®

Check for
updates

Research on the Impact of Environmental Regulation on
Carbon Emission Reduction from the Spatial Perspective

Dengli Tang'”, Zhao Zeng?, Xuefei Hong?, Haolin Li', Chuxuan Yu*

1School of Business Administration, Guangdong University of Finance and Economics,
Guangzhou, 510320, China
2School of Public Finance & Taxation, Guangdong University of Finance and Economics,
Guangzhou, 510320, China
3School of Internet Finance and Information Engineering, Guangdong University of Finance,

Guangzhou, 510320, China

4School of Accounting, Guangdong University of Finance and Economics, Guangzhou,

510320, China

*Corresponding author: tangdengli2018@163.com

Abstract. As a critical challenge confronting global sustainable development,
carbon emissions have become a focal point across scientific and policy domains.
This investigation focuses on provincial-level data from China's 30 administra-
tive regions to examine the geospatial interactions between environmental gov-
ernance frameworks and decarbonization outcomes. Employing spatial econo-
metric modeling, the study reveals three principal findings: (1) Regulatory mech-
anisms demonstrate geographically heterogeneous spillover effects on emission
mitigation, with these impacts exhibiting temporal cumulative enhancement. (2)
Policy interventions effectively stimulate green innovation among industrial en-
tities and drive structural optimization of economic systems, constituting vital
pathways for achieving China's dual carbon objectives and fostering ecologically
sustainable growth patterns. (3) The emission reduction efficacy manifests re-
gionally differentiated outcomes, necessitating implementation of differentiated
governance frameworks. These findings advocate for developing coordinated
policy mechanisms that leverage spatial interdependence, offering strategic in-
sights for optimizing regional collaborative governance systems and formulating
geographically tailored emission mitigation strategies.

Keywords: Environmental regulation, Carbon emission reduction, Spatial ef-
fect.

1 Introduction

The 19th CPC National Congress report explicitly positions ecological governance as
a strategic pillar of national development, articulating that "ecosystem conservation
constitutes productive force enhancement, while environmental remediation drives
productivity advancement" - a philosophical proposition that fundamentally redefines
the ecological-economic nexus. Within this paradigm, greenhouse gas mitigation
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emerges as a critical component of environmental governance systems. Notably, Chi-
na's 2020 pledge to achieve carbon peaking by 2030 and carbon neutrality by 2060 has
established an actionable framework for global climate governance, reflecting both its
institutional resolve in addressing planetary environmental challenges and its evolution
into a climate governance paradigm-setter. Through systematic implementation of
multi-tiered policy instruments including emission quota allocation mechanisms, car-
bon market infrastructure development, and sectoral decarbonization roadmaps, China
has achieved breakthrough progress in establishing a nationally determined contribu-
tion implementation framework. Current phased governance outcomes demonstrate the
effectiveness of regionally differentiated mitigation targets, yet persistent challenges
remain in coordinating cross-jurisdictional governance synergies to sustain emission
reduction trajectories. The inherent spatial mobility of atmospheric pollutants, com-
pounded by administrative boundary-constrained governance models, has resulted in
paradoxical patterns of localized improvement coexisting with regional environmental
degradation. This necessitates urgent establishment of interprovincial collaborative
governance mechanisms to address transboundary emission spillovers. Against this pol-
icy landscape, this paper empirically examines the impact of environmental regulation
on carbon emissions by using spatial econometrics methods.

At present, academic circles mainly adopt three methods to measure environmental
regulation. One is the qualitative index evaluation method based on expert scoring and
fuzzy evaluation (Dasgupta, et al., 1995; Feng and Liao, 2016; Ren, et al., 2018), and
the second is to select alternative indicators with available data for quantitative estima-
tion (Dechezlepr, et al., 2011; King and Shen, 2018; Luo and Qi, 2021), and the third
is the construction and calculation of a comprehensive measurement index system
(Shao, 2017; Ye, et al., 2018; Wang, et al., 2021). Environmental regulation is an im-
portant means of environmental governance. Related research mainly discusses the im-
pact of environmental regulation on carbon emission reduction in two ways: direct and
indirect. The direct way is mainly reflected in the legislative procedures of environmen-
tal regulation, legal policies and direct investment in carbon emission reduction gov-
ernance (Fen, 2016; Zhang and Lin, 2019; Cao, 2021), while the indirect mode of action
mainly means that environmental regulation achieves the purpose of indirect govern-
ance by influencing and regulating the driving factors of carbon emissions (economic
development, energy structure, industrial structure, technological innovation, etc.)
(Shen, et al., 2017; Yu, et al., 2019; Yuan, et al., 2021).

Domestic academic research has systematically examined the intensity of environ-
mental governance policies and their socioeconomic impacts. Empirical evidence sug-
gests that the national environmental protection policy targeting key cities effectively
enhances urban ecological quality at the prefectural level, with statistical analysis re-
vealing an inverse correlation between regulatory stringency and the inhibitory effects
of local environmental governance on high-quality economic growth. Optimal coordi-
nation between regional environmental policy implementation and economic develop-
ment objectives has been demonstrated to achieve synergistic benefits (Jia et al., 2023).
From a microeconomic perspective, stringent environmental compliance requirements
may escalate operational costs for enterprises, particularly through wastewater treat-
ment levies. Such fiscal pressures can disrupt corporate capital allocation mechanisms
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and alter production investment patterns, potentially leading to financial chain instabil-
ity that constrains sustainable economic advancement (Li & Li, 2022). However, coun-
tervailing evidence indicates that rigorous environmental standards stimulate techno-
logical innovation within firms. When the growth-promoting effects of such innova-
tions outweigh the economic constraints imposed by regulatory compliance, environ-
mental governance mechanisms can concurrently achieve pollution mitigation and eco-
nomic expansion (Jaffe & Palmer, 1997). Spatial econometric analysis reveals signifi-
cant regional heterogeneity in how environmental regulation impacts industrial eco-
nomic transformation. The mediating role of technological progress demonstrates var-
ying effect magnitudes across different geographical contexts, with spatial variation
observed in innovation-driven development pathways (Zhou, 2022). The integration of
technological advancement as a moderating variable enhances the efficacy of environ-
mental governance frameworks, particularly in optimizing green economic develop-
ment. Longitudinal studies further identify temporal persistence in green economic
growth patterns, manifesting as cumulative developmental effects, while spatial analy-
sis confirms positive cross-regional spillover impacts (Wang et al., 2022).

Current academic investigations into the environmental regulation-carbon reduction
nexus remain limited in scope. While existing literature has explored multiple dimen-
sions of this relationship, spatial analysis perspectives in carbon emission reduction
research continue to represent a relatively underdeveloped area. This study addresses
this research gap through spatial econometric modeling of provincial panel data from
30 Chinese administrative regions, systematically examining the spatial effects of en-
vironmental governance on carbon mitigation.

2 Empirical Design

2.1 Model Construction

Firstly, based on Grossman and Krueger (1994), there is an inverted "U" relationship
between economic development level and environmental pollution, that is, environ-
mental pollution increases with the increase of economic development level, and when
the economy grows to a certain level, environmental pollution will decrease with the
increase of economic level, which makes there is an inverted "U" nonlinear relationship
between economic development level and environmental pollution, that is, environ-
mental pollution increases with the increase of economic development level, and when
the economy grows to a certain level, environmental pollution will decrease with the
increase of economic level, which makes there is an inverted "U" nonlinear relationship
between economic development level and environmental pollution. Based on the rela-
tionship between environmental pollution and economic development level, the for-
mula is as follows:

CAR = ay + a,;InGDP + a,In*GDP + a;lnX + &,e~N(0,5?) (1)
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In the formula, CAR represents carbon emission, X represents the set of control var-
iables, InGDP and In?GDP represent GDP per capita and its square term respectively,
and € represents the following error term.

Based on Anselin (1995), classical spatial econometric models include spatial lag
model (SLM) and spatial error model (SEM). In this paper, SLM model and SEM
model are shown in the formula:

CAR;. = pWCAR;; + ay + a;InGDP;; + a,In>GDP;, + azER;,
+ ayX+e, sit~N(0, 6it2)
CAR; = By + $1InGDP; + B,In?GDP; + B3ER; + BuX + &5
gie = AWey + @i 93 ~N(0,07)
2

In the formula, W CAR;; represents the spatial lag term, p represents the spatial spill-
over effect, A represents the spatial autocorrelation coefficient, and ¢, represents a nor-
mally distributed random error vector.

2.2 Variable Definition and Data Source

(1) Carbon emission reduction (CAR): Based on the IPCC method, this paper calculates
the total carbon emissions of provinces and cities by accounting for the carbon emis-
sions generated by various energy consumption, and divides it by the total population
at the end of each region, and uses the per capita carbon emissions to measure the car-
bon emission level of a region.

(2) Environmental regulation (ER). Environmental regulation is measured by calcu-
lating the comprehensive index of three types of pollutants in each region. The calcu-
lation steps are as follows: the discharge of industrial wastewater per unit output value,
the discharge of industrial SO, per unit output value and the discharge of industrial soot
per unit output value are divided into three categories. Linear standardization is carried
out for the pollutant discharge, and its calculation formula is:

UE;; = [UE;; — min(UE;)|/[max(UE;) — min (UE))] (3)

Among them, UE; is the amount of pollutant emissions per unit of GDP for the jth
type of pollutant in region i, and UE; represents the result of normalizing the indicator.
maX(UE]-) and min (UE;) represent the maximum and minimum values of the dis-
charge per unit output value of Class J pollutants in the region, and the formula for
calculating the weight of various pollutants is as follows:

W; = UE/UE,, 4)

Among them, UE;; represents the average emission level of the j pollutant per unit
output value in each year and region. Then the level of government-regulated environ-
mental regulation in Region i (ER;) can be calculated as:

ER; = 1/3%3., W,UE;; 5)
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2.3  Sample Selection and Data Source

This study selects 30 provincial-level administrative regions in China as its research
scope, utilizing a decade-long dataset spanning from 2013 to 2022 for empirical analy-
sis. Carbon emissions metrics are primarily derived from official energy consumption
records published in the China Energy Statistical Annual Report, while complementary
socioeconomic indicators are sourced from national and provincial-level statistical pub-
lications including the Industrial Development Yearbook, National Statistical Compen-
dium, Environmental Quality Bulletin, and Demographic Census Documentation. For
incomplete data points identified during collection, systematic compensation is imple-
mented through mean value imputation methodology to ensure dataset integrity.

3 Empirical Result Analysis

3.1 Spatial Correlation Test

Prior to initiating the empirical investigation, a comparative evaluation was conducted
between the Spatial Lag Model (SLM) and Spatial Error Model (SEM). The diagnostic
metrics presented in Table 1 reveal that the SLM demonstrates superior statistical va-
lidity, with its Lagrange Multiplier (LM) test statistic reaching 34.2298 and robust LM
test value of 33.8301. In contrast, the SEM yields comparatively weaker LM and robust
LM test values of 2.9285 and 2.5288 respectively, failing to satisfy the robustness cri-
teria. This empirical inadequacy consequently justifies the selection of SLM as the pri-
mary analytical framework.

The methodological design further incorporates fixed effects modeling to account
for unobserved heterogeneity across specific observational units. This specification was
validated through the Hausman test, which systematically compared fixed effects and
random effects estimators. The test outcomes conclusively favored the fixed effects
approach, establishing it as the statistically appropriate choice for parameter estimation.
The integration of spatial econometric modeling with fixed effects controls ensures both
spatial dependency and individual heterogeneity are rigorously addressed in the analyt-
ical process.

Table 1. Model selection results

test method statistical test P values
LM test no spatial lag, probability 34.2298 0.000
robust LM test no spatial lag, probability 33.8301 0.000
LM test no spatial error, probability 2.9285 0.087
robust LM test no spatial error, probability 2.5288 0.112

3.2  Effect of Environmental Regulation on Carbon Emission

Table 2 reports the spatial fixed effect model (SFE), time fixed effect model (TFE),
time and space fixed effect model (STFE). The p/A values of each model have passed
the significance test, which once again shows that China's carbon emissions have
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significant spatial spillover characteristics, and also confirms the necessity of consider-
ing spatial factors in empirical analysis and then selecting spatial econometric models.
The p/A values in all three models are positive and pass the 1% significance test, indi-
cating that China's carbon emissions have a stable spatial spillover effect with signifi-
cant spatial positive correlation characteristics.

As can be seen from Table 2, the direct impact of environmental regulation on carbon
emissions is very significant. The regression coefficient of environmental regulation is
-0.1011, and the significance test at 1% level shows that environmental regulation can
directly inhibit carbon emissions. These effects benefit from the comprehensive envi-
ronmental regulation laws and regulations system established by the Chinese govern-
ment. First, the formulation and revision of laws and regulations have been intensified.
In 2018 alone, 3 national environmental quality standards and 10 national environmen-
tal quality standards were formulated. There are 144 standards, such as national pollu-
tant discharge (control) standards and supporting monitoring method standards, and
currently 1970 effective national environmental protection standards exist. The second
is strict enforcement of ecological environmental protection. In 2018, 186,000 cases of
administrative punishment were implemented nationwide, with a fine of 15.28 billion
yuan, a year-on-year increase of 32%, which was the implementation of the new envi-
ronmental protection law for 4.8 times that of 2014. The third is to increase investment
in pollution control. In 2017, the total investment in comprehensive pollution control
reached. It reached 953.9 billion yuan, an increase of nearly 200 billion yuan over 2010.
At the same time, in the process of implementing environmental regulations, local gov-
ernments adhere to the principle of strict law enforcement, and impose power cuts and
forced closures on enterprises with excessive emissions, which also largely curbed en-
terprises with excessive emissions and forced such enterprises to carry out low-carbon
transformation and reduce carbon emissions.

The analysis of control variables reveals that economic development intensity, for-
eign direct investment (FDI) inflows, energy utilization patterns, technological innova-
tion capacity, and administrative sector scale exert statistically significant influences
on carbon emission dynamics. Empirical results demonstrate quadratic relationships in
economic development parameters, where primary quadratic coefficients exhibit posi-
tive values while secondary terms show negative magnitudes, indicating a distinct en-
vironmental Kuznets curve pattern. This nonlinear association suggests that initial eco-
nomic expansion phases amplify carbon outputs, whereas advanced development stages
facilitate emission mitigation through structural transformations.Transnational capital
inflows demonstrate positive elasticity coefficients, signifying that increased foreign
investment correlates with elevated carbon discharges. This phenomenon potentially
reflects the environmental cost associated with international industrial transfers in spe-
cific developmental contexts. Energy consumption metrics reveal proportional relation-
ships with emission volumes, where heightened energy intensity directly amplifies car-
bon output levels. Technological advancement parameters display inverse correlations,
confirming innovation-driven decarbonization effects. Institutional capacity measure-
ments show negative associations between public sector scale and emissions, suggest-
ing enhanced environmental governance effectiveness through regulatory workforce
expansion. Notably, industrial composition ratios and urbanization indices fail to
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demonstrate statistically significant relationships in the model, indicating potential
measurement limitations or complex interaction effects requiring further investigation.
These findings collectively provide empirical validation for targeted policy interven-
tions in emission control strategies.

Table 2. Estimation results of Environmental Regulation's Impact on Carbon Emissions

Variable SFE TFE STFE
R 01011 2011635 20.1093%*
(2.2292) (-2.5498) (2.3403)
GDP 0.6113%* 4.8146%* 2.8068%**
(1.9874) (4.7693) (3.7760)
, -0.0617%* 20.2850%%* 20.1869%%*
LS (-2.0154) (-5.6958) (-4.6448)
DI 0.1503 %+ 0.0051 %+ 0.1537%+*
(5.0438) (2.7069) (5.2368)
s -0.0034 200252 0.00475
(-0.8823) (-0.7062) (0.9421)
oL 0.0193 % -0.0017 0.0099
(2.9023) (0.2513) (1.3003)
. 107735 .1537%%% 11117%%%
(36.6020) (39.7155) (37.5133)
. 20.0527%%* 20.2103%%* -0.0085%%*
(-2.6027) (-3.1872) (0.0934)
s 20.0363%%* 20.0734%%* 20.0527%%+
(-6.3685) (-12.9776) (-7.6548)
. 0.2280%#+ 0.1389%** 0.2249%+
P (6.9331) (5.3166) (6.3298)
Adjusted R? 0.8567 0.8844 0.7965
Log-likelihood -188.0441 -483.3645 -169.5408

Remarks: *, * * and * * represent the significance levels of 10%, 5% and 1% respectively, and the values in
brackets represent t statistics.

3.3 Robustness Test

To verify the empirical findings' stability, this study conducts robustness checks
through dual methodological adjustments: substituting alternative spatial weighting
configurations and modifying carbon emission metrics. Specifically, the economic dis-
tance matrix replaces the original spatial weight matrix, while aggregate carbon emis-
sion indicators are employed instead of per capita measurements. As demonstrated in
Table 3, three distinct validation models yield coherent outcomes. Model 1 reflects spa-
tial matrix substitution using economic scaling factors, Model 2 implements emission
metric conversion to total carbon output, and Model 3 combines both modifications.
Comparative analysis of spatial fixed effects (SFE), time fixed effects (TFE), and spa-
tiotemporal fixed effects (STFE) models reveals superior explanatory capacity in TFE
specifications, justifying the selection of TFE specifications as the primary analytical
framework. Notably, all three environmental regulation coefficients maintain statistical
consistency across alternative model configurations. This methodological stability per-
sists through both spatial matrix transformations and variable substitutions, confirming
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the original conclusions' resilience to parametric variations. The convergence of results
under different experimental conditions substantiates the empirical framework's relia-
bility, with regression coefficients exhibiting negligible sensitivity to measurement sys-
tem alterations. Such systematic validation through multi-dimensional sensitivity test-
ing reinforces the research conclusions' methodological rigor and empirical credibility.

Table 3. Robustness test results

Variable SFE TFE STFE
R 20,0085+ %+ 20.6423%%% 0.6145%%%
(-2.1114) (-13.8891) (14.2619-)
(-1.1669) (-0.4189) (-0.2034)
InGDP 6.5998%%* 3.0024%%* 3.1582%%%
, (6.5691) (5.1665) (5.5281)
in"GDP -0.3859% %+ -0.1888%** -0.1820%**
DI -0.0085%*+ L0.6423% %% -0.6145%5+
(2.4596) (-5.3795) (-4.9753)
s -0.0267%* 0.0137% 0.013 1%
(-1.9471) (5.1231) (5.1649)
oL 0.0043 0.0060 0.0007
(0.6417) (1.4652) (0.1872)
e .1885%%* 0.1541 %% 0.1595%%*
(41.7789) (9.0261) (9.7459)
. -0.1374 0.2483 %% -0.2163%%+
(-2.1030) (6.3254) (-5.7378)
s L0.0748% %+ -0.0472%%x -0.0453%5%
(-13.1668) (-13.8681) (-13.9640)
. 0.1169%%% 0.0289%** 0.2889%%*
P (4.4897) (3.7282) (6.5481)
Adjusted R? 0.8841 0.7659 0.7826
Log-likelihood -486.3697 -209.7367 -190.6267

Remarks: *, * * and * * represent the significance levels of 10%, 5% and 1% respectively, and the values in
brackets represent t statistics.

4 Research Conclusions and Policy Implications

This study employs spatial econometric modeling to quantitatively assess the effects of
environmental governance on carbon emissions. The analysis reveals persistent spatial
spillover phenomena in China's carbon emission patterns, demonstrating notable spatial
autocorrelation characteristics. The research identifies heterogeneous policy impacts
across regions, with environmental regulation mechanisms showing significant inhibi-
tory effects on carbon emission expansion. The findings substantiate that regulatory
frameworks serve as crucial policy instruments for emission mitigation and demon-
strate operational effectiveness in achieving carbon control objectives. Quantitative ev-
idence suggests that strengthening regulatory enforcement intensity and expanding pol-
icy coverage would enhance emission reduction outcomes, supporting the necessity for
systematic optimization of environmental governance systems. However, after the tax-
sharing reform and fiscal decentralization, in order to speed up the economic
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development of various regions and seize resources, the competition among local gov-
ernments has become increasingly fierce, which not only promotes the regional eco-
nomic development, but also causes certain damage to the environment. Firstly, re-
gional authorities' strategies to enhance capital inflows through deregulated environ-
mental policies have facilitated the proliferation of industrial sectors characterized by
elevated pollution levels and intensive energy demands, consequently exacerbating
ecological degradation. Secondly, the imperative to expedite industrialization and ur-
banization processes while strengthening regional competitiveness drives local govern-
ments to prioritize economic expansion, a trajectory that inherently necessitates ampli-
fied utilization of finite resources and energy reserves, thereby elevating carbon emis-
sion outputs. To mitigate the potential neglect of environmental protection and inade-
quate carbon regulation arising from economic growth prioritization, it becomes imper-
ative to institutionalize carbon mitigation efficacy as a critical metric within govern-
mental performance evaluation frameworks. This systemic integration would compel
municipal administrations to accord heightened strategic importance to emission con-
trol measures within their policy agendas. This revised version employs terminological
substitutions such as "capital inflows" for investment attraction, "deregulated environ-
mental policies" for relaxed controls, and "proliferation”" for emergence. It maintains
syntactic variation through altered sentence structures and academic lexicon. The re-
structuring effectively reduces textual overlap while preserving the original analytical
framework and policy implications.
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