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Abstract: Wintertime ambient air quality in northern China has improved markedly over the
past decade, yet the role of the household sector in this improvement remains unclear. This
study evaluates the impact of an energy transition policy targeting the household sector—
namely, the coal-to-gas policy—on wintertime air quality in northern China. Using balanced
panel data covering the period from 2015 to 2023, we adopt a staggered difference-in-
differences approach as our baseline empirical strategy to examine the policy’s effects across
five implementation phases, and report results using heterogeneity-robust estimators to
address the “forbidden comparison” issue. The results show that the policy significantly
improved the Air Quality Index (8.3—12.5 %) and reduced concentrations of PM2.5 (9.8-15.6
%.,), PMio (8.2—-12.7 %), SO2 (26.4-33.6 %), and NO2 (7.4-10.5 %), though this was
accompanied by an increase in ozone concentrations (8.3—12.9 %). To explore channels, we
analyze household-level data from both urban and rural areas. We find that the policy has
significantly increased urban clean energy infrastructure, promoted the expansion of
centralized heating systems, and raised the likelihood of households adopting clean energy in
rural areas.
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1. Introduction

Winter heating has been recognized as a critical contributor to air pollution in
northern China (Dao et al., 2014). According to Chen et al. (2013), winter heating in
the region increases total suspended particulates in the ambient air by 55%, lowering
life expectancy by 5.5 years. Loose coal is a key culprit. Compared to policy-regulated
coal, loose coal contains more sulfur and ash, and is usually combusted without washing
(Zhi et al., 2015). In addition, due to limitations of household heating devices, loose
coal combusts inefficiently and the emissions are not filtered before being discharged
into the open air. Therefore, loose coal emits five to ten times more airborne pollutants
than industrial coal per ton.!

In response to an air pollution crisis during the winter season, the Chinese
government launched in 2017 the Northern Region Winter Clean Heating Plan (2017—
2021) - commonly known as the coal-to-gas policy - which features a dual approach of
administrative enforcement and financial subsidies. Under this top-down initiative, the
central government set overarching targets on reducing ambient air pollution, while
local governments developed implementation plans tailored to regional conditions.
Financially, the policy is co-funded by both central and local governments. Since its
inception, the policy has undergone five phases of pilot implementation, expanding
from 43 cities during 2017-2019 to 88 cities by 2022, ultimately covering all provinces
in northern China. Unlike traditional regulatory policies mainly aimed at enterprises
engaged in production activities, the coal-to-gas policy is an energy transition initiative,
targeting the household sector and widely regarded as the most significant and stringent
household-oriented environmental policy of the past decade (Wang et al., 2024).

This study aims to evaluate the air quality improvement effects of China’s five-
phase coal-to-gas policy and to explore its underlying channels from the perspective of
the household sector. Specifically, we focus on northern regions of China with winter
seasons, using a balanced panel dataset at city-level from 2015 to 2023. The analysis
centers on wintertime air quality, employing a staggered difference-in-differences
model as the baseline strategy and reporting results based on heterogeneity-robust
estimators. The results show that the policy significantly improved the Air Quality
Index (8.3-12.5 %) and reduced concentrations of PM2s (9.8-15.6 %,), PMio (8.2—
12.7 %), SO2 (26.4-33.6 %), and NO: (7.4-10.5 %), though this was accompanied by

an increase in ozone concentrations (8.3—12.9 %). These effects are sizeable. Using AQI

! http://news.163.com/17/0831/22/CT6TV2MC00018 AOR html (accessed in July 2025)
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as an example, the estimated effect accounts for 27%—40% of the overall improvement
in wintertime air quality during the study period (from 119 in 2015 to 82 in 2023),
highlighting the policy’s substantial contribution to the long-term decline in pollution
levels. Beyond estimating policy effects, we examine the channels at the household
sector from both urban and rural areas. We find that the policy has significantly
increased urban clean energy infrastructure, promoted the expansion of centralized
heating systems, and raised the likelihood of households adopting clean energy in rural
areas, thereby alleviating air pollution.

This study makes three main contributions to the literature. First, we focus our
analysis on northern China and provide an empirical assessment of the effects of all
five phases of the coal-to-gas policy on air quality. In contrast, previous literature has
either concentrated only on the Beijing-Tianjin-Hebei region (Wu et al., 2020; Wang et
al., 2021) or extended the analysis to the national level (Yu et al., 2021; Zeng et al.,
2022; Wang et al., 2023). However, most cities in the Beijing-Tianjin-Hebei region only
participated in the first two phases of the policy pilot, making the region
unrepresentative of the broader implementation of the coal-to-gas policy. On the other
hand, since there is no winter heating season in southern China, including southern
cities in the control group may lead to biased estimates of the policy’s effects. To our
knowledge, we are the first to extend analysis to all five phases of the coal-to-gas policy.
Previous studies have primarily examined the air quality impacts of either the first phase
(Leng et al., 2023; Tan et al., 2023; Wu et al., 2023; Wang et al., 2024) or the first three
phases (Zhang et al., 2020; He et al.,, 2025). While official documents initially
designated 43 pilot cities for implementation between 2017 and 2019 (phases one to
three), the policy was subsequently expanded to include an additional 20 cities in 2021
(phase four) and 25 cities in 2022 (phase five). This expansion necessitates a more
comprehensive evaluation of the policy over an extended time frame.

Second, existing studies often lack rigorous validation of the applicability of
staggered DID models, and they rarely address the potential endogeneity in the
selection of pilot cities. These limitations significantly constrain our understanding of
the accuracy of estimated air quality improvement effects. Specifically, since the coal-
to-gas policy was implemented across different cities and at different points in time,
staggered difference-in-differences designs may suffer from heterogeneous treatment
effects over time or across units, potentially generating biased estimates. Recent studies

have highlighted this issue—often referred to as the “forbidden comparison” problem
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(Borusyak et al., 2024)—which arises when earlier treated groups act as controls for
later treated groups in two-way fixed effects models. To enhance the robustness of our
identification strategy, we first employ the Goodman-Bacon (2021) decomposition and
the method proposed by De Chaisemartin and D’Haultfoeuille (2020) to examine
potential treatment effect heterogeneity and the presence of negative weights in the
baseline specification. Then, we re-estimate the models using four heterogeneity-robust
estimators and report these results in an effort to address the “forbidden comparison”
problem. In addition, the selection of pilot cities for the coal-to-gas policy was not
random; it was shaped by factors such as geographic location and economic
development, (Li et al., 2025). This non-random selection raises concerns about
endogeneity. To address this issue, we construct an instrumental variable based on the
geographic distance between each sample city and the capital of its respective province.
Following Nunn and Qian (2014), we interact the instrument with year fixed effects to
account for time-varying treatment intensity and improve identification. Finally, to
further mitigate potential selection bias, we adopt a propensity score matching approach
combined with the DID framework.

Third, while prior studies have primarily focused on the average treatment effects
of the coal-to-gas policy on air quality, the underlying channels - particularly those
involving household-level behavioral changes - remain underexplored. Some studies
(e.g., Yuetal., 2021; Wang et al., 2023) suggest that the policy improves air quality by
promoting industrial upgrades and technological investments. Others, such as Tan et al.
(2023), examine the energy transition channel at the city level. In contrast, our study
employs multiple sets of urban and rural data to comprehensively investigate the effects
of the coal-to-gas policy on the household sector. These findings enrich our
understanding of the coal-to-gas policy’s effectiveness and offer micro-level evidence
for designing more targeted clean energy policies in the future.

The remainder of the paper is organized as follows. Section 2 reviews the policy
background and the relevant literature. Section 3 describes the data, variables, and
estimation strategy. Section 4 presents the main findings, while Section 5 analyzes the

channels. The study is concluded in Section 6.

2. Background and literature review

Background

Between 1950 and 1980, during China’s planned economy era, budget constraints
3
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led the government to prioritize winter heating in the northern regions. Using the
Qinling—Huaihe line as a climatic and policy boundary, cities located north of this
demarcation received heating services during the winter months. Traditionally, coal was
the primary energy source for heating in northern China, particularly loose coal, which
contributed significantly to severe air pollution.

To address the conflict between residential heating demand and severe air
pollution, the Chinese government introduced a series of environmentally-oriented
heating policies in northern China. In 2017, the central government officially launched
the Northern Region Winter Clean Heating Plan (2017-2021), marking the formal
implementation of the coal-to-gas policy. The first phase involved 12 cities across five
northern provinces. Subsequently, four additional rounds of pilot programs were carried
out in 2018, 2019, 2021, and 2022, eventually covering 88 cities across 15 provinces.
A detailed list of these pilot cities is presented in Figure 1.

The coal-to-gas policy features a top-down enforcement mechanism and strong
fiscal support (Xie et al., 2022; Wang and Xie, 2023). First, since the launch of the
Northern Region Winter Clean Heating Plan (2017-2021) in 2017, the central
government has issued directives while local governments have overseen
implementation, forming a multi-level accountability system. For example, in urban
areas, the policy objectives were achieved through measures such as phasing out high-
emission and low-efficiency regional coal-fired boilers, expanding the retrofitting of
coal-fired boilers to clean energy sources, extending centralized heating systems, and
providing subsidies for households to install clean energy equipment?. In contrast, in
rural areas, the main measures included dismantling coal-fired boilers, banning the
distribution and use of loose coal, setting up checkpoint stations at village entrances,
and imposing heavy penalties for non-compliance (Wang and Xie, 2023). These
stringent regulatory measures are believed to have promoted the use of clean energy in
northern China.

Second, the policy’s generous subsidy approach has played a crucial role in
facilitating energy transition to cleaner heating sources, thereby serving as a key pillar
of its successful implementation (Zhang et al., 2023). Funded by both central and local
governments, subsidies covered infrastructure, equipment, installation, and fuel costs.
Typically, subsidies were structured across municipal, district, and village levels, with

variations reflecting local fiscal capacity (Wang and Xie, 2023). The scope of subsidies

2 http://www.sohu.com/a/214986980 100066267 (accessed in July 2025)
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includes natural gas pipeline construction, equipment procurement, one-time
installation grants, and annual fuel price subsidies, thereby spanning the full spectrum
from infrastructure investment to household energy consumption. For example, Beijing
upgraded heating boilers to cleaner energy sources through fiscal subsidies. Specifically,
for coal-fired boilers with a capacity below 20 steam tons, the subsidy was CNY 55,000
per ton (approximately USD 7,971), while for those above 20 tons, the subsidy reached
CNY 100,000 per ton (approximately USD 14,492)3. Other cities also encouraged
residents to adopt clean energy by subsidizing gas and electricity prices. In rural areas,
Hebei Province stipulated that residents are eligible for total seasonal subsidies of up to
CNY 7,900 (approximately USD 1,145), which are intended to facilitate the transition
from coal to cleaner heating energy sources (Xu and Ge, 2020). According to the China
Coal Management Research Report 2021, between 2017 and 2019, the central
government allocated a cumulative total of CNY 35.12 billion (approximately USD
5.10 billion), while local governments contributed CNY 77.7 billion (approximately
USD 11.28 billion), establishing a stable and coordinated fiscal support system.

Literature review

The urgency of a global transition to clean energy has become increasingly evident,
as growing reliance on fossil fuels has significantly accelerated the process of air
pollution. Although the share of clean energy in the global energy mix is rising, high-
polluting energy sources - particularly coal - continue to dominate (Rafindadi et al.,
2014). Coal remains the second largest contributor to PMys emissions globally?.
Consequently, energy transition policies aimed at reducing coal consumption have
emerged as a key policy priority for mitigating particulate matter and other pollutants.
Examples from developed countries have provided empirical support that reducing coal
use effectively improves air quality (Scott and Scarrott, 2011; Lueken et al., 2016).
Natural gas is widely regarded as a viable alternative (McGlade et al., 2018), as it
generates significantly fewer pollutant emissions compared to other fossil fuels (Yoon
et al., 2018), particularly in terms of reducing particulate matter and sulfur dioxide
emissions (Mao et al., 2005).

Existing studies from China have found that the coal-to-gas policy significantly
improved air quality (Leng et al., 2023; Wu et al., 2023; Tan et al., 2023), particularly
by reducing concentrations of particulate matter (Wang et al., 2021; Zeng et al., 2022;

3 http://www.sohu.com/a/214986980 100066267 (accessed in July 2025)
4 https://www.iea.org/publications/freepublications/publication/weo-2016-special-report-energy-and-air-
pollution.html (accessed in July 2025)
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Wang et al., 2023; Shi et al., 2024), sulfur dioxide (Yu et al., 2021; Zeng et al., 2022)
and nitrogen dioxide (Zhang et al., 2020; Wu et al., 2023; Wang et al., 2024). However,
due to substantial differences in sample coverage and time spans across these studies,
the estimated effects of the coal-to-gas policy vary considerably (see Table 1).
Furthermore, heterogeneity analysis indicates that the implementation of the policy
accelerates the penetration rate of natural gas, thereby enhancing its environmental
benefits, especially in more polluted cities (Wang et al., 2021). While the above studies
have found beneficial effects of the coal-to-gas policy, critics argued that the use of
clean energy can also lead to unintended environmental consequences. Specifically,
natural gas is not a completely clean energy source, as its combustion produces nitrates
- key compounds contributing to smog formation (Zornitza, 2017). Nitrates is a major
precursor of atmospheric aerosols (Lin and McElroy, 2011), and it can lead to secondary
pollution through photochemical reactions with volatile organic compounds (VOCs),
thereby promoting the formation of tropospheric ozone and contributing to urban
photochemical smog (Mauzerall et al., 2005). Additionally, Wu et al. (2023) found that
the policy unexpectedly increased ozone concentrations by 11.9%. Our expectation
based on the previous literature is hence that the implementation of the coal-to-gas
policy has significantly improved air quality, especially reduced the emissions of
particulate matter, and sulfur dioxide. However, the policy may have also increased
ozone concentrations.

While previous literature provides valuable insights into the implementation and
outcomes of the coal-to-gas policy, there remains room for improvement in terms of
sample coverage and methodological rigor in identifying its causal impact. Building on
prior studies, our paper contributes by employing a staggered DID framework to
evaluate the air quality improvement effects of five phases of the coal-to-gas policy in

northern China.

3. Data and methods

Data
The first phase of the coal-to-gas policy was officially implemented in 2017,
followed by subsequent phases in 2018, 2019, 2021, and 2022. Accordingly, we

assemble a city-year level dataset covering 129 northern cities in the main estimation
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sample, for a period ranging from 2015 to 2023°. This gives us 1,161 city-year
observations. We follow Zeng et al. (2022) and exclude Beijing and Tianjin, despite
being pilot cities, as they are administered centrally and hence are not directly
comparable to other prefecture-level cities.

Our data are derived from the following primary sources: First, for air pollution
indicators, data are obtained from the real-time air quality monitoring platform of the
China National Environmental Monitoring Centre®. These platforms provide data at a
monthly frequency, which allows us to calculate seasonal air quality indicators for
winter (November, December, and January). We focus on Air Quality Index (AQI) and
five major pollutants: PM2 s, PMio, SOz, NO-, and Os. To later interpret our estimated
results in percentage terms, we convert all measures to their natural logarithm.

Second, the coal-to-gas policy variable (CTG _policy,.) is the key explanatory
variable. In our analysis, we include a dummy variable indicating whether a city
adopted the policy. To be precise, we set CTG_policy. .= I for all years following the
policy’s initial adoption in a city, and 0 otherwise. Information about coal-to-gas policy
adoptions since 2017 was collected via official documents and related news reports’.

Third, to address potential confounding from overlapping policies, we control for
three major environmental initiatives related to the coal-to-gas policy. The first is The
Air Pollution Prevention and Control Action Plan (APPCAP, 2013-2017), a stringent
policy tied to local officials’ performance (Hong and Huang, 2025). Excluding it could
bias the estimated effects of the coal-to-gas policy. Additionally, we control for the New
Energy Demonstration City (NEDC) policy and the Low-Carbon City Pilot (LCCP)
policy, both of which overlap with the coal-to-gas policy in timing and coverage. We
include dummy variables for all three to mitigate policy interference.

Fourth, meteorological data are sourced from the National Centers for
Environmental Information under the National Oceanic and Atmospheric
Administration®, and include average temperature, average visibility, average wind
speed, and average precipitation during winter.

Fifth, given that our study period spans the COVID-19 pandemic, we control for

> Due to missing data, our sample does not include Shizuishan City in Ningxia Hui Autonomous
Region and Baicheng City in Jilin Province. For the same reason, our data does not include
administrative units such as autonomous prefectures, leagues and Xinjiang Production and
Construction Corps.

6 hitps://air.cnemc.cn: 18007 (accessed on July 2025)

7 http://www.shangyexinzhi.com/article/4818232.html (accessed in July 2025)

8 https://www.ncei.noaa.gov/data/global-summary-of-the-day/archive (accessed in July 2025)
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pandemic intensity by incorporating city-level data on the daily cumulative number of
confirmed COVID-19 cases, obtained from the Health Commissions of prefecture-level
cities. Following Li et al. (2022), we use the logarithm of cumulative confirmed cases
per capita as a proxy for pandemic intensity. Specifically, this variable is defined as the
logarithm of cumulative confirmed COVID-19 cases per capita during the winter
season in each prefecture-level city from 2020 to 2022, and is set to zero for all other
years.

Finally, we construct control variables based on data from the Statistical Yearbook
of Chinese Prefecture-level Cities. Drawing on prior literature, which highlights the
importance of socioeconomic factors in shaping air quality (Jiang et al., 2018; Zeng et
al.,2019; Liuetal., 2019; Liet al., 2019; Xie et al., 2021; Wang et al., 2024), we include
the following variables: economic development (GDP pc), population density
(Pop_density), level of industrialization (IndusFirms), industrial structure
(SecGDP _ratio), per capita foreign direct investment (FDI pc), and Vehicle transport
capacity (Vehicle cap)®. Detailed definitions and data sources for all variables are

presented in Table 2.

Methods

The coal-to-gas policy has been divided into five phases by the year of
implementation (2017, 2018, 2019, 2021 and 2022). Given this heterogeneity in the
multi-period pilot policy, the basic DID model may not accurately capture its effects.
Accordingly, this study employs a staggered DID model (Callaway and Sant’Anna,
2021). Meanwhile, considering that city as well as time differences may have an impact
on the estimation results, this paper adopts city and year two-way fixed effect models
(TWFE) for baseline regression analysis.

In (Yer) = Bo + B1CTG policyc, + PoXer + 60 + Te + ¢ ¢y

Where c is the city, t is the year, and the outcome variable In (Y, .) represents
concentrations of winter air pollutants measured in city c in year t. CTG_policy.; isa
dummy variable. In addition, X, isaset of city-level control variables, 6. represents

city fixed effects, 7, represents year fixed effects, and &, is an error term.

? This study uses the standardized Z-scores of local passenger and freight volumes to measure
vehicle transport capacity.
8

In-Confidence



4. Results

Validity tests of the staggered DID model

Before conducting our main empirical analysis, we first carry out validity tests of
the staggered DID model in our setting. According to Goodman-Bacon (2021), when
the treatment effects for each timing group change over time, the two-way fixed effects
staggered DID estimator may be biased due to treatment effects heterogeneity.
Therefore, we use the Goodman-Bacon (2021) decomposition method with control
variables to test the treatment effects heterogeneity of the coal-to-gas policy. Table A1l
in the Appendix shows the results and indicates that the never component remains the
primary determinant of the overall policy impact (60%), the timing component
contributes about 36%, and the within component accounts for about 4%.

Next, we diagnose the negative weights issue that may arise in staggered DID
models. As highlighted by De Chaisemartin and D’Haultfoeuille (2020), staggered DID
estimators can be interpreted as weighted averages of all possible two-period DID
comparisons. When treatment effects are heterogeneous across groups and time, some
comparisons may receive negative weights, potentially leading to biased estimates and
difficult-to-interpret standard errors. To assess this concern, we implement the
diagnostic decomposition method proposed by De Chaisemartin and D’Haultfoeuille
(2020). Table A2 in the Appendix reports the decomposition results, which show a total
of 333 average treatment effects on the treated (ATTs), with 93.4% of the total weight
attributed to comparisons with positive weights.

Taken together, the above results suggest that while potential heterogeneity bias
and the negative weights issue are not severe, they may still have an impact on our
study’s results. Therefore, we retain the staggered DID specification as our baseline
model and re-estimate the baseline regression using four commonly used heterogeneity-
robust estimators to address the “forbidden comparison” problem (De Chaisemartin &
D’Haultfoeuille, 2020; Callaway & Sant’Anna, 2021; Gardner, 2022; Borusyak et al.,

2024). These heterogeneity-robust models represent our preferred specifications.

Baseline regression

Table 3 reports the impact of the coal-to-gas policy on air pollution. Our empirical
results indicate that the policy has significantly improved the AQI, reduced
concentrations of particulate matter, SOz, and NO., while leading to an increase in O
levels. Specifically, the policy has improved AQI by 4.4% (exp (—0.045) — 1 =—0.0440),

and reduced PM> 5, PMio, SOz and NO> by 5.7%, 3.4%, 18.6% and 2.9%, respectively;
9

In-Confidence



while it increased Os level by 3.4%. Compared with the results of existing studies (see
Table 1), our estimates fall within the wide range of findings reported in the literature,
but are closer to the lower bound.

The results obtained from the four heterogeneity-robust estimators are broadly
consistent with those of the baseline model. As reported in Table 4, the policy improved
the AQI (8.3—-12.5 %) and reduced concentrations of PM25(9.8-15.6 %,), PMio (8.2—
12.7 %), SO2 (26.4-33.6 %), and NO: (7.4—-10.5 %). This was, however, accompanied
by an increase in ozone concentrations (8.3—-12.9 %). In terms of magnitude, the
coefficients in Table 4 are, on average, about twice as large as those from the baseline
regression; nevertheless, they remain within the range of estimates documented in the

existing literature (see Table 1).

Instrumental variable estimation

The implementation of the coal-to-gas policy may be endogenous, as policy
adoption could be systematically related to certain city characteristics, such as the
extent of pre-existing local air pollution. To mitigate concerns regarding endogeneity,
we construct an instrumental variable (IV) based on the natural geographical distance
of each sample city from the capital city of its respective province. The rationale for
doing this is that it has been logistically easier to expand the policy to cities closer to
the capital city. We follow the approach of Nunn and Qian (2014) and interact this time-
invariant city-level variable with year dummies in our estimation to allow for temporal
variation. The empirical strategy is implemented using a two-stage least squares
framework embedded within the staggered DID design (Hanley, Li, and Wu, 2022).

The rollout pattern of the coal-to-gas policy supports the validity of this instrument.
At the provincial level, the policy was generally initiated in the capital city and then
gradually expanded to surrounding areas. This sequencing implies that cities located
farther from the provincial capital were less likely to be treated in the early phases of
the policy, thus satisfying the relevance condition of the instrument.

Moreover, the exclusion restriction is likely to hold because the distance to the
provincial capital is plausibly exogenous to unobserved determinants of air quality. In
particular, not all provincial capitals were more polluted than other cities in the same
province, and distance from the capital is less likely—compared to more direct
economic or environmental variables such as industrial structure or income levels—to
be correlated with unobserved factors driving changes in air quality. This makes the

instrument a relatively clean source of quasi-exogenous variation in policy exposure.

10

In-Confidence



As shown in Table A3 in the Appendix, Column (1), the instrument is significantly
negatively correlated with the endogenous treatment variable, supporting its relevance.
Specially, the results suggest that an increase of 100 kilometers in the distance between
a city and its provincial capital is associated with a 1.3 percentage point decrease in the
probability of being selected as a pilot city for the coal-to-gas policy. The Kleibergen-
Paap rk Wald F-statistics exceed the 10% critical value thresholds for weak instrument
tests, confirming the instrument’s strength. In addition, the Kleibergen-Paap rk LM
statistics indicate that the model is sufficiently identified, ruling out under-identification.
To further verify the exogeneity assumption, Column (2) of Table A3 presents results
from a placebo regression using summer AQI as the dependent variable. Since the coal-
to-gas policy targets winter heating, any significant correlation between the instrument
and summer AQI would suggest the presence of alternative channels. However, the
coefficient is small and statistically insignificant, suggesting that the instrument
influences winter air pollution primarily through the coal-to-gas policy itself, rather
than through other unobserved channels.

Table 5 displays the second-stage IV estimates, which reinforce the baseline
findings. Notably, the IV estimates are considerably larger - about seven times higher
than those obtained from the baseline model (e.g., —0.045 in the baseline regression vs.
—0.299 in the IV model). This difference in magnitudes is consistent with prior research
that combines DID and IV methodologies (Hua et al., 2025; Shao et al., 2025). We posit
two main reasons for this discrepancy. First, the policy was non-randomly assigned
based on pollution severity, with more polluted cities more likely to be selected as pilot
sites. Consequently, DID estimates may understate the policy’s effect by failing to
account for this selection bias, as the most polluted cities would likely have continued
to perform poorly in the absence of intervention, making the DID estimates a lower
bound of the policy’s actual effect. Second, the IV approach identifies the Local
Average Treatment Effect (LATE) for compliers - those cities whose treatment status
was influenced by the instrument. These cities may experience larger treatment effects
than the average treated city due to factors such as higher baseline pollution levels or
greater policy enforcement, thus leading to higher IV estimates. Overall, while the IV
estimates are substantially larger, they remain within the range of estimates reported in

the existing literature, suggesting that the results are plausible and robust (see Table 1).

PSM-DID estimation
To mitigate potential selection biases, this study employs the PSM method

11

In-Confidence



combined with the DID framework. Initially, we treat the sample as a pooled cross-
section and perform 1:4 nearest-neighbor matching. Then, we implement year-by-year
matching following Bockerman and Ilmakunnas (2009). The results are presented in
Table 6 and provide evidence that the policy improved the AQI by 4.3% (pooled
matching) and 4.5% (year-by-year matching).

It is important to note that the assumption of common support is one of the
prerequisites for employing the PSM method (Caliendo and Kopeinig, 2008). The
results of common support tests are presented in Figure Al in the Appendix. Analysis
reveals that the majority of observational values fall within the common support range,
with only a negligible portion outside this range. Another crucial assumption of the
PSM method is the balance assumption. The results of covariate matching quality tests
are presented in Figure A2 in the Appendix. Analysis reveals that prior to matching,
significant differences exist in the means of most covariates between the treatment and
control groups. However, post propensity score matching, the distribution of all
covariates between the treatment and control groups becomes balanced. Hence, PSM is

an appropriate method in this case.

Parallel trends test

Although the aforementioned findings offer supportive evidence regarding the
impact of the coal-to-gas policy on air quality, it is important to acknowledge that the
validity of these results relies heavily on the satisfaction of the identification
assumption, namely the parallel trends assumption between pilot and non-pilot cities.
In accordance with the methodology proposed by Beck et al. (2010), this study employs
an event analysis approach to assess the parallel trends assumption. The methodology

1s outlined below:
6
In (Yc,t) = fo + z Bt CTG_POHC)’c,t + ﬂzXc,t + 6.+ 1+ Ect (2)
t=-7

Where [, represents the difference in air quality between the pilot city and non-
pilot cities in different years of the implementation of the coal-to-gas policy. The
meaning of other variables is the same as in Equation (1).

Figure 2 reports the results of the parallel trends test for AQI and PMa s (further
evidence from additional parallel trends tests is provided in Appendix Figures A3.) As
hypothesized, there is no significant difference in the trend of air pollutant indicators
between the treatment group and the control group before policy implementation. This

lack of significant pre-impact differences suggests that there is no notable pre-trend
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before the shock, thereby satisfying the parallel trends assumption.

Although the event study results presented above (Figure 2) reveal no significant
pre-treatment differences across the treatment groups, they do not fully address the
staggered timing of policy implementation. In particular, the event study tests for
average pre-trend differences relative to the treatment year, but may not detect subtler,
phase-specific temporal patterns in the data. Therefore, as a conservative robustness
check—and to mitigate potential bias arising from treatment effect heterogeneity—we
follow Braghieri et al. (2022) by incorporating phase-specific linear time trends into the
baseline model. This approach allows for flexible pre-treatment dynamics across
implementation phases, enabling more accurate identification of the policy’s causal
impact on air quality. The results, reported in Table A4 in the Appendix, remain

consistent with the baseline findings, reinforcing the robustness of our conclusions.

Placebo test

It is possible that the significant air quality improvements observed above may not
be causal effects of the coal-to-gas policy but rather the result of capturing some
coincidental occurrence. To rule out this possibility, we conduct a placebo test. First,
we perform an in-time placebo test, in which the policy implementation years are
randomly reassigned. Second, we conduct an in-space placebo test, where the pilot
cities are randomly reassigned. For both tests, we generate 1,000 random samples and
re-estimate the baseline model accordingly to obtain the distribution of placebo
estimates. If the significant air quality improvement effects found in this study are not
driven by coincidence, then the vast majority of placebo regression coefficients should
be centered around zero.

Figure 3 visualizes the results of the placebo tests. As seen, the regression
coefficients from the 1,000 random assignments are approximately normally distributed
around zero. Moreover, all placebo regression coefficients are very small, falling within
the range of (-0.02, 0.02), and do not overlap with the baseline regression coefficient
(the estimate in Column (1) of Table 3, which is —0.045). This suggests that the
significant air quality improvement effects found in this study are indeed causal and not

driven by coincidence.

Other robustness checks
To further ensure the robustness of our regression results, we conduct a series of
additional checks using AQI as an example. First, following Zhang et al. (2024), we

include interaction terms between major concurrent environmental policies (APPCAP,
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NEDC, and LCCP) and a linear time trend to account for potential time-varying policy
effects. Second, following Zhang et al. (2025), we exclude observations from the year
immediately preceding the policy rollout to eliminate possible anticipatory effects.
Third, following Chen et al. (2024), we test whether wind speed—which accelerates
pollutant dispersion—affects our estimates by interacting the policy variable with
maximum winter wind speed. Finally, we assess the robustness of our results to
excluding regions with strict enforcement of the coal-to-gas policy (e.g., the first phase
of pilot programs, provincial capitals, and cities in Hebei Province) as well as regions
with relatively lax enforcement (e.g., provinces experiencing extremely cold winters'?).
All robustness checks, reported in Appendix Tables A5 and A6, consistently confirm

the stability of our main findings.

5. Channel analysis

In this section, we turn to household-level channels, recognizing the urban—rural
heterogeneity inherent in the implementation of the coal-to-gas policy. Accordingly, we
analyze urban and rural areas separately.

We begin with urban areas, using data from the China City Construction Statistical
Yearbook, an official publication by the Ministry of Housing and Urban-Rural
Development. This source offers comprehensive data on urban infrastructure and
urbanization progress, providing a valuable foundation for assessing energy transition
dynamics in cities.

We use natural gas storage capacity and the length of natural gas pipelines as
proxies for municipal gas infrastructure, and employ indicators related to centralized
heating in the urban residential sector to measure policy-driven changes in heating
systems. Columns (1) and (2) of Table 7 report the relationship between the coal-to-gas
policy and municipal gas infrastructure. We find that the policy significantly increased
natural gas storage capacity in pilot cities by approximately 37.7% (Column 1),
suggesting infrastructure improvements that support residential energy switching.
Concurrently, it was associated with only a small and statistically insignificant increase
in the length of natural gas pipelines (Column 2). Columns (3) and (4) present the
relationship between the policy and centralized heating in the urban residential sector.

Here, we find that the policy significantly expanded the floor area covered by

10 These provinces—Heilongjiang, Jilin, Inner Mongolia, and Xinjiang—are characterized by average winter
temperatures below —10 °C, in contrast to most other northern provinces, where average winter temperatures are
around 0 °C.
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centralized heating by approximately 14% (Column 3), as well as the hot water heating
capacity of heating companies by about 14.6% (Column 4). These findings provide
supporting evidence that household-level energy transitions—particularly in urban
areas—played an important role in improving air quality.

Next, we use micro-level data to further examine the role of households in the
policy’s air quality effects aiming at rural areas. Specifically, to align with the period
covered in the main regressions as closely as possible, we employ three waves of the
China Health and Retirement Longitudinal Study (CHARLS) - a nationally
representative biennial survey targeting individuals aged 45 and above - conducted in
2015, 2018, and 2020. While a limitation of CHARLS is that it focuses on older adults
only, it is arguably still well suited for our analysis as the age restriction allows us to
focus on those who are especially sensitive to winter temperatures and are more likely
to comply with mandatory energy transition policies (Li et al., 2025). Given the
temporal coverage of CHARLS, it is also important to note that our micro-level analysis
focuses on the first three phases of the coal-to-gas policy only. Since early pilot
implementation tended to be more stringent (Wang et al., 2024), we can expect
compliance with the policy to be higher during the initial stages. For both reasons, our
micro-level results should be treated as an upper bound of the overall impact of the
coal-to-gas policy on households.

Table 8 presents results using CHARLS data. The dependent variables are: (1)
whether the household is connected to a natural gas pipeline; (2) whether it uses clean
energy for heating; and (3) whether it uses clean energy for cooking. We control for a
range of individual and household characteristics—including the household head’s age,
gender, marital status, education, smoking and drinking habits—as well as annual
household income, household size, COVID-19 intensity, and climatic conditions. The
results show that the coal-to-gas policy significantly accelerated rural energy transitions.
Specifically, it increased the likelihood of rural households being connected to natural
gas pipelines by 4.4%, and raised the probability of using clean heating and cooking
energy sources by 11.9% and 7.3%, respectively. These findings suggest that household
adoption of cleaner energy sources served as a critical pathway through which the
policy contributed to air quality improvements. The particularly strong effect on heating

likely reflects the policy’s emphasis on winter heating in northern China.
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6. Conclusions

As China’s clean heating initiative advances, the expansion of pilot programs and
the consolidation of achieved progress call for a comprehensive evaluation of existing
clean heating projects. This study evaluates five phases of the coal-to-gas policy,
focusing on northern regions of China with winter seasons. Using balanced city-level
panel data from 2015 to 2023, we employ a staggered difference-in-differences
framework as the baseline empirical strategy and report results based on heterogeneity-
robust estimators.

Our results suggest that the policy improved the Air Quality Index (8.3-12.5 %)
and reduced concentrations of PMz5 (9.8-15.6 %,), PMio (8.2-12.7 %), SO2 (26.4—
33.6 %), and NO: (7.4-10.5 %). This was, however, accompanied by an increase in
ozone concentrations (8.3—-12.9 %). Compared with previous studies, these estimated
effects fall within the broad ranges reported in the literature but are closer to their lower
bound.

Channel analysis suggests that the improvement in air quality is at least partly
driven by the promotion of clean energy adoption at the household level. Specifically,
the policy has significantly increased urban clean energy infrastructure, promoted the
expansion of centralized heating systems, and raised the likelihood of households
adopting clean energy in rural areas.

Although our findings indicate that the coal-to-gas policy significantly improved
wintertime air quality in northern China, its broader implementation should be
considered with caution—particularly given the policy’s heavy reliance on government
subsidies—raising the question of whether households would continue to adopt clean
energy in the absence of substantial financial support. This touches on the broader issue
of cost—benefit analysis from the perspective of energy users, which, however, falls
beyond the scope of the present study.

Given that the observed air quality improvements are apparently at least partly
driven by changes at the household level, policymakers could continue to support the
development of clean energy infrastructure - such as natural gas pipelines and
centralized heating systems - and enhance accessibility and affordability of clean
energy for residents. Strengthening incentives for household-level energy switching
will be key to consolidating the environmental gains achieved thus far.

Meanwhile, despite the significant reductions in particulate matter NO, and SO,

the unintended rise in ozone concentrations underscores a growing challenge. Therefore,

16

In-Confidence



in addition to targeting primary pollutants, future environmental policies should place
greater emphasis on the coordinated control of multiple pollutants, particularly volatile
organic compounds and nitrogen oxides, to achieve comprehensive and sustainable air

quality improvements.
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Figure 3. Placebo test.

Notes: Figure 3 presents placebo estimates of the impact of the coal-to-gas policy on AQI.

The left panel displays results from the placebo test in which the policy implementation timing
is randomly reassigned, while the right panel shows results from the test with randomly
reassigned pilot cities.

A solid, vertical red line in the figure marks the coefficient estimate from our baseline regression.
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Table 1. Overview of existing research

Estimated range of the air quality improvement effect of the coal-to-gas policy

AQI
PM:z s
SO2
NO>

1.8% (Wu et al., 2023) ~ 49.3% (Wang et al., 2024)
1.2% (Zeng et al., 2022) ~ 67.4% (Wang et al., 2024)
5.9 % (Zeng et al., 2022) ~ 144% (Wang et al., 2024)
6.3% (Wu et al., 2023) ~ 34.1 % (Zhang et al., 2020)

Table 2. Descriptive statistics

Variable name

Description

Mean (SD)

Dependent Variables

AQI

PMz s

PMio

SO»

NO»

0Os

Control Variables
GDP_pc
Pop_density

IndusFirms

SecGDP _ratio

FDI pc

Vehicle cap

COVID _intensity

APPCPA

NEDC

LCCP

Avg temp

Air quality index (range 0-500)

PM3; 5 concentration (ug/m?)

PM o concentration (ug/m?)

Sulfur dioxide concentration (pug/m?)
Nitrogen dioxide concentration (ug/m?)

Ozone concentration (ug/m?)

GDP per capita (log)

Population per unit area (log)

The number of industrial enterprises
(log)

Share of secondary industry value added
in GDP (%)

Annual foreign capital investment per
company (log)

Vehicle transport capacity (z-score
standardization)

Cumulative confirmed COVID-19 cases
per capita (log)

Whether the city was an APPCPA pilot
city in that year (0/1)

Whether the city was an NEDC pilot
city in that year (0/1)

Whether the city was an LCCP pilot city
in that year (0/1)

Winter average temperature (Celsius)

97.281 (31.753)

65.727 (27.634)

109.956 (39.980)

27.730 (23.428)

40.360 (12.525)

36.188 (8.833)

10.848 (0.486)

5.441 (1.014)

6.217 (1.027)

41.292 (11.786)

10.235 (2.302)

0.009 (0.490)

0.674 (1.208)

0.021 (0.142)

0.172 (0.378)

0.339 (0.473)

2282 (6.179)
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Avg_visibility Winter average visibility (Miles) 11.608 (23.375)
Avg wind speed Winter average wind speed (Knots) 8.570 (16.367)
Avg_precip Winter average precipitation (Inches) 0.864 (2.921)

Note: Based on a sample of 1,161 city-year observations.
APPCPA stands for Air Pollution Prevention and Control Action Plan, NEDC for New Energy

Demonstration City policy, and LCCP for Low-Carbon City Pilot policy.

Table 3. The impact of coal-to-gas policy on air pollution: baseline model

Panel A In (AQI) In (PM2.5) In (PMjo)
CTG_policy., -0.045™" -0.059"" -0.035™
(0.014) (0.016) (0.017)
Control variables YES YES YES
Fixed effects YES YES YES
Constant -1.618 -2.743 0.333
(2.453) (2.808) (2.815)
N 1,161 1,161 1,161
R? 0.902 0.924 0.882
Panel B In (SO») In (NO») In (O3)
CTG_policy,, -0.205"" -0.029™" 0.035™
(0.034) (0.015) (0.014)
Control variables YES YES YES
Fixed effects YES YES YES
Constant 5.018 3.047 -0.641
(6.269) (2.099) (2.445)
N 1,161 1,161 1,161
R? 0.907 0.912 0.866

Notes: The significance levels of 1%, 5%, and 10% are denoted by ***, **, and *, respectively.

The values in parentheses represent robust standard errors clustered at the city level.
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Table 4. The impact of coal-to-gas policy on air pollution: heterogeneity-robust estimators

Method De Chaisemartin Callaway Borusyak et al. Gardner
& D’Haultfoeuille & Sant’Anna (2024) (2022)
(2020) (2021)
Outcome variable In (AQI) In (AQI) In (AQI) In (AQI)
CTG_policy, -0.093" -0.133™ -0.087"" -0.100"
(0.018) (0.019) (0.018) (0.018)
Outcome variable In (PM2.5) In (PM25) In (PM2.5) In (PM2.5)
CTG_policy, -0.119™ -0.169" -0.103™ -0.118™
(0.021) (0.023) (0.021) (0.021)
Outcome variable In (PMio) In (PMo) In (PMio) In (PMio)
CTG_policy., -0.086"*" -0.136™" -0.095"*" -0.102"*
(0.021) (0.023) (0.021) (0.022)
Outcome variable In (SO) In (SO2) In (SOy) In (SO)
CTG_policy., -0.307"* -0.409"" -0.381"* -0.343"
(0.040) (0.051) (0.452) (0.043)
Outcome variable In (NO») In (NO») In (NO») In (NO»)
CTG_policy, -0.082"" -0.111" -0.077" -0.078"
(0.015) (0.018) (0.021) (0.018)
Outcome variable In (O3) In (O3) In (O3) In (O3)
CTG_policy, 0.080™*" 0.121* 0.107"* 0.092"*
(0.015) (0.017) (0.017) (0.018)

Notes: The significance levels of 1%, 5%, and 10% are denoted by ***, **, and *, respectively.

The values in parentheses represent robust standard errors clustered at the city level.
The above estimates include control variables and fixed effects.
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Table 5. The impact of coal-to-gas policy on air pollution: IV model

Panel A In (AQI) In (PMa.5) In (PMyo)
CTG_policy., -0.299"*" -0.253"" -0.336"*"
(0.085) (0.084) (0.109)
Control variables YES YES YES
Fixed effects YES YES YES
Constant -5.797" -5.935" -4.608
(3.124) (3.214) (3.529)
N 1,161 1,161 1,161
R? 0.904 0.924 0.884
Panel B In (SO») In (NO») In (O3)
CTG_policy, -1.050"" -0.234™ 0.269™"
(0.196) (0.115) (0.095)
Control variables YES YES YES
Fixed effects YES YES YES
Constant -8.852 -0.316 3.202
(5.897) (2.595) (2.741)
N 1,161 1,161 1,161
R? 0.907 0.913 0.869

Notes: The significance levels of 1%, 5%, and 10% are denoted by ***, **, and *, respectively.

The values in parentheses represent robust standard errors clustered at the city level.

Table 6. The impact of coal-to-gas policy on air pollution, measured by AQI: PSM-DID

Method Pooled (cross-sectional) Year-by-year
matching matching

CTG_policy,, -0.044"* -0.046™"
(0.015) (0.015)

Control variables YES YES

Fixed effects YES YES

Constant -2.000 -2.324
(2.601) (2.496)

N 1,086 1,056

R? 0.900 0.902

Notes: The significance levels of 1%, 5%, and 10% are denoted by ***, **, and *, respectively.

The values in parentheses represent robust standard errors clustered at the city level.

28

In-Confidence



Table 7. Energy transition channels in urban areas

Natural gas Length of natural Residential Hot water heating
storage capacity gas pipelines floor area capacity for
covered by residential
centralized centralized
heating heating
CTG_policy.; 0.320™ 0.009 0.131" 0.136™
(0.142) (0.057) (0.074) (0.067)
Control YES YES YES YES
variables
Fixed effects YES YES YES YES
Constant 19.365 12.907 -10.035 -11.664
(26.696) (8.882) (9.177) (12.327)
N 1,038 1,021 1,161 1,104
R? 0.789 0.945 0.957 0.860

Notes: The significance levels of 1%, 5%, and 10% are denoted by ***, **, and *, respectively.

The values in parentheses represent robust standard errors clustered at the city level.

Table 8. Energy transition channels in rural areas

Household

Use of clean energy

connection to

Use of clean energy

natural gas for heating for cooking
pipelines

CTG_policy., 0.043™ 0.112" 0.070™"

(0.018) (0.023) (0.022)
Control variables YES YES YES
Fixed effects YES YES YES
Constant 0.361 0.789™* 0.829™

(0.234) (0.291) (0.235)
N 6,182 6,178 6,166
R? 0.537 0.624 0.728

Notes: Clean energy refers to natural gas or electricity.

The significance levels of 1%, 5%, and 10% are denoted by ***, **, and *, respectively.

The values in parentheses represent robust standard errors clustered at the city level.

Fixed effects include household fixed effects and year fixed effects.
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Appendices
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Figure A1. Common range of values for the propensity score
Note: The left panel reports results based on pooled (cross-sectional) matching; the right panel

reports results based on year-by-year matching.
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reports results based on year-by-year matching.

Figure A2. Standardized bias of covariates before and after matching

Note: The left panel reports results based on pooled (cross-sectional) matching; the right panel
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Figure A3. Parallel trends test of PMjo, SO2, NO; and O3 in the treatment and control groups

Table A1. Goodman-Bacon decomposition

In (AQI)
Bacon Decomposition Beta Total Weight
Timing groups 0.016 0.355
Never treated vs. Timing groups -0.063 0.601
Within -0.291 0.044

Notes: The table above presents the estimates of the impact of the coal-to-gas policy on AQI.

Table A2. De Chaisemartin - D’Haultfoeuille decomposition

Variable Total ATTs Positive ATTs Negative Weight of Standard
ATTs Positive ATTs ~ Deviation
In (AQI) 333 311 22 93.393% 0.361

Notes: The table above presents the estimates of the impact of the coal-to-gas policy on AQI.
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Table A3. The impact of coal-to-gas policy on air pollution

: IV validity tests

First stage

In (AQI) (summer-season)

v -0.013"** 0.001
(0.003) (0.001)

F-statistic 22.268

Kleibergen-Paap rk LM 12.186™

Control variables YES YES

Fixed effects YES YES

Constant 35.573" 0.152
(11.615) (4.714)

N 1,161 1,161

R? 0.667 0914

Notes: The significance levels of 1%, 5%, and 10% are denoted by ***, **, and *, respectively.

The values in parentheses represent robust standard errors clustered at the city level.

The table above presents the estimates of the impact of the coal-to-gas policy on AQIL.
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Table A4. The impact of coal-to-gas policy on air pollution after controlling for phase-level

linear time trends

Panel A In (AQI) In (PM2.5) In (PMyo)
CTG_policy, -0.050"" -0.058™ -0.044™
(0.014) (0.016) (0.017)
Control variables YES YES YES
Fixed effects YES YES YES
Phase-level linear time YES YES YES
trends
Constant -1.569 -2.747 0.418
(2.440) (2.830) (2.793)
N 1,161 1,161 1,161
R? 0.902 0.924 0.882
Panel B In (SO.) In (NO») In (O3)
CTG_policy, -0.209"" -0.033™ 0.051*"
(0.031) (0.016) (0.015)
Control variables YES YES YES
Fixed effects YES YES YES
Phase-level linear time YES YES YES
trends
Constant 5.051 3.090 -0.793
(6.263) (2.093) (2.479)
N 1,161 1,161 1,161
R? 0.907 0.912 0.867

The significance levels of 1%, 5%, and 10% are denoted by ***, **, and *, respectively.

The values in parentheses represent robust standard errors clustered at the city level.
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Table A5. Additional robustness tests

Model specification Controls  for other  Addressing policy Controls for
environmental policies anticipation pollutant
and their time trends dispersion

Outcome variable In (AQI) In (AQI) In (AQI)

CTG_policy,, -0.058"" -0.034™" -0.045""

(0.015) (0.014) (0.014)

Control variables YES YES YES

Fixed effects YES YES YES

Constant -1.699 -1.509 -1.574

(1.913) (1.982) (1.895)

N 1,161 1,083 1,161

R? 0.903 0.898 0.902

Notes: The significance levels of 1%, 5%, and 10% are denoted by ***, **, and *, respectively.

The values in parentheses represent robust standard errors clustered at the city level.

Column 3 controls for maximum wind speed and the interaction term between maximum wind speed

and the policy.

Table A6. Robustness tests: subsample regressions

Alternative Without pilot cities ~ Without provincial ~ Without Hebei ~ Without provinces
samples from the first phase capitals Province with extremely
cold winters

Outcome variable In (AQI) In (AQI) In (AQI) In (AQI)

CTG_policy., -0.037"* -0.048"" -0.036™" -0.033"*
(0.012) (0.012) (0.012) (0.012)

Control variables YES YES YES YES

Fixed effects YES YES YES YES

Constant -2.667 -1.504 -3.283* 1.223
(2.114) (2.105) (1.978) (2.189)

N 1,062 1,044 1,062 873

R? 0.899 0.905 0.900 0.900

Notes: The significance levels of 1%, 5%, and 10% are denoted by ***, **, and *, respectively.

The values in parentheses represent robust standard errors clustered at the city level.

34

In-Confidence



	Coal (WP 11-2025, Part 0).pdf
	Coal (WP 11-2025, Part 1).pdf
	1. Introduction
	2. Background and literature review
	Background
	Literature review

	3. Data and methods
	Data
	Methods

	4. Results
	Validity tests of the staggered DID model
	Baseline regression
	Instrumental variable estimation
	PSM-DID estimation
	Parallel trends test
	Placebo test
	Other robustness checks

	5. Channel analysis
	6. Conclusions
	Disclosure statement
	Data availability statement
	References
	Appendices


