAF and CLE in different regions of China, this study constructs a
comprehensive framework including CAF and CLE, and uses spatial
econometric models to systematically explore the regional
heterogeneity and asymmetry of CAF on CLE from the
perspective of government intervention and market drive. At the
same time, it further explores how they amplify the role of CAF in
promoting the development of CLE.

The remainder of this paper is structured with the following
sections: Part 2 provides a review of previous literature and research
hypotheses. Part 3 introduces the descriptive data and research
methodology. Part 4 provides the results and further discussion, and
Part 5 summarises the findings and limits of the study.

2 Literature review and research
hypothesis

With the current economic globalisation and carbon neutrality,
low carbon credit finance is an essential driving force to support and
guide the development of CLE (Huang, 2022). The essence of CAF is
to enhance the guidance of low-carbon credit capital, that is, to guide
more financial resources to green and low-carbon fields. At present,
most scholars in the fields of energy, social and environmental
finance focus their attention on the qualitative analysis of the
concept, connotation and operating mechanism of CAF (Zhou
and Li, 2019; Antunes et al., 2024). However, the CAF market
has not yet been clearly defined, and the concept of “carbon market”
is more used internationally, whichmay be because the international
carbon market has strong financial and transaction attributes since
its emergence (Bredin et al., 2014; Aglietta et al., 2015; Bridge et al.,
2020). Labatt and White (2011) regarded CAF as an independent
discipline and separated it from environmental finance, and defined
it from both narrow and broad perspectives. For this reason, they
believed that in the context of environmental protection, CAF aims
to deal with climate change through market changes. Aglietta et al.
(2015) focused on the interaction between CAF and environmental
sustainability. They found that CAF could solve environmental
problems by providing capital, while also driving CLE
development. However, due to the late start of CAF in various
countries, the information disclosure of CAF varies, so that there is
no unified international standard to measure the development level
of CAF (Yu and Lo, 2015; Zhou and Li, 2019). So far, academic
research on CAF development is mainly conducted at the macro
level by Requate and Unold (2003) and Kaifeng and Chuanzhe
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(2011), whose research perspectives mainly focus on green
investment and financing activities for climate change mitigation,
which specifically include CO2 emission rights and its derivative
trading, CO2emission rights generating GHG gas emission
reduction, investment and financing of carbon sink programmes
and other relevant green and low-carbon financial intermediary
activities (Guo et al., 2021; Geng et al., 2023). For example, Geng
et al. (2023) discussed the impact of CAF on sustainable
environmental development from the perspectives of macro
finance, environment governance and technological development.
They believed that CAF could further improve environmental
quality through capital, resources and technology investment in
promoting CLE consumption-related industries. In addition, Li et al.
(2023) support this view from the capital-biased technological
progress perspective, where they argue that CAF reinforces the
scale and price effects of capital through technological progress,
which promotes energy use efficiency and CLE (Zhou and Li, 2022).
However, in response to this point of view, Gu et al. (2022) held the
opposite opinion. They believed that CAF was just a new financing
policy tool, that it was not only affected by price fluctuations, but
also had poor market liquidity, thus having certain limitations. To
this end, Guo et al. (2021) discussed the impact of carbon finance-
related policies on CO2 emission reduction, and found that the
higher the level of economic development and the higher the
proportion of CLE consumption, the more obvious the intensity
of CO2 emission reduction, and that it had a significant spatial effect
(Lewis, 2010). Similarly, Wang et al. (2023) conducted further
research on CAF in terms of emission reduction strength, and
they concluded that energy-saving and environmentally friendly
CAF can suppress carbon emissions more significantly than CLE-
oriented CAF. Moreover, they also found that CAFs are more
significant in reducing emissions in the central and western
regions of China, whereas they are not significant in the eastern
regions. This result is supported by the studies of Feng et al. (2022)
and Tang and Zhou (2023), who also concluded that the abatement
effect of CAFs gradually shifted from local to neighbouring areas,
where the degree of impact on local areas is weaker and the effect on
neighbouring areas is stronger. Therefore, this paper proposes the
following research hypotheses.

Hypothesis 1: The development of the carbon finance has
significant implications for the clean energy development, with
significant spatial heterogeneity.

Hypothesis 2: Carbon finance facilitates the reduction of carbon
dioxide emissions, thereby improving environmental quality.

In the process of CAF promoting the development of CLE, there are
many factors that play a boosting role, among which low-carbon
technological innovation is an important factor (Kameyama et al.,
2016; Mohsin et al., 2021). The development of CAF can promote
LCTI through FDI technology spillover, effective allocation of financial
resources, financial capital supporting human capital accumulation and
so on. However, in the early stage of CAF development, due to market
failure, social and technological path dependence, design flaws (for
example, total quota, quota allocation method, coverage), etc., the
incentive effect of CAF on LCTI is not obvious (Lehmann and
Gawel, 2013; Matsuo and Schmidt, 2017). However, the CAF
market is uncertain, and if the carbon price is too low or too high,

it will not be beneficial for the advancement of emission reduction
technologies and the development of economy and society due to the
uncertainty of supply caused by the quota allocation method and
market regulation, and the unreliability of data quality caused by the
imperfect test report and verification system (Zhou and Li, 2019). To
this end, based on the uncertainty of the financial market, Zhao et al.
(2024) used CAF policy to explore the development mechanism of CLE
from both macro and micro perspectives. Their research showed that
CAF policy could significantly increase CLE investment, improve CLE
utilization, and promote LCTI. This point of view has also been
supported by the research conducted by Zhang et al. (2017) and
Guo et al. (2021). However, Lin and Zhang (2023) research on
China’s CAF market held that without government subsidies and
policy support, CLE development and sustainable LCTI would not
be possible. On the contrary, Jiang and Xu (2023) research held that
neither the policy nor the mechanism of government subsidies could
effectively improve the efficiency of LCTI, which was not conducive to
the sustainable development of CLE. In general, financial policies help
to create a favorable CAF environment. By improving the LCTI
efficiency of energy companies, they guide green and low-carbon
funds into the CLE field, which has an incentive effect on
improving the energy structure and promoting energy sources.
Therefore, this paper proposes the following research hypotheses.

Hypothesis 3: Low-carbon technology innovation plays a
mediating or moderating role in carbon finance for clean energy
development.

3 Research methodology and data

3.1 Model setting

3.1.1 Spatial econometric model
As per the mechanism review of this investigation, the spatial

impact of CLE is all-encompassing in the management of the energy
and environment, so disregarding spatial elements in the
examination of environmental contamination will result in model
divergence and impact the precision of the findings (Hao et al.,
2025). The CLE between different cities will also be related because
of the way they are placed next to each other. Other things in the
economic model, except DIE, may also cause effects on neighboring
cities because of the way CLE is connected to each other in space.
Accordingly, the incorporation of the relevant factors affecting CLE
into the model is proposed in this work, with the aim of empirically
testing the spatial impact of regional differences of CAF on CLE. The
methods of Wang et al. (2022) and Zhong et al. (2024) are drawn
upon for this purpose. The following spatial econometric model is
therefore constructed in this work.

CLEit � α0 + ρ∑
n

j�1
WijCLEit + β1CAFit + β2∑

n

j�1
WijCAFit

+∑
n

j�1
θiControlit + γi∑

n

j�1
WijControlit + ui + vt + εit (1)

where, CLEit represents clean energy development of province i in
year t; CAFit represents carbon finance development level of
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province i in year t; ui represents fixed effect of province; vt
represents fixed effect of time; εit represents residual; Controlit
represents control variables; ρ represents spatial autoregressive
coefficient; γi represents elasticity coefficient of spatial interaction
of control variables, and θi represents the spatial weight matrix.

3.1.2 Mediated effects model
Considering that the causal effect between CAF and CLEmay be

two-way, CAF is the policy decisive factor for the development of
CLE, because CAF has a strong policy dependence, i.e., the activity of
the CAF market is restricted to a degree by the national
environmental policy, which determines the future development
direction of CLE. On the contrary, the development of CLE can
promote FDI or capital flow to low-carbon technology innovation,
which helps enterprises to reduce environmental governance costs,
thus balancing the relation of economic develop and CO2 emission
reduction. In other words, CAF may be determined by the
endogenous nature of CLE. Additionally, conventional ordinarily
ordinary least square (OLS) methods can cause some issues,
including bias in estimate, so there is a need to identify a proper
technique to achieve a proper estimate (Zhao et al., 2022). Therefore,
this study analyzes it by the systematic generalized moment method
(SYS-GMM) based on the research of Blundell and Bond (1998),
which can improve the estimation efficiency to some extent
(Shahbaz et al., 2022; Blundell and Bond, 2023). In addition,
CAF may affect CLE through LCTI based on previous literature
and our discussion of conduction mechanisms. The mediating effect
is the indirect influence that occurs when an outcome is influenced
by an intermediate variable (Dong et al., 2022). In order to verify if
the factors mentioned above can play the role of mediating variables,
we conduct an empirical analysis through the standardized
intermediary effect model, thus, the model is as follows.

LCTIit � α0 + α1LCTIi,t−1+α2CAFit + α3 ∑Controlit + φi + vt + εit

(2)
CLEit � β0 + β1CLEi,t−1 + β2CAFit + γLCTIit + β3 ∑Controlit + φi

+ vt + εit

(3)
where, CLEit represents clean energy development of province i in
year t; CAFit represents carbon finance development level of
province i in year t; LCTIit represent the intermediary variables
driven by low-carbon technology innovation of province i in year t;
α0 and β0 represent constant terms; εit represents residual.

3.2 Data selection and descriptive statistics

This study is based on relevant literature. It aims to build a
comprehensive framework. This framework will include CAF and
CLE. It will look at the two dimensions of government intervention
and market drive. It will also look at low-carbon technological
innovation. The study will explore regional heterogeneity and
asymmetry of CAF to CLE. It will do this from a multi-
dimensional and multi-level perspective. The study will use panel
data. This data comes from 30 provincial administrative regions in
China. It does not include Hong Kong, Macau, Taiwan and Tibet.
This is because there is no data for these places. The data is from

2010 to 2023. The study will also analyze the intermediary role of
LCTI. It will look at the relationship between the two (see Table 1).
The data and sources are as follows. The first information about
things like PGDP, LCTI, FDI, IND and CS comes from CNKI’s
“China Economic and Social Development Statistical Database”.
The preliminary information regarding the CEL, CAF and EF
variables is taken from the China Statistical Yearbook, China
Energy Statistical Yearbook and China Environment Statistical
Yearbook. Some of the missing data are supplemented by China’s
statistical yearbooks on cities, science and technology, and industrial
economy, as well as the CS-MAR database. In addition, considering
the heteroscedasticity and applicability of the data, this study takes
natural logarithms for the selected variables. Table 1 gives a list of
selected variables, descriptions, and symbols, while Table 2 gives
descriptive statistical results for each variable data. As shown in
Table 2, except for CAF, the averages of the other selected variables
are positive, but PGDP has the greatest variability (volatility) relative
to the other selected variables, followed by CLE, and EF has the
lowest variability. Furthermore, according to the results of the
Jarque-Bera test, all variables have a normal distribution at a
significant level of 10%. Similarly, the hypothesis was verified by
the VIF test results, and no multi-collinearity problem was found
between them, because the variance inflation factors of the selected
variables are all less than the empirical value of 10.

4 Empirical analysis and discussion

4.1 Spatial correlation checks

4.1.1 Results of the global spatial correlation tests
Before undertaking any spatial econometrics tests, it is necessary

to use spatial autocorrelation analysis to check if the indicators of
variables are autocorrelated or spatially interdependent, in order to
improve the accuracy, precision and reliability of the test results. So,
using Geary (1954) and Moran (1950), this paper is going to test the
global spatial correlation between CAF and CLE using two methods,
Moran’s I index and Geary’s C index. Table 3 provides
approximations of local Moran’s I and Geary’s C indices for CAF
and CLE for 30 provinces in China from 2010 to 2023, derived from
the geographic connectivity matrix. The results show that the
Geary’s C index of both CAF and CLE is greater than 0 under
the geographical distance matrix, but their Moran’s I index is less
than 0, except for that of CAF in 2023. In addition, the researchers
accidentally found that the Moran’s I and Geary’s C indices of CAF
and CLE from 2010 to 2023 were both significant at the significance
level of 10%, indicating that both CAF and CLE have significant
spatial autocorrelation. In other words, China’s CAF and CLE are
not randomly distributed, but show spatial clustering among certain
regions (areas). This means that areas with high levels of CAF
development and CLE tend to be adjacent to other highly developed
areas, but so do underdeveloped areas because of their apparent
spatial dependence.

4.1.2 Results of the global spatial correlation tests
Having used Moran’s I and Geary’s C indices to confirm the

existence of spatio-temporal correlation between CAF and CLE in
China, we drew a LISA map based on Moran scatter plots to further

Frontiers in Environmental Science frontiersin.org04

Cui et al. 10.3389/fenvs.2025.1528983

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1528983


explore this correlation and test the accuracy and reliability of the
results. Figures 1, 2 present LISA maps of the spatial distribution of
CAFs and CLEs for 2010, 2014, 2019 and 2023 under the geographic
distance matrix based on Moran scatter plots, respectively.
According to Figures 1, 2, the CAF and CLE in 30 provinces in
China are divided among four types of agglomeration: high-high
(H-H) conurbations are bordered by cities of the same high level;
low-high (L-H) conurbations are bordered by low and high level;
low-low (L-L) conurbations are bordered by low level; high-low
(H-L) conurbations are bordered by high and low level provinces

and cities. In addition, the researchers also noticed that both CAF
and CLE agglomeration areas showed L-H or H-L spatial
agglomeration evolution characteristics, but CAF in 2023 showed
H-H or L-L spatial agglomeration evolution characteristics.
Specifically, according to Figures 1, 2, under the geographical
distance matrix, the spatial agglomeration area distribution
characteristics of CAF and CLE are basically the same.
Specifically, the H-H agglomeration areas of CAF and CLE are
mainly distributed in the economically developed and populous
eastern coastal areas, while the L-L agglomeration areas are mainly

TABLE 1 List of variables, description and symbols.

Variable types Variables Symbol Definitions

Dependent variable Clean energy development CLE Contribution of clean energy to total primary energy (%)

Explanatory variable Carbon finance CAF (Green loan balances in local and foreign currencies)/CO2 emissions (%)

Mediator variables Low-carbon technology
innovation

LCTI Number of patents for low-carbon technology inventions and utility models as a ratio of total
patents (%)

Control variables Level of economic development PGDP GDP per capita (constant 2000 US$)

Foreign direct investment FDI Amount of foreign direct investment/GDP (%)

Ecological footprint EF Number of hectares per capita (gha)

City size CS Administrative area (square kilometers)/Total area (%)

industrialization level IND Value added of industry as a share of regional GDP by region (%)

TABLE 2 Descriptive variable statistics and correlation analysis.

Variables CLE CAF LCTI PGDP FDI EF CS IND

Mean 7.468 −0.066 2.619 10.855 4.398 1.213 4.024 3.680

Max 9.327 1.737 4.018 12.208 7.775 2.251 4.943 4.126

Min. 5.028 −2.598 0.653 9.472 1.244 0.171 3.264 2.702

Std. dev. 0.793 0.742 0.465 0.497 1.284 0.405 0.251 0.245

Skewness −0.420 −0.360 −0.441 0.219 0.077 0.632 −0.184 −1.758

Kurtosis 2.760 3.077 3.602 2.876 3.034 3.023 3.332 6.576

Jarque-Bera 13.334 (0.001) 9.155 (0.010) 19.935 (0.000) 3.615 (0.016) 4.366 (0.080) 28.051 (0.000) 4.295 (0.012) 44.004 (0.000)

Obs. 420 420 420 420 420 420 420 420

Correlation matrix

CLE 1.000

CAF 0.670*** 1.000

LCTI 0.218*** 0.064** 1.000

PGDP 0.199*** 0.660*** 0.115** 1.000

FDI 0.295*** 0.557*** 0.103** 0.620*** 1.000

EF 0.037*** 0.532*** 0.159*** 0.875*** 0.727*** 1.000

CS −0.010 0.362*** 0.153*** 0.751*** 0.451*** 0.738*** 1.000

IND 0.454*** 0.050 −0.273*** −0.339*** −0.046 −0.238*** −0.305*** 1.000

VIF - 2.50 1.12 7.79 2.48 6.67 2.64 1.46

Notes: p-values are given in parentheses; *** and ** represents significance at the 1% and 5% level.
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concentrated in the western, central and northeastern regions of
China, but the spatial agglomeration areas of CLE are relatively
scattered, involving relatively few provinces, which are mainly
concentrated in the northeastern region. Moreover, the CAF and
CLE and the L-H and H-L conurbations are mainly concentrated on
the northern, central, southern, south-western, north-western,
north-eastern and other provinces, but the number of CAFs and
L-H conurbations is relatively small and they are relatively
dispersed. To sum up, both CAF and CLE in China show
obvious spatial correlation characteristics (hypotheses 1), for
which the traditional econometric regression model is no longer
applicable. In other words, quantitative empirical analysis must be
carried out using spatial econometric models.

4.2 Verification and selection of spatial
measurement models

As previously mentioned, there are fundamentally three types of
spatio-economic model: SAR, SEM and SDM. Whether the findings
of this study are effective and valid depends on the appropriate
model being chosen. Thus, in this study, with reference to the spatial
model selection criterion proposed by Anselin and Florax (1995),
the spatial autoregressive model (SAR) is determined to be the
optimal choice when the LM-lag test results are more statistically
significant than the LM-err and the RLM-lag is significant while the
RLM-err is not. Conversely, if the statistical significance of LM-err is
significantly higher than that of LM-lag, while RLM-err passes the
significance test and RLM-lag fails, the spatial Durbin model (SDM)
becomes a more appropriate modeling scheme (Zhao et al., 2022).
According to Table 4, the significance level of the LM-err statistic is

significantly better than the LM-lag statistic under the geographic
distance matrix, while the R-LM-err statistics are statistically
significant while the R-LM-lag statistic fails the significance test.
For this reason, we believe that the SDMmodel is a better fit for this
study than the SAR model.

In addition, both time and space fixed effects passed the
significance test, which verified the rationality and reliability of
using a spatio-temporal double fixed effects model. Additionally, the
statistics for the space delay in the Wald test, the space error in the
Wald test, the space delay in the SEM model, and the space error in
the SEMmodel are significant. However, Hausman’s test rejects null
hypotheses (i.e., random effects), and a fixed-effects model should be
chosen to estimate empirically. In summary, we chose the SDM
model’s fixed effects in space-time for the baseline regression.

4.3 Structure CLE benchmark regression

Table 5 presents the benchmark regression results based on the
SDMmodel and the mediating effect test. In order to investigate the
influence of CAF on the development of CLE under different
conditions, and how LCTI amplifies the promotion effect of CAF
on the development of CLE, this study gradually integrates the
control variables in the benchmark regression. First, the benchmark
test of two-way fixed effects (column (1)) and the SYS-GMM
regression results of CAF on CLE (column (2)) show that CAF
development can promote LCTI progress. In addition, after
gradually adding the LCTI mediating variable on the basis of
column (1), the regression coefficient of column (3) is still
positive and statistically significant at the significance level of 1%,
which indicates that LCTI plays a mediating role (Rogge and

TABLE 3 Moran’s index and Geary’s index of CAF and CLE.

Year Carbon finance Clean energy development

Moran’s I index Geary’s C index Moran’s I index Geary’s C index

2010 −0.173** 1.111** −0.037* 0.937**

2011 −0.111* 1.047* −0.054** 0.963*

2012 −0.229** 1.178** −0.057** 0.970***

2013 −0.218* 1.165* −0.067** 0.974**

2014 −0.225* 1.158** −0.101** 1.008*

2015 −0.260** 1.236** −0.106* 1.013**

2016 −0.239** 1.209** −0.094*** 1.000***

2017 −0.221** 1.150** −0.084** 0.990**

2018 −0.223** 1.162** −0.078** 0.979**

2019 −0.115** 1.018** −0.092* 0.994**

2020 −0.073** 0.957*** −0.100** 0.997***

2021 −0.095*** 1.015*** −0.125*** 1.031**

2022 −0.071*** 0.991*** −0.092** 0.990**

2023 0.351*** 0.548*** −0.065*** 0.948***

Note: ***, ** and * indicate statistical significance at 1%, 5% and 10%, respectively.
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Schleich, 2018), consistent with Hypothesis 3. Secondly, in the
results of the spatial-temporal fixed effect of the SDM model, the
researchers find that the coefficient of CAF is positive at a
significance level of 1%, which shows that the development of
carbon finance plays a decisive role in promoting the
development of clean energy (Polzin et al., 2015). At the same
time, it further shows that the rapid development of the CAF market
is conducive to reducing risk exposure and establishing a good
investment environment to promote investment in CLE (such as
wind energy, solar energy and biomass energy, etc.) with mature
low-carbon technologies, and this result is consistent with CAF’s
impact on local CLE. The estimated coefficient of spatial spillover
effect (Wx × CAF) is consistent (Hypothesis 1). However, some
scholars believe that due to market failure, social and technological
path dependence, design flaws (such as total quota, quota allocation
method, coverage) and other reasons, CAF’s incentive effect on CLE
R&D and investment is not obvious, which is mainly due to the fact
that the CAFmarket is highly uncertain (Lehmann and Gawel, 2013;
Matsuo and Schmidt, 2017).

In addition, based on the geographic distance matrix, this
study also gives the spatial spillover decomposition of the SDM

model, including direct impact, indirect impact and total
impact. From the perspective of impact paths, the direct
impact, indirect impact and total impact of CAF, PGDP and
FDI are basically consistent with the mediating effect test
results based on Pooled OLS estimation. They all have a
positive impact on CLE, but the impact paths of LCTI, EF,
CS and IND are variable. Specifically, LCTI, EF, CS, and IND all
significantly promote local CLE development, but significantly
hinder the CLE development in adjacent areas (except LCTI,
EF, and CS), and their total effects at the 5% significance level
are 0.039, 0.461, 0.258, and 0.339, respectively. This conclusion
is supported by the research conducted by Zhou and Li (2019),
Geng et al. (2023), who believed that CAF could promote
sustainable economic, social and environmental
development by promoting LCTI progress with funds and
resources to enhance the endogenous power of CLE
development (Wang et al., 2024) and the Hypothesis 2 is
tested. However, Shao et al. (2021) and Su et al. (2023)
believed that there was a negative correlation between LCTI
and CLE, which was mainly related to local CAF policies and
industrial structures.

FIGURE 1
LISA maps of CAF for selected years under the geographic distance matrix.
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4.4 Robustness checks

To ensure the robustness of the results of the spatial econometric
analysis, this study conducted a sensitivity test on the spatial
weighting matrix. Based on the adoption of geographic proximity
matrix in the baseline regression, two alternatives, binary adjacency

matrix and economic distance matrix, are further introduced to
validate the reliability of the research findings and to improve the
credibility of the results by comparing the estimation results of the
CAF on the spillover effect of CLE under different spatial weight
settings. Generally speaking, the binary contiguity matrix is set
according to whether two regions are adjacent to each other
geographically. Theoretically, the interaction, or spatial
correlation, between the two regions increases with the distance
between them. Table 6 presents the results of the spatial econometric
model tests based on the binary adjacency matrix and the economic
distance matrix, whose coefficient directions and statistical
significance are highly consistent with the test conclusions of the
baseline regression model. On this basis, Table 7 further reports the
regression estimation results of the CAF’s effect on the role of CLE
under the two spatial weighting matrices. According to Table 7,
taking the geographic matrix as an example, the direct, indirect, and
total effects of CAF are 0.009, 0.017, and 0.026, respectively, but the
indirect effect is insignificant and not statistically significant, which
suggests that both local and neighboring CAFs contribute to the
development of CLEs, while the positive effect is ignored because the
neighboring areas are not statistically significant. Obviously, it is not

FIGURE 2
LISA maps of CLE for selected years under the geographic distance matrix.

TABLE 4 Testing results of the selection of spatial econometricmodels with
geographic proximity matrices.

Matrix: The geographic distance matrix

LM-lag 2.321*** RLM-lag 2.452***

LM-err 1.563** RLM-err 1.336

Fixed effect of location Yes Fixed effect over time Yes

Spatial lag Wald test 10.410*** Spatial error of Wald test 12.643***

Spatial delay LR test 11.384*** Spatial error of LR test 32.249

Hausman test 16.75***

Note: *** indicate statistical significance at 1%.
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necessarily wrong that this occurs because we have only focused on
the significance of the indicator, a result supported by the studies of
Qin et al. (2022) and Sun et al. (2022), who concluded that the
indirect effect of CAF on CLE is lagged and asymmetric. Apparently,
the level of CAF development in neighboring regions depends on the
local environmental policy, and there is mutual imitation among
regions, that is, the environmental policy behavior of a region will be
“infected” to the surrounding neighboring regions, and there is often
a certain degree of lag, or delayed, or neighbor avoidance of this
behavior. On the other hand, except the direct effect of FDI, the
direct effect, indirect effect and total effect of other variables are all
positive and statistically significant, which is also confirmed by the
regression results under the economic distance matrix. However, the
difference is that under the economic matrix, the direct effect of
LCTI and PGDP, the indirect effect of CS and the total effect are all
negative, but not statistically significant.

4.5 Further analysis

4.5.1 Government intervention and market driven
Table 8 shows the regression results considering the impact of

CAF on CLE under government intervention and market-driven
conditions. First, in Model I, we only consider the influence of CAF

TABLE 5 Spatial impact results of SDM model based on mediating effect test.

Variable Dynamic panel model (SYS-GMM) SDM Geographic distance matrix

(1) CLE (2) LCTI (3) CLE Direct Indirect Total

Wx × CAF 0.027** [0.42]

CLE(-1) 0.755*** (5.434) 0.710*** (10.27)

CAF 0.688*** (16.17) 0.074* (1.60) 0.685*** (16.04) 0.114*** [2.79] 0.026** [0.67] 0.012* [0.62] 0.037** [0.66]

LCTI 0.029*** (2.69) 0.029 [1.10] 0.043** [1.90] −0.003 [0.36] 0.039*** [1.84]

LCTI(-1) 0.718*** (12.67)

PGDP 0.642*** (5.56) −0.157 (−1.28) 0.635*** (5.58) 0.782*** [10.06] 0.512*** [6.34] 0.232*** [4.79] 0.744*** [7.12]

FDI 0.154*** (6.27) 0.031 (1.19) 0.155*** (6.32) 0.093** [2.19] 0.047 [1.11] 0.300*** [3.81] 0.348*** [4.17]

EF 0.136*** (3.91) 0.236* (1.72) 0.620*** (4.86) −0.388*** [-3.30] 0.498*** [3.27] −0.037 [-0.39] 0.461*** [3.14]

CS 0.090 (0.70) 0.097 (0.69) 0.094 (0.73) 0.302*** [3.15] 0.264*** [2.94] −0.006 [-0.11] 0.258** [2.03]

IND 1.284*** (13.35) −0.484*** (−4.66) 1.263** (12.80) 0.359*** [3.44] 0.353*** [3.54] −0.014** [-0.21] 0.339** [2.54]

_Cons −3.401*** (−2.68) 5.282*** (3.86) −3.169** (−2.45) −3.564*** [-3.70]

AR(1) 0.000 0.000 0.000

AR(2) 0.785 0.997 0.843

Sargan test 0.211 0.293 0.171

Time-fixed effects Yes Yes Yes Yes Yes Yes Yes

Regional-fixed effects Yes Yes Yes Yes Yes Yes Yes

Obs. 420 420 420 420 420 420 420

R-sq 0.736 0.743 0.737 0.774 0.767 0.767 0.767

aValues in parentheses are t-statistics.
bValues in square brackets indicate the z-statistics.
c***, **, and * denote significance levels of 1%, 5% and 10%, respectively.

TABLE 6 Contiguity matrix and economic proximity matrix test results for
spatial econometric model selection.

Matrix: Binary contiguity matrix

LM-lag 5.844*** RLM-lag 7.835***

LM-err 11.112*** RLM-err 11.228***

Fixed effect of location Yes Fixed effect over time Yes

Spatial lag Wald test 28.69*** Spatial error of Wald test 24.95***

Spatial delay LR test 55.44*** Spatial error of LR test 51.19***

Hausman test 13.90**

Matrix: Economic proximity matrix

LM-lag 6.889*** RLM-lag 9.006***

LM-err 12.751 RLM-err 12.617**

Fixed effect of location Yes Fixed effect over time Yes

Spatial lag Wald test 28.69*** Spatial error of Wald test 24.95***

Spatial delay LR test 55.44*** Spatial error of LR test 51.19***

Hausman test 12.92***

Note: *** and *** denote statistical significance at 1% and 5%, respectively.
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on CLE under the condition of government intervention, and the
results show that the influence coefficient of CAF on CLE is 0.700 at
the significance level of 5%, while the coefficient of cross-term
(DIE × gov) is 0.005 at the significance level of 5%. Secondly,
also in Model II, we only consider the regression results under
market-driven conditions, and the results show that the influence
coefficient of CAF on CLE is 0.555 at the significance level of 5%,
while the coefficient of the cross term (DIE × market) is 0.140 at the
significance level of 1%. This means that both government
intervention and market-driven conditions amplify the positive
impact of CAF on CLE, but the impact of CAFmarket is far

greater than that of CAFgov. This is also confirmed by the
estimates of Model III.

4.5.2 Regional heterogeneity
Within the framework of existing studies, this study further

considers the characteristics of regional heterogeneity by dividing
the 30 provincial-level administrative regions in mainland China
(Hong Kong, Macau, Taiwan, and Tibet are not included due to data
availability) into three major economic regions: the eastern coastal
developed region (13 provinces), the central inland transition region
(6 provinces), and the western remote underdeveloped region

TABLE 7 Robust analysis of the alternative matrices.

Variable W: binary contiguity matrix W: economic proximity matrix

Direct Indirect Total Direct Indirect Total

CAF 0.009** (0.25) 0.017 (0.22) 0.026** (0.23) 0.050*** (1.46) 0.048* (0.21) 0.098** (0.41)

LCTI 0.033** (1.53) 0.068 (1.28) 0.102** (1.38) −0.027 (−1.25) 0.104** (1.55) 0.077*** (1.13)

PGDP 0.225*** (2.80) 0.419*** (3.10) 0.645*** (3.17) −0.235 (−1.29) 1.129*** (3.90) 0.895*** (3.77)

FDI −0.035 (−0.80) 0.673*** (3.13) 0.638*** (2.96) −0.011 (−0.25) 0.804*** (3.08) 0.793*** (2.98)

EF 0.445*** (3.02) 0.226* (0.46) 0.671** (1.43) 0.436*** (3.07) 0.405 (0.82) 0.840* (1.73)

CS 0.188** (1.51) 1.059 (1.51) 1.247** (1.70) 0.120* (1.52) −0.895 (−1.60) −0.775 (−1.29)

IND 0.383*** (3.88) 0.945* (1.61) 1.329** (2.16) 0.338*** (3.46) 0.590* (1.63) 0.928** (2.47)

Time-fixed effects Yes Yes Yes Yes Yes Yes

Regional-fixed effects Yes Yes Yes Yes Yes Yes

Obs. 420 420 420 420 420 420

R-sq 0.839 0.839 0.839 0.788 0.788 0.788

aZ-statistics in brackets.
b***, ** and * denote statistically meaningful at the 1%, 5% and 10% levels of significant, respectively.

TABLE 8 Results of government intervention and market-driven CAF impact on CLE.

Variables Model I Model II Model III

CLE CLE CLE

CAF 0.700** (1.08) 0.555** (0.89) 0.413*** (0.71)

CAF × gov 0.005** (0.02) 0.170** (0.47)

CAF × market 0.140**** (0.44) 0.300* (0.61)

_Cons 7.516*** (66.66) 7.507*** (70.95) 7.510 (69.15)

Control Yes Yes Yes

Time-fixed effects Yes Yes Yes

Regional-fixed effects Yes Yes Yes

Obs. 420 420 420

R-sq 0.746 0.781 0.716

a***, ** and * indicates statistical significance at the 1%, 5% and 10% level of significance.
bValues in parentheses are t-statistics.
cGovernment intervention is measured by government fiscal spending/GDP (%).
dMarket-driven based on He andWu (2017) method, a comprehensive market- driven indicator evaluation system is constructed from four dimensions, including economic freedom, financial

marketization, the degree of administrative intervention, and the level of social security.
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(11 provinces). Table 9 shows the results of estimating the effect of
CAF on CLE under regional heterogeneity. The results show that the
effects of CAF on CLE in the eastern, central and western regions are
0.835, 0.542 and 0.673, respectively, with positive signs and all are
statistically significant at the 1% significance level. This finding
further confirms that there is significant regional variability in the
effects of CAF, and that the magnitude of its impact is characterized
by an unbalanced distribution across regions. Hypothesis 1 is tested.

4.6 Discussion

Due to global warming and the frequent occurrence of extreme
weather, the coordination of environmental protection and
economic growth have become a common concern of the
international community, and it has become a consensus to solve
this problem by using property rights theory to build a multi-level
CO2 trading market through government multilateral agreements
(Huang, 2022; Zhou eta al., 2024). Therefore, based on the
perspective of low-carbon technological innovation, this study
aims to explore the impact of CAF on the development of CLE
in China in the context of “carbon neutrality” in multiple
dimensions and through multiple methods, to make up for the
shortcomings of existing research. Firstly, this study found that CAF
has a positive spatial spillover effect on CLE from a multi-level,
multi-dimensional and multi-regional perspective, which is
consistent with the research conclusions drawn by Lewis (2010),
Guo et al. (2021), Yu et al. (2022) andWang et al. (2023). The results
show that CAF can not only promote the development of local CLE
under the nearest neighbor matrix, geographical matrix and
economic matrix, but also promote the development of adjacent
areas. However, the impact on adjacent areas is relatively weak,
mainly because in regional space, such as urban agglomerations,
cities are relatively close to and interconnected with one another,
and there are many possibilities their interaction in terms of industry
and space. Therefore, there is a strong imitation learning effect
between adjacent regions, which is very likely to form an
isomorphism of industries, making it possible for similar or
identical industries to gather in space (Xu et al., 2023). However,
although the regional space within the urban agglomeration has a
certain degree of similarity, it does not mean that the regions are

homogeneous, so this imitation effect is often lagging or delayed, or
neighbor avoidance, which makes it possible to have a certain degree
of spatial heterogeneity. Nevertheless, this finding is again contrary
to the findings of Li et al. (2022), Zhou et al. (2022), and Lian et al.
(2024), who concluded that CAF aggregation inhibited CLE
development and showed an inverted “U” shaped relationship in
the regionally and spatially relevant domains, but that this effect
waned over time. It seems that these studies have ignored that CAF
has broken through the boundaries of traditional financial activities,
and to some extent has realized the information flow and cross-time
and space interaction between CLE, economy and environment.
Specifically, the rapid development of CAF can effectively solve the
typical negative externality problem of greenhouse gas emissions,
and is a mainstream choice to promote CO2 emission reduction and
achieve carbon neutrality. At the same time, the CAF market can
guide funds (for example, FDI) to flow to green and low-carbon
fields, providing necessary financial support for the
development of CLE.

Secondly, CAF is “anchored on the advantages of policy and
market, with effective market and active government promoting
each other”, which implies that the market and the government play
a pivotal role in the sustainable development and effects of CAF.
Therefore, this study analyzes the mechanism of CAF’s effect on the
sustainable development of CLE from the dual dimensions of GOV
and MARK. The empirical results show that although both GOV
and MARK can enhance the promotion effect of CAF on CLE, the
moderating effect of MARK is significantly stronger than that of
GOV. This conclusion is similar to the findings of Du et al. (2023)
and Guo et al. (2023), who suggest that CAF does not rely on a single
driver throughout the process of CEL development, but rather is
driven by an alternation of policy factors (GOV) and market factors
(MARK), which work together, but the driving role of GOV is
diminishing over time. Similarly, this finding is also contrary to the
findings of Wang et al. (2021), Gao and Yuan (2022), Wu et al.
(2023), who believed that GOV suppressed this positive impact
effect and had a nonlinear “U-shaped relationship”. One possible
explanation is that in the context of “carbon neutrality”, the
development of CAF and CLE stems from the strategic choices
of governments. Since the majority of current CO2 emissions come
mainly from fossil energy consumption, the development of the
CAF market has greatly promoted the implementation of CO2

emission reduction plans in countries around the world, playing
a very significant role in enhancing the distribution of ecological and
environmental funds, advancing the change of development
methods, and realizing the balanced and sustainable economic,
social and environmental development. In other words, CAF is
becoming a new engine driving the development of the low-carbon
economy. Driving the structural transformation of the energy
industry and promoting the low-carbon green transformation
and development of the energy industry with the carbon market
as a carrier are not only an urgent need in reality, but also the
development direction of industries, which will help realize the goal
of “carbon neutrality” (Zhao et al., 2023).

Finally, considering that the existence of spatial heterogeneity
may cause the impact of CAF on CLE development to manifest itself
differently in different regions, based on the way of dividing
geographic location and city size, we explore the heterogeneous
impact of CAF on CLE development in the three dimensions of the

TABLE 9 Results of the effect of CAF on CLE under regional heterogeneity.

Variables East Central West

CLE CLE CLE

CAF 0.835*** (13.20) 0.542*** (6.83) 0.673*** (13.52)

_Cons 7.037*** (14.11) 7.693*** (19.29) 7.644*** (20.19)

Control Yes Yes Yes

Time-fixed effects Yes Yes Yes

Regional-fixed effects Yes Yes Yes

Obs. 182 84 154

R-sq 0.792 0.663 0.846

Note: ppp indicate statistical significance at 1% and values in parentheses are t-statistics.

Frontiers in Environmental Science frontiersin.org11

Cui et al. 10.3389/fenvs.2025.1528983

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1528983


eastern, central, and western regions, respectively. The study found
that CAF had the largest impact effect in the eastern region, the
smallest in the central region, and the second-largest in the western
region. The main reason for this result is that, on the one hand, the
eastern region has a higher scale of carbon investment and financing,
a higher efficiency per unit of emission reduction projects, and is in
the forefront of the country in promoting the development of
economic decarbonization and financial decarbonization, which
to a certain extent reflects the rapid development of CAF in the
eastern region as compared with the other regions, and the regional
distribution of CAF development is basically consistent with the
current distribution trend of China’s financial agglomeration level
from east to west, and is also highly correlated with the spatial
distribution of different financial industry agglomerations. On the
other hand, although there is a big gap between the development
level of CAF in the western region and that in the eastern region,
there is a strong national policy and resource preference for this
region, and it has a significant late-mover advantage. Therefore, the
CAF market construction process in the western region is fast, and
CAF plays the most obvious role in narrowing the regional gap in
CLE development. In addition, the central region has comparative
advantages in coal and hydropower resources, and is an important
energy production and export base in China. However, the CO2

trading market in the central region is still in the early stages of
development, so that the trading is not active and the degree of
financialization is not high, but the gap in the level of CAF
development among the provinces and cities in the central region
is small, so CAF has played a driving role in narrowing the
development of the provinces and cities in the central region.
The reason is that the function of the CAF market has not yet
been fully established, and it cannot give full play to the optimization
of resource allocation. Therefore, the development of CLTI, which
mainly relied on government financial incentives in the early stage,
allows the CAF market to promote the development of CLE by
encouraging investors, power producers and consumers to choose
cleaner and more diversified power sources (Wang et al., 2014).

5 Conclusion and policy
recommendations

Against the background of the rapid development of carbon
finance market and the green transformation of the energy industry
in China, this study constructs the impact mechanism of the
relationship between carbon finance and clean energy
development from the three perspectives of carbon finance, clean
energy development and low-carbon technological innovation, and
at the same time, using the panel data of 30 provinces in China in
2010–2023 and spatial econometric modeling, we examined the
regional heterogeneity and asymmetry of carbon finance on clean
energy development from a multilevel, multidimensional and
multiregional viewpoint, and further investigated the mediating
role of low-carbon technological innovations between the two.
The study finds that the positive impact of carbon finance on
local clean energy development is much greater than that on
neighbouring regions, both in the proximity matrix, geographic
matrix and economic matrix frameworks, and in the
multidimensional framework, and provides further evidence that

low-carbon technological innovation is the main path of action to
promote sustainable clean energy development. It is clear that
carbon finance initiatives play a key role in promoting clean
energy development, and their impact is regulated by market-
driven, government-intervened energy efficiency strategic
initiatives, but it seems that the positive impact of market driving
is far greater than that of government intervention. In addition, the
positive impact of carbon finance on clean energy development has
been confirmed by a series of robustness tests, and under the
condition of considering the existence of spatial and regional
heterogeneity, carbon finance has the greatest impact in the
eastern region and the smallest in the central region. The main
reason is that the level of carbon finance aggregation and the degree
of carbon market segmentation in the eastern region are relatively
high, so that the positive impact of carbon finance seems to be
stronger, and vice versa.

We hope that this study will provide relevant empirical evidence
and new theoretical insights for promoting clean energy
development in emission-intensive economies such as China As
well as based on the above findings, we emphasize the following
policy implications.

Firstly, financial support for clean energy transformation should be
increased and financing channels should be broadened. Making full use
of multi-level financial products and market systems at home and
abroad, relying on carbon finance, science and technology finance and
other support policies and tools, energy enterprises can further enrich
their external financing channels and reduce capital costs. Secondly, tap
the space of domestic and foreign markets to enhance the level of
internationalization. In terms of utilizing the domestic capital market,
energy enterprises can give full play to the role of listed platforms to
enhance the level of asset securitization. Taking advantage of listed
companies as the fulcrum, increase the specialization and integration,
promote more high-quality resources to listed companies to converge,
and strengthen market value management. Thirdly, optimize the
structure of capital supply and enhance support for key areas and
weak links in the clean energy transition. Based on the advantage of the
financial platform in docking with the market, it has actively promoted
the effective convergence and synergistic development of green finance,
transition finance and inclusive finance, dynamically adjusted the scope
of support for relevant policies, and increased support for the technical
reform of coal and power generation to reduce carbon emissions, the
research and development of low-carbon technologies, and the
updating of power industry equipment. Finally, give full play to the
role of the market mechanism and improve the efficiency of carbon
financial resource allocation in the field of clean energy transition. To
promote the development of green and transition finance, it is necessary
to improve the standard system, accelerate the promotion of pilots,
clarify the areas and technical paths supported by transition finance,
and establish a unified carbon emission accounting system to provide
data support for green investment and financing. At the same time, the
scope of mandatory environmental information disclosure should be
expanded to promote standardized disclosure by energy enterprises,
strengthen green data sharing, reduce information asymmetry, and
enhance the efficiency of financial resource allocation.

However, this study still has some limitations that need to be
eliminated in future studies. For example, this study only examines
the impact of carbon finance on clean energy development and its
regional heterogeneity from the perspective of low-carbon
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technological innovation in two dimensions: government
intervention and market drive. However, many other possible
influencing factors have not been taken into account, such as
environmental legislation (environmental regulation), energy
efficiency governance, marketization, government policies, the
potential of environmental regulators, and research and
development. In future research, more research work is needed
to investigate how these factors amplify or suppress the role of
carbon finance in promoting clean energy development. In addition,
this study investigated the situation in China using only single data,
but a single country may not be sufficient to provide reliable and
valid data support, for this reason there is a need to include more
economies in the future in the current research framework to
improve the reliability of the results.
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