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ABSTRACT: Large-scale residential energy transitions from solid
fuel to clean energy are promising strategies to mitigate climate
change and improve population health, but rigorous evaluation of
their impacts is rare. China’s Clean Heating Policy (CHP) aimed
to transition tens of millions of households from coal to electric
and gas-based space heating. Following evidence of policy-driven
improvements in indoor air pollution and indoor temperature, we
evaluated the CHP’s impact on blood pressure (BP). In winter
2018-2019, we enrolled 1,003 adults aged >40 years from 50
Beijing villages not yet treated by the CHP; 20 villages were
treated during follow-up (winters 2019—2020 and 2021—2022).
Brachial and central BP and covariates were measured during

Impact on
blood
. pressure

Clean Heating Policy

Brachial SBP 1.4 mmHg (95% CI: -3.3, 0.5)
Central SBP  -1.5 mmHg (95% Cl: -3.3, 0.4)
Brachial DBP -1.6 mmHg (95% CI: -2.9, -0.3)
Central DBP -1.6 mmHg (95% Cl: -2.9, -0.3)

(ectfic heating™

household visits by trained staff. Policy impacts were estimated using an extended two-way fixed-effects difference-in-differences
approach with village-clustered standard errors and adjustment for key BP predictors to improve precision. We found evidence of
reductions (in mmHg) in brachial systolic BP (—1.4, 95% confidence interval [CI]: —3.3, 0.5), central systolic BP (—1.5, 95% CI:
—3.3, 0.4), brachial diastolic BP (—1.6, 95% CI: —2.9, —0.3), and central diastolic BP (—1.6, 95% CI: —2.9, —0.3) among villages
treated by the CHP compared with those untreated. Treatment effects varied by the year villages were treated by the CHP (p for
homogeneity = 0.00 to 0.14) with greater BP reductions among participants in earlier-treated villages. Household energy policies like
the CHP may serve as effective population-level interventions to reduce BP in China and complement high-risk cardiovascular

prevention strategies.

B INTRODUCTION

Approximately one-third of the global population relies on
solid fuels for household energy, contributing to an estimated
3.1 million premature deaths annually from household air
pollution." The inefficient combustion of coal and biomass
(i.e., solid fuels) emits high concentrations of air pollutants
that harm human health and contribute substantially to
outdoor air pollution."” Expanding access to modern and
reliable household energy is therefore a global priority to
reduce poverty, mitigate climate change, and protect human
health, as articulated by the World Health Organization,
United Nations, World Bank, and International Energy
Agency.3

Transitioning households from solid fuels to gas or
electricity is expected to improve health through reductions
in air pollution exposure and other improvements to the
indoor environment. Observational studies have linked fine
particulate matter (PM, ;) exposure to many health outcomes,
including higher blood pressure (BP), while trials and other
intervention studies show that replacing solid fuel cookstoves
with gas or electric alternatives can reduce indoor PM,  to
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levels below the WHO interim air quality guideline of 25 ug/
m?.*~® By providing more consistent heating and reducing
fuel-loading demands on residents, cleaner heating systems
may offer the additional benefit of improved indoor temper-
ature, which is an important determinant of BP and
cardiovascular health.”® Despite these established exposure-
response relationships linking PM, s and indoor temperature to
cardiovascular health, evidence that large-scale household
energy transitions, most of which have focused on cookstoves,
produce measurable health benefits remains limited. This
reflects the challenges of achieving sustained adoption of clean
fuels while minimizing exposure from other pollution sources
and accounting for behavioral changes that may also affect

health.”'°
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In 2015, China launched the Clean Heating Policy (CHP)
to reduce coal use and air pollution emissions while promoting
rural development (Text S1).'" The policy targeted 70% of
rural households in northern China for transition from coal-
based heating to gas- or electric-powered systems through
subsidies for equipment and fuel, combined with restrictions
on coal use. Implementation was staggered across villages, and
by 2021, approximately 36 million households had been
treated, creating an unprecedented opportunity to assess the
policy’s health impacts.> Although previous risk assessments
and ecological studies at township or city scales suggest health
benefits of the CHP, no study has evaluated its effects on
health outcomes using individual-level data while accountin
for secular trends through an appropriate control group.'”’
Following evidence of CHP-driven improvements in indoor air
pollution and indoor temperature, this study capitalizes on the
staggered rollout of the policy across rural Beijing villages to
estimate its impact on adult BP, the leading modifiable risk
factor for the disease burden in China and globally.”>~"”

B METHODS

Study Location

The study was conducted in the Beijing Municipality Region, which
consists of a densely populated urban core surrounded by thousands
of peri-urban and rural villages that extend from flat plains areas to
mountainous terrain. Beijing winters are cold and dry with an average
temperature of —1,1C from 1990—2020, and the minimum reachin§
an average of —7.1C in January, thus necessitating space heating.'
‘While urban households have access to centralized heating, most rural
households use coal- and biomass-fueled heaters and kangs
(combined cooking/heating stove and bed) and electric-powered
heaters for space heating (Figure S1).

Study Design

Data were collected over four winter campaigns: 2018—19 (wave 1,
W1), 2019-20 (W2), 2020-21 (W3), and 2021-22 (W4) (Figure
1). In each wave, trained staff conducted household visits from

Total villages
Treated villages
Total participants
With brachial BP
With central BP |

+— = Houschold visits (questionnaires, blood pressure = Outdoor (community-level) air pollution

instant

= Anthropometrics and biospecimen collectiont +—= Indoor air pollution monitoring

+— = 24-hour personal exposure assessment +— = Indoor temperature monitoring

Figure 1. Overall and wave-specific study participation and data
collection timeline. *Household visits and health measurements were
not conducted in Wave 3 due to restrictions during COVID-19.
Limited environmental monitoring was possible. 'In Wave 4,
anthropometric measures were conducted during household visits to
avoid group contact during COVID-19. Biospecimens were not
collected.

November to January where they administered household and
individual questionnaires, measured BP, and deployed temperature
and air pollution monitors in homes. In W1 and W2, participants were
invited to centrally located clinics in each district where
anthropometrics were measured and biospecimens were collected
several weeks later. Anthropometrics were measured during house-
hold visits in W4 to avoid group contact during the COVID-19
pandemic, and biospecimens were not collected. Environmental
monitoring equipment and BP monitors were stored in climate-

controlled facilities between study waves and tested before the start of
each study wave. Malfunctioning devices were removed from use and
not redeployed until repaired by the manufacturer or according to
manufacturer instructions. Detailed quality assurance and quality
control procedures are published elsewhere."

Village and Participant Recruitment and Enrollment

Villages eligible for but not treated by the CHP were recruited
between December 2018 and January 2019. Initial households (4—$
per village) were selected with help from village guides, and
subsequent homes were recruited via participant referrals and public
encounters. We recruited 10—23 households (median = 20) per
village and randomly selected one eligible participant per household
using a tablet-based tool. Eligible participants were >40 years old,
maintained a primary residence in the village, were not planning to
move within a year, and were not receiving immunotherapy or
corticosteroids. Participants were followed prospectively, as an open
cohort, where some individuals exited the study population and
additional village residents meeting eligibility criteria entered in later
waves. All participants provided written informed consent.

If participants were unavailable or unwilling to continue
participation, staff recruited another eligible household member; if
unsuccessful, we enrolled a new participant from a new household
using the original sampling procedures. Study protocols were
approved by ethics boards at Peking University (IRB000010S2-
18090), Peking Union Medical College Hospital (HS-3184), and
McGill University (A08-ES3-18B).

Data Collection

Staff administered questionnaires to collect information on household
demographics, assets and income, home insulation and structure (e.g,,
number of rooms), stove and fuel use, and participant education,
health behaviors (e.g, exercise frequency, smoking, alcohol con-
sumption), medication use, and clinician-diagnosed health conditions
(Text S2). Assets and income data were used to construct a
household wealth index via principal component analysis.”® Height,
weight, and waist circumference were measured at clinic visits in W1
and W2 and during household visits in W4. Blood serum samples
collected in W1 and W2 during clinic visits were analyzed for total
cholesterol, high- and low-density lipoproteins, and triglycerides.
Personal air pollution exposures were measured over the 24 h
following household visits in a 50% random subsample in W1, W2,
and W4. We additionally measured indoor PM, throughout the
winter heating season in approximately 300 homes per wave in W2,
W3, and W4, and community-level outdoor air pollution was
measured continuously in all study villages (Text S3)."” We aimed
to collect personal and indoor samples in the same households.

Blood Pressure Measurement

Following 5 min of quiet rest, participants’ brachial systolic and
diastolic BP were measured at 1 min intervals in participant homes
using an automated oscillometric device (BP+; Uscom Ltd.,, New
Zealand). This device also estimates central BP from brachial cuff
pressure fluctuations, a method previously validated against invasive
central BP measurements.”’ Monitors were calibrated by the
manufacturer before W1 and W4. BP measurement and quality-
control procedures are described elsewhere.'” Briefly, if the difference
between the last two readings exceeded S mmHg or the device failed
to generate a BP reading, up to five measurements were taken. The
average of the final two measures was used for analysis, unless only
one was obtained (n = 13). Time of day, day of week, and indoor
temperature in the 5 min preceding BP measurement were recorded.
Hypertension was considered present if the participant was clinically
diagnosed with high BP, reported use of antihypertensive medication,
or had a measured SBP > 140 mmHg and/or DBP > 90 mmHg.

Difference-in-Differences

We estimated the impact of the CHP on BP using a difference-in-
differences (DiD) design. Simple comparisons of treated and
untreated (i.e, control) villages after policy implementation could
be biased by unmeasured village-level characteristics (e.g., average
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Table 1. Characteristics of Participants Enrolled in Wave 1 (Baseline) in Villages That Remained Untreated by the Clean
Heating Policy (CHP) during the Study Period Compared with Participants from Villages That Were Treated by Waves 2, 3,
or 4 in the Imputed Data

Summary measure Overall” Untreated Treated Mean difference (SE)b
Number of villages N 50 30 20
Number of participants N 1003 603 400
Age (years) Mean (SD) 60.0 (9.3) 59.9 (9.4) 60.3 (9.1) 0.5 (0.6)
Sex (% female) N (%) 598 (59.6) 358 (59.3) 240 (60.0) 07 (3.2)
Marital Status
Married N (%) 892 (88.9) 543 (90.0) 349 (87.3) 27 (2.1)
Separated or divorced 24 (2.3) 9 (1.6) 14 (3.5) 2.0 (1.1)
Widowed 79 (7.9) 47 (7.7) 33 (8.2) 0.4 (1.8)
Never married 8 (0.8) 4 (0.7) 4 (1.0) 0.3 (0.6)
Tobacco smoking
Current smoker N (%) 260 (25.9) 158 (26.3) 101 (25.3) —1.0 (2.8)
Former smoker 132 (13.2) 72 (11.9) 60 (15.0) 3.1 (22)
Never smoker who lived with smoker 404 (40.2) 241 (40.0) 162 (40.6) 0.6 (3.2)
No exposure to tobacco smoking 208 (20.7) 131 (21.8) 77 (19.1) —2.6 (2.6)
Frequency of alcohol consumption
Never N (%) 548 (54.6) 337 (55.9) 211 (52.6) -32(32)
Occasionally 194 (19.4) 112 (18.6) 82 (20.6) 1.9 (2.6)
Regularly 67 (6.6) 47 (7.7) 20 (5.0) -2.7 (1.6)
Every day 194 (19.4) 107 (17.8) 87 (21.8) 4.0 (2.6)
Exercise frequency
Never N (%) 181 (18.0) 103 (17.1) 77 (19.4) 22 (2.5)
Occasionally 69 (6.9) 42 (6.9) 27 (6.8) —-0.1 (1.6)
Regularly 192 (19.2) 129 (21.4) 63 (15.8) —5.6 (2.5)
Every day 561 (56.0) 329 (54.6) 232 (58.1) 3.5(32)
Farming frequency
Never N (%) 360 (35.9) 223 (36.9) 137 (34.3) -2.7 (3.1)
Occasionally 127 (12.7) 85 (14.1) 42 (10.6) -3.5 (2.1)
Regularly 372 (37.1) 222 (36.7) 150 (37.6) 0.8 (3.1)
Every day 144 (14.4) 74 (12.3) 70 (17.6) 53 (23)
Asset based wealth index
Lowest quintile (<20%) N (%) 201 (20.0) 126 (21.0) 75 (18.6) -23 (2.6)
Second quintile (20 to <40%) 200 (20.0) 129 (21.4) 71 (17.8) —3.6 (2.6)
Third quintile (40 to <60%) 201 (20.0) 112 (18.6) 89 (22.2) 3.6 (2.6)
Fourth quintile (60 to <80%) 200 (19.9) 114 (19.0) 86 (21.4) 24 (2.7)
Highest quintile (80 to 100%) 201 (20.0) 121 (20.1) 80 (19.9) —02 (2.6)
Education
No school N (%) 118 (11.8) 69 (11.4) 49 (12.3) 09 (2.1)
Primary school 766 (76.4) 456 (75.6) 310 (77.6) 2.0 (2.8)
High school or greater 119 (11.8) 78 (13.0) 40 (10.1) -29 (2.1)
Current occupation
Agriculture N (%) 642 (64.0) 373 (61.9) 269 (67.2) 53 (3.1)
Work outside the home 54 (5.4) 35 (5.8) 19 (4.8) —1.0 (1.5)
Work inside the home, retired, or unemployed 255 (25.4) 154 (25.6) 101 (25.1) —-0.5 (2.8)
Other or not stated 52 (52) 41 (6.7) 11 (2.8) -39 (1.3)
Environmental measures
Indoor temperature (°C)“ Mean (SD) 13.7 (3.5) 13.8 (3.6) 13.5 (3.4) —-0.3 (0.2)
Outdoor temperature (cc) —1.4 (14) -1.0 (1.6) —-1.8 (0.8) —-0.8 (0.1)
Mean winter indoor PM, ¢ (ug/m*)¢ Geometric mean (SD) 58.5 (1.4) 56.0 (1.4) 62.6 (1.4) 6.6 (8.9)
Mean winter outdoor PM, g (ﬂg/m\%)c‘f 44.8 (1.4) 449 (1.5) 44.6 (1.3) —-0.3 (0.1)
Health measures
Waist circumference (cm) Mean (SD) 86.9 (10.8) 87.8 (11.0) 85.6 (11.1) -2.2 (0.8)
BMI (kg/m?) 26.1 (3.7) 26.3 (3.8) 25.8 (3.8) —-0.5 (0.3)
Blood pressure
Systolic brachial (mmHg) Mean (SD) 130.3 (15.9) 131.4 (16.8) 128.7 (14.3) -2.7 (1.0)
Systolic central (mmHg) 1246 (15.5) 1256 (162) 1230 (14.1) —26 (1.0)
Diastolic brachial (mmHg) 82.4 (11.5) 82.7 (11.6) 82.1 (11.3) —-0.6 (0.8)
Diastolic central (mmHg) 83.5 (11.6) 83.7 (11.6) 83.1 (11.5) —0.6 (0.8)
Brachial PP (mmHg) 47.9 (11.3) 48.7 (11.8) 46.6 (10.4) -2.1 (0.7)
Central PP (mmHg) 41.1 (10.6) 419 (10.9) 39.9 (10.1) ~2.0 (0.7)
C https://doi.org/10.1021/EHP.6c00053
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Table 1. continued

Summary measure Overall” Untreated Treated Mean difference (SE)b
Antihypertensive medication use N (%) 466 (46.5) 302 (50.0) 165 (41.2) —-8.8 (3.8)
High BP* N (%) 674 (67.2) 417 (69.1) 257 (64.3) -4.8 (3.6)¢

“The ‘Overall’ column value may differ from the sum of ‘Untreated’ and “Treated’ values due to rounding when summarizing the sample size across
imputed data sets. “Calculated as the difference in means/proportions between ‘Treated’ and ‘Untreated’ villages for each of the 30 imputed data
sets. Differences and standard exrors were pooled across data sets according to Rubin’s Rules.”® “Measured in participant homes in the 5 min before
blood pressure measurement. 9Data are from the National Oceanlc and Atmospheric Administration (NOAA). “Average of real-time PM,
measurements, taken every minute, from January 15 to March 15./Because this was a village-level measurement, summary statistics were calculated
at the village level. The corresponding village sample sizes are reported in the first row. *High BP was defined as SBP > 140 mmHg, DBP > 90
mmHg, self-reported physician diagnosis of hypertension, and/or use of antihypertensive medication.

Never Treated Treated 2019 Treated 2020 Treated 2021
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Figure 2. Any use (darker line) and exclusive use (lighter line) of coal, electricity, and biomass for household heating by treatment cohort (column
names) and time (horizontal axis). Heating fuel type is indicated by the vertical axis title. Note: Trend lines from 2019 to 2021 were omitted to
avoid inferring a continuous trend across 2020, when data were not collected due to the COVID-19 pandemic.

winter temperature, altitude, wealth, pre-existing health conditions) errors were combined using Rubin’s rules to account for within- and
that affect BP. Likewise, comparing only treated villages before and between-imputation variance (Tables S1—S2, Figure S3). 26

after the policy could introduce bias if factors unrelated to the CHP
affect BP trends across all villages over time (i.e., secular trends). The
DiD design addresses these issues by comparing changes in BP in A two-way fixed effects model is commonly used in DiD analysis, but
treated villages before and after policy implementation with the can yield biased estlmateszz/vzféen treatment effects vary across groups
corresponding changes in control villages over the same time period. treated at different times. Thus, we used an ‘extended’ two-way
This approach controls for unmeasured, time-invariant differences fixed effects (ETWFE) model that accommodates the policy’s

between villages as well as broader secular trends in BP unrelated to staggered implementation and estimates the average treatment effect
the policy. on the treated (ATT) for each cohort r at each post-treatment time

s—i.e., ATT(r,s).”® These effects were estimated using pooled linear
Covariates regression:

Statistical Analysis

DiD assumes parallel outcome trends across groups of villages treated

T T T T
at the same time (i.e., ‘cohorts’ of villages) in the absence of the Y =«
L =a+ d + s, + t,(d Xfs)+ Z, + ¢
CHP.** To improve both the credibility of this assumption and m Z/}r ’ 2 i Z 2 wld X f) e

precision, we adjusted models for strong time-varying predictors of BP 1 = e
unlikely affected by the CHP.”*** Models for all BP outcomes were where Y, is the BP outcome for individual i in village v at time t; a
adjusted for sex, age, waist circumference, residential exposure to is the intercept; d, and fs, are fixed effects for cohorts r and survey
tobacco smoke, and alcohol consumption frequency. Covariate waves s, respectively; g is the first year of policy enrollment; 7,, are
selection was guided by directed acyclic graphs (DAGs) developed cohort-time ATTs; Z,,, is a vector of covariates; ¢, is the idiosyncratic
from prior literature and expert knowledge (Figure S2). error; and T indicates the final study year, 2021. We report cohort-
Participants who did not attend the clinic visit in W1 and W2 time-specific ATTs and the overall ATT, calculated as a weighted
(17%) were missing waist circumference measurements. Thus, we average of cohort-time estimates with weights proportional to the
used multiple imputation with chained equations to impute missing cohort size treated at time t.*” Separate regressions were estimated for
values and retain observations in covariate-adjusted models (mice each BP outcome in RStudio using the ‘fixest’ package, and the overall
package in RStudio, m = 30 data sets, with 30 iterations).”® Analysis ATT was obtained using marginal effects with the ‘marginal effects’
was performed on each imputed data set. Estimates and standard package.’* ™ Standard errors were clustered at the village level. We
D https://doi.org/10.1021/EHP.6c00053
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used joint F-tests to test for differences across cohort-time ATTs, and
we also tested for effect heterogeneity by age (>6Sy/<6Sy),
hypertension status (yes/no), antihypertensive medication use (yes/
no), and sex (male/female). Each variable was added to separate
regression models with interactions between the modifier, cohort and
time fixed effects, and the cohort-time ATT term.

Sensitivity analyses restricted the sample to participants enrolled in
W1; restricted the sample to participants with BP measurements in
W1, W2, and W4; used only measured (nonimputed) data; and
additionally adjusted for blood lipids and antihypertensive medication
use in separate models.

B RESULTS

Village Enrollment and Participant Characteristics

Fifty villages were recruited at baseline, of which 20 were
subsequently treated by the CHP across three cohorts: 10 in
W2, 7 in W3, and 3 in W4 (Figure S4). Individual
measurements were not collected in W3 due to COVID-19
disruptions, so analyses included data from W1, W2, and W4.
All villages were retained throughout the study with no cluster-
level attrition. In total, 1,438 participants from 1,236
households were recruited, and participant sample sizes ranged
from 1,003 to 1,028 across study waves (Figure 1). Of these,
1,423 (99%) participants contributed a BP measurement and
were included in the analysis, with 601 (42%) participating in
all three waves, 457 (32%) in two waves, and 365 (26%) in one
wave. There were no systematic differences between
participants who contributed to a different number of waves
(Table S3).

At baseline, mean participant age was 60 years and 60% were
female (Table 1). Most participants (66%) either smoked or
lived with a smoker, and 64% worked in agriculture.
Approximately two-thirds had hypertension, and 46% of
those diagnosed reported taking antihypertensive medication.
Baseline socio-demographic and health characteristics were
similar between participants in CHP-treated villages versus
untreated villages.

Mean BP trends over the first two waves were visually
similar and statistically indistinguishable between untreated
villages and those treated in the latter two waves (p for
homogeneity = 0.6 to 0.9) (Figure SS), supporting the
assumption of parallel trends in the absence of the CHP.

Policy Uptake, Indoor Air Quality, and Indoor
Temperature

The CHP reduced household coal use and increased the
adoption of electric heating in treated villages. In villages first
treated by the policy in 2019, coal heating declined from 91.0%
of households in W1 to 9.5% in W2 and 1.9% in W4 (Figure 2,
Table S4). Correspondingly, electric heating increased from
47.5% (0.0% exclusive) in W1 to 90.1% (26.0% exclusive) in
W2 and 98.1% (42.0% exclusive) in W4. We observed similar
energy trends in villages first treated by the CHP in 2020.
Uptake of exclusive electric heating was lower in the three
villages first treated in 2021 (18.0% in W4). In villages that
remained untreated by the policy, exclusive electric heating
increased from 3.3% to 19.5% during the study period and coal
heating remained common (66.0% of households in W4).
Biomass use, though not explicitly targeted by the CHP,
decreased slightly across treatment cohorts but remained most
prevalent in villages first treated in 2021 (75.0% in 2021-
treated villages versus 56.0% in villages treated in 2019 or 2020
in W4). At follow-up, exclusive biomass use was uncommon,
comprising 0.0—0.7% of households in treated villages and

1.5% of households in untreated villages. The quantity of self-
reported biomass used for heating also declined over the study
period in all villages except for those first treated in 2021,
where it increased from g/pproximately 1.6 tons in W1 to 2.2
tons in W4 (Figure S6)."

Average winter outdoor PM,; concentrations declined
throughout the study, but changes were not attributable to
the CHP.'” Average winter indoor PM, 5 decreased from W2
to W4 (Figure S7, Table S5), with CHP-driven reductions of
20.3 ug/m* (95% CI: —37.5, —3.0). No corresponding
reductions were observed in 24-h personal PM,  exposure
among villages treated by the CHP."

The CHP increased indoor temperature measured before BP
by approximately 1.9°C (95% CIL: 0.9, 2.9), with average
temperatures in treated homes reaching 18°C at follow-up
(Figure S7, Table S85)."” Over the same period, untreated
villages also experienced a secular increase in indoor
temperature, from 13.8°C to 16.1°C.

Further details on policy uptake and impacts on coal use,
indoor temperature, and air quality are reported elsewhere.'”

Policy Impacts on BP

Treatment by the CHP reduced systolic (brachial: —1.4
mmHg, 95% CI: —3.3, 0.5; central: —1.5 mmHg, 95% CI:
—3.3, 0.4) and diastolic BP (brachial/central: —1.6 mmHg,
95% CI: —2.9, —0.3). Estimates of diastolic BP reductions were
more precise than systolic, where changes in systolic BP were
compatible with modest reductions and little to no change. No
changes were observed for pulse pressure (Figure 3, Table S6).

Brachial SBP Central SBP
N = 3082 obs from 1423 ptcs N = 3081 obs from 1423 ptcs
1 1
DiD
Adjusted DiD* : —_—
1 1
Brachial DBP Central DBP
N = 3082 obs from 1423 ptcs N = 3081 obs from 1423 ptcs
1 1
DiD —_— —_—
Adjusted DID*  ————e— | —_—
1 1
-3 -2 -1 0 1 -3 -2 -1 0 1

Average treatment effect on the treated (mmHg)

Figure 3. Overall average treatment effects on the treated and 95%
confidence intervals for the effect of the Clean Heating Policy on
blood pressure in the imputed data. Note: DBP, diastolic blood
pressure; DiD, difference-in-differences; mmHg, millimeters of
mercury; obs, observations; ptcs, participants; SBP, systolic blood
pressure. *Adjusted for age (continuous), sex (binary), waist
circumference (continuous), smoking (categorical), and alcohol
consumption (categorical).

The CHP’s effect on BP varied by treatment cohort (Figure
4, Table S7). BP reductions were larger in villages first treated
in 2019 and 2020 compared with those treated later in 2021.
For example, in the year of treatment, the CHP reduced
central DBP by 2.5 mmHg (95% CI: —4.4, —0.7) in villages
first treated in 2019 but increased central DBP by 1.1 mmHg
(95% CI: 0.0, 2.2) in villages first treated in 2021 (p-value for
test of homogeneity <0.0001). We observed similar cohort-
specific trends in treatment effects for all measures of SBP and
DBP, but there was less evidence of differential effects by
cohort for pulse pressure (p-values for homogeneity = 0.18—
0.31).

We did not observe effect heterogeneity for SBP or DBP by
sex, age (>65y), hypertension status, or use of antihypertensive
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Treated 2019, Year 2021 —_— —_——

Treated 2020, Year 2021 ————— —_—

Treated 2021, Year 2021 »—:—o—- .—:—.—-
Brachial DBP Central DBP
N = 3082 obs from 1423 ptcs N = 3081 obs from 1423 ptcs
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Figure 4. Covariate-adjusted cohort-time average treatment effects on
the treated (ATTs) and 95% confidence intervals for the effect of the
Clean Heating Policy on blood pressure in the imputed data. F-
statistics (F) and p-values are provided for joint tests of equality
across cohort-time ATTs. Note: DBP, diastolic blood pressure;
mmHg, millimeters of mercury; obs, observations; ptcs, participants;
SBP, systolic blood pressure. All results were adjusted for age
(continuous), sex (binary), waist circumference (continuous),
smoking (categorical), and alcohol consumption (categorical).

medication (p-values = 0.4 to 0.9) (Figure S8). Results were
consistent after restricting the analysis to participants enrolled
at baseline (Table S8) and to participants with BP measure-
ments in all study waves (Table S9). They also did not
meaningfully change when using observed rather than imputed
covariate data (Table S10) and were robust to additional
covariate adjustment for blood lipids and use of antihyperten-
sive medication (Tables S11 and S12).

B DISCUSSION

Our study provides evidence that household energy policies
can yield cardiovascular benefits. Adults in CHP-treated
villages experienced modest but consistent reductions in
systolic and diastolic BP that persisted over at least two
years of follow-up, with evidence of heterogeneity by treatment
cohort. Although household energy transitions are central to
global clean energy and public health agendas, population-level
evidence of their health benefits remains limited. The CHP is
one of the largest, most comprehensive, and most rapidly
implemented household energy policies to date, and our
findings suggest it was associated with measurable improve-
ments in a key cardiovascular risk factor in rural Beijing.

The observed BP reductions (1.4 mmHg systolic, 1.6 mmHg
diastolic) in our study align with randomized and controlled
observational studies in Guatemala, Nigeria, and Ghana, which
reported similar BP reductions (—3.7 to —0.1 mmHg)
following biomass chimney or ethanol cookstove interven-
tions.>® In contrast, LPG stove trials in older adults in Peru and
in pregnant women in a multicountry trial (Guatemala, India,
Peru, and Rwanda) found no improvements in BP despite
substantial reductions in PM, s exposures (46—75 ug/m?),
although observational analyses within these studies reported
1.6—2.0 mmHg higher systolic BP among participants in the
highest versus lowest quartiles of PM, and black carbon
exposure.”**° Differences in participant demographics and
pollutant profiles (e.g., unmeasured NO, from LPG stoves), as
well as their shorter follow-up periods of < 1 year, may explain
the discrepancy between these findings and our results.

To our knowledge, no other studies have examined the
CHP’s health impacts using individual-level data. Our results
align with a recent township-level analysis reporting a 6.6%

(95% CI: —12.3, —0.8) reduction in acute myocardial
infarction incidence in Beijing townships where >50% of
villages were treated by the CHP for 3—4 years, compared with
townsh'lps where a smaller proportion of villages were
treated.”” In contrast, a city-scale study observed small
reductions in physician-diagnosed respiratory disease but no
CVD change in CHP pilot cities, though follow-up was limited
to one year and changes in clinical CVD events may require a
longer response time.'* Although the 1.4—1.6 mmHg
reductions in BP observed in our study may have limited
clinical significance for individuals, the population health
implications are large given the tens of millions of households
treated by the CHP and the relationship of BP with CVD,
chronic kidney disease, and diabetes.’”

We observed heterogeneity in BP effects by treatment year,
with larger reductions among earlier-treated cohorts than
among villages first treated in 2021. A possible explanation is
variation in post-implementation heating practices across
cohorts. Although heat pump uptake and coal suspension
were very high overall, villages in the 2021 cohort were more
likely to continue using biomass.'” Continued indoor biomass
burning, which was not targeted by the policy, may have
attenuated reductions in air pollution and associated BP
benefits. We also observed smaller increases in indoor
temperature in the 2021 cohort compared with earlier cohorts,
which may have further reduced BP benefits.'” Interpreting
these cohort-specific effects is further complicated by the
COVID-19 pandemic, which coincided with CHP enrollment
of the 2020 and 2021 cohorts. Although we found no evidence
that the pandemic disrupted CHP implementation, differential
effects of the pandemic across treated cohorts could have
contributed to the observed heterogeneity.

We did not observe differences in policy impacts by age, sex,
hypertension status, or antihypertensive medication use,
though subgroup-specific uncertainty intervals were wide,
reflecting limited power to detect heterogeneity. In contrast,
several cookstove intervention studies observed greater BP
benefits among older individuals (>S50 years) and those with
higher baseline BP and chronic conditions.”® Older adults and
individuals with preexisting cardiovascular disease may be
more susceptible to air pollution and thus benefit most from
air pollution interventions, though potential health benefits
may also depend on pollutant characteristics, including their
source, toxicity, and chemical composition.*”

Heating stove interventions could benefit BP by reducing
levels of household air pollution and improving indoor
temperature. Inhaled PM, g triggers pulmonary inflammation
that can extend systemically, causing endothelial dysfunction
and impaired vasodilation.”” Cold exposure and PM, also
increase sympathetic activity and release catecholamines,
promoting vasoconstriction and increased BP.**' Cold-
related physiological changes in skin vasomotor tone, blood
viscosity, erythrocyte deformability, and sodium retention may
further increase BP."' The combined policy-driven changes in
indoor temperature and air quality may thus explain BP
reductions in our study that were unobserved in other solid
fuel cooking interventions.'” Since heating is continuous
throughout the winter, heating interventions may provide
more consistent emissions reductions than cooking inter-
ventions which typically target shorter exposure periods.*’

The effects of the CHP on air pollution and indoor
temperature are described in detail elsewhere.'> Briefly,
although we observed reductions in indoor PM, in CHP-
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treated villages, estimates for personal PM, s exposure were
compatible with both increases and decreases of approximately
20 pug/m’, a finding that may reflect the limitations of a single
24-h measurement for capturing longer-term changes in
heating-related exposure across the winter season.”” In
contrast, the CHP increased average indoor temperatures by
nearly 2 °C, suggesting more consistent improvements in
household thermal environments.

The validity of our estimation approach rests on crucial
assumptions of no differential treatment anticipation between
cohorts, parallel outcome trends across cohorts in the absence
of the CHP, and no cointerventions differentially affecting
BP.*” These assumptions cannot be empirically verified but are
plausible in this study. Villages could be assigned to or apply
for the CHP but were generally unaware of whether or when
they would be treated. We observed similar pretreatment BP
trajectories in untreated villages and those first treated in 2020
and 2021, supporting the use of untreated villages as a
counterfactual. Finally, annual interviews with village leaders
identified no other policies during the study period that would
have differentially affected BP across treatment cohorts.

A primary strength of this study is the use of a DiD design to
evaluate a policy as implemented, which would be cost-
prohibitive and logistically challenging in an experimental
design of similar scale. The double-differencing approach
accounts for fixed differences between treatment cohorts (e.g.,
genetics, medical history) and secular time trends affecting BP,
which were not often captured in previous observational
studies.”” BP was measured objectively, minimizing potential
measurement error regardless of knowledge of treatment
status, and all 50 villages were retained over four years despite
COVID-19-related disruptions. Except for two recent studies,
our sample of over 1,400 participants was larger than previous
work, and sensitivity analyses restricted to participants enrolled
at baseline and those with measurements across all waves
indicated that compositional changes in the study sample had
minimal impact on results.”*** Moreover, because our primary
interest was in the effect of village-level CHP treatment on the
resident population’s BP over time, individual entry into and
exit from the analytic cohort reflected the dynamic population
of interest rather than study attrition.*

Several limitations warrant consideration. We controlled for
strong predictors of BP but cannot rule out confounding by
unmeasured time-varying factors that differed by treatment
status. For example, dietary intake was not measured, although
it is unlikely to have changed differentially between treated and
untreated villages unless it was affected by the policy itself.”’
Similar baseline characteristics and preintervention BP trends
reduce the likelihood of substantial time-varying confounding,
and additional adjustment for cholesterol and blood lipids did
not materially change results. Other short-term behavioral
predictors of BP, like sleep and exercise, did not change
differentially by cohort or over time, and thus, were not
regarded as confounders. Similarly, outdoor temperature was
not expected to systematically differ by CHP treatment cohort,
and we did not adjust for indoor temperature since it was likely
to be affected by the CHP. Our sampling approach relied, in
part, on participant recruitment from public spaces, which may
limit generalizability to less socially active or less healthy adults
in rural Beijing. Village guides also directed staff to winter-
occupied homes, and in many villages, recruitment approached
a census of households, suggesting that the study population
remained broadly representative of the participating villages.

Although a recent validation study found systematic differences
between Uscom BP+ cuff-estimated central BP and invasively
measured central BP, any bias is likely consistent over time and
nondifferential between treatment groups, making bias in ATT
estimates for central BP unlikely.* Finally, while BP was
measured in nearly all (99%) participants, we used multiple
imputation to avoid dropping ~17% of observations with
missing covariates. Analyses of nonimputed data did not
change the results.

COVID-19 also warrants consideration because it began at
the end of W2 data collection and coincided with the
treatment periods of the 2020 and 2021 cohorts. Throughout
this period, China maintained a nationally standardized Zero-
COVID policy that remained in effect until December 2022."’
Measures including intensive contact tracing, mass testing,
travel restrictions, centralized quarantines, and localized
lockdowns were intended to contain outbreaks while
maintaining social and economic activity.*® Consistent with
this, CHP implementation does not appear to have been
substantially disrupted by the pandemic, as villages continued
to be treated by the policy in 2020 and 2021. Because
pandemic control measures were implemented according to
national directives, villages across Beijing were likely affected in
broadly similar ways.” However, we cannot exclude the
possibility that the pandemic influenced heating behaviors or
other factors differently across treatment cohorts. Such
differences, if related to BP, could contribute to cohort-specific
effects observed during 2020—2022 and complicate attribution
of these effects solely to CHP implementation.

China’s investments in rural electrification, heating technol-
ogy, and rural development facilitated the CHP’s success in
substituting coal-based heating with electricity. Substantial
rural electrification began after 1950, with centralized grid
expansion and modernization since the late 1990s.°" Full
electrification of rural areas was achieved by 2015, laying a
strong infrastructure base for shifting to electric-powered
household energy.” Clean heating devices including direct
electric heaters, thermal storage units, and heat pumps were
piloted in Beijing for their efficiency and residential accept-
ability prior to deploying heat pumps.’’ The policy’s dual
approach of coal restriction and subsidized electricity and
heating technologies responded to widespread calls for more
nuanced household energy interventions that went beyond
single-stove solutions and considered contextual factors.'® By
integrating multiple strategies, this ‘package approach’
addressed solid fuel suspension, a persistent barrier to attaining
the environmental and health benefits of clean household
energy.52 However, continued biomass use, which was not
targeted by the CHP, could attenuate long-term health gains.

The CHP specifically applied to rural areas surrounding the
“2 + 267 cities with historically high wintertime outdoor
PM,.”* The extent to which our findings generalize beyond
rural Beijing depends, at a minimum, on the comparability of
CHP implementation across regions. Although the policy was
guided by national objectives, local governments had discretion
over key implementation decisions, including stove subsidy
levels and technologies, infrastructure investments, and
electricity pricing.”* Subsidies in Beijing may have covered a
greater proportion of clean heating transition costs than other
northern provinces, and thus, the impacts in our Beijing study
villages may not directly generalize to all regions with the
policy.ss’56 Differences in subsidies, supporting infrastructure,
population characteristics, and sustained adoption of clean
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heating technologies may influence PM, s and indoor temper-
ature exposures and, consequently, associated BP benefits.’®
These factors should be considered when interpreting the
broader applicability of our findings.

Our findings may also be relevant for populations in
Mongolia, South America, eastern Europe, and other parts of
Asia where solid fuel heating remains common.”” However,
similar policies may achieve environmental and health benefits
more effectively when adapted to local conditions, including
through a combination of interventions, device performance
testing, and supporting infrastructure improvements. Although
previous work suggests that villages across socioeconomic
strata benefited from the CHP, wealthier villages may have
been better positioned to afford the transition to electricity.'®
Since our study villages were farther from Beijing’s urban core
and generally of lower socioeconomic status than villages
treated earlier, our findings may not generalize to more
urbanized and wealthier villages treated between 2015 and
2018. Finally, our findings suggest that the BP benefits under
the CHP were achieved within the existing policy package and
may depend on sustained implementation of its core
components. However, because our analysis does not identify
the specific mechanisms underlying the weaker effects
observed in the later treated cohort, the results do not support
specific recommendations regarding subsidy design or other
policy modifications.

B CONCLUSIONS

The CHP produced small but measurable reductions in BP
among adults in rural Beijing. Large-scale clean household
energy policies like the CHP may yield population-level
cardiovascular benefits that complement high-risk prevention
strategies. In comparison with smaller-scale trials conducted
under relatively controlled conditions, this evaluation of a
large-scale, policy-driven transition provides important evi-
dence for operationalizing sustainable development and
improving population health.
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