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Abstract

This paper examines the carbon reduction effects of environmental regulation (ER) and its dynamic
spatial interactions by combining the Stochastic Impacts of Regression on Population, Affluence,
and Technology (STIRPAT) model with the dynamic spatial Durbin model (DSDM). The findings
indicate that ER can reduce carbon intensity (CI) in China, exhibiting significant spatiotemporal
interactions. The reduction is most noticeable in China’s eastern and middle regions but not
in the west. Moreover, the mechanism test shows that, in the short term, ER optimizes energy structure
(ES) and industrial structure (IS) and promotes technological innovation (Pat). Meanwhile, ES has
the best emission reduction effect (-20.54%), followed by Pat (-12.55%) and IS (-2.23%). Only Pat can
contribute to long-term pollution reductions. Specifically, the eastern region reduces CI primarily
through IS improvements, while the middle region achieves this mainly through ES adjustments.
Finally, the paper makes focused policy suggestions for effectively implementing ER to reduce CI

and promote high-quality economic development.

Keywords: environmental regulation, carbon intensity, spatiotemporal interaction, impact mechanism,

regional disparity

Introduction

Faced with the increasingly prominent contradiction
between the ecological environment and economic
development, China has firmly chosen the path of green
sustainable development. In 2020, President Jinping Xi
announced the “Double Carbon Target” — aiming for a
carbon peak by 2030 and carbon neutrality by 2060 — at

*e-mail: liufengyun@cumt.edu.cn

the 75" United Nations General Assembly', underscoring
China’s determination in environmental governance
and carbon reduction. In July 2023, President Xi
emphasized at the National Ecological Environment
Protection Conference the need to accelerate
the promotion of green and low-carbon transformation
of the development mode and to insist on green
and low-carbon development as the fundamental

' Source: http://www.xinhuanet.com/politics/leaders/2020-

09/22/c_1126527652.htm
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solution to ecological and environmental problems?.
This further clarifies environmental governance
as a strategic focus of national development. In fact,
since the 1980s, China has implemented numerous
environmental regulation (ER) policies to combat
pollution and protect the environment, achieving notable
progress [1].

However, the impact of ER on carbon intensity (CI)
is still controversial. According to the “Green Paradox”
theory, weak ER leads to expectations of stricter
future regulations. This causes fossil fuel producers to
accelerate extraction and consumers to anticipate rising
fossil fuel prices while maintaining high consumption
levels in the short term, thereby increasing CI [2-4].
According to the “Forced emission reduction” theory,
greater ER will reduce CI by stimulating green
technology innovation [4], optimizing industrial
structure (IS) [3], and transforming energy structure
(ES) [5, 6]. Consequently, ER can have various impacts
on CI. To further study the influence mechanism, this
study adopts ES as the intermediary mechanism based
on the “Green Paradox” theory and selects technological
innovation (Pat) and IS for comparative analysis.
Furthermore, given China’s huge geography, there are
substantial regional disparities in economic development
and ER implementation. President Xi emphasized
the need for the strictest ecological environment
governance system, encompassing aboveground and
underground, land and sea coordination, and regional
linkage. Studying the relationship between ER and
CI across different regions from a dynamic spatial
perspective can provide valuable insights for addressing
urgent ecological environment governance issues.

The available research has extensively examined
the impact of ER on CI, although several areas require
more investigation. First, while many researchers have
looked at ER’s direct and indirect impacts on CI [2, 4,
7], regional disparities and spatial interactions have
not been fully considered. Second, although some
studies have compared regional disparities, there is
no consensus. For instance, Guo and Chen (2018)
discovered that ER has a more pronounced emission
reduction effect in eastern China than in the middle
and western regions [8]. Conversely, Wang et al. (2019)
argued that the effect of ER on CI was insignificant in
western, weaker in eastern, and stronger in middle China
[9]. Wu et al. (2020) concluded that the ER effectively
reduces CI in the eastern and middle regions but has no
effect in western China [10]. According to Wang and
Zhang (2022), the carbon abatement effect of ER takes
on an inverted “U” form in eastern and middle China
but has no effect in the western and northeastern regions
[11]. Therefore, ER’s regional disparities in carbon
emission reduction impacts necessitate further research.
Finally, the above studies do not take into account the

2 Source:  https://www.gov.cn/yaowen/liebiao/202307/con-

tent 6892793.htm

spatial interactions between ER’s emission reduction
impacts and related mechanisms, which are crucial for
developing a regional linkage environmental governance
system. Differing from the existing literature, this
paper combines the Stochastic Impacts by Regression
on Population, Affluence, and Technology (STIRPAT)
model with a dynamic spatial Durbin model (DSDM)
to investigate the spatial interactive characteristics and
regional disparities in the carbon emission reduction
effects of ER and associated mechanisms in China.

China’s political and economic environment
provides a unique context for studying the impact of ER
on CI. First, China’s environmental governance operates
primarily through a “top-down” system [12, 13].
In pursuit of the “3060” goal, China has implemented
stringent ER, with governments at all levels prioritizing
environmental governance to meet emission reduction
targets more effectively. Second, China’s numerous
administrative units, each exhibiting different ER and
economic development levels, offer a rich and varied
dataset for comparative analysis. Specifically, this study
examines the impacts of ER on CI and their spatial
interaction using data from 30 Chinese provincial
administrative regions from 2007 to 2019.

This study makes three marginal contributions. First,
this study enriches the theoretical literature on how ER
influences carbon emissions. While prior literature has
not thoroughly examined the theoretical mechanisms
underlying ER’s impact on carbon emissions [4, 14,
15], this research examines three mechanisms and their
spatial interaction theories from both static and dynamic
spatial perspectives. Second, employing the STIRPAT,
DSDM, and mediation models, this paper empirically
analyzes ER’s carbon mitigation effects through dynamic
spatial lenses while comparing the differential roles of
ES, Pat, and IS. Current research lacks consensus on
ER’s operational mechanisms and rarely distinguishes
between short-term versus long-term impacts [16-19].
Our analysis reveals that ER optimizes ES, Pat, and IS
in the short term, while only Pat demonstrates persistent
pollution reduction in the long term. Third, regional
heterogeneity in ER’s effectiveness across eastern,
middle, and western China is identified, showing that
these mechanisms exhibit dynamic spatial interaction
effects. This insight extends current research by
demonstrating the spatiotemporal interdependence of
ER’s operational mechanisms.

Literature Review
The Concept and Classification of ER

The word “regulation” is a legal term that means to
regulate and restrict the behavior of economic subjects
through laws, regulations, and macro systems. Previous
studies have defined “regulation” as “the sum of
a series of mandatory regulatory measures enacted
and implemented by the state to meet the demands of
certain interest groups.” Li and Liu (2023) hold that ER
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is an environmental standard or action formulated by
the government to solve the external problems caused by
environmental pollution [20].

ER can be classified into three types [21]: the
first is command-and-control ER. These regulations
involve government-imposed rules and measures
that compulsorily restrict pollution discharge.
This includes establishing environmental criteria
for pollution emissions or product manufacture, as
well as administrative penalties for companies that
exceed pollution emission regulations. The second is
a market-based incentive ER. These regulations use
market mechanisms to guide enterprises in reducing
pollution emissions. Examples include pollution charge
systems and tradable permit systems. The third is
public-participation ER. These regulations rely on
environmental petitions, media pressure, and other
forms of social opinion to compel the government to
strengthen environmental supervision or companies
to reduce pollution emissions. This includes public
participation in environmental matters, transparency
of environmental data, and voluntary environmental
agreements [20]. Among these, formal ER includes
command-and-control and market-based incentive ER,
whereas public-participation ER is classified as informal
ER [4, 22].

The Impact of ER on CI

The present literature focuses on three aspects of
ER’s impact on CI. First, some scholars have identified
a positive effect of ER on CI. Sinn (2008) introduced
the “Green Paradox” effect, suggesting that fossil fuel
producers, anticipating future declines in demand due to
ER, might increase their current extraction rates, thus
promoting carbon emissions [23]. Subsequent scholars
empirically tested the positive impact of ER on CI. Wang
and Wei (2020) discovered that tight ER adoption can
have a significant “Green Paradox” effect on economic
progress [24]. Zhang et al. (2021) identified this effect in
China, where competitive ER behaviors among regions
lead to pollution transfers, increasing carbon emissions
[25]. Yin et al. (2022) noted that at lower ER intensities,
the “Green Paradox” is prevalent, shifting to a carbon
reduction effect with stronger ER [2]. Huang and Tian
(2023) found that formal ER can inhibit Pat before
peak emissions, thus generating a “Green Paradox”
effect [4]. Additionally, Sorrell (2009) discussed the
“Jevons Paradox”, where strict ER prompts companies
to enhance energy efficiency through technological
advancements, which paradoxically leads to more
energy demand and pollution emissions [26].

Second, numerous scholars have identified a negative
impact of ER on CI, highlighting the “forced emission
reduction” effect. This effect arises as local governments
continually elevate ER standards, compelling high-
energy-consuming and high-polluting enterprises (HHE)
to either innovate technologically or upgrade pollution
control technologies, thereby promoting emission

reductions. For example, Hashmi and Alam (2019) found
that OECD countries’ CI can be decreased by raising
environmental fees and awarding more ecologically
favorable patents [27]. Zhang et al. (2022) indicated
that the current carbon emission trading system has
suppressed green Pat but significantly reduced CI [28].
Chang et al. (2023) observed that ER is positive for CO,
emission reduction by promoting green innovation [29].
Investment-based environmental regulation is the most
effective, followed by command-and-control regulation.
Li et al. (2023) demonstrated that ER can reduce CI
in regions highly dependent on natural resources [30].

Third, some scholars have identified the dynamic
characteristics of ER and CI. Guo and Chen (2018) noted
that when ER measures are supported, China’s economic
reliance on fossil fuels shifts from weak to strong and
back again [8]. The relationship between ER and carbon
intensity has a noticeable inverted “U” shape. Wang
and Zhang (2022) discovered that the direct influence of
ER on carbon emissions similarly has an inverted “U”
shape [11]. ER can successfully reduce CO, emissions
in Chinese cities by encouraging industry structure
improvement and technological innovation. Huang
and Tian (2023) and Yang et al. (2023) demonstrated
the inverted “U”-shaped impact that both formal and
informal ER have on net CO, emissions [4, 31].

Regional Disparities and Spatial Interaction
of ER on CI

Some scholars have begun to focus on the regional
differences in the impact of ER on CI. The influence of
ER policies on CI varies significantly by region [9, 32].
Industrial investment is limited in regions with stricter
ER, whereas industrial investment institutions thrive in
regions with relatively weaker ER [32]. Guo and Chen
(2018) discovered that the moderating influence of
ER on CI was stronger in eastern than in middle and
western China [8].

Furthermore, geographical links between
environmental regulation and carbon emissions are
receiving attention. Cheng et al. (2017) found that CO,
emissions exhibit significant local spatial clustering [33].
Command-and-control ER effectively reduces emissions
but does not significantly impact technological progress,
whereas market-based ER promotes technological
advancement but is less effective in reducing emissions.
Some studies have employed the SDM to examine the
impact of ER on CI. Zhang et al. (2021) observed that
competition among local governments in China leads to
the nearby transfer of pollution and that spatial spillovers
of ER are particularly pronounced in the western regions
[25]. Huang and Tian (2023) discovered that China’s net
CO, emissions decrease from east to west and exhibit
considerable regional clustering [4].

In summary, the concept of ER continues to evolve
with ongoing research. The impact of ER on CI remains
a debated topic, necessitating further investigation into
ER’s carbon emission reduction effects. In conclusion,
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the concept of ER has evolved with research.
The effect of ER on CI is still a controversial topic,
and further research is needed to study the effect of
ER on carbon emission reduction. The function of ES
in the emission reduction process is clarified by
comparing various mechanisms. While some scholars
have begun exploring regional differences and spatial
connections in the impact of ER on CI, their analyses
have largely been static. The dynamic spatial effects of
ER on CI require further study. This study seeks to fill
this gap by investigating ER’s time and spatiotemporal
lag effects on CI from a dynamic spatial viewpoint,
assessing direct, indirect, and total impacts in both
the short and long term.

Analysis of the Mechanism of ER on CI
The Promoting Effect of ER on CI

First, according to the “Green Paradox” effect, when
the government tightens ER, it prompts expectations
of even stricter regulations in the future, leading to
increased energy costs. Consequently, businesses
accelerate their current production activities to mitigate
future costs, resulting in a short-term surge in fossil
energy demand. This increased energy consumption
promotes higher carbon emissions [23]. Therefore, ER
may lead to a short-term rise in CI.

Second, according to the “Jevons Paradox”
hypothesis, stringent ER can lead companies to improve
energy efficiency through technological advancements.
However, this increase in efficiency paradoxically
stimulates higher energy demand, thereby exacerbating
carbon emissions [26]. Consequently, stringent ER may
accidentally contribute to increased CI.

The Inhibitory Effect of ER on CI

Two mechanisms, Pat and IS, are also adopted to
compare the emission reduction effect of ES.

The first is energy structure. ER primarily influences
the ES from both supply and consumption perspectives,
and transforming the energy consumption structure can
reduce CI [13, 34]. On the supply side, the development
of clean energy sources like solar, wind, hydropower,
and biomass is encouraged by ER policies, which
raise support for renewable energy and enhance the
output share of clean energy. On the demand side, ER
policies mandate reductions in fossil fuel consumption
and encourage a higher proportion of clean energy
use, thereby reducing CI. For instance, the “Notice on
Doing a Good Job in the Full Coverage of Renewable
Energy Green Power Certificates to Promote the
Consumption of Renewable Energy Electricity” by
the National Development and Reform Commission,
the Ministry of Finance, and the National Energy

Administration® proposes strengthening the green
electricity responsibility of HHE and increasing their
required level of green electricity consumption.

The second is technological innovation. The “Porter
hypothesis” states that an appropriate level of ER can
incentivize enterprises to engage in Pat, enhancing
productivity, offsetting environmental protection costs,
and increasing profitability [35]. Porter and Linde
(1995) propose that effective ER can improve firms’
environmental performance through five main pathways
[36]. 1) ER can prompt firms to identify inefficiencies
in resource use, leading to technological advancements
that enhance resource efficiency and reduce pollution.
2) ER focused on environmental information collection
can highlight high-performing companies, allowing
them to gain economic benefits and motivating
them to strengthen their environmental measures.
3) By clarifying relevant laws and regulations, ER can
reduce investment uncertainty for firms, emphasizing
the significance of energy conservation and emissions
reduction and encouraging firms to enhance their
environmental practices. 4) ER can exert pressure
on companies, compelling them to reduce emissions
through Pat. 5) ER can balance the competitive
environment during the transition period. Additionally,
empirical studies have confirmed that ER can promote
Pat, thereby reducing CI [7, 29, 37].

The third is industrial structure. By restricting the
growth of HHE and encouraging green, environmentally
friendly sectors, ER optimizes the IS. On the one hand,
the government enforces strict ER measures on HHE,
thereby curbing pollution at its source. For example,
the “Regulations on the Prevention and Control of
Air Pollution in Guangdong Province” prohibit the
construction and expansion of high-pollution industrial
projects listed in the catalog within the Pearl River
Delta region. On the other hand, in order to encourage
the sustainable growth of green and low-carbon sectors
and to support the green transformation of HHE,
the government has implemented a variety of tax and
fiscal incentives. For instance, “The Guiding Opinions of
the General Office of the State Council on Accelerating
the Promotion and Application of New Energy Vehicles”
proposes enhancing subsidy policies for new energy
vehicles and providing tax incentives for their adoption.
Additionally, empirical studies have demonstrated that
ER reduces CI by optimizing the IS [11, 22, 38].

The Spatial Interaction Mechanism of ER on CI

First, due to the spillover effect of CO, emission
between different regions [39] or the inter-regional
transfer of HHE [32, 40], regions implementing ER do
not fully benefit from these regulations. This creates
a spatial spillover effect of ER on CI. Through the

3

Source: https://www.ndrc.gov.cn/xxgk/zcfb/tz/202308/
t20230803 1359092.html
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spillover of CI, the carbon emission reduction effect of
ER in nearby places might affect the local concentration
of carbon.

Second, varying intensities of ER across regions
cause production factors to migrate, driving enterprises
unable to meet strict ER requirements to relocate to
adjacent areas [32]. This migration impacts overall
regional carbon management effectiveness. Additionally,
when ER prompts the near transfer of high emissions
[25], strict local ER pushes HHE to regions with weaker
ER, resulting in an “extrusion effect” between regions.

Third, local governments exhibit imitative
interaction behavior in ER, meaning the intensity
of ER in adjacent areas influences the local region’s
ER strength and consequently impacts local carbon
emissions. This imitative competition behavior
generally weakens the effectiveness of pollution control
[25]. However, as China increasingly emphasizes
environmental protection, the strategic interactions
between local governments regarding ER have begun to
shift towards a “race to the top” [41].

The specific spatial interaction effects can be
analyzed through the three main mechanisms by which
ER influences CI. First, the ES effect. Optimization of
ES by local ER policies can affect the CI of other regions
through “imitation effects” and “extrusion effects”. On
the one hand, adjacent regions can imitate the local ER
policies to reduce fossil fuel consumption [13], such as
adopting centralized heating instead of decentralized
heating and encouraging enterprises and institutions to
use clean energy, thereby reducing regional CI. On the
other hand, stringent local ER policies may push some
HHEs to relocate to other regions rich in fossil fuels,
increasing fossil fuel consumption and consequently
raising CO, emissions in those areas [10].

Second, the technology effect. The improvement
in technology level due to local ER policies can affect
the CI in adjacent regions through “imitation effects”,
“competition effects”, and “technology spillover effects”.

Mediating mechanism

1) When local ER policies promote green technology
advancements, other regions may imitate and implement
similar regulatory measures [42]. 2) In a “Race to the
top” scenario of policy interaction, local environmental
regulation-driven Pat may encourage neighboring
regions to enhance their research and development
investments in green technology [28], thereby reducing
overall regional CI levels. 3) Positive spillovers from
green technology innovation can improve the air quality
of adjacent areas. However, if these areas opt to reduce
their own investment in green technology, their “free-
riding” behavior can undermine overall regional carbon
reduction efforts.

Third, the structural effect. Promoting IS upgrading
by local ER policies can affect the CI of other regions
through “imitation effects” and “extrusion effects”.
On the one hand, neighboring regions may imitate
local ER policies to achieve specific emission
reduction targets, driving their own IS upgrading [43].
The clustering of high-end manufacturing and
productive service industries can produce positive
spillover effects, optimizing the IS of these regions. On
the other hand, strict local ER policies, such as restricting
the expansion of HHE industries or blacklisting certain
industrial developments, may push non-compliant HHEs
to relocate to other regions [37, 39], thereby increasing
the CI in those areas.

In conclusion, ER can impact CI through ES, Pat,
and IS. The effects are depicted in Fig. 1.

Materials and Methods

Variables and Methods

Variables

This article studies the impact of ER on CI, involving
the following variables:

Mechanism of
spatial interaction

echnologica
innovation

Improvement of technological
innovation in enterprises;
Promoting the green
transformation of HHE.

Imitation effects
Competition effects
Spillover effects
Free-riding

Industrial structure

Promotmri grieir(lig::tlrogmem of ! Imitation effects Carbon
5 Yo Extrusion effects intensity
Inhibition of HHE expansion.

Energy structure

Increasing the share of clean
energy consumption;
Reducing fossil energy
| consumption. | |

Fig. 1. Mechanisms of ER effects on CI and their spatial interactions.
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First, the explained variable in this study is carbon
intensity (CI), which is calculated as the ratio of CO,
emissions to GDP for each province from 2007 to 2019
[44]. Following the CO, emission calculation method
provided by the IPCC in 2006 [45], the total yearly CO,
emissions of 30 Chinese provinces were determined
(Xizang, Hong Kong, Macau, and Taiwan were left out
due to data inaccessibility). The formulas for CI are
provided in Equations (1) and (2).

= , x4
Cp! Z?=1Efprxﬁfxq’fx /12

(p=1,2...,30; 1+=2007,2008...,2019) (1)

c =—=
“p” GDP
pt

()

In Equation (1), C,, represents the CO, emissions
of province p in year ¢. E, denotes the consumption of
energy type i in year ¢ in province p, o, represents the
conversion coefficient of standard coal for the energy
type i, and ¢, is the carbon emission coefficient for the
energy type i. Specific coefficients are shown in Table 1.
The conversion factor between carbon emissions
and CO, is 44/12.

In Equation (2), CI, represents the carbon intensity
of province p in year t. GDPpt represents the GDP of
province p in year z.

Second, the explanatory variable is environmental

promoting green innovation and reducing emissions
[29]. Consequently, this paper uses the completed
investment in industrial pollution control to represent
the level of ER [20].

Third, control variables were included following
prior research [48, 49]. Energy consumption intensity
(EI), population size (P), and Per capita GDP (PGDP) of
each province were used as representative variables for
technology, population levels, and wealth, respectively.
The data for the above variables are sourced from
the China Energy Statistical Yearbook, the China
Environmental  Statistical Yearbook, the China
Statistical Yearbook, the Wind database, and the various
provincial statistical yearbooks. Definitions of the
variables are provided in Table 2.

Econometric Methods

(I) Modeling the carbon abatement effects of ER

This paper combines the ISIRPAT model
with the DSDM to establish an empirical model.
To enhance the accuracy of the research, this
study  constructs three models incorporating
the time lag term ([, ,  (Equation (3)),
the spatiotemporal lag term WCI, , (Equation (4)), and
both time and spatiotemporal lag terms simultaneously
(Equation (5)), as shown below:

CI, = uCI,, , + pWCI, + B, In ER, + B, In ER, + 3, In PGDP,
+BJVInPGDE, + B.EI, + BJVEL, + f,In P, + BJVP, +¢,

regulation (ER). Since there is no uniform standard for 3)
measuring ER [13]. Compared to other types of ER,
investment-based ER has been the most effective in
Table 1. The coefficients for various energy types.
Energies Crude oil | Diesel oil Fuel oil Coal Coke LPG Kerosene | Gasoline Na;rglsral
o, 1.4286 1.4571 1.4286 0.7143 0.9714 1.7143 1.4714 1.4714 1.2143
, 0.5857 0.5921 0.6185 0.7559 0.8550 0.5042 0.5714 0.5538 0.4483
Data source: “2006 IPCC Guidelines for National Greenhouse Gas Inventories”.
Table 2. Defining variables.
Variable Name Abbreviation Definition Reference
Explained variable Carbon intensity CcI Carbon emissions/GDP [45]
. . . Completed investments in industrial
Explanatory Variable Environmental regulation ER pollution control [20]
Technological innovation Pat Number of patent applications for invention [46]
Mediator variables Industrial structure A Value added of the secondary sector/GDP [41]
Energy structure ES Coal consumption/total energy consumption [47]
Per capita GDP PGDP GDP/resident population
Control Variables Energy consumption intensity EI Total energy consumption/GDP [48, 49]
Population P Resident population
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CIL, = aWCl,, , + pWCI, + I ER, + B, In ER, + 3, In PGDP,
+BV 0 PGDE, + B.EL, + BIVEI + f,In P, + BIVE, +=,

“)
Cl, = uCl,, , +@WCI,, ,+ pWCli+ f N ER, + BV In ER, + f, In PGDP,

+BWWnPGDP, + BEI, + BIVEI, + f, In,+ BIVP, +,
6

i represents the impact of the previous period’s
CI of this province on its current period’s CI, W
represents the spatial weight matrix, a represents the
effect of the neighboring provinces’ previous period’s
CI on this province, p represents the influence of the
current period’s CI of the surrounding provinces on
this province, and f,, B,, B.. B, represent the effects
of the neighboring provinces’ ER, PGDP, ES, and P,

respectively, on the province’s CI.

(2) Modeling of the mechanism test

This study, incorporating the DSDM model, tests
for the presence of mediating effects of ES effect,
technological effect, and IS effect in the process by
which ER influences CI through the construction of the
following mediation models.
Cl, = uCl +aWCI, _, + pWCI, + B InER, + BW InER, + B, In PGDP,
+ﬂ4W]'nPGD})U‘ t ﬂ5E[i1 u ﬂf’WE[il + ﬂ7 ln B[ +ﬁ8W})u‘ t gi[

(6)

M, =uM, +alM, +pWM, + B nER +pWInER +§,1n PGDP,
+ﬂ4W ln PGDer t ﬂSEIir t ﬂﬁWE[ir t ﬂ7 ln Bx + ﬂSWBr + gir

(7
Cl, = uCl,,  +aWCl,_ + pWCl, + BM, + B,WM, + i, In PGDP,

+BJVINPGDP, + BEI, + BIVEL, + B, InP, + VP, +,
3

In Equation (7), M represents the mediator variables,
which include the ES effect, the Pat effect, and the IS
effect. The meaning of the other variables is consistent
with Equations (1) to (5).

To compare the regional heterogeneity of ER,
the regional division of this study is consistent with
[39]. Each region is empirically tested by establishing
Equations (3) to (8), respectively.

Results and Discussion
Empirical Results Analysis
Model Testing
Table 3 presents the results of the econometric
model test. All indices are significant at the 1% level,

showing a high spatial connection in the study subject.
The findings of the LR test show that the spatial lag

Table 3. Results of the individual tests.

Test name Test statistics P
Moran's | 29.729 0.000
LM-lag 261.849 0.000
Robust LM-lag 11.548 0.000
LM-error 738.790 0.000
Robust LM-error 488.488 0.000
LR-sdm-sar 1223.170 0.000
LR-sdm-sem 1223.240 0.000

model (SLM) or the spatial error model (SEM) cannot
be used to simplify the spatial Durbin model (SDM).
Furthermore, the estimation results demonstrate that
the two-way fixed effects model fits data better than
the individual fixed and temporal fixed effects models.
Therefore, this paper uses a two-way fixed SDM model.

Analysis of Empirical Results
for the Full Sample

Carbon Emission Reduction Effects of ER

The SDM estimation results for the full sample are
shown in Table 4. To facilitate comparison, estimations
were conducted for SDM models with only a time lag,
a spatiotemporal lag, and both time and spatiotemporal
lags. The model incorporating both time and
spatiotemporal lags, which demonstrated the highest
goodness of fit, was primarily analyzed. The regression
results indicate that CI exhibits significant spatial
spillover, spatial lag, and time lag effects. Specifically,
the CI of the previous year positively influences the
current year’s CI within the province (0.7096), and
the CI of neighboring provinces positively impacts the
current year’s CI of the province (1.4073). This suggests
that carbon emissions are continuous over time and have
spillover effects across regions. However, the province’s
CI in the current year can be negatively impacted by
the CI of nearby provinces in the prior year (-4.0948).
This may be due to stronger environmental enforcement
in neighboring provinces in the previous year, reducing
their CI and displacing HHE to the province in
question, thereby increasing its CI in the current year.
Additionally, positive environmental spillovers may
occur when neighboring provinces reduce their CI in
the previous year, potentially leading to a “free-riding”
behavior. This could result in relaxed pollution control
measures and increased CI in the current year. Most
researchers’ study findings support CI’s observed time
and spatial lag characteristics [50-52], and the effects of
time and spatial interaction are consistent with [53].

Since the spatial lag term of the independent
variable in this model does not consider the interaction
information between multiple neighboring provinces.
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Table 4. Results of the full sample dynamic spatial econometric model.

Variables With time lag terms With spatiotemporal lag terms With time lag and spatiotemporal lag terms
CI(-1) 1.5509" - 0.7096""
WCI (-1) - -0.0412 -4.0948™
InER -7.4396™" 0.6934™ -2.6868™
InPGDP 15.4442™ 0.5752 6.8698"""
EI 5.9438"" 12.6109™" 9.4124™
InP 13.8781™" 0.9507 6.2858"""
W#*InER -48.4177" 5.8034™ -19.1668™"
W#*InPGDP 134.6429" 23.5380™" 67.0318"™
W*EI 345.2291™ 31.7544™ 167.6586™"
WH*InP 156.6291™ 24.5803"" 67.8042™
p 8.3925™" 0.0324 1.4073™
R? 0.0423 0.0689 0.1834

Notice: p<0.1, *p<0.05, *"p<0.01.

Therefore, its regression coefficients do not reflect the
independent variables’ spatial spillover characteristics.
Nonetheless, the direct, indirect, and total effects
can effectively reveal the spatial interaction linkages
between ER and related control variables on CI. Given
that the DSDM model, which includes both time lag and
spatiotemporal lag variables, has the highest goodness
of fit, this analysis focuses on the various effects in
its regression results. Table 5 presents the regression
coefficients.

The short-term effects of ER on CI are significantly
negative (-1.9291), (-7.2552), and (-9.1843) for direct,
indirect, and total effects, respectively. This indicates
that the ER within a province not only reduces its own
CI but also that of neighboring provinces, as well as the
overall CI across the entire sample region. This indicates
that ER has a significant spatial spillover effect on
decreasing carbon emissions. The main reasons are the
following: First, in response to the national dual-carbon
goals, provinces have intensified ER, leading to a decline
in coal consumption and continuous optimization of ES.
Second, both government and enterprises have increased

investments in environmental pollution control and
reduced provincial CI by enhancing the level of green
Pat. Third, strategic interactions in ER among local
governments are starting to shift towards a “race-to-the-
top” scenario, where neighboring provinces emulate the
environmental protection measures of other provinces
and adjust economic structures. The IS effect exhibits
spatial spillover, further optimizing the province’s
economic structure and encouraging a decrease in CI
within and throughout the sample region. Furthermore,
the long-term total effect of the ER on CI is still strongly
negative (-3.7809), reflecting the sustainability of the
emission reduction effect through green technology
innovation. These findings are consistent with previous
research conclusions, highlighting the large impact of
ER on carbon emissions reduction in China [4, 11, 29].
In the short term, the increase in PGDP has
a favorable impact on the province’s CI (4.0563).
Similarly, growth in PGDP in neighboring provinces
will also increase the CI of the province (27.0010), thus
having a positive total effect on the CI across the entire
sample region (31.0573). This is likely because rising per

Table 5. Results of spatial interaction estimation for the full sample.

Short-term Long-term
Direct effect Indirect effect Total effect Direct effect Indirect effect Total effect
InER -1.9291™ -7.2552™ -9.1843™ -6.5538 2.7728 -3.7809™"
InPGDP 4.0563™ 27.0010™ 31.0573™ 18.3894 -5.6027 12.7867"
EI 1.8318" 72.6358""" 74.4676™ 32.0516 -1.3918 30.6598"""
InP 3.3939" 27.7662""" 31.1601" 17.4143 -4.5856 12.8288™

Notice: "p<0.1, "p<0.05, *"p<0.01.
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capita wealth levels within a province increase resource
consumption. Neighboring provinces also primarily
grow their wealth through resource consumption,
including resources purchased from the province,
thereby elevating the CI for both the province and the
sample region. Furthermore, as living standards improve
with increased per capita wealth, demand for various
products rises, increasing the CI of both the province
and the sample region. Higher per capita wealth levels
will lead to a broader range of demands in the long
term, further increasing the CI across the whole sample
area (12.7867).

In the short term, reducing a province’s EI
dramatically lowers its CI (1.8318). Additionally,
energy intensity reductions in neighboring provinces
also significantly decrease the province’s CI (72.6358).
Consequently, the reduction in energy intensity in the
province has a substantial carbon reduction effect on
the whole sample area (74.4676). This demonstrates
that improvements in the province’s green technology
enhance energy utilization efficiency. Furthermore, there
are spatial spillovers from green technology advances in
neighboring provinces, further boosting the province’s
technological levels and thereby reducing its CI.
Therefore, the development of green technology within
the province stimulates Pat across the entire sample
region, leading to a reduction in CI. In the long term,
decreasing the province’s energy intensity promotes
a reduction in CI for the entire sample region (30.6598),
indicating that the carbon emission reduction effects
driven by technological advancements are enduring.

In the short term, a population decline within
the province will reduce its CI (3.3939). Similarly,
a population decrease in neighboring provinces will
further reduce the province’s CI (27.7662). Consequently,
the province’s population drop has a considerable impact
on carbon emission reduction across the entire sample
region (31.1601). This implies that a fall in the province’s
population will reduce consumption of local products,
while a population decline in surrounding provinces
reduces demand for products, including those sourced
from the province. This reduction in demand leads to

Table 6. Results of the mediation effect in the full sample.

decreased resource consumption for production within
the province, thereby lowering its CI. Furthermore,
population loss has a long-term carbon-reducing effect
(12.8288).

Analysis of Mechanism Test Results

Table 4 presents the consequences of ER’s dynamic
spatial interaction on CI, as Equation (6) has been
previously tested. This section focuses on estimating
Equations (7) and (8). Suppose ER significantly affects
the mediator variable, and the mediator variable
significantly affects the CI. In that case, the transmission
mechanism of the mediator variable is valid, and the
mediation effect is effective. Otherwise, the transmission
mechanism is hindered, and the mediating effect is not
valid. Table 6 shows the mediation effect estimates.
Other estimates are available on request.

(1) ES effect

In Equation (7), with ES as the dependent variable,
the short-term optimization of ER in neighboring
provinces improves the ES of the focal province by
lowering the proportion of coal use in total energy
consumption (-0.1689). Similarly, the ER within the
focal province optimizes the ES across the entire sample
area (-0.1714). This is likely because, in the short term,
ER measures in neighboring provinces encourage HHE
to reduce coal usage by enhancing energy efficiency
through technological upgrades. The technological
spillover effect further reduces coal usage both within
the focal province and across the entire sample area.

In Equation (8), with ES as the independent variable,
the short-term optimization of the ES within a province
reduces the CI of the entire sample area (20.5372), and
this emission reduction effect is sustainable (9.6603).
Reducing coal consumption in the province decreases
carbon dioxide emissions and has a positive spillover
effect on carbon emissions; it further reduces the CI
across the whole sample area.

In the short term, the analysis above indicates that
ER can reduce the CI of the entire sample area by
optimizing the ES. The mechanism by which the ER

Short-term Long-term
. hani Dependent Independent
Regions | Mechanism variables variables Direct Indirect Total Direct | Indirect Total
effect effect effect effect effect effect
ES (Eq. (7)) InER -0.0025 | -0.1689™" | -0.1714™" | 0.4822 | -0.0486 | 0.4336
ES
CI (Eq. (8)) ES -10.1951 | 30.7323 | 20.5372"" | 10.2657 | -0.6055 | 9.6603""
Full LnPat (Eq. (7)) InER -0.2212™"| 2.6255™ | 2.4042"" | 0.3256™" | 0.0051 | 0.3307"
Pat
sample CI (Eq. (8)) InPat 0.0097 | -12.5565"" | -12.5468"" | -6.2792 | 0.8671 |-5.4121""
LnIS (Eq. (7)) InER -0.0005 | -0.1197"" | -0.1203"" | 0.6131 -0.0692 | 0.5439
IS
CI (Eq. (8)) InIS -8.7503™" | 10.9802"" | 2.2298™" 2.2797 -1.4121 | 0.8677"

Notice: "p<0.1, "p<0.05, **p<0.01.
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influences the ES is effective, and its impact on emission
reduction is significant.

(2) Pat effect

In Equation (7), with LnPat as the dependent variable,
the short-term effects show that ER within the province
reduces the Pat (-0.2212), while ER in neighboring
provinces increases the Pat in the focal province
(2.6255). Additionally, the ER within the province
significantly increases the Pat across the entire sample
area (2.4042). The primary reason is that, in the short
term, firms within the province allocate more funds to
pollution control equipment and post-event management
rather than RD investment, leading to a temporary
decline in Pat. Meanwhile, neighboring provinces invest
more in green technology RD investment, and due to the
positive spillover effect, this increases the Pat in the focal
province and the whole sample area. In the long term, as
investments in pollution control grow, the level of Pat
within the province significantly improves (0.3256), and
this improvement has a lasting effect across the entire
sample area (0.3307).

In Equation (8), with LnPat as the independent
variable, increasing the amount of technical innovation
in nearby provinces reduces the focal province’s CI in
the short term (-12.5565). Due to the positive spillover
effect of technological advancements, an increase in
patent applications within the focal province reduces
CI across the entire sample area (-12.5468), with
this technological impact providing a lasting carbon
reduction effect (-5.4121).

In summary, ER reduces CI by enhancing regional
Pat in both the short and long term. The process by
which ER fosters Pat is effective and significantly
contributes to emission reduction.

(3) IS effect

In Equation (7), with LnIS as the dependent variable,
the short-term effects indicate that ER in nearby
provinces optimizes the focal province’s IS (-0.1197).
Similarly, the ER in the province has optimized the IS
of the whole sample area (-0.1203). The reason for this
optimization is probably that ER in nearby provinces
encourages the upgrading and transformation of HHE,
which lowers their need for upstream and downstream
production materials, including those from the focal
province and other regions. This improves the IS of the
whole sample region as well as the focal province.

In Equation (8), with LnIS as the independent
variable, the short-term impact shows that reducing
the value produced by the secondary industry within
a province raises its CI (-8.7503). A decrease in the
secondary industry’s value added in neighboring
provinces reduces the province’s CI (10.9802).
Additionally, a decrease in the secondary industry’s
value-added within a province leads to a reduction in
CI across the entire sample area (2.2298). The emission
reduction effect from this decrease in secondary industry
value added shows persistence (0.8677).

Therefore, throughout the entire sample region, ER
can optimize the IS and reduce CI in the short run.

The process by which the ER affects the IS is effective.
In summary, ER optimizes ES and IS and promotes Pat
in the short term. Meanwhile, ES has the best emission
reduction effect, followed by Pat and IS. Only Pat can
contribute to long-term pollution reductions.

Analysis of the Empirical Results
for Subsamples

Effect of ER on Reducing Carbon Intensity

Table 7 presents the DSDM model findings for
subsamples, and Table 8 presents the results of dynamic
interaction effects.

(1) Eastern region

As shown in Table 7, the CI exhibits significant time
lag effects, spatial spillover effects, and spatial lag effects
in the eastern region. These influences and theoretical
analyses align with the entire sample area.

As shown in Table 8, in the short term, ER in the
eastern region has a significant negative direct, indirect,
and total effect on CI. The long-term total effect is
also negative. This may be due to the eastern region’s
more advanced IS, which allows stronger ER to drive
the transformation of HHE more effectively, thereby
reducing regional CI. The direct effect of PGDP on
CI in the short term is not significant, indicating that
the growth in per capita wealth does not impact CIL.
A possible reason is that increased PGDP boosts product
demand. However, the higher technological level in the
eastern region offsets the carbon emissions associated
with this increased production. Therefore, the growth
of per capita wealth does not significantly affect the
province’s CI.

Table 7. The results of subsamples of DSDM estimation.

Variables Eastern Middle Western
CI(-1) 0.3861" -2.6816™ -0.2065™
WCI (-1) -3.1695™ -13.3624™ -2.0301™
InER -0.6679"" -0.6459™ 7.7098"
InPGDP 1.3345™" 38.5053™ 18.6189™
EI 9.7634™" 82.7507"" 37.9210™

InP 1.4095™ 11.0962*" 8.6517"
W*InER -2.4831™ -5.7187 26.7617""
W*InPGDP 14.7225™" 178.2250"" | 376.8810™"
WHEI 86.0579™" 330.8527"" | 320.6153™
WHInP 5.8626™" 28.8021™" 188.3995™"
P 0.7564™" 3.3524™ 1.9504™

R-squared 0.5373 0.0518 0.4760

Notice: "p<0.1, "p<0.05, **p<0.01.
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Table 8. The estimation results of dynamic spatial interaction effects of subsamples.
Short-term Long-term
Regions Variates
Direct effect | Indirect effect Total effect Direct effect | Indirect effect Total effect
InER -0.4772"" -1.3398"™ -1.8170™ -0.1786 -0.5154 -0.6939™"
InPGDP 0.0143 9.2538"™ 9.2681™ 5.5776 -2.0372 3.5405™"
Eastern
El 2.1933 53.2302™ 55.4235™ 29.2125 -8.0353 21.1772™
InP 0.9491™" 3.2538™ 42029 0.7071 0.8983 1.6054™"
InER 8.5952 -10.0520 -1.4568"™ -0.4235™ 0.1133™" -0.3102"
InPGDP -125.7492 175.6004 49.8512™ 1077117 -0.1499 10.6212™
Middle
EI -117.0765 212.2500 95.1735™" 18.5277" 1.7504™ 20.2782"
InP 42.0355 -32.8691 9.1664™ 1.0973™ 0.8552™" 1.9525™"
InER 4.9959™ 6.7940" 11.7899™ 6.4426 0.2312 6.6737""
InPGDP -63.6130™ 198.6589™" 135.0459™ -34.7006 111.1416 76.4410™
Western
EI -21.3083 143.7596™" 122.4513™ 0.6422 68.6743 69.3165™
InP -32.7896™ 100.0872™ 67.2975™ -18.4460 56.5403 38.0942™

Notice: p<0.1, “"p<0.05, "p<0.01.

(2) Middle region

Table 7 indicates a notable difference for the middle
region compared to the entire sample. In this region,
the coefficient for the lagged CI is significantly negative
(-2.6816), suggesting that within these provinces,
a rise in CI in the prior year causes a decrease in CI
in the current year. A possible reason is the enhanced
environmental awareness in provinces of the middle
region. To achieve certain emission reduction targets,
efforts will be made to reduce the CI of the current year
if there is an increase in the previous year.

Table 8 illustrates that the total effect is significantly
negative (-1.4568); ER’s short-term direct and indirect
effects are not significant in the middle region.
This indicates that the ER in both the province and
neighboring provinces does not impact the province’s CI
in the short run, yet the ER in the province can reduce
the CI across the entire sample region. The primary
reason is that technological advancements within
the province are slow, making it difficult to achieve
significant emission reductions from industrial pollution
control investments in the short term. However, due to
the abundance of clean energy in the central region,
substituting a portion of coal consumption with clean
energy in the short term reduces the province’s coal
consumption. This reduction has a favorable spillover
impact on carbon emissions, thereby lowering the
CI across China. In the long term, the province’s ER
significantly reduces the province’s CI (-0.4235), and the
province’s ER reduces the CI of the entire sample region
(-0.3102). In contrast, the ER in neighboring provinces
significantly increases the CI of this province (0.1133).
This might be due to neighboring provinces tightening
ER, prompting HHE to relocate to this nearby province,

leading to an increase in the CI of this province. As the
environmental awareness in this province increases, its
ER effectively reduces the province’s CI and, due to the
imitation effect in other provinces, effectively reduces
the CI of the entire sample region.

(3) Western region

Unlike the results from the entire sample, Table 7 reveals
a significant negative coefficient for the lagged CI in the
western region (-0.2065). This suggests that a rise in CI in the
previous year results in a decrease in CI in the current year
within the western provinces. This trend suggests heightened
environmental consciousness in these provinces, where efforts
to meet emission reduction targets intensify after a year of
increased CI, thereby driving efforts to reduce the current
year’s CI.

Table 8 reveals that the direct, indirect, and total effects of
ER in the short term are significantly positive, being (2.3091),
(6.7940), and (11.7899), respectively. This suggests that local
ER increases CI within the province, ER in neighboring
provinces similarly escalates the local province’s CI, and local
ER also raises the CI throughout the entire sample region.
There are three possible reasons for this. First, compared to the
Middle and Eastern regions, the Western region’s intensified
ER prompts firms to boost their RD investments to enhance
energy efficiency. The enhancement in energy efficiency
paradoxically stimulates an increase in energy demand.
The western region’s rich energy resources create a pull factor
for industrial enterprises moving westward from coastal
areas. This migration heightens resource and energy demands,
subsequently elevating the CI both locally and across the
entire sample region. Second, enterprises may accelerate
their production activities by anticipating further stringent
ER measures and rising future energy costs. This preemptive
increase in production boosts fossil energy consumption
in the short term, thereby amplifying the CI across both local
and broader regions. Moreover, in the long term, provinces in
the western region continue to introduce industrial enterprises
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from coastal areas for sustained economic growth. The
“Green Paradox” and the “Jevons Paradox” will long-term
affect the western region, thereby increasing its CI (6.6737).

In summary, ER in the eastern and middle regions of
China has a significant abatement effect; on the contrary,
the abatement effect of ER in the western region is not
obvious.

Analysis of Mechanism Test Results

This study investigates the mediating roles of these
three mechanisms in the eastern, middle, and western
regions to delve deeper into how ER’s ES, technological,
and IS effects manifest across various regions. Due to
space constraints, Table 9 only presents the findings
related to the dynamic spatial interaction effects of the
mediator variables and the independent variables in the
mediation model. Additional results are available upon
request.

(1) Eastern region

In Equation (7), with LnIS as the dependent
variable, short-term ER within the province significantly
optimizes the local IS (-0.0159). Similarly, ER in
neighboring provinces improves the province’s IS
(-0.0668), and the province’s ER optimizes the entire
eastern region’s IS (-0.0827). This improvement is likely
due to the eastern region’s more sophisticated industrial
base than the middle and western areas. Investments in
pollution control significantly drive the transformation
and upgrading of secondary industries. Equation (8)
indicates that where LnlS is the independent variable,
optimizing IS has a significant short-term impact on
lowering carbon intensity. The optimization within
the province not only significantly lowers its CI,
but improvements in neighboring provinces’ IS also
substantially reduce the province’s CI. Moreover,
the provincial enhancements substantially decrease
the CI across the eastern region. These findings indicate
that the mechanisms relating ER to IS optimization

Table 9. The results of the dynamic spatial interaction effects of the three mechanisms of subsamples.

. . Short-term Long-term
Region Mediator | Explained | Explanatory - - - -
cglons variables variables variables Direct Indirect Total Direct Indirect Total
effect effect effect effect effect effect
ES (Eq. InER -0.0029 0.0186 0.0216 -0.0926 10.3104 -0.4030
ES @)
CI(Eq. (8)) ES -8.2985™ | 74.9834™ | 66.6849" | 9.2029"" | 3.3367 | 12.5396™
InPat (Eq. InER 20.0550™ | -0.2787" | -0.3337" | -1.9097 | -04528 | -2.3625
Eastern Pat (7))
CI(Eq.(8))| InPat 24.0761 | 195772 | -4.4989"* | -1.7548"" | -0.8855"" | -2.6403""
" lnI(S7SEq. InER 20.0159" | -0.0668" | -0.0827"" | 0.1337 0.1601 0.2937
CI (Eq. (8)) InIS 27411 | 62450 | 8.9861"" | -4.6053 74766 | 2.8713"
ES (Eq. InER 20.0447° | -0.1874"" | -0.2321"" | 0.1818 0.0039 | 0.1779""
ES (7))
CI (Eq. (8)) ES 8.6561 19.28528 | 27.9414"" | 227177 | -13.6825 | 9.0352""
InPat (Eq. InER 20.4786™ | -1.3327" | -1.8113™ | -0.1152 | -1.2198" | -1.3350""
Middle Pat (7))
CI(Eq.(8))| InPat 13.9659 | -25.6351 | -11.6692"" | -5.4493"" | 3.3051"" | -2.1442""
" 1“1(5733‘1' InER -0.0035 0.0318 0.0283 -0.0016 -0.0135 0.0151
CI (Eq. (8)) InIS 2743939 | 269.1538 | -5.24027" | 3.0284™ | -3.6948"" | -0.6664"""
ES (Eq. InER 20.1273 | 02791 | 0.1518™ | 0.0128™ | -0.0015 | 0.0114™
ES M)
CI (Eq. (8)) ES 13173 | -1.4550 20.1377 | 23.8491 | -18.9730 | 4.8761
InPat (Eq. InER 0.4177 1.9754 23931 | -0.1816" | -0.1254 | -0.3070™"
Western Pat @)
CI(Eq.(8))| InPat 310907 | 2.1801°* | 5.2891™ | 3.2073™ | -11.7739"" | -8.5666°"
" 1“1(87%3"' InER 0.0192* | -0.0149 0.0044 0.1383 -0.1410 -0.0027
CI (Eq. (8)) InIS 95.14507 | 311.4394 |216.2943"" | -364.6685 | -5525.0370 | -5889.7050

Notice: "p<0.1, “p<0.05, ""p<0.01.
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in the eastern region are operating effectively in the
short term.

(2) Middle region

In Equation (7), ES is the dependent variable. In the
short term, ER within the province positively influenced
the local ES (-0.0447), neighboring provinces’ ER
optimized the province’s ES (-0.0184), and the province’s
ER optimized the entire middle region’s ES (-0.2321).
These short-term improvements might stem from HHE
reducing coal consumption under stringent ER policies.
To prevent the ER of the province from causing an
“extrusion effect”, neighboring provinces might exhibit
an “imitation effect” in their environmental policies.
Moreover, such ER efforts also decrease the CI locally
and regionally due to significant positive spillover effects.
However, over the long term, strict ER promotes the
advancement of green technologies, enhancing energy
efficiency but increasing energy demand and thus the CI
of the middle region (0.1779). In Equation (8), with ES
as the independent variable, short-term optimization of
the province’s ES significantly reduces the CI across the
entire middle region (27.9414). Therefore, the ES effect
of ER in the middle region operates smoothly in the
short term.

(3) Western region

The impact of ES is demonstrated in Equation (7),
where ES is the dependent variable. In the short term,
ER in neighboring provinces hinders the adjustment
of the province’s ES (0.2791), while the province’s
own ER hampers the ES adjustment across the entire
western region (0.1518). This may be due to neighboring
provinces implementing strict environmental measures
to meet specific emission reduction targets, resulting in
HHE relocating to this province and surrounding areas.
Consequently, coal consumption in both this province
and the entire western region increases, leading to a rise
in the province’s CI (1.3173). Over a longer period, the
province’s ER continues to restrict energy structural
adjustments within the province (0.0128) and across
the western region (0.0114). This could be due to the

Table 10. Results of robustness tests.

province’s severe ER, which drives enterprises to
increase their technology levels in order to improve
energy efficiency. However, increasing energy efficiency
stimulates greater energy demand, thereby increasing
coal consumption in both the province and the western
region.

Equation (7) demonstrates the impact of IS, with
LnlS as the dependent variable. ER has hindered short-
term adjustments to the IS in the province (0.0192). This
limitation is because the IS in the western region is
more unbalanced than in the middle and eastern regions.
The province’s investment in pollution control funding
was more directed towards developing the secondary
industry sector, such as introducing manufacturing from
coastal areas and expanding the local scale of secondary
industry production. In Equation (8), with LnIS as the
independent variable, the imbalance in IS within the
province causes a short-term increase in CI across the
entire western area (216.2943). The rising proportion of
industrial output in the province elevates the demand
for coal and other energy sources, resulting in positive
spillover effects on carbon emissions and subsequently
increasing CI throughout the western region.

In conclusion, the emission reduction mechanism of
ER varies in the eastern, middle, and western regions
of China. In the short term, the eastern part benefits
significantly from improvements in IS, while the middle
region sees notable emission reductions due to changes
in ES. Conversely, ER leads to an increase in CI
in the western region, driven by both energy and IS.
The results align with earlier research conducted by [10,
44], which emphasizes notable decreases in emissions in
the eastern and middle regions. Additionally, Zhang et
al. (2021) reported a rise in CI in the western region due
to ER [25].

Robustness Test

This study employs alternative weighting matrices,
replaces explanatory variables for robustness tests, and

Short-term Long-term

Direct effect Indirect effect Total effect Direct effect Indirect effect Total effect
InER -1.1406™" -4.1432™ -5.2838™ -13.0627 2.1855 -10.8772"

Adjacency InPGDP 4.8282™ 12.5224™ 17.3506™" 92.5743 -56.8577 35.7167"
matrix EI 5.6300™" 26.2328"™ 31.8628" 52.4132 13.1779 65.5911™"
InP 5.0143™ 11.6505™" 16.6648"" 109.5395 -75.2340 34.3055™"

InIER -0.8197™ -2.3698™ -3.1895™ -0.5382™" 0.0186 -0.5195™

Informal InPGDP 0.6366™" 0.8387" 1.4753™ 0.5006™" -0.2603™ 0.2403"

ER EI 0.0354 1.4224™ 1.4578™ -.0872" 0.3247"" 0.2374™
InP 0.0235 -0.3807" -0.3572" 0.0534 -0.1116" -0.0581"

Notice: "p<0.1, “p<0.05, “*p<0.01.
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utilizes the DSDM to address endogeneity issues within
the model. First, adjacency matrices are used to estimate
alternative weighting matrices. Second, for robustness
in explanatory variables, informal ER is substituted for
the amount of pollution treatment completed. Following
the methodology of Pargal and Wheeler (1996),
indicators such as income level (average wage of on-post
employees in urban units), population density (number
of people per km?), and education level (proportion of
people with a college education and above) are selected
[54], and the entropy approach is used to compute
the informal ER for each province. As demonstrated
in Table 10, the estimation results for the main variables
remain constant, and ER continues to reduce carbon
emissions. Therefore, the study’s empirical findings are
reliable and robust.

Additionally, since the DSDM can mitigate the
endogeneity problem caused by bidirectional causality
[55], such endogenous problems are weaker in this
paper. Furthermore, this paper estimates DSDM models
that include only time-lagged or spatiotemporal-lagged
terms. The results in Columns (2) and (3) of Table 4
are consistent with the original results. Therefore,
the endogeneity problem is successfully addressed by

the empirical model employed in this study.

Conclusions

This study investigates the carbon reduction effects
of ER and their mechanisms from a dynamic spatial
perspective. An empirical model is developed using a
combination of the STIRPAT and the DSDM models
to examine the spatial interactions in carbon reduction
impacts and regional differences of ER in China. The
primary findings are as follows:

(I) CI exhibits significant spatiotemporal lag
characteristics and spatiotemporal interaction effects.
In the time dimension, the previous year’s CI positively
affects the current year’s CI, suggesting that CI
reduction has a temporal continuity where ongoing
carbon reduction policies yield better results. In the
spatial dimension, CI shows a notable spillover effect;
reducing CI in a region’s middle provinces leads to a
decrease in the CI of surrounding provinces. In terms of
spatiotemporal interaction effects, decreasing CI in the
previous year in neighboring provinces will increase CI
in the province, indicating that strict ER in neighboring
provinces has an “extrusion effect”, and there may
be “free-riding” behavior in pollution prevention and
control within the province.

(2) China’s ER significantly reduces carbon
emissions and exhibits dynamic spatial interaction
effects. In the short term, ER demonstrates a substantial
spatial spillover effect, effectively lowering the overall
CI across China, with this impact being sustainable
over time. In the short term, ER optimizes ES and IS
and promotes Pat. Meanwhile, ES has the best emission
reduction effect (-20.54%), followed by Pat (-12.55%)

and IS (-2.23%). Only Pat can contribute to long-term
pollution reductions. Reasonable ER can enhance
governments’ and enterprises’ environmental awareness,
increasing renewable energy supply, reducing fossil fuel
consumption, and optimizing the ES. Furthermore,
an increase in pollution prevention and control inputs
encourages the flow of capital to clean industries,
encouraging polluting businesses to embrace green
transformation. This will increase the level of green Pat
and optimize the IS, promoting the reduction of CI in
the province and across the sample region.

(3) The impact of the ER on reducing carbon
emissions differs across China’s eastern, middle, and
western regions. The carbon emission reduction effect
of the eastern and middle regions is obvious in the
short and long term. Compared with the middle and
western regions, the eastern region is superior in terms
of economic structure. Thus, the eastern region mainly
relies on the IS to play a role in reducing CI. The middle
region mainly reduces CI by adjusting its ES due to its
abundance of clean energy. ER in the western region
has raised CI in both the short and long term. On the
one hand, ER has promoted the improvement of energy
efficiency, which paradoxically stimulates an increase
in energy demand. The western region’s abundance
of energy resources has attracted a large number of
industrial enterprises to relocate there, thus increasing
energy demand and resulting in an increase in CI. On the
other hand, enterprises anticipate that the government
will further strengthen ER in the future, leading to
increased energy costs. Therefore, enterprises accelerate
their production activities at the current stage, leading to
a rapid expansion of fossil energy demand in the short
term, thereby increasing CI. Therefore, it is important to
adopt different measures tailored to local conditions to
fully leverage the carbon reduction effect of ER.

In summary, this article proposes the following
policies:

(I) The government should implement all ERs
nationwide and regard ERs as important tools for
carbon emission reduction. Currently, China’s “dual
carbon goals” task is arduous. Not only should
there be a top-level design of ER at the national
level, but local governments and enterprises should
also enhance environmental awareness. Implement
various environmental measures throughout the local
administration and the entire product lifecycle, actively
adjust the economic structure, maintain continuous
and stable investment in green projects, encourage
enterprises to improve green technology levels for green
transformation, and effectively implement ER as an
important policy tool for carbon emission reduction.

(2) Policymakers should leverage the dynamic
spatial interaction of ER’s carbon abatement effects.
Governments should strengthen ER measures in middle
regional provinces and spread them to surrounding
provinces. Improving the coordination mechanism of
regional environmental regulatory policies is crucial.
At the same time, measures should be taken to prevent
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some provinces from “free-riding” on neighboring
provinces’ positive environmental spillover effects and
relax environmental regulatory supervision.

(3) Given the varying impacts of ER on carbon
emission reduction across different regions, tailored ER
measures should be implemented accordingly. Provinces
in the eastern region should continue investing in major
pollution prevention projects, enhance green innovation,
and optimize their economic structures to sustain
the mitigation effects of ER. Provinces in the middle
region should direct pollution control funds towards
green technology innovation and enforce strict access
standards to prevent HHE from relocating from other
provinces. In the western region, strict controls should
be placed on the migration of HHE from coastal areas,
and local HHE should be closely monitored to reduce
their CI.
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