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The spatial spillover effect of higher
SO, emission tax rates on PM, .
concentration in China

Kaifeng Wang®**, Yu Liu!, Shaochen Wang? & Chengpeng Li?

In this paper, the adoption of SO, emission tax rates higher than the legal minimum standard is
regarded as a noteworthy policy reform in China (quasi-natural experiment), and a spatial Difference-
in-Differences (Spatial-DID) model is constructed to test the direct effects (local effects) and indirect
effects (spatial spillover effects) of SO, emission tax policy reform on PM, ; concentrations in the
atmosphere of 285 China’s cities. The estimation and calculation results of the Spatial-DID model
show that the SO, emission tax policy reform can significantly reduce local PM, ; concentration and
significantly promote PM, s concentration in surrounding areas. The results of heterogeneity analysis
show that the SO, emission tax policy reform can produce a relatively more beneficial spatial spillover
effect in eastern cities and higher administrative level cities, while the pollutants emission rights
trading and the reform of NO, emission tax rates can produce beneficial spatial spillover effects
when cooperating with the reform of SO, emission tax rates. The results of the mediation effect
analysis show that the higher SO, emission tax rate can aggravate the surrounding PM, ; pollution
by promoting the aggregation level of industrial production factors and the industrial SO, emission
intensity in the surrounding areas, which can support the existence of the pollution heaven effect.

Although the PM, 5 in the atmosphere of China has declined steadily and significantly in recent years, but the
average atmospheric concentration of PM, 5 in China’s cities (30 pg/m?, in 2021) is still five times higher than
the latest World Health Organization’s standard (5 pg/m?), and the days with PM, ; as the primary pollutant
accounts for the highest proportion of the total days with air quality lower than standard (39.7%, see https://
www.mee.gov.cn/hjzl/sthjzk/zghjzkgb). In addition, the Global Air Quality Report 2021 released by IQAir also
shows that the 15 cities with the highest atmospheric PM, 5 concentrations in East Asia are all located in China
(https://www.iqair.com/us/blog/press-releases/ WAQR_2021_PR). The above data all suggest that PM, ; remains
one of the biggest threats to urban air quality in China.

In order to effectively alleviate the air pollution issues represented by PM, 5, China has continuously strength-
ened the tax system on the emission of PM, ; precursors such as SO,, NO,,! etc. In mainland China before 2018,
the pollutants discharge fee system effectively played the role of an environmental protection tax system>* and
formally transformed into an environmental protection tax system after 2018*.

The tax on SO, emissions has always been one of the main components of environmental protection taxes
(discharge fees). Since 2007, China’s environmental protection tax system (in this paper, both the discharge
fee and environmental protection tax paid for SO, emissions are collectively referred to as SO, emission tax to
avoid confusion) has undergone several rounds of reform, and the type of environmental protection tax that has
experienced the earliest, most frequent, and largest reform is just the SO, emission tax’, of which primary reform
orientation is to promote the tax rate. However, an issue still worth exploring and testing is whether a relatively
higher SO, emission tax rate can simultaneously reduce PM, 5 pollution in both local areas and adjuncts. This is
also the core issue focused on by this paper.

In academia, some studies have tested the pollution reduction effect of the environmental protection tax sys-
tem from different perspectives. Blackman found that the sewage discharge fees in Colombia effectively reduced
pollution®, and Wang et al. find that the reform from sewage charge to environmental protection tax effectively
reduced pollutant emissions’. Guo et al.> use the quasi-natural experimental method to test and confirm that
China’s pilot sewage charge reform in 2007 significantly reduced the emission intensity of SO,.

Many previous studies regard PM, ; as the key policy objective or policy evaluation scale of environmen-
tal protection tax (sewage charge), and pay attention to the relationship between PM, ; and policy strength.
For example, Ye and An find that the carbon tax significantly improves the air quality in countries with high
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concentrations of PM, ; in their quasi-natural experiment®; Xu et al.” and Hu et al.'’ both find through math-
ematical model analysis that higher tax rates can simultaneously reduce greenhouse gas and PM, ; emissions;
Rith et al.!! find that imposing higher tax rates on gasoline and vehicles would help reduce pollutant emissions
and public health risks in Manila. Han and Li"? find that the environmental protection tax rate and tax revenue
for air pollutants significantly affected the concentration of PM, 5 in China; Chien et al.”® find that environmental
taxes in the United States have played an important role in reducing haze pollution such as PM, .

As an improvement of the above studies, this paper establishes a quasi-natural experimental framework based
on the spatial Difference-in-Differences (Spatial-DID) model and tests the direct effect (local effect) and indirect
effect (spatial spillover effect) of SO, emission tax rate reform on PM, ;. Compared with previous studies, the
main marginal contributions of this paper are:

First, although many previous studies have regarded PM, ; as the goal and evaluation criterion of the environ-
mental protection tax (discharge fee) policy”*", these studies usually pay less attention to the spatial spillover
effect of PM, ;. Using panel data from 285 China’s cities (2004-2019), this paper can conduct a more detailed
test of the spatial spillover effect of SO, emission tax policy. The deficiencies found in the above tests can also
provide essential inspiration for future improvement of relevant policies and systems.

Second, the design of Difference-in-Differences (DID) in this paper is to regard the adoption of SO, emission
tax rates that are higher than the legal minimum standard (also higher than the other cities which always follow
the newest legal minimum tax rate, see Fig. 1) in part of cities as a policy reform worthy of focusing on. Com-
pared with most DID studies in the same field*>*!4, the above design can help accurately identify the historical
changes and regional differences in the tax rate.

Next, the structure of the rest of this paper is as follows: section “Mechanisms and hypotheses” analyzes the
theoretical mechanism and puts forward the hypothesis, section “Methodology and data” introduces the meth-
odology and data, section “Results and discussions” reports and discusses the results, and section “Conclusions”
is the conclusions.

Mechanisms and hypotheses

According to the pollution heaven hypothesis, a higher SO, emission tax rate is also possible to force some highly
polluting production activities to relocate (through the relocation of production departments, outsourcing, etc.)
and lead to increased pollution in surrounding areas'>'®. Of course, the above spatial spillover effect and its
mechanism are still worth testing, so the main hypotheses to be tested in this paper are:

H1: Enabling SO, emission tax rates higher than the national legal minimum standard (so it is also higher
than other regions that always follow the minimum standard) has a promotion effect on the atmospheric PM, 5
concentration in the surrounding cities (i.e. spatial spillover effect is positive).

Due to the cross-regional migration of high pollution industrial firms'® caused by SO, emission tax rates,
this paper will also test two sub-hypotheses to explain the mechanism of the spatial spillover effect (if hypothesis
H1 can be confirmed):

H1-a: Enabling SO, emission tax rates higher than the national legal minimum standard can increase the
atmospheric PM, ; concentration of the surrounding cities by increasing their industrial SO, emission intensity.

H1-b: Enabling SO, emission tax rates higher than the national legal minimum standard can increase the
atmospheric PM, 5 concentration of the surrounding cities by promoting their accumulation of industrial pro-
duction factors.

Methodology and data

Empirical research design.  Spatial-DID model. This paper establishes a Spatial-DID model based on the
spatial Durbin model (SDM), and then judges whether it should degenerate into a spatial lag model (SLM) or a
spatial error model (SEM)'”!8 according to the test methods provided by Elhorst". The expression of the base-
line Spatial-DID model in this paper is:

n n
PM;; = po »  WiiPMj; + a1 POST;; x FSDIOX;; + p1 Y  Wij(POST;, x FSDIOX;,)
j=1 j=1

n
F X B+ Y WXl +fi+ e+ ei
j=1
In rlliq. (1), the interpreted variables PM ;, are defined as the atmospheric PM, ; concentration of the sample
city. > WiiPM;, is the spatial lagged term of interpreted variable. The letter ¢ in the subscript represents the
j=1
period (year), while the letters i and j are the sequence numbers used to distinguish different cities. The letter n

represents the total number of sample cities, and W;; is the element in i-th row and j-th column of the row stand-
ardized spatial weight matrix W, and W before row standardize is defined as:

W, = l/dif’z 7
Yy .
0.1=J )
i=12...,n
j=L2...,n
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Figure 1. Adjustment of SO, emission tax rate in China. Note: The basic map resources come from Institute of
Geographic Sciences and Natural Resources Research (IGSNRR).

FSDIOX;, in Eq. (1) is defined as the SO, emission tax rate, and POST;, is a dummy variable for the adjustment
of SO, emission tax rate (0 before adjustment and 1 after adjustment, which is specifically defined in section “Data
for main explanatory variable (DID r\llariable)” below). The product of the above two (FSDIOX;, x POST,;,) is the
DID term® of Spatial-DID model. )~ W;;(POST;; x FSDIOX;,)is the spatial lagged term of DID variable. The

j=1
terms f; and y, stands for individual fixed effect and time fixed effect respectively. ¢;, is an independent i(liqentically

distributed random disturbance term. The k-dimensional row vector x contains all control variables. » W;;X;
=1
contains the spatial lagged terms of all control variables. !

In this paper, the scripts provided by Elhorst'® are used to estimate Eq. (1). In order to overcome endogenous
and bias, the bias corrected quasi maximum likelihood tester (BC-QMLE) provided by Lee and Yu?' is selected
as the estimation method of Eq. (1).

Based on the estimated parameters, this paper calculates the impact of DID variable on local PM, ; concen-
trations (direct effect c) and the spatial spillover effect on PM, ; concentrations in surrounding areas (indirect
effect ¢*). In the following, this paper will fully judge the policy effects base on the above two types of effects!*?2.
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Data and variable selection. Data for interpreted variable (PM). The interpreted variable of the spatial-
DID model is the annual average PM, s concentration (PM), its data source is the raster data of global PM, 5
concentration estimated by ACAG (Atmospheric Composition Analysis Group) using satellite observation data
(see Fig. A.1 in the appendices®).

Data for main explanatory variable (DID variable). The main explanatory variable of the Spatial-DID model
in this paper is the DID term POST x FSDIOX in Eq. (1), in which the policy meaning of dummy variable POST
is a major innovation of this paper. Since 2007, according to the order of the State Council of China, some pilot
cities began to gradually adjust the tax rate on SO, emissions from 0.63 Yuan/Kg since 2004 to higher levels
(ultimately no less than 1.26 Yuan/Kg). In September 2014, China further extended the legal standard of SO,
emission tax rate of no less than 1.26 Yuan/Kg to all regions. Then, on January 1st, 2018, China began to change
the pollutants discharge fee system into environmental protection tax system obeying the principle of "tax shift-
ing". After 2018, at least 19 provinces in China Mainland directly determined their environmental protection
tax rates according to their previous discharge fee rates (see Fig. 1).

It is noteworthy that after several reforms, only part of the cities have adopted the tax rate higher than the
legal minimum standard, and the rest of the cities just follow the legal minimum tax rate standard at each
period (see Fig. 1). Therefore, if the first tax rate adjustment in each city is simply regarded as a quasi-natural
experiment*>®!, it may cause the treatment group and the control group to be indistinguishable, and most
historical changes and regional heterogeneity of SO, emission tax rate will be ignored.

Therefore, in this paper, POST =1 means the tax rates of SO2 emissions in the sample cities (206 cities in
total) have been adjusted to be higher than the legal minimum standard (POST =0 when this reform has not
been launched). Other cities that always follow the statutory minimum tax rate are included in the control group
(POST =0).

Moreover, this paper further combines the continuous value of the actual tax rate to construct a DID vari-
able POST x FSDIOX**?*, in which FSDIOX is defined as the real tax rate on SO, emissions (Yuan/Kg, which is
deflated by using the price index of the province where the city is located).

Of course, considering the lagging nature of the policy effects, the above-mentioned DID variable has been
adjusted to its 1-period lagged term.

Data for control variables. The first category of control variables is the population density (POPUD), economic
development (real GDP per capita, GDPPC), and technological progress (R&D personnel as a percentage of total
urban employment, RDEMP) selected with reference to the STIRPAT model (Stochastic impacts by Regression
on Population, Affluence, and Technology)®. Since economic development may have nonlinear effects®, the
squared term of the variable GDPPC is also included in Eq. (1).

The second category is the factors related to infrastructure and energy. The specific indicators used in this
paper are per capita urban road area (ROAD, to reflect the improvement of urban infrastructure) and gas popu-
larization rate (GASR, to simultaneously reflect the popularity of clean energy and the perfection of energy
infrastructure).

The third category is the natural environment and climate factors. Specifically: The Normalized Difference
Vegetation Index (NDVI), which is indicated by the data from the Institute of Geographic Sciences and Natu-
ral Resources Research (IGSNRR, http://www.resdc.cn/), Chinese Academy of Sciences (CAS). Temperature
(TEMP) is indicated by the data from the MERRA-2 raster dataset of the Global Modeling and Assimilation
Office (GMAO)?. Besides, the data on atmospheric pressure (PRSD), wind speed (WIN), and air humidity (RHU)
are extracted from the Dataset of Daily Climate Data from Chinese Surface Stations, provided by the National
Meteorological Information Center of China (http://data.cma.cn).

The data of the variables GDPPC, POPUD, RDEMP, ROAD, and GASR comes from The Yearbook of China’s
Cities or The Yearbook of China’s Urban Construction. These yearbooks directly provide the above data at the
prefecture-level city level, of which the data of 285 prefecture or higher-level cities are extracted into the panel
data of this paper (the total number of the prefecture or higher-level cities in China is 337, of which 52 cities are
not included in the sample cities of this paper since their series data missing problems).

The original data of variables PM, NDVI, and TEMP are geographic rasters. The original data of PRSD, WIN,
and RHU are the data of monitoring stations, and this paper uses the Kriging interpolation method to transform
them into raster form. Subsequently, this paper calculates the annual mean of rasters within the boundary of 285
sample cities to convert all above the geographic rasters into panel data.

Finally, this paper unifies the data of the above variables into the panel data of 285 sample cities, and the data
period is 2004-2019. The descriptive statistics of all the above data are reported in Table 1.

Results and discussions
Empirical results. Parallel trend test. Referring to Beck®!, the parallel trend test model of Spatial-DID
model is defined as:

N 5 10 5 N I 10
P = W Y wt e S wtie Y A Witk 3 p >
j=1 k=1-T, s=1+Tp k=1-T, j=1 s=1+T, j=1
N
FX B+ WiXiub +fi + e + &1
j=1
3)
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Variable | Indicator Number of Obs | Mean Value | Std. Dev Max Min Unit Role and references
M PM, ; concentration (van Donkelaar 4560 45313 15.285 108.634 13.454 | pg/m? Interzgreted variable (van Donkelaar
etal., 2021) etal.”)
POST D‘f‘mmY variable for discharge tax | 54, 0310 0.462 1.000 0.000 | - Components of the main explana-
reform tory variable (i.e., the DID term, Jia
FSDIOX | Real tax rate on SO, emission 4560 0.735 0.717 7.646 0.188 | Yuan/Kg | ctal®)
GDPPC Per capita real GDP 4560 16,970.941 12,543.812 92,522.068 1283.188 Yuan/people
POPUD | Population density 4560 3661.339 2822.769 | 27,203.060 27.000 | People/Km? | Control the impact of socialand
economic development levels on air
- - ; . 25
RDEMP Proportion of R & D employees in 4560 0.178 0236 2784 0.009 | % pollution (Dietz and Rosa*)
population
ROAD Road area per capita 4560 36,873.451 33,569.976 | 359,608.498 376.770 | m*people Control the impact of the infrastruc-
ture of transportation and energy on
GASR Gas penetration rate 4560 22411 18.199 100.000 0.483 | % w Pogl)ltlon (Liu et al.?%; Zhang and
ang
Control the inhibition and absorp-
NDVI Vegetation index 4560 72.595 13.450 89.545 9.689 | % tion of vegetation on PM, 5 (Liu
et al.?®)
PRSD Annual mean atmospheric pressure | 4560 957.914 62.922 1016.810 693.283 | Hpa
TEMP Annual mean temperature (absolute | 3¢y 286.984 5.182 298902 | 271.941 | Degree Control the impact of meteorologi-
temperature) cal factors on PM2.5 pollution (Liu
WIN Annual mean wind speed 4560 2.129 0.416 3.658 1.047 | m/s etal®; Liu et al®; Yan etal.'®)
RHU Annual mean relative humidity 4560 65.650 9.944 80.083 32.119 | %

Table 1. Descriptive statistics.

In Eq. (3), if the launch time of policy reform in the city i is 2009, and there is t=2009-k (k€ Z* and k<p) or
t=2009+s (s€Z*and s<|), then Tl,tk (or T+s) equals 1, otherwise T; tk (or T“) equals 0. According to the time
span of panel data, this paper sets the maximum values of k and s as 5 and 10 respectively, and selects the first
period (- 1 period) before the policy launch as the base period (T}) of the parallel trend test.

Referring to Jia et al.?’, the test results of the parallel trend hypothesis are indicated by both the direct and
indirect effects (95% conﬁdence intervals were also reported, see Fig. 2). It can be seen that before the base period
(the period before the policy reform®), the direct and indirect effects of T;; ¥ never significantly deviate from 0,
indicating that the policy has not taken effect; however, after the base perlod the two types of effects of T+S begin
to deviate significantly 0, in which the direct effect is a mainly negative effect, and the indirect effect is a mainly
positive effect. The above results prove that the parallel trend hypothesis is confirmed.

Selective test of spatial econometric models. The implementation of spatial econometric analysis must be based
on the existence of spatial autocorrelation of the explained variables. The results of the spatial autocorrelation
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Figure 2. Parallel trend test results.
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tests based on global Moran’s I test and Moran Scatter (reported in Appendix A2) show that PM, ; concentration
has significant positive spatial autocorrelation (p-value <0.05). Therefore, to control the spatial spillover effect
of PM, 5 (cross-boundary transmission of pollution), it is necessary to select the spatial econometric model as
the empirical test tool.

The empirical results of this base-line model (Model A) are reported in Table 2. The spatial lag coefficient of
the interpreted variable (PM, ; concentration) is significantly positive (0.722, p-value <0.01), which also confirms
the significant positive spatial autocorrelation of PM, ; concentration, meaning that Model A has identified and
extracted the cross-boundary impact of surrounding areas on local PM, 5 pollution.

The statistics of the Wald test and LR test about space error and space lag in Table 2 show the selective test
results of the spatial econometric model in this paper. It can be seen that the significance level of all Wald test
and LR test statistics reaches 1%, indicating that the null hypothesis that the SDM should generate into the spatial
lag model (SLM) or spatial error model (SEM) is all rejected. Therefore, SDM should be selected as the modeling
basis of the Spatial-DID model in this paper.

Robustness tests Heterogeneity analysis

Model A Model B Model C Model D Model E Model F Model G Model H Model I Model Model K

Pilot cities of
Spatial-DID-2SLS Spatial weight Interpreted variable: | Interpreted variable: Administrative level | emission rights Key regions of NO, emission tax rate

Variables Base-line Model PSM-Spatial-DID Model matrix: We PMCH PME Eastern cities (EAST) | (CLEVEL) trading (PET) APPCAP (PCAP) reform (REFNF)

- 0039 ~0.047%% - 002 - 0,024+ - 0033 ~ 0117+ - 0.049%* - 002" - 0032+ - 0.025% - 0034+
POSTx FSDIOX

(-6.451) (-8.33) (-233) (-4.786) (=7.716) (- 8.266) (- 4.661) (-2.09) (-4.294) (-3.453) (-3.563)

0119 0148 0022 0216 0106 0290 0184 0347+ 015+ 0110 0144
Wx POSTx FSDIOX

(4.225) (5.648) (0.64) (3.063) (5.211) (4.504) (3.295) (3.164) (3.594) (2933) (3.104)
WxPM 0981+ 0977+ 2,094 -0075 - - 0.981% 0,984+ 0,983+ 0,983+ 0,981+
(Interpreted Variable) (304.057) (244.672) (19.54) (-0.797) - - (304.331) (361.466) (340.950) (339.768) (303.862)
WxPMCH - - - - 0986+ - - B B - N
(Interpreted Variable) 7 7 _ _ (411.608) _ _ _ _ _ _
WxPME - - - - - 0928 - - - - -
(Interpreted Variable) N N B B N (79313) B N N B N
Control Variables Controlled Controlled Controlled Controlled Controlled Controlled Controlled Controlled Controlled Controlled Controlled

- 0024 - 0,030 ~0019* - 00245 - 0014+ - 0.109%* - 0022+ 0.062+* -0.005 -0010% - 0016
D.E._POST x FSDIOX

(- 4.024) (- 6.091) (-2257) (- 4.882) (-2717) (-9.713) (- 1.990) (2387) (-0.629) (-2393) (-2.133)

45057 44497 0.029% 0204+ 5411 2,737+ 8496+ 22,932+ 7.5340% 5,044 5776
LE._ POSTx FSDIOX

(2.899) (3.731) (2.093) 2917) (3.092) (2912) (3292) (3238) (3399) (2.756) (3297)
DE_ - - - - 0.001 - - - -
POSTx FSDIOX x EAST - - B B - - ©083) - - B -

- - - - - - 5309 - - - -
LE._POSTx FSDIOX x EAST

- - - - - - (-2.053) - - - -
DE._ - - - - - - - - 0.069%* - - -
POSTxFSDIOXx CLEVEL | _ N _ _ _ ~ ~ 3429 N _ ~
1B - - - - - - - — 15264 - - -
POST x FSDIOX x CLEVEL e

- - - - - - (-2.735) - - -

- - - - - - - - - 0.036%* - -
D.E._POSTx FSDIOXx PET

- - - - - - - - (=3.102) - -

R . . - - - - - - 0036 - -
D.E._POSTx FSDIOXx PET

B - - - - - (-3.102)
1E. - - - - - - - - - - 0,043 -
POST x FSDIOX x PCAP _ _ N N _ N N _ _ Ca142) _
15 - - - - - - - - - -3209 -
POSTx FSDIOX x PCAP _ _ N _ _ N _ ~ _ Cos17) ~
IE. - - - - - - - - - - -0010
POSTxFSDIOXxREFNF | _ _ _ N _ ~ ~ N ~ _ C1397)
LE. - - - - - - - - - - - 1703
POSTx FSDIOXx REFNF [ _ B B - B B B B B B 1850)
Observations 4560 3936 4560 4560 4560 4275 4560 4560 4560 4560 4560
Number of cities 285 246 285 285 285 285 285 285 285 285 285
R 09736 09768 0.9736 0.9597 0.9858 0.9854 0.9736 09737 09736 09737 09736
‘Wald spatial lag test 401585 193.251%% 100.208°* 555.096** 215.846* 410,056 400756 401,969 404417 401822 394278+
LR spatial lag test 407.764** 201.067* 561.50: 224.662* 417219 406938+ 409.178** 411.546" 408.468** 400.686**
‘Wald spatial error test 4518714 224211 109.747 558,045 263.812% 413476 451174 455437 456,579 454439 446,576
LR spatial error test 455.728*%* 232,09 455728 559485 271616+ 417,575 454801 459.925%** 460.666*** 459435+ 451.002**
LR spatial fixed effects test | 11,108.394** 10,086.787** 10,088.703* 11,108.394** 13,335.203" 14,624.605** 11,105.64%% 11,116.038* 11,1116 11,126,816 11,055,903
LR time fixed effects test 3186.68% 3242.986%* 1578417+ 3186.680°** 6688.258°% 1615.188°* 3189.912+%° 3194548 3173.147°% 3194.900** 3183.774*

Table 2. Estimation results. Note: The t-statistics are marked in parentheses. ¥, **, and *** denote significance

at 10%, 5%, and 1% levels, respectively. D.E. before the variable symbol indicates direct effect, and L.E. indicates
indirect effect. The complete estimation results are reported in Table A.2 in the appendices.
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Effects of main explanatory variable. From Table 2, it can be seen that the SO, emission tax policy reform can
produce a significant negative direct effect on the PM, 5 concentration in the local atmosphere (p-value <0.01),
and a significantly positive indirect (spatial spillover) effect (p-value <0.01) on the atmospheric PM, 5 concentra-
tion of surrounding areas, which are consistent with the parallel trend test results (Fig. 2). Therefore, hypothesis
H1 is confirmed.

Placebo test. The placebo test (to test whether the empirical results are affected by unobserved factors) is to
randomly assign false treatment groups and time points of policy reform in a false DID variable of the Spatial-
DID model, and then process the estimation and test the effects by using a Spatial-DID model with this false
DID variable. This paper repeated the above test 1000 times and obtained the distribution of direct and indirect
effects (see Fig. 3). It can be seen from Fig. 3 that, significantly different from the effect of the real DID variable
(grey vertical line), the direct and indirect effects of the 1000 placebo tests are concentrated around the 0 value,
and the effect is the weakest near the 0 value. This shows that the empirical results of this paper are not caused by
unobserved factors®, but truly identify and measure the spatial spillover effects brought about by policy reform.

Robustness tests. In addition to the base-line model (Model A), this paper also established a total of 10
auxiliary models, of which Model B—Model F are robustness test models and Model G—Model K are hetero-
geneity analysis models. The estimation results and discussion of the above models are described in sections
“Robustness tests” and “Heterogneity analysis”.

The purpose of Model B—Model F in this subsection is to judge whether the empirical results of Model A are
robust and credible. If the models can still draw empirical conclusions that are generally consistent with Model
A after some partial modifications, it indicates that the empirical results of model A are robust. In addition, in a
series of robustness tests, the use of propensity score matching (Model B) and instrumental variable (Model C)
can also be used to determine whether the empirical conclusions are affected by selective bias and endogenous
respectively, thus further proving the effectiveness of Model A.

Propensity score matching. In order to avoid selection bias caused by the fact that the treatment group samples
may not satisfy the assumption of random selection®**?, this paper performs propensity score matching (PSM)
on the panel data year by year based on all control variables (reported in Table A.4 of the appendices). The Spa-
tial-DID model using matched data is called the PSM-Spatial-DID model (Model B), and the number of sample
cities drops from 285 to 246 in Model B. From Table 2, it can be seen that the direction (sign) of the marginal
effect (P-values<0.01) of the DID variable in Model B is still consistent with the base-line model (Model A),
indicating that the empirical results in this paper are not significantly affected by the problem of selective bias.

Instrumental variable approach. Referring to Shehata®® and Vega and Elhorst™, this paper treats the spatial
lagged interpreted variable (W x PM), DID variable (POST x FSDIOX), and its spatial lagged term as endogenous
variables, using instrumental variables (IV) and two-stage Least Squares (2SLS) to overcome endogeneity, thus
extending the base-line Spatial-DID model to Spatial-DID-2SLS model (Model C). The IV of the DID vari-
able is the sewage treatment capacity of sample cities (WDCAPA). The reason for choosing this IV is that cities
with larger sewage treatment capacity usually tend to make up for the huge investment in pollution control by
increasing the tax (fee) rate on SO, emission. In addition, refer to Shehata®, the 2-4th order spatial lagged terms
of the DID variable are selected as IV of spatial lagged interpreted variable; refer to Vega and Elhorst** and Shao
et al.®, choose the 1-3th order spatial lag terms of the main IV (WDCAPA) are used as IVs of the spatial lagged
DID variable.
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Figure 3. Placebo test results.
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It can be seen from Table 2 and Table A.5 (in the appendices) that the direct and indirect effects of Model C are
not substantially different from the base-line model (Model A), indicating that endogeneity cannot significantly
affect the effectiveness of the Spatial-DID model.

Replace the spatial weight matrix. ~An alternative spatial weight matrix is We= W x E, where matrix E is defined
as:

1
E;= i
%~ GDPPC; — GDPPC; (4)

E;=0,i =]

In the above formula, GDPPC is the average real GDP per capita of sample cities from 2004 to 2019. The
estimated results of the Spatial-DID model using We as spatial weight matrix (Model D) are reported in Table 2.
It can be seen that there are only limited differences between the parameter estimates and effects of Model A and
Model D, which reflects the robustness of the empirical results.

Replace the interpreted variable. 'With the comparison between the models after replacing the interpreted vari-
able and the base-line model, this paper further tests the robustness and credibility of the empirical conclusions.
There are two alternative interpreted variables used in this paper. The first is PM2.5 atmospheric concentration
(PMCH) from the China High Air Pollutants (CHAP) dataset®, measured in pug/m?, its original data is from
the simulations based on China’s ground monitoring data and satellite remote sensing images using artificial
intelligence methods. The second alternative interpreted variable is the PM, 5 emission flux (PME), which can
directly reflect the density of PM, ; (Kg/m?) generated and discharged into the atmosphere by each sample city.
Its data source is the dataset of Hemispheric Transport of Air Pollution (HTAP). The models using the above two
interpreted variables are Model E and Model E. From Table 2, it can be seen that the empirical results of Model
E and Model F are not fundamentally different from Model A, which shows that neither changing the source of
PM, 5 atmospheric concentration data (changing to the data source from China) nor only considering the local
emission of PM, 5 can essentially change the empirical results of this paper.

Heterogneity analysis. Referring to Yu and Zhang (2021), this paper further adds the interaction term of
city heterogeneity variable and DID term to Eq. (1) to separate and identify the impact of regional characteristics
or the interference of other policies. The following heterogeneity variables are selected in this paper:

(a) Eastern cities (EAST), a 0-1 dummy variable which distinguishes eastern China from other regions.

(b) City level (CLEVEL), which represents the cities’ administrative levels by the values between 1 and 3.

(c) Pollutant emission rights trading pilot cities (PET), which is a 0-1 dummy variable representing the launch
of trading.

(d) Key regions dummy variable (PCAP) of the Air Pollution Prevention and Control Action Plan (APPCAP),
represents the launch of the APPCAP in the key regions. Here, the key regions refer to the three major areas
of the Beijing-Tianjin-Tangshan region, the Yangtze River Delta, and the Pearl River Delta which are the
focus of attention in the APPCAP (http://www.gov.cn/zhengce/content/2013-09/13/content_4561.htm).

(e) NO, emission tax rate reform (REFNF); NO, is also the main precursor of PM, 5; during 2004-2019, the
NO, emission tax rates are also adjusted in many regions of China. Similar to the DID term in Eq. (1)
(POST x FSDIOX), the definition of REFNF is similar to the DID term of SO, emission tax rate reform in
Eq. (1) (POST x FSDIOX), which equals to variable POSTN (a 0-1 dummy variable representing the adop-
tion of NO, emission tax rates higher than the national statutory minimum standard) multiplied by the
real NO, emission tax rate FNOX.

The results of the heterogeneity analysis are reported in Table 2. It can be seen that the direct effect of
the interaction term POST x FSDIOX x EAST is not significant, but its indirect effect is significantly negative
(P-values < 0.05), indicating that the policy reform can have a relatively weak PM, 5 pollution aggravation effect
on the surrounding areas of each eastern city, which is similar to the conclusion of Jia et al.?°. The interaction
terms POST x FSDIOX x CLEVEL can simultaneously produce negative direct effects and indirect effects (P-val-
ues <0.05), indicating that the policy reform in higher administrative level cities can produce a larger local PM, 5
pollution suppression effect and a weaker surrounding PM, ; pollution aggravation effect, this may be due to
the fact that China’s higher administrative level cities are usually subject to stricter environmental supervision!.

At the same time, the heterogeneity analysis also shows the synergy between different environmental regu-
lation policies. it can be seen from Table2 that the Interactive terms POST x FSDIOX x PET (in Model I) and
POST x FSDIOX x REENF (in Model K) both can produce negative indirect effects (P-values<0.1), which
shows that the pollutants emission rights trading and the NO, emission tax rate reform can bring beneficial
spatial spillover effects when cooperating with the reform of SO2 emission tax rates. The interactive term
POST x FSDIOX x PCAP (in Model J) also produces a negative but not significant indirect effect, which may be
due to the late start (after 2013) and gradual implementation of APPCAP (see http://www.gov.cn/zhengce/conte
nt/2013-09/13/content_4561.htm).

Moreover, it can be seen from Table 2 that the interaction with above policies will not fundamentally change
the spatial spillover effect of the SO, emission tax rate reform (the indirect effects of POST x FSDIOX in Table 2).
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Mechanism analysis (mediation effects). In this paper, the following mediation effect analysis method
is used to test the hypotheses (H1-a and H1-b) involving the generation mechanism of the spatial spillover
effects:

First, use the following model to estimate the impact of the DID variable on the mediator M;;:

n n
M;, = po Z WiiMj¢ + @1 POST;; x FSDIOX;; + pi Z W;;POST;,; x FSDIOX;,
j=1 j=1
N (5
X B+ > WXl + fi + e + e
j=1
According to the parameter estimates of Eq. (5), the direct effect (effect a) and indirect effect (i.e. spatial

spillover effect a*) of the DID variable on the mediator M;, can be calculated. Then, the mediator M;, is added
to the following equation:

n N
PMiy = po Y WiiPMj¢ + oMy + a1 POST;y x FSDIOXi; + p2 > WiMj,
j=1 j=1
; N (6)
+p1 > WiPOST); x FSDIOXj; + X;, B+ Y WiXju0 + fi + us + £i

j=1 j=1

According to the parameters of Eq. (6), the direct effect (effect b) of the mediator M;, on PM,; can be
calculated". After identifying and stripping the mediation mechanism contained in direct effect (consisting of
effects a and b) and the mediation mechanism contained in indirect effect (consisting of effects a* and b), the
actual direct effect (effect ¢’) and actual spatial spillover effect (effect ¢*’) can be measured. Based on the above
direct effects and indirect effects (rather than parameters®), the logic and criterion refer to Baron and Kenny™,
MacKinnon et al.’8, etc. are used to analysis the mediation effects.

According to the hypothesis in section “Mechanisms and hypotheses”, this paper uses two categories of media-
tors: the first is the SO, emission intensity (SDIOXINT), which is indicated by the proportion of SO, emissions
to industrial outputs, and its time span is 2004-2017. The second category contains two types of industrial pro-
duction factors: (a) INDEMP, which means the proportion of industrial labor in the city to total employment;
(b) INDFA, which means the real industrial fixed assets per employee.

It can be seen from the small graph on the right side of Fig. 4 that the policy reform can greatly increase the
industrial SO, emission intensity of surrounding cities (effect a*, P-value <0.01), which can further increase the
PM, ; pollution in surrounding cities with the help of effect b. After separating the above mediation effect, the
actual indirect effect ¢’ (4.303, P-value <0.05) of the policy reform on the local PM, 5 concentration is smaller
than the original effect ¢* (4.505) (in Model A), indicating that the policy reform can result in more serious sur-
rounding PM, ; pollution by increasing the intensity of industrial SO, emissions in surrounding cities. Based on
the above results, hypothesis H1-a is confirmed.

It can also be seen from Fig. 5 that the SO, emission tax policy reform has an improvement effect (effect a")
on the variables INDEMP and INDFA in the surrounding cities (P-values <0.05), and both of them can further
increase the concentration of PM, s in surrounding cities (effect b). Further, comparing Fig. 5a-c, it can be seen
that the actual indirect effects ¢’ (P-values <0.05) after separating the above mediation effects are both far smaller
than the original effect ¢* (6.385) (in Model A), indicating that the policy reform can result in more serious sur-
rounding PM, ; pollution by increasing the concentration of industrial production factors in surrounding cities.
Based on the above results, hypothesis H1-b is also confirmed. The above results together provide strong evidence
for the existence of the pollution heaven effect in the SO, emission tax policy reform!>!6.

Conclusions
After considering the primary results, we conclude the following:

1. The policy reform of SO, emission tax (enabling SO, emission tax rates higher than the legal minimum
standard at that time) can significantly reduce the concentration of PM, 5 locally, but significantly increase
PM, ; concentrations in surrounding areas.

2. The policy reform of SO, emission tax can lead to a relatively weaker effect on the aggravation of PM, 5 pollu-
tion in the surrounding areas of eastern cities, while the policy reform in high-level cities can lead to weaker
surrounding PM, ; pollution aggravating effect. The pollutants emission rights trading and the reform of
NO, emission tax rates can produce beneficial spatial spillover effects when cooperating with the reform of
SO, emission tax rates.

3. Reform of the SO, emission tax policy can cause the surrounding PM, 5 pollution to aggravate by promoting
the accumulation of surrounding industrial production factors and the increase in SO, emission intensity.

The policy suggestions according to the above issues are mainly:

1. The most direct countermeasure is to expand the geographical scope of the SO, emission tax rates higher
than the legal minimum standard so that more regions can adopt the discharge tax rates higher than the legal
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Figure 4. The mediation effects of industrial SO, emission intensity. Notes: (a) The t-statistics are marked in
parentheses. *, **, and *** denote significance at 10%, 5%, and 1% levels, respectively. (b) It should be noted that
some mediation effect studies® also refer to effect ¢” as a direct effect and refer to effect ax b as an indirect effect,
so readers should pay attention to the differences between the definitions in the above studies and those in this

paper.

minimum standards that more China’s cities can share the beneficial impact of the discharge tax policy. Oth-
erwise, China’s cities should improve the ecological compensation mechanism for enterprises with damaged
interests after the burden of taxes is increased, and provide sufficient subsidies or incentives for their green
transformation, and the relocation costs of highly polluting enterprises should also be increased through
inter-city cooperation.
2. Promote resource flow and sharing more flexibly, such as adopting a more flexible employment mechanism
for green technology R&D personnel and emissions trading practitioners, establishing a closer green tech-
nology sharing and collaboration relationship, etc. Then, the spillover of resources required for the environ-
mental governance in terms of R&D, operation, and management can offset the negative spatial spillover
effect that may be caused by the taxes on pollutant emissions.

A probable inadequacy of this paper is that due to the lack of data availability of prefecture-level cities, this
paper cannot use the actual collection strength index such as the total amount of discharge tax collection. The
above problem also provides a possible future improvement direction for our future research.
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Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable
request.

Received: 2 November 2022; Accepted: 15 March 2023
Published online: 27 March 2023

References

1. Cai, S. et al. Impact of air pollution control policies on future PM2.5 concentrations and their source contributions in China. J.
Environ. Manag. 227, 124-133. https://doi.org/10.1016/j.jenvman.2018.08.052 (2018).

2. Chen, Q., Maung, M., Shi, Y. & Wilson, C. Foreign direct investment concessions and environmental levies in China. Int. Rev.
Financ. Anal. 36, 241-250. https://doi.org/10.1016/j.irfa.2013.12.002 (2014).

3. Maung, M., Wilson, C. & Tang, X. Political connections and industrial pollution: Evidence based on state ownership and environ-
mental levies in China. J. Bus. Ethics 138(4), 649-659. https://doi.org/10.1007/s10551-015-2771-5 (2016).

4. Niu, M. & Liu, Y. Will higher sewage charges promote enterprise innovation?—With implications for the environmental protection
tax in China. Stat. Res. 38(7), 87-99. https://doi.org/10.19343/j.cnki.11-1302/¢.2021.07.007.(InChinese) (2021) (in Chinese).

5. Guo, J., Fang, Y. & Yang, Y. Does China’s pollution levy standards reform promote emissions reduction. World Econ. 42, 121-144
(2019) (in Chinese).

6. Blackman, A. Colombia’s discharge fee program: Incentives for polluters or regulators?. J. Environ. Manage. 90(1), 101-119. https://
doi.org/10.1016/j.jenvman.2007.08.010 (2009).

7. Wang, S., Guo, J., Luo, X,, Liu, J. & Gu, Z. Spatial impact of high-speed railway on the urban scale: An empirical analysis from
Northeast China. Chin. Geogr. Sci. 30(2), 366-378. https://doi.org/10.1007/s11769-020-1115-2 (2019).

Scientific Reports|  (2023) 13:4966 | https://doi.org/10.1038/s41598-023-31663-z nature portfolio


https://doi.org/10.1016/j.jenvman.2018.08.052
https://doi.org/10.1016/j.irfa.2013.12.002
https://doi.org/10.1007/s10551-015-2771-5
https://doi.org/10.19343/j.cnki.11-1302/c.2021.07.007.(InChinese)
https://doi.org/10.1016/j.jenvman.2007.08.010
https://doi.org/10.1016/j.jenvman.2007.08.010
https://doi.org/10.1007/s11769-020-1115-2

www.nature.com/scientificreports/

8. Ye, ]. & An, H. Can environmental taxes effectively control air pollution. China Ind. Econ. 5, 54-74. https://doi.org/10.19581/j.
cnki.ciejournal.2017.05.005 (2017) (in Chinese).

9. Xu, Z. & Sun, T. The Siphon effects of transportation infrastructure on internal migration: Evidence from China’s HSR network.
Appl. Econ. Lett. 28(13), 1066-1070. https://doi.org/10.1080/13504851.2020.1796913 (2021).

10. Hu, H., Dong, W. & Zhou, Q. A comparative study on the environmental and economic effects of a resource tax and carbon tax
in china: Analysis based on the computable general equilibrium model. Energy Policy 156(6), 112460. https://doi.org/10.1016/j.
enpol.2021.112460 (2021).

11. Rith, M., Fillone, A. M. & Biona, J. Energy and environmental benefits and policy implications for private passenger vehicles in an
emerging metropolis of southeast asia—a case study of metro manila. Appl. Energy 275, 115240. https://doi.org/10.1016/j.apene
rgy.2020.115240 (2020).

12. Han, E & Li, J. Assessing impacts and determinants of china’s environmental protection tax on improving air quality at provincial
level based on bayesian statistics. J. Environ. Manage. 271, 111017. https://doi.org/10.1016/j.jenvman.2020.111017 (2020).

13. Chien, E et al. A step toward reducing air pollution in top Asian economies: The role of green energy, eco-innovation, and envi-
ronmental taxes. J. Environ. Manage. 297, 113420 (2021).

14. Liu, G, Yang, Z., Zhang, F. & Zhang, N. Environmental tax reform and environmental investment: A quasi-natural experiment
based on China’s Environmental Protection Tax Law. Energy Econ. 109, 106000. https://doi.org/10.1016/j.eneco.2022.106000 (2022).

15. Cole, M. A,, Elliott, R. J. & Okubo, T. Trade, environmental regulations and industrial mobility: An industry-level study of Japan.
Ecol. Econ. 69(10), 1995-2002. https://doi.org/10.1016/j.ecolecon.2010.05.015 (2010).

16. Yan, Y., Zhang, X., Zhang, J. & Li, K. Emissions trading system (ETS) implementation and its collaborative governance effects on
air pollution: The China story. Energy Policy 138, 111282. https://doi.org/10.1016/j.enpol.2020.111282 (2020).

17. Anselin, L., & Florax, R. J. Small sample properties of tests for spatial dependence in regression models: Some further results. In
New Directions in Spatial Econometrics 21-74 (Springer, 1995). https://doi.org/10.1007/978-3-642-79877-1_2.

18. Lesage, J. P. & Pace, R. K. Spatial econometric modeling of origin-destination flows. J. Region. Sci. 48(5), 941-967. https://doi.org/
10.1111/§.1467-9787.2008.00573.x (2008).

19. Elhorst, J. P. Matlab software for spatial panels. Int. Reg. Sci. Rev. 37(3), 389-405. https://doi.org/10.1177/0160017612452429 (2012).

20. Jia, R, Shao, S. & Yang, L. High-speed rail and CO2 emissions in urban China: A spatial difference-in-differences approach. Energy
Econ. 99, 105271. https://doi.org/10.1016/j.eneco.2021.105271 (2021).

21. Lee, L. & Yu, J. Estimation of spatial autoregressive panel data models with fixed effects. J. Econ. 154(2), 165-185. https://doi.org/
10.1016/j.jeconom.2009.08.001 (2010).

22. Heijnen, P. & Elhorst, J. P. The diffusion of local differentiated waste disposal taxes in the Netherlands. De Econ. 166(2), 239-258
(2018).

23. van Donkelaar, A. et al. Monthly global estimates of fine particulate matter and their uncertainty. Env. Sci. Technol. 55(22),
15287-15300. https://doi.org/10.1021/acs.est.1c05309 (2021).

24. Qian, N. Missing women and the price of tea in China: The effect of sex-specific earnings on sex imbalance. Q. J. Econ. 123(3),
1251-1285 (2008).

25. Dietz, T. & Rosa, E. A. Effects of population and affluence on CO2 emissions. Proc. Natl. Acad. Sci. 94, 175-179. https://doi.org/
10.1073/pnas.94.1.175 (1997).

26. Grossman, G. M. & Krueger, A. B. Economic growth and the environment. Q. J. Econ. 110(2), 353-377 (1995).

27. GMAO. MERRA-2 inst6_3d_ana_Np: 3d,6 -Hourly, Instantaneous, Pressure-Level,Analysis, Analyzed Meteorological Fields
V5.12.4, Greenbelt, MD, USA, Goddard Earth Sciences Data and Information Services Center (GES DISC) (2015) (accessed 20
May 2022); 10.5067/A7S6XP56VZWS.

28. Liu, H. M. et al. The spatial-temporal characteristics and influencing factors of air pollution in Beijing-Tianjin-Hebei urban
agglomeration. Acta Geogr. Sin. 73(1), 177-191. https://doi.org/10.11821/d1xb201801015 (2018) (in Chinese).

29. Zhang, K. & Wang, D. E. The interaction and spatial spillover between agglomeration and pollution. China Ind. Econ. 315, 71-82
(2014) (in Chinese).

30. Liu, H. et al. The effect of natural and anthropogenic factors on haze pollution in China’s cities: A spatial econometrics approach.
J. Clean. Prod. 165, 323-333. https://doi.org/10.1016/j.jclepro.2017.07.127 (2017).

31. Beck, T, Levine, R. & Levkov, A. Big bad banks? The winners and losers from bank deregulation in the United States. J. Financ.
65(5), 1637-1667. https://doi.org/10.1111/j.1540-6261.2010.01589.x (2010).

32. Rosenbaum, P. R. & Rubin, D. B. Constructing a control group using multivariate matched sampling methods that incorporate
the propensity score. Am. Stat. 39(1), 33-38 (1985).

33. Shehata, E. A. E. GS2SLS: Stata module to estimate generalized spatial two stage least squares cross sections regression. https://
ideas.repec.org/c/boc/bocode/s457472.html (2012).

34. Halleck Vega, S. & Elhorst, J. P. The SLX model. J. Reg. Sci. 55(3), 339-363 (2015).

35. Shao, S., Li, X. & Cao, J. H. Urbanization promotion and haze pollution governance in china. Econ. Res. J. 54(02), 148-165 (2019)
(in Chinese).

36. Wei, J. et al. Reconstructing 1-km-resolution high-quality PM2.5 data records from 2000 to 2018 in China: Spatiotemporal vari-
ations and policy implications. Remote Sens. Env. 252, 112136. https://doi.org/10.1016/j.rse.2020.112136 (2021).

37. Baron, R. M. & Kenny, D. A. The moderator-mediator variable distinction in social psychological research: Conceptual, strategic,
and statistical considerations. J. Pers. Soc. Psychol. 51, 1173-1182. https://doi.org/10.1037/0022-3514.51.6.1173 (1986).

38. MacKinnon, D. P, Krull, J. L. & Lockwood, C. M. Equivalence of the mediation, confounding and suppression effect. Prev. Sci.
1(4), 173-181. https://doi.org/10.1023/a:1026595011371 (2000).

39. Wen, Z. L. & Ye, B. J. Analyses of mediation effects: The development of methods and models. Adv. Psychol. Sci. 22(5), 731-745.
https://doi.org/10.3724/SP.J.1042.2014.00731 (2014) (in Chinese).

Acknowledgements

This study is jointly supported by Guangdong Basic and Applied Basic Research Foundation (2021A1515011448),
Guangdong Planning Office of Philosophy and Social Science (GD21CTS01).

Author contributions
K.W wrote the main manuscript text, Y.L. prepared the dataset, and S.W. and C.L. prepared Fig. 1, 2 and 3. All
authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2023) 13:4966 | https://doi.org/10.1038/s41598-023-31663-z nature portfolio


https://doi.org/10.19581/j.cnki.ciejournal.2017.05.005
https://doi.org/10.19581/j.cnki.ciejournal.2017.05.005
https://doi.org/10.1080/13504851.2020.1796913
https://doi.org/10.1016/j.enpol.2021.112460
https://doi.org/10.1016/j.enpol.2021.112460
https://doi.org/10.1016/j.apenergy.2020.115240
https://doi.org/10.1016/j.apenergy.2020.115240
https://doi.org/10.1016/j.jenvman.2020.111017
https://doi.org/10.1016/j.eneco.2022.106000
https://doi.org/10.1016/j.ecolecon.2010.05.015
https://doi.org/10.1016/j.enpol.2020.111282
https://doi.org/10.1007/978-3-642-79877-1_2
https://doi.org/10.1111/j.1467-9787.2008.00573.x
https://doi.org/10.1111/j.1467-9787.2008.00573.x
https://doi.org/10.1177/0160017612452429
https://doi.org/10.1016/j.eneco.2021.105271
https://doi.org/10.1016/j.jeconom.2009.08.001
https://doi.org/10.1016/j.jeconom.2009.08.001
https://doi.org/10.1021/acs.est.1c05309
https://doi.org/10.1073/pnas.94.1.175
https://doi.org/10.1073/pnas.94.1.175
https://doi.org/10.11821/dlxb201801015
https://doi.org/10.1016/j.jclepro.2017.07.127
https://doi.org/10.1111/j.1540-6261.2010.01589.x
https://ideas.repec.org/c/boc/bocode/s457472.html
https://ideas.repec.org/c/boc/bocode/s457472.html
https://doi.org/10.1016/j.rse.2020.112136
https://doi.org/10.1037/0022-3514.51.6.1173
https://doi.org/10.1023/a:1026595011371
https://doi.org/10.3724/SP.J.1042.2014.00731

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-31663-z.

Correspondence and requests for materials should be addressed to K.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:4966 | https://doi.org/10.1038/s41598-023-31663-z nature portfolio


https://doi.org/10.1038/s41598-023-31663-z
https://doi.org/10.1038/s41598-023-31663-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The spatial spillover effect of higher SO2 emission tax rates on PM2.5 concentration in China
	Mechanisms and hypotheses
	Methodology and data
	Empirical research design. 
	Spatial-DID model. 

	Data and variable selection. 
	Data for interpreted variable (PM). 
	Data for main explanatory variable (DID variable). 
	Data for control variables. 


	Results and discussions
	Empirical results. 
	Parallel trend test. 
	Selective test of spatial econometric models. 
	Effects of main explanatory variable. 

	Placebo test. 
	Robustness tests. 
	Propensity score matching. 
	Instrumental variable approach. 
	Replace the spatial weight matrix. 
	Replace the interpreted variable. 

	Heterogneity analysis. 
	Mechanism analysis (mediation effects). 

	Conclusions
	References
	Acknowledgements


