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Abstract: The transportation sector has significantly contributed to greenhouse gas and air pollutant
emissions. Consequently, there is an urgent need to investigate strategies to synergize the reduction
in CO2 and pollutant emissions in this sector. Using panel data from 30 provinces in China over the
period from 2005 to 2018, this study employs spatial econometric models and mediation effect models
to investigate the synergistic effects of carbon markets and environmental regulations on carbon
reduction and pollution control in the transportation sector, along with the underlying transmission
mechanisms. The results are as follows: (1) Carbon markets can achieve synergistic reduction effects
in both CO2 emissions and pollutant emissions, whereas environmental regulations can reduce
pollutant emissions alone in the transportation sector. (2) The synergistic reduction effects of carbon
markets and environmental regulations in the transportation sector exhibit regional heterogeneity.
The central region can realize synergistic reductions, while the western and eastern regions may
experience an increase in CO2 and pollutant emissions and cross-regional transfers. (3) Carbon
markets can achieve synergistic reduction effects in the transportation sector by influencing the
industrial structure at the provincial level, transportation supply and demand at the sectoral level,
and green willingness at the individual level.
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1. Introduction

The escalating threats posed by global climate change and environmental pollution
have elevated the urgency of addressing two pressing challenges in contemporary society:
reducing carbon emissions and enhancing air quality [1,2]. China is currently at a critical
stage of green and low-carbon transformation, requiring significant efforts to promote
energy-saving and emission-reduction actions [3–6]. Therefore, it is of utmost importance
for China’s sustainable development to achieve coordinated control of greenhouse gases
and atmospheric pollutants, with the goal of “carbon reduction and pollution control.” The
transportation sector, often regarded as the lifeblood of modern society, plays an indispens-
able role in bolstering economic growth and societal development [7]. Nevertheless, the
CO2 and atmospheric pollutants stemming from this sector have impeded China’s eco-
nomic progress and imposed severe and long-lasting negative impacts on public health and
well-being [8,9]. As a result, the pursuit of synergistic reductions in CO2 and atmospheric
pollutants in the transportation industry has become a shared focus for the government,
academia, and the industry.

China has put into action a suite of policies aimed at curbing pollution and carbon
emissions. These policies encompass the “Environmental Protection Tax Law,” which
primarily targets the control of local pollutants such as SO2, NOx, and PM2.5 (referred to as
environmental regulations), and the “Carbon Emission Right Trading Pilot Work,” which
focuses on reducing global greenhouse gases, particularly CO2 (referred to as the carbon
markets). While these two types of policies have distinct emission reduction objectives,
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it is important to note that CO2 and atmospheric pollutants stem from common sources.
Consequently, the implementation of both environmental regulations and carbon markets
has the potential to generate synergistic emissions reduction effects.

The term “synergy” has become increasingly prevalent in the Chinese government’s
planning documents in recent years, and existing studies have conducted comprehensive
examinations of this term. The concept of “synergy” encompasses two key aspects. The first
aspect pertains to the combined effects of multiple policies, emphasizing the additional ben-
efits that arise when multiple policies are implemented simultaneously. The second aspect
focuses on the impact of a single policy, emphasizing its ability to not only reduce targeted
emissions but also to exert synergistic control over other emissions. The synergistic effects
discussed in this paper are not related to interactions between multiple policies; instead,
they are specific to the impact of a single policy. More specifically, the carbon market exerts
a synergistic impact on reducing both CO2 and atmospheric pollutants [10]. Beyond its role
in mitigating CO2 emissions, the carbon market positively influences the reduction in at-
mospheric pollutants like NOx and SO2 by altering the energy structure, enhancing energy
efficiency, and promoting clean energy usage [11]. In addition, environmental regulations
generate a synergistic effect on reducing CO2 and atmospheric pollutants [4,12]. Environ-
mental regulations not only contribute to the reduction in atmospheric pollutants but also
influence CO2 emissions by adjusting industrial structures and promoting technological
innovation [13,14].

The current body of literature extensively affirms the synergistic reduction effects of
carbon markets on atmospheric pollutants and CO2 emissions. Similarly, it acknowledges
the synergistic reduction effects of environmental regulations, atmospheric pollutants, and
CO2 emissions. Nevertheless, it is important to note that several notable limitations still
exist in the previous research.

Firstly, existing studies mainly concentrate on the national and provincial levels, with
limited investigation into the synergistic reduction in CO2 and pollutant emissions at the
industrial level. Only a few studies have addressed the sectors with the highest emissions,
such as the electricity and industrial sectors [15–17]. Given the unique resource utilization
and emission characteristics of the transportation sector, which heavily relies on fossil fuels,
it becomes imperative to conduct in-depth research on the synergistic reduction in CO2
and pollutant emissions in the transportation sector [18].

Secondly, industrial-level studies often emphasize the local effects of “carbon reduc-
tion and pollution control” while overlooking cross-regional impacts. The transportation
sector exhibits evident cross-regional characteristics. In addition, CO2 and atmospheric
pollutant emissions can influence not only the local environment but also neighboring
areas. Consequently, research concerning the transportation sector should adopt a dy-
namic cross-regional perspective to gain a more comprehensive understanding of regional
effects [19].

Lastly, although a few studies have explored factors influencing CO2 and atmospheric
pollutant emissions in the transportation sector, they have not analyzed the mechanisms
through which these factors impact the synergistic effects of carbon reduction and pollution
control [20]. Mechanism analysis can reveal crucial factors in policy design and provide
recommendations for policy improvements. Therefore, it is essential not only to focus on
the factors influencing the synergistic effects of carbon reduction and pollution control in
the transportation sector but also to study deeply the mechanisms through which these
factors operate.

Considering the aforementioned factors, this study employs data spanning the years
2005 to 2018, encompassing 30 Chinese provinces and cities, to investigate the impacts of the
carbon market and environmental regulations on carbon reduction and pollution control
in the transportation sector. This research makes marginal contributions in several key
aspects: (1) This study focuses on the transportation sector, extending the investigation of
carbon reduction and pollution control to the industry level, thereby contributing to a more
profound comprehension of the unique challenges faced by the transportation sector and its
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potential for emissions reduction. (2) This study employs spatial econometric methods, with
a specific emphasis on the cross-regional impacts of the carbon market and environmental
regulations in the transportation sector. (3) By conducting mediation mechanism tests, this
study delves deep into the policy transmission mechanisms underlying the synergistic
effects of carbon reduction and pollution control in the transportation sector, contributing
to a deeper understanding of policy impact mechanisms and facilitating the achievement
of emissions reduction goals.

The remaining part of this study is structured as follows: Section 2 proposes the
theoretical analysis and hypothesis. Section 3 presents the design of empirical research;
Section 4 introduces the results of empirical research; Section 5 summarizes the main
conclusions and puts forward policy implications.

2. Theoretical Analysis and Hypothesis

The research framework for this study is depicted in Figure 1. Building upon this
framework, four hypotheses with respect to carbon markets and environmental regulations
are formulated, respectively.
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The national carbon emissions trading market is a core policy instrument designed to
achieve carbon peak and carbon neutrality goals. It operates by promoting carbon reduction
through market mechanisms, treating emission rights as scarce resources [21]. Simulta-
neously, the government enforces environmental regulations by levying environmental
taxes, imposing fines, and conducting oversight to compel enterprises to reduce their
pollutant emissions [22]. However, the “green paradox hypothesis” suggests that carbon
markets and environmental regulations may inadvertently exacerbate CO2 and pollutant
emissions when enterprises intensify their energy usage in pursuit of cost-effectiveness [23].
Additionally, the “pollution haven hypothesis indicates that carbon markets and environ-
mental regulations could lead to business relocations, potentially resulting in increased
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CO2 and pollutant emissions in neighboring regions [24]. Therefore, it is necessary to
investigate whether carbon markets and environmental regulations effectively reduce CO2
and pollutants in the transportation sector.

Hypothesis H1a. Carbon markets will have synergistic reduction effects on CO2 and pollution
emissions in the transportation sector.

Hypothesis H1b. Environmental regulations will have synergistic reduction effects on CO2 and
pollution emissions in the transportation sector.

Moreover, both carbon markets and environmental regulations can promote synergistic
reduction effects on CO2 and pollution emissions in the transportation sector at provincial,
sectoral, and residential levels.

(1) Provincial level: industrial structure

Carbon markets and environmental regulations, using economic incentives, tech-
nological innovation, and market competition, reduce the share of highly polluting and
energy-intensive industries. This, in turn, promotes a shift in industries towards being
more environmentally friendly. The upgrading of the industrial structure can bring about
changes in transportation demand distribution, transportation mode preferences, innova-
tion in transportation services, and logistics requirements. These shifts can influence CO2
and pollutant emissions, which may lead to a synergistic effect on carbon reduction and
pollution control.

Hypothesis H2a. Carbon markets will achieve synergistic control over CO2 and pollutant emis-
sions in the transportation sector by enhancing the rationalization of the industrial structure.

Hypothesis H2b. Environmental regulations will achieve synergistic control over CO2 and pollu-
tant emissions in the transportation sector by enhancing the rationalization of the industrial structure.

(2) Sectoral level: transportation supply

Carbon markets and environmental regulations compel enterprises to adopt emission
reduction measures, which, to some extent, increase the operating costs of transportation
enterprises. Faced with heightened cost pressures, transportation enterprises implement
measures to reduce transportation supply, such as optimizing transportation routes and
reducing transportation distances. The reduction in transportation supply leads to a
decrease in fossil fuel consumption, thereby reducing CO2 and pollutant emissions in the
transportation sector.

Hypothesis H3a. Carbon markets will achieve synergistic control over CO2 and pollutant emis-
sions in the transportation sector by reducing transportation demand in the transportation sector.

Hypothesis H3b. Environmental regulations will achieve synergistic control over CO2 and pollu-
tant emissions in the transportation sector by reducing transportation demand in the transportation sector.

(3) Residential level: green will

The implementation of carbon markets and environmental regulations is often accom-
panied by social awareness campaigns. These activities help raise residents’ awareness
regarding environmental issues and climate change, which will motivate residents to adopt
eco-friendly behaviors. A growing number of residents opt for low-carbon and clean trans-
portation modes, such as public transportation and cycling, while reducing their reliance on
private vehicles. This transition contributes to a reduction in CO2 and pollutant emissions
in the transportation sector.
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Hypothesis H4a. Carbon markets will achieve synergistic control over CO2 and pollutant emis-
sions in the transportation sector by increasing the frequency of public transportation usage
among residents.

Hypothesis H4b. Environmental regulations will achieve synergistic control over CO2 and
pollutant emissions in the transportation sector by increasing the frequency of public transportation
usage among residents.

3. Research Design
3.1. Model Design
3.1.1. Spatial Econometric Model

Due to the existence of spatial correlations and spatial spillovers, CO2 and atmospheric
pollutant emissions in the transportation sector are affected by geospatial relationships.
Therefore, the application of a spatial econometric model enables a more precise analysis
and prediction of emissions, thereby assisting policymakers in implementing more effective
measures to mitigate environmental impacts. Therefore, the spatial econometric model is
selected in this paper. The spatial econometric model is outlined as follows:

ln Yi,t = α + τ ln Yi,t−1 + ρ
n

∑
j=1

Wi,jYi,j + βXi,t + θ
n

∑
j=1

Wi,jXi,t + λ
n

∑
j=1

ωi,jε j,t + µi + γt (1)

Wi,j =

{
1/di,j i 6= j
0 i = j

(2)

where i and j represent different provinces, t represents the year, Wi,j is the spatial geo-
graphic distance matrix, di,j represents the geographical distance, which is calculated using
the Haversine equation by the longitude and latitude between two provinces; Yi,t is the
dependent variable, Xi,t stands for the independent variables; ρ and θ are the spatial lag
coefficients for dependent and independent variables, µi is spatial fixed effects, γt is time
fixed effects, εi,t is the random error term, λ is spatial autocorrelation coefficient of the
error term.

When τ 6= 0, the above model is a dynamic spatial panel data model. The spatial
econometric model in Equation (1) can be deformed to obtain the following common forms:
λ = 0 leads to a spatial Durbin model (SDM); λ = θ = 0 leads to a spatial lag model (SLM);
ρ = θ = 0 leads to a spatial error model (SEM). However, the choice of which spatial
econometric model to use for estimation requires further testing. Detailed information
about these tests can be found in Section 4.2.

3.1.2. Mediating Effects Model

CO2 and atmospheric pollutant emissions in the transportation sector are usually not
attributable to a single factor. Instead, they arise from the interaction of multiple factors.
The mediating effect model offers insights into how independent variables affect dependent
variables through the mediating variables, thereby facilitating the analysis of these intricate
causal relationships [25]. Therefore, in this paper, we adopt the mediating effects model
and utilize a causal stepwise regression to examine the mediation effect. The steps of the
mediation effect test are represented in Figure 2.
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3.2. Variable Description

To investigate the synergistic effects of carbon reduction and pollution control in the
transportation sector, this study incorporates two dependent variables: carbon emissions
and pollutant emissions, as well as two independent variables: carbon markets and envi-
ronmental regulations. Additionally, six control variables are included: energy efficiency
of the transportation sector, economic development level, openness level, transportation
structure, population size, and energy structure. Moreover, from three dimensions, namely
provincial, industrial, and residential, this study selects industrial structure rationalization,
per capita turnover, and per capita public transportation frequency as mediating variables.
Variable definitions are provided in Table 1.
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Table 1. Variable definitions.

Variables Definition Data Source

Dependent
variables

Carbon emissions CE Measurement based on the
“top–down” approach China Energy Statistical Yearbook

Pollutant emissions PO Sum of pollution equivalents of
seven pollutants

China anthropogenic emissions inventory
published by the MEIC team

Independent
variables

Environmental
regulations LPE

Environmental protection
investment in environmental
pollution control by each province

China Environmental Statistics Yearbook

Carbon markets CM

If a province conducts a carbon
market pilot in a particular year, it
is assigned a value of 1;
otherwise, 0.

“Carbon Emission Right Trading Pilot
Work” issued by the General Office of
the NDRC

Control
variables

Energy efficiency of the
transportation sector EE

Energy consumption per unit of
value-added in the
transportation sector

China Statistical Yearbook and IPCC
National Greenhouse Gas Emission
Inventory Guidelines.

Economic
development level PGDP The square of per capita GDP China Statistical Yearbook

Openness level FG The ratio of FDI to GDP China Statistical Yearbook (provinces)
Transportation

structure STR The ratio of road transportation
turnover to total turnover. China Statistical Yearbook

Population size PK The year-end population of each
province or region China Statistical Yearbook

Energy structure ES
The consumption of fuel oil
relative to total energy
consumption.

China Statistical Yearbook
on Environment

Mediating
variables

Industrial structure
rationalization RIS

The Theil index, which is
measured using GDP and
employment

China Statistical Yearbook

Per capita turnover TR The ratio of total turnover to the
total population. China Statistical Yearbook

Per capita public
transportation

frequency
PTF

The ratio of total public transport
passenger transportation to the
total population

China Statistical Yearbook
on Environment

3.2.1. Dependent Variables

(1) CO2 Emissions in the Transportation Sector (CE)

The transportation sector primarily relies on fossil fuels as its main source of energy
consumption, resulting in substantial CO2 emissions. In this study, CO2 emissions from the
transportation sector are calculated using the “top–down” approach provided by the IPCC,
which calculates the CO2 emissions based on the energy consumption of transportation
multiplied by the CO2 emission coefficients of the energy sources [20].

CE =
n

∑
i=1

Ei × fi =
n

∑
i=1

Ei × (LCVi × CEFi × COFi) (6)

where i represents different energy sources, CE represents CO2 emissions, Ei represents the
consumption of the ith energy source, fi represents the carbon emission coefficient of the
ith energy source, LCVi represents the average lower heating value of the ith energy source,
CEFi represents the carbon emission factor of the ith energy source, and COFi represents
the carbon oxidation rate of the ith energy source.

The carbon emission coefficient for electricity is considered 0.56995 kg CO2/kWh, and
for heat, it is 0.1027 kg CO2/MJ. Additional details, such as the average lower heating
values, carbon dioxide content per unit calorific value, and carbon oxidation rates for other
energy sources, can be found in Table 2.
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Table 2. Energy carbon emission factors.

Energy
Average Lower
Heating Value

(kJ/kg or kJ/m3)

Carbon Content
(CO2/TJ)

Carbon
Oxidation
Rates (%)

Energy
Average Lower
Heating Value

(kJ/kg or kJ/m3)

Carbon Content
(CO2/TJ)

Carbon
Oxidation
Rates (%)

Raw coal 20,903 96.69 0.94 Fuel oil 41,816 77.37 0.98

Cleaned coal 26,344 93.17 0.94 Liquefied
Petroleum gas 50,179 63.07 0.98

Other washed
coal 8363 93.17 0.94 Refinery gas 45,998 66.73 0.98

Briquettes 1589 123.20 0.9 Other petroleum
products 40,200 73.33 0.98

Coke 28,435 108.17 0.93 Liquefied
Natural gas 44,200 63.07 0.98

Crude oil 41,814 73.70 0.98 Coke oven gas 16,726 44.37 0.98

Gasoline 43,080 69.30 0.98 Converter
Gas 5227 181.87 0.98

Kerosene 43,070 71.87 0.98 Natural gas 32,238 56.10 0.99
Diesel oil 42,652 74.07 0.98

(2) Pollutant emissions in the transportation sector (PO)

In addition to CO2 emissions, the transportation sector is responsible for the release
of several pollutants that have significant effects on air quality and the environment [26].
These pollutants include nitrogen oxides (NOx), sulfur dioxide (SO2), volatile organic
compounds (VOCs), carbon monoxide (CO), ammonia (NH3), inhalable particulate matter
(PM10), and black carbon (BC). Consequently, this study calculates the pollution equivalents
of these seven pollutants. The calculation method is defined as follows:

PO =
n

∑
j=1

Gj/qj (7)

where, j represents different pollutants, PO represents the total pollutant emissions, Gi
represents the pollutants emissions of the jth pollutant. qi represents the pollutant equiv-
alence value of the jth pollutant. The pollutant equivalence values are derived from the
“Environmental Protection Tax Law,” as presented in Table 3.

Table 3. Equivalent value of pollutants.

Atmospheric Pollutants NOx SO2 VOC CO NH3 PM10 BC

Equivalent value of pollutants (kg) 0.95 0.95 0.95 16.7 9.09 4 0.59

3.2.2. Independent Variables

(1) Environmental Regulations (LPE): With regard to environmental regulations, despite
the current absence of available data and officially published relevant indicators,
the literature offers common methods for assessing the strength of environmental
regulations. Typical indicators aimed at measuring the strength of environmental
regulations include the number of environmental penalty cases, the frequency of
keywords related to environmental regulation in government work reports, the Pub-
lic Environmental Concern Index, or the composite index incorporating factors like
industrial wastewater discharge, industrial SO2 emissions, and industrial particulate
matter emissions [27–31]. Moreover, pollution control investments can also serve as
a reliable indicator of the level of stringency in environmental regulation [32]. As
environmental regulations become more stringent, firms often react by increasing
their pollution control investments to align with the heightened regulatory standards.
Consequently, an increase in pollution control investment can signify an intensifica-
tion of environmental regulation. We select environmental protection investment in
environmental pollution control by each province (investment in the treatment of in-
dustrial pollution sources) as the variable to measure the stringency of environmental
regulations. To account for the lagged impact of policies, LPE is lagged by one period.



Sustainability 2023, 15, 14651 9 of 24

(2) Carbon Markets (CM): With regard to the carbon markets, this study focuses on
China’s carbon emissions trading pilot programs. Starting in 2013, China launched
carbon emissions trading pilot programs in eight provinces and cities, including
Beijing, Tianjin, Shanghai, Chongqing, Hubei, Guangdong, Shenzhen, and Fujian, and
included the transportation sectors of highways, railroads, and aviation in the pilot
program [33,34]. Subsequently, on 16 July 2021, the nationwide carbon market was
officially launched, and civil aviation was incorporated into the nationwide carbon
market. Therefore, this study selects the carbon market as a representative variable. If
a province conducts a carbon market pilot in a particular year, it is assigned a value of
1; otherwise, it is assigned a value of 0.

3.2.3. Control Variables

(1) Energy efficiency of the transportation sector (EE): The energy efficiency of the trans-
portation sector has a direct impact on CO2 and pollutant emissions in the transporta-
tion sector. Improved energy efficiency typically results in reduced CO2 and pollutant
emissions resulting from transportation activities [35,36]. This study measures the
energy efficiency of the transportation sector by quantifying the amount of energy
consumed per unit of value added in the transportation sector. The energy consump-
tion in the transportation sector is converted into standard coal equivalents. The
conversion coefficients are provided in Table 4.

Table 4. Standard coal conversion factor for each energy source.

Energy Conversion
Coefficient Energy Conversion

Coefficient Energy Conversion
Coefficient Energy Conversion

Coefficient

Raw coal 0.7143 kgce/kg Coke oven gas 0.5714 kgce/m3 Diesel oil 1.4571 kgce/kg Natural gas 1.1000 kgce/m3

Cleaned coal 0.9000 kgce/kg Converter gas 0.1786 kgce/m3 Fuel oil 1.4286 kgce/kg Liquefied
natural gas 1.7570 kgce/m3

Other washed coal 0.2857 kgce/kg Crude oil 1.4286 kgce/kg Liquefied
petroleum gas 1.7143 kgce/kg Heat 0.0341 kgce/MJ

Briquettes 0.5000 kgce/kg Gasoline 1.4714 kgce/kg Refinery gas 1.5714 kgce/kg Electricity 0.1229 kgce/kWh

Coke 0.5714 kgce/kg Kerosene 1.4714 kgce/kg Other petroleum
Products 1.4000 kgce/kg

(2) Economic Development Level (PGDP): The level of economic development plays
a significant role in influencing CO2 and pollutant emissions in the transportation
sector. Generally, as economic development progresses, transportation demand tends
to increase, resulting in higher levels of CO2 and pollutant emissions [37]. Numerous
scholars have emphasized the existence of an “inverted U-shaped” relationship be-
tween emissions and economic growth [38,39]. To explain this “inverted U-shaped”
relationship, we introduce the square of per capita GDP as an indicator of the economic
development level.

(3) Openness Level (FG): Numerous scholars have emphasized that the level of open-
ness within a country or region has a significant impact on the level of industrial
emissions [40]. Therefore, it can also have an impact on CO2 and pollutant emissions
in the transportation sector. Openness can attract foreign investment and collabora-
tion, potentially stimulating the development and improvement of transportation
infrastructure. While this can lead to enhanced transportation efficiency, it may also re-
sult in increased transportation demands, affecting CO2 and pollutant emissions [41].
As a proxy for the openness level, this study employs the ratio of foreign direct
investment to GDP [42,43].

(4) Transportation Structure (STR): Various modes of transportation exhibit different
levels of transport efficiency and cover varying distances, which in turn influence
the CO2 and pollutant emissions originating from the transportation sector [44]. This
study introduces a variable to represent transportation structure, which is defined by
the ratio of road transportation turnover to total turnover.
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(5) Population Size (PK): A growing population size typically signifies increased demands
for commuting, travel, and freight transportation, resulting in increased traffic and,
consequently, higher levels of CO2 and pollutant emissions [45]. Thus, this study
incorporates a population size variable, measured as the year-end population of each
province or region [42].

(6) Energy Structure (ES): Previous studies have indicated that regions heavily reliant on
fossil fuels as their primary energy source for transportation tend to generate signifi-
cant carbon emissions and air pollutants [46]. Conversely, regions that incorporate a
larger share of renewable energy sources like wind, solar, and hydropower in their
energy structure tend to have lower emissions in the transportation sector. Therefore,
a region’s energy structure directly influences CO2 emissions and pollutant emissions
in the transportation sector [47]. Lots of scholars now use the ratio of consumption
of a particular energy source to total energy consumption to measure the energy
structure [36,48]. This study introduces an energy structure variable, measured as the
consumption of fuel oil divided by total energy consumption.

3.2.4. Mediating Variables

(1) Industrial Structure Rationalization (RIS): The transformation and upgrading of the
industrial structure can trigger a series of impacts, including shifts in transportation
supply and demand, changes in transportation distances and modes, as well as techno-
logical innovations and efficiency enhancements. These factors directly influence CO2
and pollutant emissions in the transportation sector [49]. Based on previous research,
this study incorporates industrial structure rationalization as a mediating variable.
Drawing on Ref. [50], the Theil index is utilized to measure the rationalization of
industrial structure, which is measured using GDP and employment.

(2) Per Capita Turnover (TR): As pointed out by Ref [51], a higher turnover typically
indicates increased transportation activities, which can potentially result in elevated
levels of CO2 and pollutant emissions. Therefore, per capita turnover is selected as a
mediating variable in this study, which is calculated as the ratio of total turnover to
the total population of the region.

(3) Per Capita Public Transportation Frequency (PTF): Per capita public transportation
frequency reflects the extent to which individuals rely on public transportation. Re-
searchers observed that the implementation of carbon markets and environmental
regulation tends to encourage the preference for green and low-carbon public trans-
portation options [52]. Consequently, this study introduces per capita public trans-
portation frequency as a mediating variable, which is calculated as the ratio of total
public transport passenger transportation to the total population.

3.3. Data Sources

The dataset sources can be found in Table 1, including the “China Statistical Year-
book” [53], “China Energy Statistical Yearbook” [54], “China Statistical Yearbook on Envi-
ronment,” “IPCC National Greenhouse Gas Emission Inventory Guidelines,” and “ China
Statistical Yearbook (province)” and China anthropogenic emissions inventory published
by the MEIC team [55]. Considering data availability, this study focuses on a sample com-
prising 30 provinces in China, with the exclusion of Hong Kong, Macao, Taiwan, and Tibet,
covering the years from 2005 to 2018. Given the large differences in values, logarithms
need to be used for variables with very large values to maintain all variables in the same
order of magnitude to ensure the robustness of the results. Descriptive statistics for each
variable are presented in Table 5.
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Table 5. Statistical description.

Variable Obs Mean Std.dev Min Max

Ln(CE) 420 7.4059 0.7525 4.3897 8.9423
Ln(PO) 420 12.9698 0.7429 11.1412 14.3646
CM 420 0.0905 0.2872 0.0000 1.0000
Ln(LPE) 420 3.4911 1.1575 −0.6931 6.0827
Ln(TR) 420 9.1916 0.7384 7.5741 11.8382
RIS 420 0.2437 0.1792 0.0172 1.0425
PTF 420 64.9425 63.8572 14.5106 378.7176
Ln(EE) 420 8.9575 0.4355 8.0255 10.1701
PGDP 420 20.7019 29.6315 0.2723 227.8953
FG 420 0.0249 0.0217 0.0000 0.1322
STR 420 0.3106 0.1726 0.0058 0.6856
Ln(PK) 420 8.1782 0.7488 6.2971 9.4212
ES 420 0.0081 0.0137 0.0000 0.0822

4. Empirical Results and Analysis
4.1. Spatial Correlation Tests
4.1.1. Global Spatial Autocorrelation Test

Before conducting the econometric analysis, this study employed the global Moran’s I
index to measure the spatial correlation of CO2 and pollutant emissions in the transportation
sector. The results are presented in Table 6.

Table 6. Global Moran’s I index of CO2 and pollutant emissions in the transportation sector.

Year
Moran’s I

Year
Moran’s I

Ln(CE) Ln(PO) Ln(CE) Ln(PO)

2005 0.025 * 0.017 2012 0.032 * 0.013
2006 0.032 * 0.031 * 2013 0.043 * 0.016
2007 0.032 * 0.033 * 2014 0.036 * 0.017
2008 0.029 * 0.025 * 2015 0.043 ** 0.016
2009 0.026 * 0.027 * 2016 0.040 ** 0.018
2010 0.027 * 0.027 * 2017 0.040 ** 0.025 *
2011 0.030 * 0.024 2018 0.040 ** 0.026 *

Note: ***, **, and * indicate that the statistic is significant at the 1%, 5%, and 10% levels, respectively.

Table 6 reveals that the global Moran’s I index for CO2 emissions in the transportation
sector during the years 2005–2018 is consistently positive and significant at the 10% level.
This indicates a positive spatial correlation in CO2 emissions in the transportation sector
across various provinces and regions in China throughout the entire study period. In
other words, the spatial distribution of carbon emissions in China’s transportation sector
exhibited a clustering pattern.

For air pollutant emissions in the transportation sector during the years 2005–2018,
the global Moran’s I index consistently demonstrates a positive trend, with statistical
significance observed at the 10% level in the years 2006–2010 and 2017–2018. This indicates
the presence of a certain level of positive spatial correlation in pollutant emissions in the
transportation sector.

However, it is worth noting that in certain years, the global Moran’s I indexes did
not reach a significance level of 10%. The primary focus of the global Moran’s I index is
to determine whether there exists significant spatial correlation across the entire region;
however, it does not provide insights into specific local spatial patterns [56,57]. Considering
that air pollutant emissions and CO2 emissions typically exhibit substantial spatial variation
across regions, this implies that some regions may exhibit higher emission levels while
others may have lower levels. In other words, emission levels can vary significantly from
one area to another. In certain cases, air pollutant emissions and CO2 emissions may
display localized clustering instead of global clustering, which can affect the significance
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of the global Moran’s I index. Moreover, the presence of both positive and negative local
correlations can offset each other, leading to a statistically insignificant or weak global
Moran’s I index. Therefore, it is imperative to further investigate the local spatial effects of
CO2 and pollutant emissions in China’s transportation sector through local Moran tests.

4.1.2. Local Spatial Autocorrelation Test

This study employed Moran scatterplots to assess the levels of CO2 and pollutant
emissions in China’s transportation sector. Local Moran scatterplots for the years 2006,
2014, and 2018 are depicted in Figure 3. In these plots, the horizontal axis represents the
standardized levels of CO2 emissions (or pollutant emissions) in each province (city), while
the vertical axis signifies the spatial lag levels of CO2 emissions (or pollutant emissions) in
each province (city).
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Provinces (cities) located in the first quadrant exhibit H–H (high–high) clustering char-
acteristics, indicating that their CO2 emissions (or pollutant emissions) levels are high, and
neighboring provinces (cities) also exhibit high emission levels. Provinces (cities) located
in the second quadrant exhibit L–H (low–high) clustering characteristics, suggesting that
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their CO2 emissions (or pollutant emissions) levels are low, while neighboring provinces
(cities) have high emissions levels. Provinces (cities) located in the third quadrant exhibit
L–L (low–low) clustering characteristics, signifying that their CO2 emissions (or pollutant
emissions) levels are low, and neighboring provinces (cities) also have low emission levels.
Finally, provinces (cities) situated in the fourth quadrant exhibit H–L (high–low) clustering
characteristics, indicating that their CO2 emissions (or pollutant emissions) levels are high,
while neighboring provinces (cities) have low emission levels.

In the local Moran scatterplots, a substantial number of provinces (cities) are located in
the first and third quadrants. This implies a spatial interdependence in CO2 and pollutant
emissions in China’s transportation sector.

4.2. Model Selection Tests

The results of spatial econometric model selection tests, including LM tests, LR tests,
Hausman tests, and Wald tests, are provided in Table 7.

Table 7. Results of model selection tests.

Tests
Nationwide Western Region Middle Region Eastern Region

Ln(CE) Ln(PO) Ln(CE) Ln(PO) Ln(CE) Ln(PO) Ln(CE) Ln(PO)

LM test

LM-Error
28.13 170.48 0.27 8.36 3.29 0.00 0.25 20.27

*** *** *** * ***
R-LM-
Error

7.75 219.23 1.52 11.13 4.73 0.14 0.00 13.52
*** *** *** ** ***

LM-Lag 39.39 5.56 41.30 54.85 3.16 15.31 10.97 84.53
*** ** *** *** * *** *** ***

R-LM-Lag 19.01 54.31 42.56 57.63 4.60 15.45 10.72 77.78
*** *** *** *** ** *** *** ***

LR test
Spatial fix 50.65 32.28 88.66 63.00 75.21 71.08 156.02 104.40

*** *** *** *** *** *** *** ***

Time fix 738.10 667.12 281.95 226.79 99.26 185.22 372.82 179.72
*** *** *** *** *** *** *** ***

Test result
Double-

fixed
effect

Double-
fixed
effect

Double-
fixed
effect

Double-
fixed
effect

Double-
fixed
effect

Double-
fixed
effect

Double-
fixed
effect

Double-
fixed
effect

Hausman test
46.24 198.84 144.28 19.59 −28.17 127.49 345.43 558.42

*** *** *** ** - *** *** ***

Test result Fixed
effect

Fixed
effect

Fixed
effect

Fixed
effect

Fixed
effect

Fixed
effect

Fixed
effect

Fixed
effect

Wald test
Lag 45.94 71.07 - 32.83 29.72 - - 165.22

*** *** *** *** ***

Error
45.45 65.81 - 30.53 17.25 - - 157.37

*** *** *** ** ***

Test result
Spatial
Durbin
model

Spatial
Durbin
model

Spatial
lag model

Spatial
Durbin
model

Spatial
Durbin
model

Spatial
lag model

Spatial
lag model

Spatial
Durbin
model

Note: ***, **, and * indicate that the statistic is significant at the 1%, 5%, and 10% levels, respectively.

The LM test results indicate that dynamic SLM is suitable for modeling CO2 emissions
in both the eastern and western regions, as well as pollutant emissions in the central region.
Additionally, the LM-Lag, R-LM-Lag, LM-Error, and R-LM-Error statistics for pollutant
emissions in the eastern and western regions, CO2 emissions in the central region, and both
CO2 emissions and pollutants emissions at the national level are significant at the 10% level.
This suggests that dynamic SEM and SLM can be considered.

The Hausman test results indicate a preference for a fixed effects model over a random
effects model. Furthermore, the LR test results suggest that a double-fixed effects model is
appropriate for modeling CO2 and pollutant emissions in the eastern, central, and western
regions, as well as at the national level.
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The Wald test results reveal that the dynamic SDM for pollutant emissions in the
eastern and western regions, CO2 emissions in the central region, and both CO2 emissions
and pollutant emissions at the national level cannot be simplified to dynamic SLM and
dynamic SEM.

In summary, double-fixed effects dynamic SLM should be used for CO2 emissions
in the eastern and western regions, as well as pollutant emissions in the central region.
Meanwhile, double-fixed effects dynamic SDM should be used for pollutant emissions in
the western and eastern regions, as well as CO2 emissions in the central region.

4.3. Baseline Results Analysis

In this study, we investigate the synergistic emission reduction effects of environmental
regulations and the carbon markets within China’s transportation sector at the national
level. According to the model selection tests in Table 7, we employ double-fixed effects
dynamic SDM for CO2 and pollutant emissions. The baseline results are presented in
Table 8, with column (1) illustrating the influence of environmental regulations and the
carbon market on CO2 emissions and column (2) illustrating their impact on pollutant
emissions in the transportation sector.

Table 8. Effects of carbon markets and environmental regulations.

Dependent Variables Ln(CE) Ln(PO)

(1) (2)

Ln(CE) L1. 0.6870 ***
(0.0342)

W*Ln(CE) L1. 3.2321 ***
(0.2547)

Ln(PO) L1. 1.1301 ***
(0.0242)

W*Ln(PO) L1. 3.4192 ***
(0.2010)

CM −0.1588 *** −0.0422 ***
(0.0189) (0.0102)

Ln(LPE) −0.0089 −0.0504 ***
(0.0072) (0.0041)

W*CM −0.0571 −0.3719 ***
(0.1226) (0.0663)

W*Ln(LPE) −0.2117 *** −0.4641 ***
(0.0534) (0.0305)

Controls Yes Yes
Spatial-rho 2.6632 *** 1.9197 ***

(0.2031) (0.1650)
Variance 0.0049 *** 0.0013 ***

(0.0003) (0.0001)
Note: (1) ***, **, and * indicate that the statistic is significant at the 1%, 5%, and 10% levels, respectively. (2) Robust
standard errors are in parentheses.

Regarding the temporal dimension (Ln(CE) L1 and Ln(PO) L1), the significantly positive
time-lagged regression coefficients for CO2 and pollutant emissions imply the presence
of a “path dependence” relationship. This suggests that previous emissions levels may
exert an influence on current emissions, likely due to economic and technological factors
from the past that continue to impact present-day emissions levels. This phenomenon
can be understood as a form of “lock-in effect.” For instance, if high-emission energy
sources and technologies were widely used in the past, the associated energy infrastructure
and industrial structure may have become somewhat entrenched, resulting in persistently
higher emissions levels in the current period.



Sustainability 2023, 15, 14651 15 of 24

Regarding the spatiotemporal dimension (W*Ln(CE) L1 and W*Ln(PO) L1), the spatiotemporal-
lagged regression coefficients for CO2 and pollutant emissions are significantly positive. This
suggests that CO2 and pollutant emissions disperse relatively slowly in the atmosphere,
leading to noticeable spillover effects over time and space.

The regression coefficients for the carbon market on CO2 and pollutant emissions are
significantly negative. Similarly, the regression coefficients for environmental regulation,
along with their spatially lagged coefficients, on pollutant emissions are also significantly
negative. This implies that carbon markets and environmental regulations have an im-
pact on CO2 and pollutant emissions, and this influence extends to neighboring regions.
However, it is worth noting that environmental regulations cannot significantly reduce
carbon emissions.

The regression coefficients for the carbon market on CO2 and pollutant emissions are
significantly negative. Similarly, the regression coefficients for environmental regulation
on pollutant emissions are also significantly negative. In the spatial dimension (W*CM
and W*Ln(LPE)), environmental regulations in neighboring regions exert a significant
negative influence on both CO2 and pollutant emissions and carbon markets in neighboring
regions exert a significant negative effect on pollutant emissions. This suggests that carbon
markets and environmental regulations indeed affect CO2 and pollutant emissions, and
this influence extends to neighboring regions.

The estimated results of the dynamic SDM model cannot reflect the marginal effects of
carbon markets and environmental regulations on CO2 and pollutant emissions. Therefore,
by employing the partial differentiation decomposition method, the impact of carbon
markets and environmental regulations on “carbon reduction and pollution control” in
the transportation sector can be decomposed into direct effects, indirect effects, and total
effects [58]. In the temporal dimension, these effects can be further categorized into
short-term and long-term effects [59]. The decomposition results are presented in Table 9.

Table 9. Decomposition of the effects of carbon markets and environmental regulations.

Dependent Variables Ln(CE) Ln(PO)
(1) (2)

Short-term

Direct effects

CM −0.2301 −0.0369 ***
(0.5410) (0.0125)

Ln(LPE) −0.0432 −0.0454 ***
(0.2592) (0.0108)

Indirect effects

CM 0.3624 0.5003 ***
(0.5456) (0.1195)

Ln(LPE) 0.1753 0.6164 ***
(0.2613) (0.1064)

Total effects

CM 0.1323 * 0.4634 ***
(0.0758) (0.1238)

Ln(LPE) 0.1321 *** 0.5709 ***
(0.0383) (0.1150)

Long-term

Direct effects

CM −0.1722 −0.0330
(15.7335) (0.0405)

Ln(LPE) 0.0484 −0.0394
(1.5887) (0.0281)

Indirect effects

CM 0.2112 0.1088 ***
(15.7331) (0.0416)

Ln(LPE) −0.0095 0.1330 ***
(1.5888) (0.0301)

Total effects

CM 0.0390 * 0.0758 ***
(0.0218) (0.0125)

Ln(LPE) 0.0388 *** 0.0936 ***
(0.0104) (0.0066)

Note: (1) ***, **, and * indicate that the statistic is significant at the 1%, 5%, and 10% levels, respectively. (2) Robust
standard errors are in parentheses.
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(1) Short-term effects

In the short term, the implementation of the carbon market leads to a 0.0369% reduc-
tion in pollutant emissions in the local transportation sector, while pollutant emissions in
the transportation sectors of neighboring regions increase by 0.5003%. In areas where car-
bon market pilots are implemented, regulated high-energy-consuming and high-emission
enterprises may choose to relocate their production activities to regions where there is
no carbon market in order to reduce their costs. As a consequence, there is a decrease in
transportation demand within the local region and an increase in transportation demand
in neighboring areas. This leads to a reduction in pollutant emissions in the local trans-
portation sector and an increase in pollutant emissions in neighboring regions. It is worth
noting that the carbon market also exerts a restraining effect on CO2 emissions in the local
transportation sector, although not notably significant. In the initial stages of the carbon
market, policy stringency is relatively low, and the scope of implementation is limited,
leading to less pronounced emission reduction effects. Moreover, enterprises may need
some time to make adaptations in their processes, technologies, and supply chains. They
also require time to react to price signals to reduce CO2 emissions.

With regards to environmental regulations, an increase in one unit in local regulatory
intensity leads to a 0.0454% decrease in pollutant emissions in the local transportation
sector and a 0.6164% rise in pollutant emissions in neighboring areas. The reinforcement
of environmental regulations affects the costs of transportation enterprises. Consequently,
environmental regulations can, to some extent, restrain pollutant emissions in the local
transportation sector. Additionally, the spillover of pollutant emissions supports the idea
that enterprises often choose regions with relatively lower environmental standards, thus
providing some validation for the “pollution haven hypothesis.”

(2) Long-term effects

In the long term, the implementation of the carbon market and an increase in en-
vironmental regulation intensity will result in pollutant emissions in neighboring areas
increasing by 0.1088% and 0.1330%, respectively. It is worth noting that the spillover effects
of pollutant emissions resulting from carbon markets and environmental regulations will
diminish over time as interregional barriers decrease and factors and products move more
freely [60]. Additionally, reducing carbon emissions and reducing pollutant emissions are
two distinct approaches. Therefore, the direct impact of the carbon markets on pollutant
emissions is weak.

4.4. Regional Heterogeneity Analysis

In this subsection, we divide the sample into eastern, central, and western regions
and conduct a regional heterogeneity analysis. According to the test results in Table 7, we
employ double-fixed effects dynamic SLM for CO2 emissions in the eastern and western
regions and pollutant emissions in the central region and double-fixed effects dynamic
SDM for pollutant emissions in the eastern and western regions and CO2 emissions in the
central region. The regional heterogeneity results are shown in Table 10.

(1) Western Region

The implementation of the carbon market in the western region results in an increase of
0.1409% and 0.1689% in local CO2 emissions and pollutant emissions. In the western region,
which is abundant in resources, transportation enterprises have a greater reliance on fossil
fuels. This could result in enterprises tending to expedite the use of these resources in antic-
ipation of stricter future policies, thereby increasing carbon and pollutant emissions. This
result validates the “green paradox hypothesis,” demonstrating that in resource-abundant
regions, enterprises may be more inclined to pursue short-term economic interests and may
be less willing to adopt environmentally friendly and sustainable practices.
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Table 10. Effects of carbon markets and environmental regulations in different regions.

Dependent Variables
Western Region Middle Region Eastern Region

Ln(CE) Ln(PO) Ln(CE) Ln(PO) Ln(CE) Ln(PO)
(1) (2) (3) (4) (5) (6)

CM 0.1343 ** 0.1555 *** −0.1677 ** −0.1230 ** 0.0055 −0.0517 **
(0.0646) (0.0473) (0.0747) (0.0517) (0.0201) (0.0234)

Ln(LPE) 0.0055 −0.0194* 0.0102 0.0202 0.0049 0.0341 ***
(0.0155) (0.0110) (0.0119) (0.0138) (0.0082) (0.0093)

Direct effects

CM 0.1409 ** 0.1689 *** −0.1611 *** −0.1226 ** 0.0066 −0.0705 **
(0.0687) (0.0444) (0.0599) (0.0537) (0.0215) (0.0290)

Ln(LPE) 0.0051 −0.0156 0.0019 0.0199 0.0047 0.0342 ***
(0.0154) (0.0097) (0.0140) (0.0135) (0.0083) (0.0607)

Indirect
effects

CM −0.0492 −0.1112 −0.0155 0.0145 −0.0025 0.0803 *
(00313) (0.1514) (0.1422) (0.0235) (0.0079) (0.0441)

Ln(LPE) −0.0018 −0.0441 0.0299 −0.0029 −0.0017 −0.0023
(0.0055) (0.0366) (0.0254) (0.0042) (0.0030) (0.0205)

Total effects

CM 0.0917 * 0.0577 −0.1765 −0.1081** 0.0040 0.0098
(0.0470) (0.1656) (0.1670) (0.0544) (0.0139) (0.0357)

Ln(LPE) 0.0033 −0.0598 0.0318 0.0170 0.0030 0.0319 *
(0.0104) (0.0394) (0.0214) (0.0116) (0.0054) (0.0175)

Controls Yes Yes Yes Yes Yes Yes
Variance 0.0070 *** 0.0023 *** 0.0019 *** 0.0029 *** 0.0027 *** 0.0030 ***

(0.0008) (0.0003) (0.0003) (0.0004) (0.0003) (0.0003)

Note: (1) ***, **, and * indicate that the statistic is significant at the 1%, 5%, and 10% levels, respectively. (2) Robust
standard errors are in parentheses.

(2) Central Region

The implementation of the carbon market in the central region results in a reduction
of 0.1611% and 0.1226% in local CO2 emissions and pollutant emissions, thereby achieving
a synergistic effect of carbon reduction and pollution control in the transportation sector.
However, environmental regulations in the central region do not significantly impact local
CO2 emissions or pollutant emissions, and neither policy leads to emissions spillover.
This implies that if environmental regulations fail to promote the widespread adoption of
end-of-pipe pollution control technologies in the transportation sector, their impacts on
reducing pollutant emissions may be limited.

(3) Eastern Region

The implementation of the carbon market in the eastern region results in a reduction of
0.0705% in local pollutant emissions but does not significantly reduce local CO2 emissions.
This phenomenon is primarily attributed to the inherent differences between reducing
carbon emissions and reducing pollutant emissions. Typically, reducing CO2 emissions
requires the adoption of more efficient technologies and the utilization of low-carbon
energy sources, while reducing pollutant emissions often relies on end-of-pipe technologies.
Despite its higher level of economic development, the eastern region faces challenges
in accomplishing an energy transformation in the transportation sector due to relative
resource scarcity. Hence, the impact of carbon markets on carbon emissions reduction is
insignificant. Furthermore, due to economic interconnections and resource interactions
among regions, the implementation of the carbon market in the eastern region leads to a
0.0803% increase in pollutant emissions in neighboring areas.

4.5. Mechanism Analysis

In the above section, we conducted an empirical analysis to examine the influence of
carbon markets and environmental regulations on carbon reduction and pollution control
in the transportation sector. Our findings indicated that the carbon market contributes
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to a collaborative reduction in both CO2 and pollutant emissions in the transportation
sector, while environmental regulation cannot collaboratively reduce CO2 and pollutant
emissions. Hence, it is feasible to continue with the examination of the mediating effects
of carbon markets without the necessity of further investigating the mediating effects
of environmental regulations. In this section, we employ a mediating effect model to
delve deeper into the underlying mechanisms through which the carbon markets foster
synergistic effects in carbon reduction and pollution control.

Given that carbon markets can impact CO2 and pollutant emissions in the transporta-
tion sector by influencing factors such as industrial structure, the demand for transportation
of goods and passengers, and residents’ environmentally conscious behaviors, our analysis
will adopt three distinct perspectives: provincial-level industrial structure rationaliza-
tion (RIS), sectoral-level per capita turnover (TR), and residential-level per capita public
transportation frequency (PTF).

Our analysis strictly adheres to the three-step mediating mechanism test method
proposed by Wen and Ye (2014) [25]. The mediation effects are examined by a three-step
causal regression, and the results are presented in Table 11.
Table 11. Transmission mechanism of the synergistic reduction effects of the carbon market.

First Step: Equation (3)

Second Step: Equation (4)

Dependent
variables RIS Ln(TR) PTF

(1) (2) (3)
CM 0.0478 *** −0.4983 *** 0.1010 **

(0.0179) (0.0412) (0.0465)
W*CM 0.4127 *** −0.1784 −0.1962

(0.1148) (0.2662) (0.3012)
Controls Yes Yes Yes

Spatial-rho 0.1183 1.2493 *** 0.7618 ***
(0.1624) (0.1798) (0.2331)

Variance 0.0039 *** 0.0225 *** 0.0292 ***
(0.0003) (0.0015) (0.0020)

Third Step: Equation (5)

Ln(CE) Ln(PO) Ln(CE) Ln(PO) Ln(CE) Ln(PO)
(1) (2) (3) (4) (5) (6)

CM 0.0023 0.0140 −0.0291 −0.0097 −0.1301 *** −0.0337 ***
(0.0199) (0.0104) (0.0184) (0.0096) (0.0192) (0.0103)

RIS −0.1247 *** −0.0717 ***
(0.0395) (0.0232)

Ln(TR) 0.0602 *** 0.0559 ***
(0.0165) (0.0102)

PTF −0.1686 *** −0.0670 ***
(0.0212) (0.0114)

W*CM 0.2806 ** −0.0255 0.0922 −0.1901 *** 0.1274 −0.1796 ***
(0.1337) (0.0686) (0.1186) (0.0619) (0.1239) (0.0665)

W*ln(TR) 0.2508 ** 0.2740 ***
(0.0996) (0.0526)

W*RIS −0.5852 *** −0.5527 ***
(0.2261) (0.1150)

W*PTF −0.7428 *** −0.3085 ***
(0.1649) (0.0873)

Controls Yes Yes Yes Yes Yes Yes
Spatial-rho 0.4434 ** 0.0148 0.4681 ** 0.1256 1.5030 *** 1.1035 ***

(0.2241) (0.1820) (0.2250) (0.1910) (0.1993) (0.1640)
Variance 0.0044 *** 0.0012 *** 0.0043 *** 0.0012 *** 0.0048 *** 0.0013 ***

(0.0003) (0.0001) (0.0003) (0.0001) (0.0003) (0.0001)

Note: (1) ***, **, and * indicate that the statistic is significant at the 1%, 5%, and 10% levels, respectively. (2) Robust
standard errors are in parentheses.
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(1) First step

The results of the first step are shown in the baseline regression (Table 8). Hypothesis
H1a finds support, whereas H1b is not substantiated.

(2) Second step

Through the second step of the mediating effect test, it is found that the implementation
of the carbon market reduces per capita turnover, enhances the rationalization of industrial
structure, and increases per capita public transportation usage frequency. The spatial lag
coefficient of the carbon market on rationalization of the industrial structure is significantly
positive, indicating a spatial spillover impact of the carbon market on the promotion of
industrial structure rationalization.

(3) Third step

Through the third step of the mediating effect test, it is observed that an increase in per
capita public transportation usage frequency leads to a 0.1686% reduction in CO2 emissions
and a 0.067% reduction in pollutant emissions. The enhancement of the rationalization
of industrial structure results in a 0.1247% reduction in CO2 emissions and a 0.0717%
reduction in pollutant emissions. Conversely, a decrease in per capita turnover leads to a
0.0602% reduction in CO2 emissions and a 0.0559% reduction in pollutant emissions in the
transportation sector. Therefore, the mediating effect of the intermediary variable on CO2
emissions surpasses its influence on pollutant emissions, indicating that the intermediary
variable exerts a stronger impact on reducing CO2 emissions than on pollutant emissions
in the transportation sector.

In column (1), we observe that the carbon market fosters its synergistic effects in the
transportation sector by facilitating the rationalization of the industrial structure. This
effect is achieved as the carbon market encourages a shift towards a more rationalized
industrial structure, reducing the proportion of high-pollution industries. This structural
transformation subsequently reduces the demand for industrial transportation, leading to
decreases in both CO2 emissions and pollutant emissions in the transportation sector.

In column (2), it is evident that the carbon market promotes its synergistic effects by
reducing per capita turnover. The carbon market elevates the economic costs associated
with high-carbon-emission transportation modes. In response, transportation enterprises
may adopt measures to reduce transportation turnover, thereby mitigating both CO2
emissions and pollutant emissions.

Moving on to column (3), we observe that the carbon market enhances its synergistic
effects by increasing per capita public transportation usage frequency. The implementation
of the carbon market typically involves extensive publicity and awareness campaigns,
leading to shifts in individuals’ travel behaviors and encouraging more frequent use of
public transportation. As public transportation usage surges, the economic efficiency
of public transportation systems improves, prompting governments and transportation
operators to invest in and enhance public transportation services. This, in turn, attracts
more residents to opt for public transportation, diminishes reliance on private vehicles,
and consequently reduces carbon emissions and pollutant emissions in the transportation
sector. Moreover, the increase in public transportation usage frequency can alleviate road
traffic congestion, thereby mitigating emissions stemming from congestion.

Incorporating the findings from both the first and second step tests of the mediating
effect, we can conclude that the rationalization of industrial structure and per capita
turnover play a fully mediating role, while per capita public transportation usage frequency
plays a partially mediating role in the synergistic effect of the carbon market on “carbon
reduction and pollution control” in the transportation sector. Hence, hypotheses H2a, H3a,
and H4a find supports.

Additionally, we conducted mediation tests for several other variables, including the
retail price index for fuel commodities, the proportion of the secondary industry, and the
retail price index for transportation and communication. The results revealed no mediation
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effect for these three variables. Due to limitations in space, test results are not presented
here. Detailed data and results can be obtained from the authors.

4.6. Robustness Tests

To ensure the reliability of the results in this study, robustness tests are performed
by replacing the dependent variables and including/excluding control variables. The
robustness test results are shown in Table 12.

Table 12. Robustness test.

Dependent
Variables

Replacement of the
Dependent Variable Addition of Control Variables Removal of Control Variables

Ln(CE) Ln(PO) Ln(CE) Ln(PO) Ln(CE) Ln(PO)

CM −0.1267 *** −0.1206 *** −0.1230 *** −0.0446 *** −0.1308 *** −0.0357 ***
(0.0192) (0.0090) (0.0190) (0.0101) (0.0186) (0.0100)

Ln(LPE) 0.0012 −0.0542 *** −0.0038 −0.0285 *** −0.0018 −0.0174 ***
(0.0073) (0.0036) (0.0074) (0.0041) (0.0072) (0.0040)

Ln(EE) −0.2648 *** 0.1792 *** −0.2813 *** 0.1013 *** −0.2768 *** 0.0732 ***
(0.0329) (0.0134) (0.0322) (0.0151) (0.0301) (0.0136)

PGDP 0.0018 *** 0.0009 *** 0.0011 *** −0.0005 ** 0.0013 *** 0.0004 *
(0.0004) (0.0002) (0.0004) (0.0002) (0.0003) (0.0002)

FG −0.6394 * −1.1404 *** −0.6966 ** −0.7758 *** −0.8285 ** −0.3902 **
(0.3458) (0.1645) (0.3389) (0.1843) (0.3379) (0.1853)

STR −0.3396 *** −0.3926 *** −0.3300 *** −0.3128 *** −0.3623 *** −0.1352 ***
(0.0713) (0.0338) (0.0698) (0.0380) (0.0659) (0.0358)

Ln(PK) 0.1732 0.2950 *** 0.3142 ** 0.1590 *
(0.1521) (0.0737) (0.1517) (0.0848)

ES 8.6053 *** 10.5173 *** 8.6901 *** 7.3861 *** 8.1662 *** 3.5929 ***
(0.7258) (0.3537) (0.7115) (0.4026) (0.6943) (0.3956)

ROD −0.0015 −0.0047 ***
(0.0031) (0.0017)

Spatial-rho 1.2929 *** 3.0015 *** 1.9758 *** 1.1624 *** 1.3372 *** 0.7629 ***
(0.2060) (0.1512) (0.2034) (0.1682) (0.2027) (0.1653)

Variance 0.0050 *** 0.0010 *** 0.0048 *** 0.0013 *** 0.0048 *** 0.0014 ***
(0.0003) (0.0001) (0.0003) (0.0001) (0.0003) (0.0001)

Note: (1) ***, **, and * indicate that the statistic is significant at the 1%, 5%, and 10% levels, respectively. (2) Robust
standard errors are in parentheses.

(1) Replacement of the dependent variables: CO emissions are used as a proxy for pollu-
tant emissions, and the CO2 emissions in the transportation sector are recalculated.
We converted various energy sources used in the transportation sector into stan-
dard coal equivalents and then multiplied them by the CO2 emission coefficient of
standard coal.

(2) Addition of control variables: Per capita urban road area (ROD) is a pivotal indicator
for assessing the urban transportation infrastructure level. It can influence CO2 and
pollutant emissions in the transportation sector by affecting traffic flow, transportation
mode, and traffic congestion. Therefore, this study employed it as a proxy variable to
measure the level of urban transportation infrastructure and included it in the model
as a control variable.

(3) Removal of control variables: The population size (PK) is removed from the model.

The results of the robustness tests are displayed in Table 12. Replacing the dependent
variables and including/excluding control variables did not yield substantial changes in
the significance levels or coefficient estimates for the variables. This indicates that the
results of this study are robust.
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5. Conclusions and Policy Implications

This study employs spatial econometric models to analyze the synergistic effects of
carbon markets and environmental regulations on carbon reduction and pollution control
in the transportation sector. Additionally, by investigating mediating mechanisms, this
study delves into the policy transmission mechanisms for the synergistic effects in the
transportation sector. The findings can be summarized as follows:

(1) CO2 and pollutant emissions in the transportation sector are affected not just by
endogenous temporal lag effects and spatial interaction effects but also by the influ-
ence of carbon markets and environmental regulations. Carbon markets generate a
synergistic impact by simultaneously reducing both CO2 and pollutant emissions in
the transportation sector, whereas environmental regulations can reduce pollutant
emissions alone. Furthermore, both of them have the capacity to mitigate local pollu-
tant emissions originating from the transportation sector. However, they may also
result in the regional spillover effects of pollutant emissions in the transportation
sector, which are expected to diminish gradually over time.

(2) Due to significant disparities in economic development stages, the level of develop-
ment in the transportation sector, and resource endowments among China’s eastern,
central, and western regions, the synergistic effects of the carbon market and envi-
ronmental regulation in the transportation sector may also differ across these regions.
The spatial econometric models applicable to the eastern, central, and western regions
are tested separately, and regional heterogeneity is analyzed. In resource-rich western
regions, the carbon market may give rise to the “green paradox” in the transportation
sector. In industry-intensive central regions, the carbon market can achieve syner-
gistic effects. In economically developed eastern regions, the carbon market can
reduce local pollutant emissions, whereas environmental regulations may result in
pollutant spillovers.

(3) We utilized the classic three-step mediating test to perform an analysis of the mediat-
ing mechanism. The carbon market achieves its synergistic effect of carbon reduction
and pollution control in the transportation sector by facilitating the rationalization of
industrial structure (fully mediating role), reducing turnover (fully mediating role),
and boosting per capita public transportation usage frequency (partially mediating
role). Furthermore, no mediating effects were observed for the retail price index for
fuel commodities, the proportion of the secondary industry, and the retail price index
for transportation and communication.

Based on the above conclusions, this study proposes the following policy implica-
tions: (1) While carbon markets and environmental regulations can effectively reduce
emissions in the local transportation industry, they may inadvertently lead to a “pollution
haven” effect in neighboring cities. Therefore, when formulating policies, it is essential
to consider their impact on neighboring regions. (2) Carbon markets and environmental
regulations have different effects on CO2 and pollutant emissions in the transportation
sector in different regions due to differences in resources, the level of transportation in-
dustry development, and environmental conditions. Consequently, governments should
customize pollution reduction and carbon reduction policies to align with the unique
circumstances of each region.

Due to the limited availability of carbon emissions and pollutant emission data at
the municipal level, this study had to focus on the provincial level. Future research
can encompass an expansion of the study’s scope to incorporate more comprehensive
municipal-level data and analysis.
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