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The carbon emission trading scheme (ETS) is an essential policy tool for accomplishing
Chinese carbon targets. Based on the Chinese provincial panel data from 2003 to 2019, an
empirical study is conducted to measure the effects of carbon emission reduction and
spatial spillover effect by adopting the difference-in-differences (DID) model and spatial
difference-in-differences (SDID) model. The research findings show that: 1) The ETS
effectively reduced the total carbon emissions aswell as emissions from coal consumption;
2) such effects come mainly from the reduction of coal consumption and the optimization
of energy structure, rather than from technological innovation and optimization of industrial
structure in the pilot regions; and 3) the ETS pilot regions have a positive spatial spillover
effect on non-pilot regions, indicating the acceleration effect for carbon emission reduction.
Geographic proximity makes the spillover effect decrease due to carbon leakage.
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1 INTRODUCTION

Net zero is a necessary step to mitigate global warming and has become an international
consensus. In confronting climate change, the Paris Agreement stipulated objectives to limit the
rise of global average temperature within 1.5 and 2°C (UNFCCC, 2015). The Intergovernmental
Panel on Climate Change then addressed this act by setting the goal “to achieve global carbon
neutrality around 2050, leading to an eventual 1.5°C global warming target by 2100” (IPCC,
2018). However, the published national reduction contributions under the Paris Agreement
continue to face challenges in meeting the 1.5°C temperature control target (Duan et al., 2021).
Most countries have pledged carbon neutrality targets through legal provisions and policy
declarations. As one of the largest energy consumption countries, China signed the Paris Climate
Accord and pledged to “peak emission by 2030 and reaching carbon neutral by 2060.” However,
China’s total carbon emissions reached 929 million tons in 2019, approximately one-third of
total global emissions, and its coal consumption accounted for nearly 60% of the country’s total
energy consumption (Wang and Yang, 2021). “Going carbon neutral” in China requires
implementation of a combination of policies across the next 4 decades. At the early stages,
the focus should be set on achieving optimal energy structures, deepening industrial structural
reform, and constructing a green industrial chain (Huang and Zhai, 2021). In mid-to-late stages,
attention should be shifted to fossil energy decommissioning and development of technologies
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related to Carbon Capture and Storage (CCS) (Xu et al., 2021)
and Bioenergy Combined with Carbon Capture and Storage
(BECCS) (Huang et al., 2020).

The Carbon Emission Trading Scheme (ETS) provides price
signals for carbon emission reduction, creates an essential path
towards carbon neutrality, and mitigates global warming (Wang
et al., 2020). In October 2011, China carried out measures to
promote the ETS, authorizing seven provinces and cities to
launch pilot projects in carbon emissions trading. In 2021, the
long-awaited national carbon emissions trading market was
officially launched in China, establishing the world’s largest
greenhouse gas (GHG) emissions trading market.

Past research focused on the ETS in China through two
streams: ex ante analysis and ex post analysis. Ex ante analysis
develops Computable General Equilibrium (CGE) models (Lin
and Jia, 2018), the Integrated Assessment Model (IAM) (Zhao
et al., 2020), or Agent- Based Model (ABM) (Tang et al., 2017) to
study the influence of the ETS parameters on emission reduction
effect and economic development. Topics discussed involved
initial allocation, coverages, reasonable carbon price range,
effects on carbon emissions, economic costs, and the
interactions between the ETS and other complementing
policies (Li et al., 2017; Wu and Li, 2020; Weng et al., 2021).
The results of ex ante analysis are potentially affected by multi-
parameter settings and model assumptions.

The ex post analysis is focused on assessing operational
effectiveness and the impact of such mechanisms based on
historical archival data. Most studies concluded that the ETS is
an effective policy tool in carbon emissions reduction at
provincial, municipal, and corporate levels (Gao et al., 2020;
Shen et al., 2020; ZhangW. et al., 2020; Zhang Y. et al., 2020), The
emission reduction effect increases annually with the
implementation of the policy (Zhang and Zhang, 2019). Some
researchers suggest that such action also reduces other pollutants
such as PM2.5 and SO2, promoting China’s low-carbon
innovation and economic development and finally bringing in
more environmental dividends (Feng et al., 2021b; Liu et al.,
2021). Wang et al. (2020) adopted the difference-in-differences
(DID) model to demonstrate a positive correlation between the
ETS and low-carbon economic transformation; however,
researchers also argued that the ETS may improve the
efficiency of emission reduction, but the actual effect remains
relatively weak (Zhu et al., 2020). Due to the immaturity of the
regulations andmarket systems for the ETS pilots (Qi et al., 2021),
the ETS market lacks vitality. Such efficiency of emission
reduction has slowed (Zhu et al., 2020). Studies on the impact
mechanism of the European Union Emissions Trading System
(EU ETS) have argued that the EU ETS reduces carbon emissions
mainly through technological innovation (Jaraitė and Di Maria,
2012; Calel and Dechezleprêtre, 2016). In a similar scenario,
certain Chinese scholars have argued that China’s ETS reduces
carbon emissions by reducing energy consumption and
optimizing energy structure, while the emission reduction
effect of technological innovation is not significant (Xuan
et al., 2020; Liu et al., 2021).

The emission reduction effects of the pilot regions provide a
direct signal and information for the implementation of China’s

ETS, therefore, this study analyzes the effect of the ETS through
six pilot regions. Unlike European countries, coal consumption
took a dominating role in the current Chinese energy
consumption structure (Wang and Yang, 2021). The ETS will
be the main driver in supporting China’s carbon neutrality goal.
Few studies have analyzed the impact of the ETS on carbon
emissions caused by coal consumption, and no empirical
evidence has shown the effect and extent of the ETS in coal
removal process.

A growing number of studies have focused on the spatial
spillover effect and the carbon leakage caused by the ETS. These
ex ante analyses were adopted by CGEmodels or IAM (Antimiani
et al., 2016; Yu et al., 2021). Researchers argued that the EU ETS
leads to carbon leakage, shifting carbon emissions from regions
with strong environmental constraints to those with weak
environmental constraints (Paroussos et al., 2015; Böhringer
et al., 2017). Similarly, some scholars have demonstrated that
carbon leakage is inevitable in China’s ETS using CGE model
(Tan et al., 2018; Wang et al., 2018), but the simulation results of
the ex ante analysis depend heavily on the model setup and the
assumptions of the model (Yu et al., 2021). Such methods often
underestimate or ignore the efforts of non-pilot regions in carbon
emissions reduction.

Empirical analysis on the ex-post spatial spillover effect and
carbon leakage are inadequate. As policy implementation
increases, more attention has shifted to this area of study.
Naegele and Zaklan (2019) find no evidence supporting that
the EU ETS leads to carbon leakage based on evidence from
European manufacturing development data. Some scholars used
the DID model based on the historical data of the ETS pilot
regions to test its positive spatial spillover effect. In particular, Liu
et al. (2021) adopted the DID model to investigate whether cities
adjacent to pilot cities also benefit from the implementation of the
ETS and if there is a positive spillover effect of the ETS observed
in reducing air pollution. Significantly, Zhou et al. (2020) shows
that the ETS can lead to reverse carbon leakage. Pilot regions with
larger industries have more industrial transfers in contrast to
non-pilot regions, leading to a shift of carbon emissions from
non-pilot to pilot regions. However, these empirical findings are
far from sufficient to provide ex post data. Local pilots and
national carbon markets will co-exist in China with
heterogenetic intensity of environmental legislation across
regions. Analyzing the existence of a spatial spillover effect of
the ETS and the direction of spillover is vital.

As observed, the DID model are widely used to study the
emission reduction effect and spatial spillover effect of the ETS,
without considering spatial interactions among units. The DID
model violates the SUTVA hypothesis of independent and
identical distribution, which says one unit should not be
affected by the treatment of the other (Cox, 1958; Rosenbaum,
2010), This issue will lead to bias or potential error. Chagas et al.
(2016) determined that by performing a treatment group and
control group between spatial decomposition, the spatial
difference-in-differences (SDID) model was shown to be
effective in addressing this challenge, and it is gradually being
adopted in the corresponding analyses (Feng et al., 2021a; Yu and
Zhang, 2021).
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This paper applies both the DID model and SDID model to
respond to whether the ETS is effective in the reduction of total
carbon emissions and these from carbon emissions. What is the
impact of the mechanism? How much is the spatial spillover
effect? The main contributions of this research lie in the following
three aspects: 1) we analyzed the impact of the ETS on total
carbon emissions and those caused by coal consumption,
focusing on the effects of the ETS on coal removal; 2) we
adopted the DID model to evaluate the emission reduction
effect and the impact mechanism of the ETS; 3) we adopted
the SDIDmodel to analyze the spatial spillover effect of the policy
and its stimulating effect on carbon leakage. The results are more
robust and expand the spatial perspective for the study of policy
impact effects. The rest of the paper is organized as following:
Section 2 explains the model setup and the selection of variables;
Sections 3, 4 show the empirical processes and results; and
Section 5 concludes the paper and offers corresponding policy
recommendations.

2 MODEL DESIGN AND DATA
DESCRIPTION

2.1 Difference-in-Differences Model
The data sample is divided into the treatment and control groups.
The treatment group (Policy � 1) is made up of the two pilot
provinces and four municipalities directly under the central
government that implemented the ETS, and the control group
(Policy � 0) is made up of the non-pilot provinces and
autonomous regions. Official approval of the ETS
implementation was granted in 2011, and the actual year of
implementation was 2013. Therefore, Post-2013 (2013
included) is the policy implementation period (Post � 1) and
pre-2013 is the non-policy period (Post � 0). Therefore, DID
estimation is specified as following:

Yit � β0 + β1didit + α1Xit + μi + ct + εit (1)

where Yit is the dependent variable, denoting the total carbon
emissions and carbon emissions caused by coal consumption in
province i at year t. didit is a cross-term of the pilot policy dummy
variable (Policy) and the year dummy variable (Post). Both dummies
are the explanatory variable of the estimation. Its estimated
coefficient β1 indicates the impact of the ETS on both types of
carbon emissions. Since the natural logarithm of the dependent
variable has been taken, the estimated coefficient β1 represents the
proportional change in carbon emissions before and after 2013 in the
provinces and cities with the ETS (experimental group) relative to
those without ETS (control group).Xit is the set of control variables
that may affect CO2 emissions. μi is a province-fixed effect, ct is a
time-fixed effect, and εit denotes the random error term.

2.2 Spatial Difference-in-Differences Model
To study spatial spillover effect of ETS, the SDID estimation was
carried out using a spatial lag model (SLX) (Chagas et al., 2016).
The spatial spillover effect of the ETS can be correctly estimated
for both pilot and non-pilot regions. This produces the following
SDID specifications:

Yit � β0 + β1didit + +β2WT.TDit + β3WNT.TDit + α1Xit + α2WXit

+ μi + ct + εit

(2)

where W denotes the spatial weight matrix. WT.TDit denotes the
spatial spillover effect within pilot regions, and its estimated
coefficient is denoted by β2. WNT.TDit represents the spatial
spillover effect from pilot regions to non-pilot regions, and its
estimated coefficient is denoted by β3. In addition, other
parameters are set the same as in Eq. 1.

The spatial distance weight matrixW1 represents the between-
region spatial weight effect; to clarify, geographical distance only
represents the influence of geographical features and carbon
emissions, as the result of human activities have other non-
geographical impact factors. Therefore, this paper draws on
the method of Li et al. (2010) to establish the economic
distance weight matrix W2. W2 characterizes the economic
distance by the difference of regional GDP per capita, which
reflects regions with higher levels of economic development
having a stronger influence than those with low level
economic development. In addition, to identify carbon leakage
from the pilot regions to the adjacent regions, this paper also
analysed a local spatial distance weight matrix where 200 km,
300 km, 400 km, and 600 km are the range thresholds analyzed.

2.3 Variables Description
Restricted by data availability of the balance sheets and missing
data at the provincial level, this paper focuses on carbon
emissions from coal consumption. The sample included data
from 29 provinces and municipalities from 2003 to 2019,
excluding Hong Kong, Macao, Taiwan, Fujian Province, and
Tibet Autonomous Region due to the special research setting.
The ETS in Fujian Province was established in 2017, which is
different from other pilot regions and the pilot operation period is
relatively short, so Fujian Province is excluded from the sample in
this paper. Original data were obtained from China Urban
Statistical Yearbook and China Energy Statistical Yearbook
from 2004 to 2020.

1) Dependent Variable: Total carbon emissions and those from
coal consumption. Based on the energy balance sheets of 29
provinces, the total carbon emissions and those from coal
combustion are aggregated by multiplying the amount of
energy consumed by the average low level of heat
generation, the CO2 oxidation factor, and the oxidation
rate based on varied energy sources. This research excludes
the double-counting of consumption during energy
conversion. Finally, the two dependent variables are
normalized by logarithms and denoted as lnCE and
lnCCE, respectively.

2) Treatment Variable (did): an interaction term of the pilot policy
dummy variable and the year dummy variable: pilot regions
receive valued of 1 during the post-2013 period. Non-pilot
regions and those pre-2013 pilot regions receive the value of 0.

3) Control Variables: Based on previous literature, the following
variables have been included: Industrialization level (IL):
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share of secondary sector in GDP of each province; economic
development level (lnPGDP): logarithm of the real GDP of
each province (based on 2003) as a share of the total
population at the end of the year; Population density
(lnPOP): logarithm of the total population of each province
at the end of the year as a proportion of the geographical
region of the province; international direct investment (FDI):
share of foreign direct investment in each province in the GDP
of the year; service industry development level (SL): share of
tertiary industry in the GDP of each province; degree of
openness to the world (IET): share of the total trade of
import and export of each province to the GDP of the year.

4) Mediators: Mediators adopted to study the mechanism of the
impact of ETS are shown as follows: industrial structure (IL):
share of value added of secondary industry in GDP;
technological innovation (RD): share of R&D expenditures
in GDP; energy structure (ES); share of coal consumption in
total energy consumption; coal consumption (lnCOAL):
logarithm of coal consumption in each province. Table 1
shows the descriptive statistics.

3 EMPIRICAL RESULTS

3.1 Baseline Regression
The estimated results of ETS abatement effects are shown in
Table 2; columns 1–2 show the results of the baseline regression
of the ETS on total carbon emissions. Column 2 adds the control
variables to the baseline model. The results show that the
coefficients of did in columns 1–2 are negative and statistically
significant at the 1% level, suggesting that the ETS has
significantly reduced the total carbon emissions. The policy
effect is significant. Columns 3–4 show the results of the
baseline regression of the ETS on carbon emissions from coal
combustion. Column 4 adds control variables to Column 3. The
results show that the coefficients of did in columns 3–4 are
negative and statistically significant at the 5 and 1% levels,
respectively. The absolute value of the regression coefficient of
did in column 4) is larger than the absolute value of the regression
coefficient of did in column (2). Results suggest that under the
ETS, reducing carbon emissions from coal combustion has a
larger effect than that of total carbon emissions. Possible

explanations might be that most of the pilot firms of the ETS
are located in high energy-consuming industries. Coal dominates
their energy consumption structure, and these firms prioritize the
reduction of carbon emissions by reducing coal consumption. To
support this conclusion, we analyzes the effects of ETS on carbon
emissions from petroleum and natural gas consumption
separately, and the results are shown in Supplementary Table
S1. The results show that the coefficients of did is not significant,
indicating that the implementation of ETS does not affect the use
of these two energy sources, but has a significant effect on
reducing coal consumption; our results provide evidence for
the beneficial side of the ETS in the process of coal removal in
the pilot regions.

3.2 Parallel Trend Test
DID model is valid only if the parallel trend hypothesis is
satisfied. The hypothesis, when satisfied, indicates that the
carbon emission trends in the pilot and non-pilot regions are
homogeneous. They do not differ significantly before the ETS is
implemented, while the emission reduction impact of the ETS
only occurs after the policy is implemented. Therefore, this paper
establishes a regression model to test the parallel trend
hypothesis, and the model structure is shown in :

Yit � β0 + ∑
2019

t�2007
βtdidit + α1Xit + μi + ct + εit (3)

We set 2013 as the base year. βt denotes a series of estimates
during three periods of time, including 6 years before the base
year, the base year itself, and the 6 years after the base year. The
regression results are shown in Figure 1, and the results of the two
dependent variables are shown separately in Figures 1A,B. The
regression coefficients of did before the base year are not
significant, suggesting that before the ETS was implemented,
no obvious difference in carbon emissions between the pilot and
non-pilot regions was observed, satisfying the parallel trend
hypothesis. The regression coefficient of did is significantly
negative from the start of the ETS implementation in the base
year, and the emission reduction effect of the ETS gradually
increases along with the increases of the implementation year. At
the same time, when the ETS was implemented in 2013, the effect
of reducing total carbon emissions and carbon emissions from
coal combustion was roughly the same. As the policies were
implemented over the years, the effect of the ETS on reducing

TABLE 1 | Descriptive statistics.

Variable Mean SD Min Max Observation

lnCE 9.946 0.825 7.267 11.58 493
lnCCE 9.658 0.972 5.677 11.54 493
Did 0.0850 0.279 0 1 493
IL 45.59 8.445 16.20 61.50 493
SL 43.09 9.490 28.60 83.50 493
lnPGDP 10.29 0.765 8.190 11.91 493
lnPOP 5.420 1.285 2 8.257 493
FDI 0.0230 0.0190 0 0.105 493
IET 0.303 0.380 0.0130 1.721 493
RD 0.0110 0.0230 0 0.164 493
lnCOAL 7.939 0.970 4.171 9.659 493
ES 0.440 0.158 0.0120 0.802 493

TABLE 2 | The impact of ETS on carbon emissions.

Variables lnCE lnCE lnCCE lnCCE

(1) (2) (3) (4)

did −0.263*** −0.282*** −0.575** −0.488***
(0.0739) (0.0772) (0.263) (0.152)

Control variables No Yes No Yes
Province FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
Observations 493 493 493 493
R-squared 0.808 0.829 0.537 0.571

Robust SE in parentheses. ***p < 0.01, **p < 0.05, *p < 0.1.
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carbon emissions from coal combustion becomes more obvious,
indicating that the ETS has a positive and far-reaching effect on
coal removal.

3.3 Placebo Test
Other unobserved regional variables affecting carbon emissions
are possible in this study due to data availability issue, and this
may result in estimation bias. Therefore, a placebo test needs to be
applied to verify whether the omitted and unobserved variables
affect the baseline results. The placebo test is adopted to test the
robustness of the baseline regression through the random
selection of several dummy experimental groups in full
samples to perform a regression consistent with the baseline
regression (Chetty et al., 2009). Specifically, all samples were
sampled 1,000 times in our study. Six regions were randomly
selected as the dummy experimental group for each sampling.
The rest of the samples were regressed as the control group
according to Eq. 1 to obtain the regression coefficients and
p-values.

Figure 2 reports the distribution of regression coefficients,
where the x-axis represents the regression coefficients from the
1,000 randomly assigned experimental groups of did, and the
curve is the kernel density distribution of the regression
coefficients. The blue dots are the p-values corresponding to
the regression coefficients. The red dashed lines present the true
regression coefficients with p-values for columns (2) and (4) of
Table 2, respectively. It is observed that the distribution of the
coefficients, estimated based on the random sample, is around 0
with p-values greater than 0.1. The coefficients estimated from
the baseline regression are almost independent according to the
coefficient distribution. This is in line with Placebo Test’s
expectation. Thus, the significant abatement impact of the ETS
is unlikely to be influenced by unobserved factors, and previous
estimation analysis are robust.

3.4 Instrumental Variable Approach
When studying the effect of ETS on CO2 emissions using DID
analysis, the presumed assumption is that the selection process of

FIGURE 1 | Parallel trend test. (A) Parallel trend test (Total carbon emissions). (B) Parallel trend test (Carbon emissions from coal combustion).

FIGURE 2 | Placebo test. (A) Placebo test (Total carbon emissions). (B) Placebo test (Carbon emissions from coal combustion).

Frontiers in Environmental Science | www.frontiersin.org January 2022 | Volume 9 | Article 8242985

Yang et al. ETS and Carbon Emissions Reduction

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


the ETS pilot regions is random and maintains invariant when
changes occur in other potential factors. However, pilot regions
are not selected randomly but rather chosen by policy. To prevent
the influence of other unobserved potential factors, this paper
draws on Tsoutsoura (2011) approach in adopting the
instrumental variable approach to address the endogeneity
issue of experimental group selection.

Specifically, this paper follows Hering and Poncet (2014) in
selecting the ventilation coefficient as an instrumental variable to
explain whether a pilot regions has the policy treatment. First, for
regions with smaller ventilation coefficients, larger pollutant
concentrations are monitored and will incentivize local
government to adopt more aggressive and effective
environmental regulation policies. This region then gains a
better chance to be selected as an ETS pilot. The regression
results of the ventilation coefficient and the region selected as a
ETS pilot are negatively correlated. Thus, the selection of
ventilation coefficient as an instrumental variable satisfies the
correlation hypothesis. In addition, because the ventilation
coefficient is determined by the meteorological and
geographical conditions of each region, it satisfies the
exogeneity assumption. In this study, we match the boundary
layer height and wind speed information at 10 m height from the
ERA dataset of the European Centre for Medium-RangeWeather
Forecasts to the latitude and longitude of the 29 provinces and
cities in the sample. The multiplication of wind speed and
boundary layer height for each cell is the circulation
coefficient. We then normalized through logarithm of
circulation coefficients for 29 sample regions from 2003 to
2019 is selected.

The results of instrumental variable are shown in Table 3.
Column (1) is listed as the regression results of the first stage: the
regression coefficient of the interaction term iv*post is significantly
negative at the 5% level, and the F-statistic is greater than the critical
value of 10, indicating that the instrumental variable satisfies the
correlation condition and there is no weak instrumental variable. In
the second-stage regression, the regression coefficient of did is still
significantly negative, which is consistent with the baseline
regression, indicating that after eliminating the endogeneity
problem in pilot selection, the ETS can still significantly reduce

total carbon emissions and carbon emissions from coal combustion.
The previous findings remain robust.

4 FURTHER ANALYSIS

4.1 Analysis of Impact Mechanism
Previous analysis in our study shows that the ETS has had a
significant abatement effect on the local pilot. Next, this paper
uses a two-stage mediating effect model for validation (Baron and
Kenny, 1986) to initially analyze the mechanism of the abatement
effect generated by the ETS. The mediating effect model is
established as follows:

Mit � β0 + β1didit + α1Xit + μi + ct + εit (4)

Yit � β0 + β1didit + β2Mit + α1Xit + μi + ct + εit, (5)

where M denotes the mediators including industrial structure
(IL), technological innovation (RD), energy structure (ES), and
coal consumption (lnCOAL). Other model settings are consistent
with Eq. 1, and the coefficients of the treatment variable did in Eq.
4 and the coefficients of the mediatorsM in Eq. 5 are tested. The
results are shown in Table 4.

The regression coefficients of did in columns (1) and (2) in
Table 4 are not significant suggesting the industrial structure and
technological innovation in the pilot regions are not affected by
the ETS. The mediating effect is tiny. The regression coefficients
of did in columns (3) and 5) are significantly negative, indicating
that the energy structure and the absolute coal consumption in
the pilot regions are reduced by the ETS. The second stage
estimation of the mediating effect is conducted according to
Eq. 5, columns (4) and (6) showing that the treatment
variable did and the mediators ES and lnCOAL are significant,
implying that the mediating effect is significant. According to the
conclusion, the ETS reduces carbon emissions mainly by
reducing the absolute consumption to reach for an optimal
energy structure. However, reading an optimal industrial
structure is an incremental and lengthy process, and our study
had a relatively short window for observation. Although the
carbon trading mechanism will reduce the share of traditional
industry, such an effect is not significant. Intuitively, the ETS also
should boost R&D investment. Research findings also suggest
that such an impact is not significant. Technological innovation
usually takes more time, and large investments do not always
result in the development of effective abatement technologies
(Wicki and Hansen, 2019; Zhang Y. J. et al., 2020). At the same
time, large investments may increase firms’ costs level and reduce
firms’ market competitiveness.

In summary, the reduction effect of ETS comes mainly from
the absolute emission reduction from coal combustion and its
share in the energy structure, rather than from the technological
innovation and optimization of the industrial structure in the
pilot regions.

4.2 Analysis of Spatial Spillover Effect
Based on Eq. 2, the SDIDmodel under the spatial distance weight
matrixW1 and economic distance weight matrixW2. The spatial

TABLE 3 | Regression results of instrumental variable approach.

Variables IV first stage IV second stage

did lnCE lnCCE

(1) (2) (3)

iv*post −0.266**
(0.111)

did −0.835** −1.455**
(0.405) (0.720)

Control variables Yes Yes Yes
Province FE Yes Yes Yes
Year FE Yes Yes Yes
Observations 493 493 493
R-squared 0.534 0.742 0.374
The first stage of F-test 91.99

Robust SE in parentheses. ***p < 0.01, **p < 0.05, *p < 0.1.
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influence of the ETS on total carbon emissions and carbon
emissions from coal combustion is studied. Results are shown
in Table 5.

The regression coefficients of did are still significantly negative
upon consideration of the spatial effect. The absolute values of the
regression coefficients of did increase with the introduction of
spatial control, except for column (4). By comparing the results
with those of baseline regression, we can conclude that the DID
model has a more significant carbon reduction effect of ETS on
local pilot regions after taking into account the spatial influence of
policy, which is consistent with previous studies (Chagas et al.,
2016; Yu and Zhang, 2021).

ETS has two possible pathways in affecting the non-pilot
regions’ reduction activities. On one hand, the establishment
of the ETS pilot regions is a prelude of the national carbon
market, and the non-pilot regions may have realized China’s
determination to reduce emissions through the
implementation of the ETS; thus, the ETS pilot regions
could act as role models to stimulate the non-pilot regions’
reduction activities. On the other hand, pilot regions could
crowd out high emission production activities to non-pilot

regions, thus promoting the increase of carbon emissions in
these regions. In Table 5, the regression coefficient ofWT.TD is
not significant, except for column (4). Possible explanations
include that the ETS pilot regions are dispersed, resulting in
less production and economic relations among pilot regions.
Pilot regions alone are lack of spatial connectivity. The
regression coefficients of WNT.TD are significantly negative
except for column (2), suggesting that the ETS can play a role
in promoting emission reduction in non-pilot regions. A
positive spatial spillover effect is observed. For the non-
pilot regions, the role-modeling effect of the ETS pilot
regions is greater than that of carbon leakage effects
resulting from the effect of crowding out high emission
production activities.

To investigate the spatial spillover effect of the ETS on
different range regions, the SDID model adopts the local
spatial distance weight matrixes. The results are shown in
Table 6.

The regression coefficients of did remain significantly
negative. As shown in column (1), the regression coefficient
of WNT.TD is positive but not significant within the 200 km
range of the pilot regions, which supports that the ETS will
increase carbon emissions in the proximity regions with a
negative spatial spillover effect. For the neighboring non-
carbon pilot regions, the role-modeling effect and economic
relation of the ETS pilot have less emission reduction effect
than that of carbon leakage effect resulting from the crowding
out of production activities. As shown in column (2), the
regression coefficient of WNT.TD becomes negative yet
insignificant within 300 km of the pilot regions, and the
regression coefficient of WNT.TD becomes significantly
negative as the range around the pilot regions continues to
expand. Evidence suggests that the positive spatial spillover
effects become even greater as the geographical range around
the pilot regions expands. One potential explanation could be
that as physical distance increases, it becomes more difficult to
transfer production activities to non-pilot regions, allowing
the role-modeling effect of the ETS pilot to dominate non-pilot
regions.

TABLE 4 | Impact mechanism analysis.

Variables (1) (2) (3) (4) (5) (6)

IL RD ES lnCE lnCOAL lnCE

did −0.0463 0.00773 −0.0290* −0.249*** −0.341*** −0.175***
(0.479) (0.00722) (0.0166) (0.0680) (0.123) (0.0504)

ES 1.130***
(0.240)

lnCOAL 0.315***
(0.0732)

Control variables Yes Yes Yes Yes Yes Yes
Province FE Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes
Observations 493 493 493 493 493 493
R-squared 0.925 0.377 0.642 0.853 0.479 0.879

Robust SE in parentheses. ***p < 0.01, **p < 0.05, *p < 0.1.

TABLE 5 | The estimation results of the SDID model.

Variables W1 W2

lnCE lnCCE lnCE lnCCE

(1) (2) (3) (4)

did −0.431*** −0.514*** −0.415*** −0.471***
(0.106) (0.145) (0.111) (0.167)

WT .TD 0.187 −0.311 −0.137 −0.922*
(0.174) (0.413) (0.167) (0.458)

WNT .TD −0.561** −0.609 −0.480** −0.652**
(0.247) (0.437) (0.185) (0.260)

Control variables Yes Yes Yes Yes
Province FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
Observations 493 493 493 493
R-squared 0.853 0.707 0.842 0.673

Robust SE in parentheses. ***p < 0.01, **p < 0.05, *p < 0.1.
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5 DISCUSSION

Based on the panel data of Chinese ETS pilot regions and non-
pilot regions from 2003 to 2019, this paper examines the emission
reduction effect of the ETS using the DIDmodel. Further analysis
on the impact mechanism and spatial spillover effect of the policy
is also conducted. The findings are as follows: 1) the ETS can
effectively reduce the total carbon emissions and emissions from
coal consumption. The relative effect of carbon emissions from
coal consumption appears to be better, suggesting an acceleration
effect of the ETS in coal removal. 2) China is at the initial stage of
moving towards carbon neutrality, and the reduction effect of the
ETS comes mainly from the absolute reduction of coal
consumption and its share in the energy structure. 3) The ETS
has a positive spatial spillover effect, which drives other non-pilot
regions to commit to carbon reduction activities through role-
modeling effect. The ETS may incentivize pilot regions to crowd
out production activities to neighboring non-pilot regions,
increased the carbon emissions and thus hindering the carbon
reduction process in neighboring regions.

Based on these conclusions, the following recommendations
are made. First, China’s goal for 2060 carbon neutrality will
require the full use of the ETS to reduce emissions and coal
removal. With more stringent emission reduction targets, the
carbon trading mechanism is to be designed for coverage of a
wide range of sources, such as involving sectors and units with a
high level of electricity, petroleum and gas consumption. Second,
the government should continue to improve the design of the
national carbon market. Promote the synergistic development of
the local carbon market with the national carbon market to
ensure that the ETS can effectively achieve emission reduction
effect and positive spatial spillover effect. Then, regional
governments should strengthen their interaction and the
national carbon market should balance the intensity of the
policies of each region to prevent the transfer of high-carbon
emitting industries to neighboring regions and thus the
occurrence of carbon leakage. Finally, to give the full play to
the effect of the carbon market, governments should focus on a
high-quality development model and reduce consumption of coal

and other energy. Although the reduction emission effect of the
ETS does not come from technological innovation and
optimization of industrial structure, in order to achieve the
long-term goal of carbon neutrality, the government still needs
to stimulate the innovation drive of enterprises, encourage the
development of low-carbon green technology, improve energy
utilization efficiency, and promote industrial structure
optimization. Through the above measures, with the support
of carbon trading mechanism, the emission reduction effect will
be significantly improved.

Restricted to the availability of the data and methods, there are
three main limitations in this paper. 1) This paper focuses on the
impact of the ETS on emissions from coal consumption, but due to
the limitation of coal consumption data, it cannot be studied at the
city level. 2) The ETS has synergy effects with various policies, such
as the air control policy and the vigorous development of clean
energy policy. It is also worthwhile to consider the clean effect of the
carbon emission reduction policy upon the removal of the effects of
these competing policies. 3) This paper focuses on the carbon
emission reduction effect of the ETS and the impact factors but
does not further measure the cost of emission reduction policies.
Comparative analysis among emission reduction effects and the cost
of different carbon markets and the cost of carbon emission
reduction of different policies are important research directions
for future carbon emission reduction policy analysis.
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