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Coal dependence and inefficient decentralized heating have significantly increased China’s energy consump-
tion for winter heating, increasing air pollution and exacerbating the greenhouse effect. In 2017, China imple-
mented the Pilot Policy on Clean Winter Heating in Northern China, aiming to achieve high central heating
coverage and cleaner energy consumption. Studying the effects of this policy can help promote its implementa-
tion and serve as a reference for effective adjustment of the contents in the future. However, few studies have
investigated this policy and its carbon reduction effects, and most focus on the provincial or city levels. There-
fore, this paper considers the policy’s influence on air pollution and carbon emissions at the county level to
provide a precise and comprehensive assessment of the policy effects. We use panel data from 1 290 counties
in 15 provinces in Northern China from 2014 to 2021, applying a multiperiod difference-in-differences model
to quantify the impact of the policy on carbon emissions and air quality in the pilot area. We then conduct a
series of tests to demonstrate the robustness of the results and analyze the mechanisms of the policy effects
from two perspectives, namely, central heating and natural gas use, through a mediating effect model. Finally,
we examine the heterogeneity of policy effects between counties based on geographic location and per capita
income levels of rural residents through a moderating effect model. The results reveal that the policy signifi-
cantly reduces air pollution and carbon emissions in the pilot area by increasing the central heating area and
natural gas use. Compared with the central and western regions in the north and areas with low-income rural
residents, the policy effects in the eastern regions in the north and areas with high-income rural residents are
more pronounced.

1. Introduction tion implemented a targeted regional governance policy—the Pilot

Policy on Clean Winter Heating in Northern China (hereafter, the

An increase in energy consumption for winter heating intensifies
air pollution and exacerbates the greenhouse effect, seriously threat-
ening human survival and development. In this regard, China, a
highly populous country that accounts for a quarter of the world’s
heating needs (Chen et al., 2022), has long suffered from the environ-
mental pressure caused by winter heating. In 2013, the State Council
issued the Action Plan for Air Pollution Prevention and Control, explic-
itly proposing to accelerate coal-to-electricity and coal-to-gas proj-
ects. As a foundation of this policy, China’s northern region, which
has low temperatures and considerable heating energy consumption
in winter, has become a key target area for transformation. In 2017,
the Ministries of Finance, Housing and Urban-Rural Development,
and Environmental Protection, and the National Energy Administra-
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“clean heating pilot policy”). The pilot demonstration period was set
at three years, requiring the pilot cities to undertake clean heating ret-
rofits on the heat source and user sides to swiftly establish a clean
heating model that is “enterprise-oriented, government-promoted,
and affordable to residents”. In addition, the Ministry of Finance and
other relevant departments conducted annual performance appraisals
of pilot cities and liquidated incentive funds to improve the efficient
use of special funds. In recent years, China has continued to add new
clean heating pilots. The experience of initial pilots can provide a
valuable reference for the cities that follow them, helping them com-
plete their clean heating transformation more efficiently. Addition-
ally, policy effects directly reflect the quality of the policy, providing
reliable evidence and support for adjusting the contents promptly,
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thus contributing to its promotion and optimization.

Previous studies on clean heating have primarily focused on
three perspectives: residents’ behavioral motivation, implementation
effects, and optimization paths. In terms of residents’ behavioral mo-
tivation, as end consumers of winter heating, their behavioral motiva-
tions are crucial for advancing the clean transformation of heating.
Using questionnaires (Liu et al., 2022a) and various social psychologi-
cal models (Emmerich et al., 2020), scholars have quantitatively ana-
lyzed the influencing factors of residents’ decisions to adopt clean
heating, classifying them into personal or external factors. Personal
factors refer to the psychological differences among residents (Li et
al., 2022c), including their perceptions of the severity of environmen-
tal challenges (Bai et al., 2023), education (Swain and Mishra, 2020),
personal habits (Mi et al., 2018), and satisfaction with policies (Xu
and Ge, 2020), which can significantly impact residents’ clean heat-
ing decisions. Meanwhile, external factors are related to the external
environment established by the government and society, influencing
residents’ acceptance of clean heating through cost-benefit analysis
and social networks (Luo et al., 2023), including government subsi-
dies (Gong et al., 2020), energy costs (Wang et al., 2019b), income
(Xie and Zhou, 2021), technical performance of equipment (Su et al.,
2019), and support from family members (Li et al., 2022b). Regard-
ing implementation effects, scholars have used methods such as
difference-in-differences (DID) models and regression discontinuity
designs to explore the economic, environmental, and human health
benefits of clean heating. From the perspective of economic benefits,
while clean heating can improve individuals’ social status, this phe-
nomenon is expected to gradually weaken over time (Zhao et al.,
2022). Furthermore, the high cost of clean energy and equipment in-
creases low-income households’ burden for heating, exacerbating the
wealth gap to an extent (Feng et al., 2021). Concerning environmen-
tal benefits, clean heating improves air quality by optimizing the en-
ergy structure and reducing emissions of air pollutants such as fine
particulate matter (PM, . and PM,,), CO, SO,, NO,, and O, (Song et
al.,, 2023; Xue et al., 2023; Zhang et al., 2020). Regarding human
health benefits, clean heating has a significant positive impact, indi-
rectly reducing morbidity and mortality from cardiovascular and re-
spiratory diseases (Li et al., 2022a) due to the improved air quality
(Liu et al., 2022¢). Concerning optimization paths, scholars have pro-
posed strategies from political, energy use, and technological perspec-
tives. From a political point of view, the intensity of government in-
tervention can positively affect residents’ clean heating practices (Li
et al.,, 2022c¢). Establishing a management and monitoring platform,
differential pricing (Zhang et al., 2021), and subsidy policies (Hou et
al., 2022) can contribute to advancing clean heating. From the energy
use perspective, natural gas, electricity, biomass, solar energy, indus-
trial waste heat, clean coal, and other energy sources represent low-
emissions heating (Tang et al., 2021). Among them, studies have
shown that electricity and biomass energy are suitable for most areas
and will become primary energy sources for rural heating (Xu and Ge,
2023). Finally, from the technological point of view, energy consump-
tion can be reduced by optimizing the clean operation of heat ex-
change networks (Trafczynski et al., 2023), improving the energy effi-
ciency of the building envelope (Liu et al., 2022b), and introducing
electric heating devices and thermal energy storage systems (Wang et
al., 2019a).

Although previous studies have discussed related contents of
clean heating from multiple angles, some areas for improvement re-
main concerning the implementation effect. First, while the clean
heating pilot policy is directly related to clean heating, few studies
have investigated the effects of this policy. Most studies have focused
on air pollution but neglected its impact on carbon emissions. Second,
the clean heating pilot policy focuses on the governance of scattered
coal heating, a phenomenon that generally occurs in rural areas that
have not yet been covered by central heating. However, existing stud-
ies have predominantly focused on provinces and cities, which have a
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substantial gap in terms of administrative division level compared
with rural areas; therefore, their data may not be specific and repre-
sentative of the implementation of the policy in rural areas.

This study uses panel data from 1 290 counties in 15 provinces in
northern China as the research sample to analyze the pollution and
carbon reduction effects of the clean heating pilot policy. We first con-
struct a multiperiod DID model to quantitatively estimate the policy’s
effects on air quality and carbon emissions. Second, we demonstrate
the robustness of the results using parallel trend, placebo, dependent
variable substitution, shortened sample period, control variable lag,
propensity score matching (PSM)-DID model, and endogeneity tests.
We then explore the mechanisms of the policy from the perspectives
of central heating and natural gas use with a mediating effect model.
Finally, we analyze the heterogeneous policy effects between counties
based on differences in geographic location and rural residents’ per
capita income by applying a moderating effect model. The specific re-
search framework is illustrated in Figure 1.

This paper makes the following contributions and innovations.
First, in addition to the air quality index (AQI), the study also consid-
ers carbon emissions. This approach is essential for realizing China’s
carbon peak and neutrality goals and evaluating the policy effects of
the pilot more scientifically and comprehensively. Second, we refine
the data scale by using county-level data to analyze the policy effects.
Counties’ administrative division is more microcosmic compared
with that of provinces and cities; therefore, the data used in this
study are more reflective of the policy focus—managing the scattered
use of coal heating in rural areas. Additionally, microscopic adminis-
trative divisions reflect specific regional characteristics and economic
conditions, making county-level data on carbon emissions and air
quality more accurate. With counties as the study object, this paper
provides robust evidence to confirm the effectiveness of the policy in
reducing pollution and carbon emissions; further, it explores the
mechanism of the policy more specifically in terms of heating mode
and energy type.

The rest of the paper is organized as follows. Section 2 presents
the research hypotheses. Section 3 describes the research methodol-
ogy and data. Section 4 describes the research results and their analy-
sis. Section 5 presents conclusions and gives policy recommendations.

2. Research hypotheses

The clean heating pilot policy is intended to encourage local gov-
ernments to innovate regulations, improve policy implementation
measures, and guide enterprises and society to increase capital invest-
ment with central financial incentives to eliminate scattered coal heat-
ing in pilot areas and establish a demonstration effect from clean en-
ergy substitution. Coal has a high carbon emission factor, and its com-
bustion emits large amounts of SO,, nitrogen oxides, and other harm-
ful gases. Therefore, a strong correlation has been demonstrated be-
tween coal consumption, carbon emissions, and air quality (Deng et
al., 2021; Wang et al., 2020; Wang et al., 2021). Accordingly, we pro-
pose hypothesis H1:

H1: The implementation of the clean heating pilot policy will
help improve the pilot areas’ carbon emissions and air pollution.

The pilot policy focuses on the issue of scattered coal burning,
starting with heating mode and energy type, to advance the clean
transformation of heating in northern China. Regarding the heating
mode, local governments have increased the central heating area and
reduced traditional decentralized heating based on the principle of
“centralization as the mainstay and decentralization as a supple-
ment”. Central heating refers to constructing a centralized heating sta-
tion to deliver heat to users through a heat pipe network, which is ef-
fective in fulfilling the national goal of energy conservation and emis-
sions reduction. According to the scale effect theory (Huang and Guo,
2024), central heating can improve resource allocation and heat out-
put efficiency. First, the central heating system can unify energy use
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Figure 1. Technical roadmap for policy effect research

and consumption management to ensure stable heat output. Second,
centralized fuel combustion has superior thermal efficiency (Guo et
al., 2015). Finally, heating equipment’s centralized placement can re-
duce the considerable heat loss that occurs during the transportation
of energy sources such as coal. From the externality theory perspec-
tive, central heating is cleaner and has stronger positive resource and
environmental externalities (Chen, 2021). Central heating systems are
fully equipped with dedusting equipment to prevent substantial pol-
lutant emissions from the combustion process (Chen et al., 2023).
Moreover, heat recycling can also be achieved between heat sources.
According to the circular economy theory (Wang et al., 2024), this ini-
tiative can effectively reduce energy consumption and reduce pollu-
tion and carbon emissions. Accordingly, we propose hypothesis H2:

H2: The clean heating pilot policy advances pollution and carbon
reduction by increasing the central heating area.

Regarding energy type, the government actively promotes using
clean energies such as natural gas and accelerating the clean transfor-
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mation of heat sources. The implementation of this transformation in-
volves two main actors: enterprises on the supply side and residents
on the consumption side. Policy support and financial input from the
central government will generate policy benefits for enterprises. Ac-
cording to signaling theory, to establish a positive image, maintain a
good reputation, and gain strong support from the government, enter-
prises tend to respond to policy calls for clean production (Bu and
Zhao, 2022) and increase the natural gas supply to meet the heating
demand. For residents, comprehensive promotion of the concept of
green development and accelerated construction of ecological civiliza-
tion has helped environmental protection to be generally recognized
across society (Yu and Ma, 2023), promoting residents’ transforma-
tion from “rational economic” actors to “ecological economic” actors,
meaning that they weigh environmental benefits from the perspective
of ecological rationality while considering economic benefits. As a re-
sult, residents will voluntarily choose more energy-saving and low-
carbon heating methods within their financial means. Moreover, a se-
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ries of clean energy subsidies provided by local governments have
eased the price barrier of coal-to-gas transitions, further strengthen-
ing the energy substitution effect of natural gas and guiding resi-
dents’ green consumption behavior. Energy consumption for heating
in northern China has been dominated by coal for a long time, and
transitioning to natural gas will effectively optimize the energy struc-
ture. As a clean energy source, natural gas has much lower carbon
emissions intensity than coal, and its main component is methane,
with extremely low sulfur and nitrogen content (He et al., 2022).
Therefore, the increased use of natural gas will effectively reduce the
environmental burden (Kuang and Lin, 2023; Qin et al., 2018). Ac-
cordingly, we propose hypothesis H3.

H3: The clean heating pilot policy reduces pollution and carbon
emissions by incentivizing enterprises to expand the supply of natural
gas for heat and residents to increase the proportion of natural gas
heating applications.

3. Research design
3.1. The multiperiod DID model

The DID model is an effective approach for assessing the impacts
of policy interventions as it eliminates gaps related to time and indi-
vidual factors, mitigating estimation bias (Lin et al., 2021). The time
dummy variables in the traditional DID model can only be set to a
uniform treatment time point, whereas they can be set separately for
different individuals in the multiperiod DID model. Therefore, the
multiperiod DID model can distinguish individuals exposed to policy
shocks in different periods. In this paper, we use the clean heating pi-
lot policy as a quasi-natural experiment and limit the study to 15
provinces in northern China. We set the pilot areas as the experimen-
tal group and the remaining areas as the control group. Given the ex-
istence of different time points for the implementation of the pilot,
the multiperiod DID model is more appropriate for our research pur-
poses. The model is constructed as follows:

(€Y

Where, i represents the region and t represents the year. Y, and
D, are the dependent and independent variables, respectively. The co-
efficient of the independent variable «, is the parameter of focus in
this study, where positive and negative statistical significance indi-
cates the effectiveness of the clean heating pilot policy, denoting the
direction of policy effects, and its size implies the extent of the
policy’s influence on the dependent variable. CTL, and «, denote the
set of control variables that may affect the dependent variable and
their coefficients, respectively. ¢, represents a time-fixed effect that

Y,=o,+0,D,+0,CTL, +¢,+u,+¢,,

Table 1
Main variables
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only varies across counties. u, is an area-fixed effect that only varies
across time. ¢, is the error term, and «, is the intercept term.

3.2. Variable selection and data sources

3.2.1. Variable selection

The specific variables for the study are presented in Table 1. The
dependent variables are AQI and CO,. AQI is a comprehensive indica-
tor that effectively measures air quality (Yang et al., 2024) and is also
the main reference for ecological benefits when the Ministry of Fi-
nance conducts annual pilot performance evaluations. CO, is the di-
rect cause of the greenhouse effect and one of China’s most concern-
ing environmental challenges (Huang et al., 2022). Therefore, we use
the two indicators as dependent variables to explore the effects of the
clean heating pilot policy. We also perform robustness tests using
PM,  and CEI as substitute variables for AQI and CO,, respectively.

The independent variable is CHPP, the interaction of treat and
time. If the county belongs to the policy pilot and is affected by the
policy, treat = 1, otherwise, treat = 0. Suppose the year of becoming
the pilot is T, if t > T, then time = 1, otherwise, time = 0. Five
batches of cities have been selected as policy pilots for the transforma-
tion of clean heating. Considering the maturity of pilot implementa-
tion, we take 43 pilots from the first three batches as our research ob-
ject. The policy was implemented in 2017, 2018, and 2019, corre-
sponding to the publication of three pilot lists.

To control for potential interference from unobservable external
factors on the research findings, we use industrial development, indus-
trial structure, financial development, population density, public fi-
nancial support, and economic development as control variables (Bi
et al., 2024; Cheng et al., 2018; Zhang and Liu, 2024). X1 represents
industrial development. As the sector that consumes the most energy
in China (Wang et al., 2020b), industrial development is intimately in-
tertwined with carbon emissions and air pollution. X2 denotes indus-
trial structure, the optimization of which facilitates the transition of
development advantages from primary and secondary industries to
the tertiary industry. Relevant studies have demonstrated that tertiary
industry growth contributes to improving energy utilization effi-
ciency, reducing air pollution and carbon emissions (Wu et al., 2023).
X3 reflects counties’ financial development. Areas with high financial
development generally have easier access to funds to combat environ-
mental challenges (Bi et al., 2024). X4 denotes population density; a
denser population engages in more frequent production and consump-
tion activities, which exacerbates environmental problems. X5 repre-
sents public financial support; local finances provide economic sup-
port for environmental governance, and increased fiscal revenue will
likely help reduce air pollution and carbon emissions. X6 and X7 re-

Type of variables Abbreviations Definitions

co, Annual per capita carbon emissions

AQI
Dependent variables

Natural logarithm of the annual air quality index

Ratio of the sum of the balance of residents’ savings deposits and loans from financial institutions at the end of the year to GDP

CEI Annual carbon emissions intensity

PM, Natural logarithm of annual PM,, ; emissions concentrations
Independent variables CHPP Clean heating pilot policy

X1 Ratio of industrial value added to gross domestic product (GDP)

X2 Ratio of tertiary industry value added to GDP

X3
Control variables X4 Ratio of the registered population to the administrative area

X5 Ratio of general public budget revenue to GDP

X6 Natural logarithm of total retail sales of consumer goods

X7 Natural logarithm of total fixed asset investment in the whole society
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flect the results of economic and social development, which are
strongly correlated with air pollution and carbon emissions (Huang et
al., 2023; Zhang and Liu, 2024). To address multicollinearity, we cal-
culate the variance inflation factor among the variables, revealing
that they are all less than 5 with no multicollinearity.

3.2.2. Data sources

As noted previously, we use panel data for 1 290 counties in 15
provinces in northern China from 2014 to 2021. The 15 provinces in-
clude Beijing, Tianjin, Hebei, Shanxi, Inner Mongolia, Liaoning, Jilin,
Heilongjiang, Henan, Shandong, Shaanxi, Gansu, Ningxia, Xinjiang,
and Qinghai (Zheng et al., 2020). Table 2 presents the descriptive sta-
tistics of each variable. Counties’ carbon emissions data are obtained
from the Emissions Database for Global Atmospheric Research. PM, g
data are obtained from a dataset published by the atmospheric com-
position research group at Washington University in St. Louis. The re-
maining data are obtained from the China County Statistical Yearbook
and the China Regional Economic Statistical Yearbook. Natural gas and
central heating data are from the China County Construction Statistical
Yearbook. We deflate the GDP data using 2014 as the base period to
eliminate the effect of inflation and enhance comparability. We also
use the linear interpolation method to fill in missing values for all
variables and shrink the data tails by 1%. Samples that still have miss-
ing data after interpolation are excluded from the dataset in the re-
gression.

Table 2

Descriptive statistics
Variables ~ Number Mean Star'ldefrd Min Max

deviation

Co, 9958 3.062 4.130 0.165 25.358
AQI 9 469 4.362 0.294 3.584 5.070
CEI 8196 0.559 0.615 0.071 3.788
PM, ¢ 10 184 3.692 0.452 2.185 4.603
X1 4972 0.380 0.234 0.016 1.285
X2 8018 0.403 0.145 0.136 0.883
X3 7 063 1.560 0.863 0.254 4.840
X4 9 308 0.066 0.171 0.001 1.270
X5 8186 0.053 0.030 0.011 0.185
X6 10 031 12.971 1.304 9.491 15.741
X7 8 884 14.035 1.023 11.234 16.120

4. Results and discussion
4.1. Benchmark regression

To verify the pollution and carbon reduction effects of the clean
heating pilot policy posited in hypothesis H1, we use AQI and CO, as
the respective dependent variables in equation (1), presenting the re-
gression results in Table 3. Columns (1) and (3) present estimates of
the policy’s impact on carbon and air pollution emissions without
control variables. Columns (2) and (4) include the control variables.
The findings reveal that the CHPP coefficients are significantly nega-
tive at the 1% level before and after introducing control variables, in-
dicating that the clean heating pilot policy significantly reduces car-
bon emissions and air pollution. Furthermore, the CHPP coefficients
in Columns (2) and (4) are -0.143 9 and -0.075 7, indicating that the
policy has decreased carbon and air pollution emissions in the pilot
areas by 14.39% and 7.57%, respectively. Specifically, the special bo-
nuses established by the central government have eased financial pres-
sure on local governments and incentivized them to increase invest-
ments for the governance of scattered coal heating, fully realizing the
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multiplier and leverage effects of financial support. By the end of
2022, the clean heating area in the northern region increased by 9.4
billion square meters from 2016, and coal consumption decreased by
more than 70 million tons. As a major source of air pollution and
greenhouse gases, reducing coal consumption has directly lowered
carbon and air pollution emissions. Therefore, hypothesis H1 is veri-
fied.

Table 3
Benchmark regression
) 1) @ (©)) (©))]
Variables
co, co, AQI AQI
CHPP -0.168 17 -0.143 9™ -0.067 1" -0.075 7"
(0.030 8) (0.042 2) (0.003 4) (0.004 7)
X1 0.324 7" 0.091 2™
(0.164 0) (0.015 4)
X2 -0.139 8™ -0.008 7"
(0.046 6) (0.002 6)
X3 -0.213 6 -0.037 9™
(0.147 3) (0.005 6)
<4 -0.193 1" 0.004 6
(0.101 0) (0.003 0)
X5 0.180 9 0.011 6
(0.092 7) (0.009 3)
X6 -0.339 8 0.013 0™
(0.191 9) (0.006 3)
<7 -0.100 0™ -0.008 7°
(0.038 6) (0.004 8)
Constant 3.088 9™ 10.226 9™ 4.373 0" 4.428 6™
(0.011 4) (2.746 8) (0.001 0) (0.109 8)
Area-fixed effect ~ YES YES YES YES
Time-fixed effect ~ YES YES YES YES
N 9 953 4079 9 469 3716
R? 0.9522 0.9747 0.9060 0.928 9

p

Notes: Robust standard errors are in parentheses. , ~, and *" indicate signifi-

cance at 10%, 5%, and 1% levels, respectively.

4.2. Robustness tests

In the previous section, we demonstrate that the clean heating pi-
lot policy significantly reduces carbon and air pollution emissions in
pilot areas. However, these results could be affected by time trends,
other unobservable factors, dependent variable selection specificity,
earlier relevant policies, correlations between control and dependent
variables, sample selection bias, and reverse causality. Therefore, we
apply a series of tests to rule out these possible influences and demon-
strate the robustness of our findings.

4.2.1. Parallel trend test

Exploring the clean heating pilot policy’s pollution and carbon
reduction effects should satisfy the parallel trend assumption, demon-
strating no trend difference in CO, and AQI between regions prior to
the policy implementation. To exclude the effect of time trends, we
use the event study method to obtain coefficient estimates for each
year, presenting the results of parallel trend tests in Figures 2 and 3.
The policy was implemented in 2017. To prevent the inclusion of ex-
traneous factors that may affect the results because the time frame is
too early and avoid the environmental impact of the national carbon
emissions trading market opening in 2021, we set the time frame of
the test to 2014-2021. In addition, to avoid multicollinearity, we take
the first year before policy implementation as the base year and omit
it. The results reveal that the 95% confidence interval of the regres-
sion coefficients prior to policy implementation contains 0, implying
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that the coefficients are insignificant. In other words, no significant
difference is evident between the experimental and the control groups
at this stage. Meanwhile, after policy implementation, the coefficients
are all significantly less than O, indicating that, compared with the
control group, the experimental group experiences a remarkable de-
crease in carbon and air pollution emissions under the policy shock,
passing the parallel trend test.

0.2
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J [

&

)

>
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3 : -

A : —
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Figure 2. Parallel trend test for CO,
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Policy effect
S
5
S

-0.101

0.1 . . . i . . .
0.15 -0.2 0 1 2 3
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Figure 3. Parallel trend test for AQI

4.2.2. Placebo test

To exclude the influence of other unobservable factors on the esti-
mation results, we reference the previous literature (Pan et al., 2024),
randomizing the pilot areas and policy time and conducting 500 sam-
pling regressions. The results in Figures 4 and 5 show that the coeffi-
cient estimates of the sampling regressions are uniformly distributed
around 0, and most p-values are greater than 0.1, suggesting that the
policy does not have a significant effect on CO, and AQI in the
sample. In addition, the coefficient estimates of the sampling regres-
sions are all on the right of the benchmark regression coefficients, im-
plying that the previous regression results were not obtained by
chance. This finding aligns with placebo test expectations and pro-
vides additional evidence that the pollution and carbon reduction ef-
fects of the clean heating pilot policy are not causally related to other
unknown factors.

4.2.3. Dependent variable substitution test

Currently, air pollution in China is dominated by PM, ; (Bai et al.,
2019), and its emissions concentration is a specific reference for air
quality level. As a relative indicator, CEI can effectively reflect the re-
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Figure 5. Placebo test for AQI

lationship between economic development and carbon emissions, con-
tributing to the realization of national sustainable development.
Therefore, to avoid the influence of dependent variable selection
specificity on the empirical results, we use PM, ; and CEI as substitute
variables for AQI and CO,, respectively, presenting the new regres-
sion results in Table 4. The CHPP coefficient is negatively significant
at the 1% level regardless of whether control variables are included,
further verifying the pollution and carbon reduction effects of the
clean heating pilot policy.

Table 4
Dependent variable substitution tests
. [€9)] (2) 3) (C)]
Variables
CEI CEI PM, PM,
CHDP -0.036 77"  -0.0155""  -0.068 3"  -0.0727""
(0.006 7) (0.005 7) (0.003 3) (0.004 7)
Control variables NO YES NO YES
Constant 0.567 2 1.100 4™ 3.7044™ 3.958 0"
(0.002 6) (0.233 5) (0.001 1) (0.1181)
Area-fixed effect ~ YES YES YES YES
Time-fixed effect ~ YES YES YES YES
N 8196 4151 10184 4115
R? 0.924 2 0.975 5 0.964 5 0.965 6

Notes: Robust standard errors are in parentheses. ~" indicates significance at

the 1% level.
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4.2.4. Shortened sample period test

As the first batch of pilots was established in 2017, to make the
results more precise and reduce the possibility of interference from
other relevant policies in the previous period, we reference previous
research (Yu and Li, 2021) and reduce the sample period to 2016—
2021. The regression results are presented in Columns (1) and (2) of
Table 5. The coefficient remains significantly negative, further sup-
porting the main finding that the clean heating pilot policy reduces
carbon emissions and air pollution in pilot areas.

4.2.5. Control variable lag test

Considering the correlations between the selected control vari-
ables and dependent variables in this paper, to address potential endo-
geneity, we reference previous literature (Sun and Zeng, 2023), and
lag all the control variables by one period to rerun the regression. As
indicated by the results in Columns (3) and (4) of Table 5, the clean
heating pilot policy still brings significant pollution and carbon reduc-
tion effects to pilot areas after the control variables are lagged.

4.2.6. PSM-DID model test

To address the influence of sample selection bias and time and in-
dividual differences, we employ the PSM-DID estimation method as a
robustness test. We use the control variables as matching variables
and re-select control samples with the same characteristics as the ex-
perimental group using one-to-three nearest-neighbor matching. Ac-
cording to the balance test results in Tables 6 and 7, no significant dif-
ferences are observed between the two groups after matching. We
then rerun the regressions with the matched samples, presenting the
results in Columns (5) and (6) of Table 5. The direction and signifi-
cance of the CHPP coefficients remain consistent with the benchmark
results, confirming the robustness of the results.

4.2.7. Endogeneity test

Pilot implementation is based on a voluntary declaration and
multisectoral evaluation where local governments consider the status
of their carbon and air pollution emissions in the process of declaring
the pilot, which could lead to reverse causality. To overcome this po-
tential endogeneity concern, we reference previous literature (Deng et
al., 2024; Wen et al., 2022), using the one-period lagged term of the
independent variable as an instrumental variable (IV) and regress it
using the two-stage least squares method. The results are presented in
Table 8. The first-stage regression in Column (1) is significant, imply-
ing a strong association between the IV and CHPP. In Columns (2)
and (3), the Kleibergen—Paap rk Wald F statistics are greater than the
10% critical value, passing the weak IV test. The Kleibergen—-Paap rk
LM statistics all reject the original hypothesis at the 1% level, satisfy-
ing IV identifiability. The two tests jointly indicate that the chosen IV
is reasonable and valid. After considering endogeneity concerns, the
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direction and significance of the second-stage regression results in
Columns (2) and (3) of Table 8 remain consistent with the benchmark
regression, further validating the reliability of our results.

4.3. Mechanism analysis

The previous analysis demonstrates that the clean heating pilot
policy can have significant pollution and carbon reduction effects on
the pilot areas. However, whether these effects are through the
mechanisms posited in hypotheses H2 and H3 requires exploration.
We reference Jiang (2022) to verify the influence of the policy on the
mechanism variables, where a significant value indicates a mediating
effect. We analyze the mechanisms of the policy effects from the per-
spectives of central heating and natural gas use. The central heating
area in the county (M1) is used to measure the central heating mecha-
nism. Meanwhile, natural gas use is measured from the supply side by
the volume of gas sold for central heating (M2) and from the con-
sumption side by the number of natural gas-using households (M3)
and the share of the natural gas-using population in the total popula-
tion (M4).

Table 9 reveals that the CHPP coefficients are all positive and sig-
nificant at the 1% level, indicating that the clean heating pilot policy
expands the central heating area and promotes the use of natural gas
for heating in pilot areas. In the case of central heating, the scale ef-
fect of the centralized combustion of fuel and placement of heating
equipment improves thermal efficiency while avoiding energy losses
during transportation. Studies have demonstrated that the combined
thermal efficiency of central heating is 80%-90%, saving nearly one
times the fuel than decentralized heating (Chen et al., 2023). In addi-
tion, central heating systems are equipped with heat recovery and uti-
lization devices and cleaner de-dusting devices to take full advantage
of recycling economic benefits and positive resource and environmen-
tal externalities when transitioning from decentralized heating, effec-
tively reducing carbon and air pollution emissions. Statistically, the
combustion of coal in decentralized coal-fired boilers emits four to
ten times more air pollutants and CO, emissions than centralized coal-
fired boilers under the same heating conditions (Zhang et al., 2021).
Therefore, hypothesis H2 is verified.

In the case of natural gas heating, the selection of regions as a
policy pilot typically sends a message to the market about the govern-
ment’s attitude toward the clean heating sector and the flow of dedi-
cated financial resources. To gain financial support while advancing
sustainable development, energy companies often respond to such
policies by changing their production models and increasing the sup-
ply of natural gas heat sources. Furthermore, with the promotion of
environmentally friendly practices in society, residents’ environmen-
tal awareness is increasing, and they tend to prefer cleaner heating
methods. Moreover, the government has continued to provide heating

Table 5
Other robustness tests
. 1) 2) 3) “@ 5) (6)
Variables
o, AQI co, AQI co, AQI
CHPP -0.118 3" -0.062 7" -0.111 7" -0.068 2" -0.207 2™ -0.061 5™
(0.049 1) (0.004 7) (0.047 4) (0.004 5) (0.073 8) (0.006 8)
Control variables YES YES YES YES YES YES
Constant 11.549 6™ 4.6339™ 8.377 7" 41531 14.598 8" 4.021 1"
(3.117 9) (0.113 6) (2.196 8) (0.107 0) (5.238 8) (0.171 5)
Area-fixed effect YES YES YES YES YES YES
Time-fixed effect YES YES YES YES YES YES
N 2948 2739 3617 3343 2223 1786
R? 0.969 7 0.947 1 0.9727 0.941 6 0.973 5 0.9359

Notes: Robust standard errors are in parentheses. " and " indicate significance at 5% and 1% levels.
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Table 6 Table 8
Balance test for CO, Endogeneity tests
Mean [ T-test (€8] 2) 3)
Variables %bias /OITEdUCt
Treated Control [bias| t P>t Variables First-stage Second-stage Second-stage
< Unmatched 0.4309 0.3399 39.2 93.0 13.85 0.00 CHPP co, AQI
Matched 0.4220 0.4156 2.8 ’ 0.77 0.44 -0.233 4™ -0.091 57
CHPP 0.078 5) (0.005 2)
Unmatched 4.1837 39174 184 8.14 0.00 ©. :
X2 97.2 0.601 7°"
Matched 3.8811 3.8736 0.5 0.16 0.87 v .
(0.017 4)
Unmatched 1.6247 1.5173 125 5.13 0.00 .
X3 49.6 Control variables YES YES YES
Matched 1.626 4 15723 6.3 1.61 0.11 .
Area-fixed effect YES YES YES
Unmatched 89081 5.4016 20.5 9.38 0.00 i .
X4 96.5 Time-fixed effect YES YES YES
Matched 47434 4.8673 -0.7 -0.87 0.38
N 3 586 3521 3247
Unmatched 0.567 3 0.4991 22.7 10.15 0.00
X5 94.3 R? 0.398 8 0.049 8 0.1315
Matched 0.5830 0.5869 -1.3 -0.32  0.75 -
Kleibergen- 1 085.823 1 461.222
%6 Unmatched 13.3970 12.7300 54.8 044 25.37 0.00 Paap rk LM {0.00} {0.00}
Matched 13.0040 13.0410 -3.0 ' -0.90 0.37 Kleibergen- 1199.050 4125.989
Unmatched 14.3380 13.844 0 50.9 73 22.82  0.00 Paap rk Wald F [16.38] [16.38]
X7 7.
Matched 14.201 0 14.2150 -1.4 -0.39 0.69 Notes: Robust standard errors are in parentheses. Pvalues for the Kleibergen-
Paap rk LM statistic are in curly brackets. The 10% critical value for the
Stock-Yogo weak ID test is in square brackets. ™ indicates significance at the
Table 7 1% level.
Balance test for AQI
Mean [ T-test
Variables %bias An.reduct Table 9
Treated Control [bias| t P>t Mechanism tests
xa Unmatched 0.4309 0.3399 39.2 93.6 13.85 0.00 Variables M1 M2 M3 M4
Matched 0.407 2 0.4013 25 ’ 0.62 0.53 CHPP 0.202 7" 0.145 3™ 0.188 3™ 0.013 9™
, Unmatched 41837 39174 184 - 814 000 (0.0639)  (0.0426)  (0.0505)  (0.0040)
Matched ~ 3.9463 4.0021 -3.9 ' -1.02 031 Control variables  YES YES YES YES
Unmatched 1.6247 1.5173 125 513  0.00 Constant 3.5154 0.783 9 -2.768 1 0.022 8
X3 49.4 (1.467 5) (1.090 8) (1.086 1) (0.083 0)
Matched 1.6828 1.6285 6.4 1.33 0.18
Area-fixed effect YES YES YES YES
Unmatched 89081 5.4016 20.5 9.38 0.00
X4 92.9 Time-fixed effect YES YES YES YES
Matched 49703 5.2199 -1.5 -1.54 0.12
N 2200 1015 2581 2 507
Unmatched 0.567 3 0.4991 22.7 10.15 0.00
X5 96.3 R? 0.847 0 0.749 2 0.838 9 0.8325
Matched 0.5653 0.5628 0.8 0.19 0.85 N
Notes: Robust standard errors are in parentheses. * and “* indicate signifi-
Unmatched 13.3970 12.7300 54.8 25.37  0.00 o o .
X6 89.6 cance at 5% and 1% levels, respectively.
Matched 13.0620 13.1320 -5.7 -1.54 0.13
X7 Unmatched 14.3380 13.8440 50.9 85.0 2282 0.00 ist across China; therefore, the implementation effects of the policy
Matched =~ 14.2520 14.3260 -7.6 -2.05 0.04 may vary depending on the pilot areas’ geographic location. We mul-

subsidies in recent years; the heating subsidies invested by the govern-
ment in 2017 -2019 amounted to 112.8 billion yuan (Chen et al.,
2022). The initiative reduces the transfer costs of residents’ clean
heating options, further increasing natural gas heating demand. As a
clean energy source, the environmental benefits of natural gas as a
substitute for coal have been well documented in previous studies.
Specifically, with the same energy consumption, the quantity ratio of
dust pollutants emitted from coal and natural gas is 148:1, that of SO,
is 700:1, and that of NO, is 29:1 (Tang and Liang, 2018). In addition,
the carbon emissions factor of natural gas is only 0.59 times that of
coal (He et al., 2022), and the greenhouse gases produced by gas-
fired boilers are about half of those produced by coal-fired boilers
(Cui et al., 2019). Therefore, an increased proportion of natural gas
use for heating will have a positive effect on the environment, indicat-
ing that hypothesis H3 is valid.

4.4. Heterogeneity analysis

4.4.1. Geographic location
Considerable differences in population size and development ex-
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tiply geographic location (District) with CHPP, constructing a new dis-
trict interaction term (CHPP x District) to rerun the regression. Com-
pared to the central and western regions, the eastern region has a
larger population, richer resources, and faster economic development,
therefore we use it as a distinguishing condition. The district takes a
value of 1 if the county is located in the eastern region in the north
and a value of 0 if it is located in the central or western regions in the
north. The results in Columns (1) and (2) of Table 10 reveal that the
newly constructed district interaction term is significantly negative at
the 1% level, which is consistent with the benchmark regression re-
sults, implying that geographic location positively moderates the air
pollution and carbon emission reduction effects of the clean heating
pilot policy, and the policy effect in the eastern regions is greater
than that in the central and western regions.

First, the eastern region is superior to the central and western re-
gions in terms of resource endowments, financial capacity, and de-
gree of market development. Superior economic foundations can pro-
vide more financial and resource support to improve the infrastruc-
ture for clean heating. Second, the eastern region has more high-
technology industries, establishing innovative conditions in heating
facilities for an increase in heating energy efficiency. Finally, the si-



Y. Chen et al.

phoning effect of the higher levels of social development in the east-
ern region has contributed to attracting a higher quality of human
capital and subsequently increased public demand for environmental
improvements (Jia et al., 2023). The high public responsiveness ulti-
mately enhances the policy effects in the eastern region.

Table 10
Heterogeneity tests
. @ 2 3) [©)]
Variables
co, AQI co, AQI
L -0.256 7" -0.1257"
CHPP X District (0.054 6) (0.006 8)
-0.1380™"  -0.023 8™
CHPP x Rural 0.0407)  (0.0067)
Control variables  YES YES YES YES
Constant 10.777 17 4.6729" 10.256 4™ 4.439 2"
(2.769 5) (0.105 3) (2.747 0) (0.109 5)
Area-fixed effect YES YES YES YES
Time-fixed effect ~ YES YES YES YES
N 4079 3716 4079 3716
R? 0.974 8 0.934 4 0.9747 0.929 1

Notes: Robust standard errors are in parentheses. ~" indicates significance at

the 1% level.

4.4.2. Rural residents’ per capita income

The clean heating pilot policy focuses on controlling scattered
coal heating in rural regions. Therefore, rural residents’ income may
impact policy effects. We construct a new income interaction term
(CHPP x Rural), multiplying rural residents’ per capita disposable in-
come (Rural) with CHPP. Rural takes a value of 1 if it is above the
median and O if it is not. Columns (3) and (4) of Table 10 reveal that
the income interaction term is significantly negative, indicating that
counties with higher incomes exhibit more apparent pollution and
carbon reduction effects.

High costs can discourage low-income residents from making
clean heating decisions. Pilot areas have adopted measures such as
stepped electricity prices and subsidies for clean energy use, aiming
to increase residents’ willingness to use clean heating through in-
come effects, which could contribute to addressing scattered coal
heating in rural regions. Although these measures have eased price
barriers to energy substitution to some extent, clean energy is still
more expensive than coal, and the cost of clean heating for rural resi-
dents remains high. Consequently, rural residents with lower incomes
will choose relatively low-cost heating methods due to economic pres-
sure, which has suppressed the policy’s role in reducing pollution
and carbon emissions. Furthermore, high-income residents are more
likely to be satisfied with clean heating. Energy consumption for win-
ter heating in China has been dominated by coal for a long period,
and the manufacturing technology of coal-fired equipment is there-
fore extremely mature. In contrast, clean energy has only been gradu-
ally promoted in recent years; therefore, the corresponding technol-
ogy is relatively immature, and the quality of clean heating equip-
ment in the market can vary (Li et al., 2022b). High-income residents
are more willing to purchase high-quality heating equipment, which
can give them a clear sense of the heating effects of clean heating
equipment and prevent them from returning to coal-fired heating.

5. Conclusions and policy recommendations

This paper uses panel data from 1 290 counties in 15 provinces
in northern China from 2014 to 2021 as the research sample, con-
structing a multiperiod DID model to empirically test the effects of
the clean heating pilot policy on pollution and carbon reduction.
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First, we employ the model to quantify the effects of the policy on air
quality and carbon emissions. Second, we verify the robustness of the
results through a series of tests. Third, we employ a mediating effect
model to explore the mechanisms of the policy from the perspectives
of central heating and natural gas use. Finally, we analyze the hetero-
geneity of policy effects based on differences in geographic location
and rural residents’ per capita income using a moderating effect
model. The main conclusions obtained in this paper are as follows.

(1) The start and end points of the clean heating pilot policy are
the elimination and substitution of scattered coal heating. After the
implementation of the pilot, this problem has been effectively ad-
dressed, significantly reducing air pollution and carbon emissions.
This conclusion remains robust after a variety of tests.

(2) The policy can start with the heating mode and energy type
to achieve its pollution and carbon reduction function. Specifically,
expanding the central heating area in a county effectively brings the
scale effect and its positive environmental externalities into play, and
promoting natural gas heating optimizes the energy structure. Both
modes contribute to the realization of the policy’s effects in reducing
air pollution and carbon emissions.

(3) Significant heterogeneity is evident in terms of geographic lo-
cation and rural residents’ per capita income. The superior economic
foundation and quality of human capital in the eastern region in the
north establish favorable technical conditions and increased public re-
sponsiveness for more effective policy implementation. For areas with
higher per capita income, the subjective willingness of residents to
use clean heating is stronger, leading to more apparent effects in re-
ducing air pollution and carbon emissions.

Based on these conclusions, we propose three main recommenda-
tions. First, the scope of the pilot scheme should be expanded to fully
leverage the pilots’ demonstration of the effects of the policy. The
clean heating pilot policy significantly lowers air pollution and car-
bon emissions in the pilot areas. Therefore, the government should
widen the scope of the pilot after comprehensively considering re-
gional financial circumstances to realize the full-scale transformation
of clean heating in winter as expediently as possible. Second, policy-
makers should smooth the channels through which the pollution and
carbon reduction effects of the policy can be realized, including ex-
panding the central heating area and increasing natural gas use. In
terms of central heating, the first step should be to determine specific
locations and the scope for expansion based on regional development
plans and heating demand. The second step would be to promote the
laying of heating pipes and increase their length to improve the cover-
age of central heating. The third step should be to accelerate the con-
struction of heat source stations to strengthen heating capacity and
ensure the stability of the central heating. Meanwhile, in terms of
natural gas heating, the government should improve the natural gas
pipeline network and provide gas storage devices and other support-
ing infrastructure to enhance the effective supply of natural gas. Fur-
thermore, the government should increase publicity for natural gas
heating, promoting its importance and significance for society
through various media channels to enhance residents’ awareness and
support. Third, efforts should be made to narrow inter-regional dis-
parities concerning the policy’s effects. The government should
strengthen financial support for the central and western regions in the
north and actively promote the circulation and cooperation of re-
sources between these regions and the eastern regions to advance syn-
ergistic innovation and reinforce technological support for the transi-
tion to clean heating. For areas with low-income rural residents, the
government should provide targeted subsidies after considering re-
gional economic levels and local energy prices to increase residents’
acceptance of clean energy. Furthermore, the government should con-
tinue to promote the research and development of clean heating tech-
nologies and standardize and improve their performance to safeguard
residents and enhance their overall satisfaction.

The features and innovations of this study cover two consider-
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ations. First, in addition to the AQI, this study also considers carbon
emissions. This approach is essential for achieving China’s carbon
peak and neutrality goals and helps evaluate the pilot’s effects scien-
tifically and comprehensively. Second, we further refine the data
scale by incorporating county-level data to analyze the policy effects
at a micro level, providing reliable evidence of the policy’s effective-
ness in reducing pollution and carbon emissions while also exploring
the mechanisms of the policy in terms of heating mode and energy
type more specifically.

The clean heating pilot policy not only targets residents but also
heating enterprises. As this paper’s research object is the county, it
does not encompass relevant enterprise-level data. In subsequent re-
search, we plan to explore the impacts associated with this policy us-
ing enterprise micro survey data. Moreover, although we demonstrate
the positive impact of the policy on the environment, we are unable
to determine whether it is successful because it also involves resi-
dents’ livelihoods. Therefore, in a subsequent study, we will also ex-
amine the policy’s influence on enhancing social heating security to
further explore its effectiveness.
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