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1. Details of the household energy survey

We applied the following procedure to ensure the representativeness of our survey sample for
studying the winter heating renovation that has been rolled out in North China in recent years and
is planned to continue in the years to come (i.e., the next five to ten years). Our budget allowed us
to survey no more than three thousand households (or less than 375 villages if we interviewed
eight households in each village) in the Linfen prefecture-level city. We leveraged one key variable,
population density, which is highly correlated with the cost of renovation (and hence, the
propensity of receiving renovation sooner), as a threshold to create our study sample. This is
because villages with high population density are usually close to the existing infrastructure,
reducing the cost of utility network extension, whereas townships with too sparse population
would be too costly to implement the renovation. Since population density data were only available
at the township level (the lowest administrative level in China), we used a population density
threshold (184 km™2) to identify rural towns (xiangzhen in Chinese) in North China that are likely
to be prioritized for renovation. Areas above this threshold cover 70% of the rural population in
North China, consistent with the overall goal of the renovation. Out of 151 towns in Linfen, 67
towns are above the threshold, constituting 72% of Linfen’s total rural population (3.6 million).
The average population density of sampled towns in Linfen is 527 km2, comparable to 595 km™
for the average value in North China. Eighty-five percent of Linfen’s villages that had renovation
by the end of 2018 are in these towns. We then acquired a full list of villages in the 67 towns and
randomly selected 345 villages to survey (the number of villages that we sample from a given town
is calculated by dividing the town population by 75,000). In the selection procedure, we put a

double weight on the villages that have already been renovated, because only 28% of the villages
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were renovated by the end of 2018 and we needed a sufficient sample size of renovated households
to study the cost of completed renovation.

We successfully visited 338 out of 345 villages and surveyed 2,660 households (7.87 households
per village on average, close to the planned eight households per village) in two rounds (first round:
328 households in December 2018; second round: 2,332 households in February 2019). We further
surveyed 210 households when conducting household exposure measurements in early March.
Among all the 2,870 surveyed households, 21 households were not willing or able to provide
certain key information, e.g., renovation status and heating equipment type, and 88 households
claimed that they completed renovation without government support before 2017, leaving 2,761
valid sample households (96%) for our study.

We recruited 60 local university students as enumerators and organized a training workshop with
a mock survey section before starting the survey. To gain trust and solicit real information from
surveyed households, we encouraged the enumerators to use local dialect during the interview and
explained that the survey was anonymous for a pure research project, so the interviewees should
respond truthfully and not worry that their identity would be revealed or their opinions would
affect any local policy changes in the future. During the interview, we required the enumerator to
verify whether the key information about heating and cooking equipment in use (e.g., type, size,
and location) was consistent with the description by the interviewee. The indoor and outdoor

temperature and humidity were also recorded by the enumerator.
2. Supplementary information of air pollutant emissions

As described in the main text, we use the 2017 anthropogenic emission inventory developed by
Tsinghua University School of Environment! except for the household sector in Linfen, for which

the emissions before and after renovation are updated using the household energy consumption
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obtained from our survey (Figure S1). Due to the limitation of resources, we did not measure the
emission factors in this area but used the existing emission factors in the Tsinghua University
School of Environment inventory=. Note that the SO, emission factors from coal stove vary with
region-specific sulfur content, which to some extent captures local characteristics in the region of
interest. Local measurements of emission factors in future studies could enable a more accurate
assessment of the emission reduction caused by the renovation. In our inventory, the NOx emission
factors for residential coal stove, biomass stove, and natural gas stove are 90 g/GJ, 79 g/GJ, and
37 g/GJ, respectively® 4. This means that natural gas stove has a lower emission factor than coal
and biomass stoves. We also examined the emission factors used in two widely used databases,
the AP-42 emission factor database® developed by U.S. Environmental Protection Agency, and the
Greenhouse gas — Air pollution Interactions and Synergies Asia (GAINS-Asia) model® developed
by the International Institute for Applied Systems Analysis (IIASA). In AP-42, the NOx emission
factors for residential coal stove, biomass stove, and natural gas stove are 193 g/GJ, 90 g/GJ, and
39 g/GJ, respectively, and the corresponding values in GAINS-Asia are 100 g/GJ, 72 g/GJ, and 23
g/GJ, respectively. Besides these widely used databases, Cai et al.” summarized the emission
factors for coal and biomass stoves used in many other studies in China and found that the emission
factors for coal stove range between 31 and 126 g/GJ (86 g/GJ on average) while those for biomass
stove range between 49 and 176 g/GJ (118 g/GJ on average). Traynor et al.® summarized the
emission measurements of a series of residential natural gas appliances and found that the NOy
emission factors range between 26 and 53 g/GJ (42 g/GJ on average). Based on the above data, we
conclude that the emission factor of natural gas stove is most likely lower than those of coal or
biomass stoves. Note that all these emission factors are based on the heat value of fuels.

Considering that natural gas stove usually has a higher thermal efficiency than coal and biomass
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stoves, the replacement of coal or biomass with natural gas may bring an even larger fractional
reduction in NOx emissions than that expected from the difference in emission factors.

We estimate the emission increase from power plants due to the electricity renovation based on
the increased electricity usage obtained in our survey. We assume that the additional electricity is
generated locally in Linfen. Considering a transmission loss of 6.5%, the average rate in 2017°,
the increase of electricity generation due to the projected electricity renovation accounts for 14%
of the 2017 total electricity generation in Linfen. For the added power generation capacity, the
power mix (96.7% electricity from coal-fired power plants'®) and emission factors' 2 are assumed
to be the same as the average levels in Linfen. Our estimate shows that the increase of any air
pollutant emissions due to the increased power generation represents less than 1.5% of the total
emissions in Linfen.

Figure S3 shows air pollutant emissions in Linfen before and after the renovation. The emissions
from projected natural gas renovation and electricity renovation are generally similar, though there
are certain small differences. The main reason is that the emission increases due to either natural
gas combustion in the gas renovation scenario or power generation in the electricity renovation
scenario are usually much smaller than the emission reductions due to the elimination of solid
fuels. Specifically, for gas renovation, the emissions of PM2s, SO2, and NMVOCs from natural
gas combustion are negligible compared with those from solid-fuel use. The NOx emissions from
natural gas combustion could account for about 30% of those from solid-fuel use (this has
accounted for the effect of lower emission factor and high energy efficiency of natural gas
combustion), but the resulting difference in total NOx emissions between gas and electricity
renovation is small since household-fuel use constitutes only less than 10% of the total NOx

emissions. For electricity renovation, the emission increase of any air pollutant due to increased
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power generation represents less than 1.5% of the total emissions in Linfen. As a result, the air
pollutant emissions after the renovation are quite similar regardless of the selected technology

pathway.
3. Configuration and evaluation of the CMAQ simulations

As described in the main text, we use the Community Multiscale Air Quality Model (CMAQ)
configured with the Two-Dimensional Volatility Basis Set (2D-VBS) to simulate the ambient
PM25 concentrations before and after the heating renovation. It is noted that, while the heating
renovation only rolled out in rural areas and hence our survey was only conducted in the
countryside, the renovation changes the emissions of air pollutants which affect the PM2s
concentrations in both urban and rural areas through atmospheric transport and diffusion. The
CMAQ model thus captures the changes in PM2s concentrations in both urban and rural areas.
This version of CMAQ model we use was developed in our previous study*! by incorporating the
2D-VBS model framework into the default CMAQ model. Compared with the default CMAQ, this
version explicitly simulates aging of secondary organic aerosol (SOA) formed from non-methane
volatile organic compounds (NMVOCs), aging of primary organic aerosol (POA), and
photooxidation of intermediate-volatility organic compounds (IVOCs), thereby significantly
improving the simulation results of organic aerosol (OA), particularly SOA. We use the SAPRC99
gas-phase chemistry module and the AERO6 aerosol module except that the treatment of OA is
replaced with the 2D-VBS framework. The aerosol thermodynamics is based on ISORROPIA-II.
The chemical initial and boundary conditions for Domain 1 are kept constant as the model default
profile, and those for Domains 2 and 3 are extracted from the outputs of their immediate outer
domains. A 5-day spin-up period is used to reduce the influence of initial conditions on modeling

results. The biogenic emissions are calculated online using the Model of Emissions of Gases and
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Aerosols from Nature (MEGAN)*2. The Weather Research and Forecasting Model (WRF, version
3.7) is used to generate the meteorological fields. The meteorological initial and boundary
conditions are generated from the Final Operational Global Analysis data (ds083.2) of the National
Center for Environmental Prediction (NCEP) at a 1.0°%1.0° and 6-h resolution. The NCEP’s
Automated Data Processing (ADP) data (ds351.0 and ds461.0) are used in objective analysis (i.e.,
grid nudging). The physical options and vertical resolution of WRF and CMAQ are the same as
Zhao et al.®3,

We compare the meteorological predictions with observational data obtained from the National
Climatic Data Center (NCDC), where hourly or 3-hour observations of wind speed at 10 m
(WS10), temperature at 2 m (T2), and water vapor mixing ratio at 2 m (Q2) are available for
surface meteorological sites. We apply a number of statistical indices to quantitatively evaluate
the model performance, as summarized in Supplementary Table 3. These indices include mean
observation (Mean OBS), mean simulation (Mean SIM), mean bias (MB), gross error (GE), root
mean square error (RMSE), systematic RMSE (sys RMSE), unsystematic RMSE (unsys RMSE),
and index of agreement (IOA), which are defined in Emery et al.}*. In general, the model
predictions agree fairly well with surface meteorological observations. The performance statistics
for WS10, T2, and Q2 are all within the benchmark ranges proposed by Emery et al.'* except that
the MB and GE of summertime Q2 (—1.18 and 2.18 g kg™?) slightly exceed the benchmarks (< £1
and <2 g kg™?).

We evaluate simulated concentrations of PM25s, SO2, NO2, and Oz using surface observations
from the Ministry of Ecology and Environment of China (MEE) obtained through a repository
website (http://beijingair.sinaapp.com). There are 117 sites in 2017 within the innermost modeling

domain (Domain 3), which are used for model evaluation. Statistics of model performance are
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summarized in Supplementary Table 4. The statistical indices used include Mean OBS, Mean SIM,
normalized mean bias (NMB), normalized mean error (NME), mean fractional bias (MFB), and
mean fractional error (MFE), as documented in previous studies® 6, The CMAQ-simulated PM2s
concentrations agree reasonably well with observations, with an annual NMB of —0.4% and
seasonal NMBs within £30%. The performance statistics for PM2s generally meet the model
performance goal (i.e., MFB within £30% and MFE < 50%) proposed by Boylan and Russell®,
indicating an overall good model-measurement agreement.

Regarding the chemical compositions of PM2s, we do not have access to observational data
within the inner modeling domain during the simulation period. However, in a recent study® we
compared simulation results based on exactly the same model configurations with PMas
composition observations in Beijing (which is located in the outer domain) during the same
simulation period and showed reasonably good model-measurement agreement. We also
compared simulation results based on the same configurations with composition observations at
more sites across China during 2010 and 2011 and further demonstrated the reliability of the model
in simulating PM2 s compositions.

4. Details of the household PM2s measurements

The measurements were carried out according to the following procedures. The enumerator first
explained the instructions and requirements for participating in our research, and the participant
had to read and sign the consent form before the measurement. The enumerator then turned on the
wearable PM2s sensor and recorded the outdoor PM2s concentration. The participant was then
required to wear the sensor (or keep the sensor beside his/her bed during sleep) in the next 24 hours
and record the time intervals they were located in each of eight microenvironments (i.e., outdoor,

outside kitchen, inside kitchen, living room, bedroom, outside bathroom, inside bathroom, and
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other indoor). In the next day, the enumerator returned to the surveyed household and again
recorded the outdoor PM2 s concentration.

We conducted measurements in 210 households in the 2019 winter (early March), and the
participants in 188 of them followed our instructions closely and generated valid PM2 s data. We
successfully paid back-visits and collected valid PM2s measurements in the 2019 summer (mid-
August) from 138 households. We monitored the PM2.s exposure concentrations using the Oneair
CP-15-A4 sensor—a small, lightweight, and portable sensor based on light scattering technique
(see Liu et al.}” for more details). It measures PM2s concentrations in real-time and records data
every minute. We carefully calibrated the sensors before being used to measure PM2s mass
concentrations, as detailed below. After each sampling, we exported the data to a computer and
checked and recharged the instruments before the next measurement.

We calculate the daily average exposure concentration of each participant from time-resolved
PM25 concentration measurements for 24 hours and estimate the mean exposure concentration in
winter and summer for each population group (Figure 2). We attribute the time-resolved PM_ 5
exposure concentrations to different microenvironments based on the time-activity pattern
recorded by the participants during the tests to arrive at exposure concentrations that take into
account the time spent in different microenvironments. For calculation of HAP,, we subtract the
ambient concentrations from the concentrations in all microenvironments (see Eg. 1 and
explanations). We estimate the HAP, for three population groups, including those using clean
energy for both heating and cooking, those using solid fuels for heating but clean energy for
cooking, and those using solid fuels for both heating and cooking. Very few households use solid
fuels for cooking but clean energy for heating according to our survey, thus such households are

included in the category that uses solid fuels for both heating and cooking. We estimate annual
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mean HAP, based on winter (heating season) and summer (non-heating season) values by
assuming that the heating season lasts five months a year.

We do the calibration of the Oneair CP-15-A4 sensor in the following two steps. First, we
challenge all 40 sensors used in this study with laboratory-generated particles with a concentration
increasing gradually from about 20 to 700 pg m™3. The results indicate that the measured
concentrations by different sensors have a strong linear correlation, with a correlation coefficient
larger than 0.985 between any two sensors, indicating good stability of the sensors. We calculate
the relative scale factors between different sensors. We then sort all sensors according to their
average measured concentrations and select seven sensors with concentrations falling in the 8™,
221 361 501 64™ 78™ and 92" percentiles. In the second step, we use the seven selected sensors
to measure ambient PM..s concentrations for 11 days next to a state-controlled monitoring site in
Linfen. The state-controlled site monitors PM. s concentrations with a scientific Tapered Element
Oscillating Microbalance (TEOM), a U.S. Environmental Protection Agency-approved instrument,
and releases hourly concentrations to the public in real-time. We compare the PM2 s concentrations
measured by our sensors and the state-controlled site and find that the correlation coefficient
between the measurements of any sensor and the state-controlled site is larger than 0.83. We then
calculate the calibration factors for the seven sensors by using the state-controlled site as a
reference and use these factors to correct the measurements of the seven sensors. Figure S5 shows
that the sensor measurements after calibration agree very well with those of the state-controlled
site. Finally, we combine the calibration factors of the seven sensors with the relative scale factors
of all sensors derived in the first step to obtain calibration factors for all sensors, which are

subsequently applied to correct the PM2.s exposure measurements in this study.

5. Details of the health impact analysis
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PM2sand ozone are the most prominent pollutants that have been quantitatively associated with
premature deaths'® 1°, though adverse health effects have also been reported for other pollutants
21 Most studies have shown that the premature deaths attributed to O3 exposure are much fewer
than those attributed to PM25?22%. For example, the Global Burden of Diseases, Injuries, and Risk
Factors Study 2015%? shows that the premature deaths due to ambient O3 account for only 6% of
those due to ambient PM. 5. Besides, compared with Os, the health impact of PM2 s is more affected
by heating renovation since household-fuel use has large emissions of primary PM. s (Figure S3)
and often dominates indoor PM2s concentrations. For these reasons, we focus on the health impact
of PMz5 in this study. We estimate premature deaths caused by long-term PM2 s exposure before
and after renovation based on relative risks of mortality, baseline mortality rates, and population?*
25, We calculate the relative risks of mortality as a function of IPWE using the age and sex-specific
IER functions developed by Cohen et al.??, which is an updated version of Burnett et al.?. The
IER functions were constructed by combining risk estimates from studies of AAP, HAP, and active
and second-hand smoking that cover a full PM2 s exposure concentration range from very small to
about 30000 mg m™2 in many different countries across the world. Therefore, they are suitable for
calculating the overall health risks due to both AAP and HAP?% %, The IER functions assume that
the health impacts of PM2s depend only on the inhaled amount of PM2s and are independent of
the chemical composition, which appears reasonable in view of the available quantitative
epidemiological studies.?> 2> 2 However, some studies have reported that the carbonaceous
aerosols could be more toxic than other aerosol species.?* ?” Since carbonaceous aerosols (BC and
POA) account for most of the PM2s emissions from household-fuel use while contributing only
about 27% of PM2 s emissions from non-household sources, assuming carbonaceous aerosols being

more toxic could result in a larger health benefit of the renovation, as compared to our current
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results. Nevertheless, this will not change our key conclusion that the heating renovation brings a
larger monetized health benefit than the renovation cost. We consider five health endpoints,
including ischaemic heart disease, stroke, bronchus and lung cancer, chronic obstructive
pulmonary diseases for adults, and lower respiratory infections for children and adults. We obtain
the provincial-level disease-specific baseline mortality rates by age and gender from the Institute
of Health Metrics and Evaluation?®,

We monetize mortality cases using the values of a statistical life (VSL). Three approaches are
typically used in the literature to obtain a VVSL estimate for a developing country: scaling, meta-
analysis, and direct estimation?®. Previous studies have obtained a wide range of Chinese VSL
values for health risks from air pollution®-3*, Deriving the VSL based on direct estimation, e.g.,
domestic survey, is ideal. However, some studies were conducted many years ago and may not
reflect people’s current willingness to pay for reducing health risks. To partly address this issue,
Aunan et al.* reviewed relevant domestic surveys on Chinese VSL and reported the Chinese VSL
as a ratio to annual earning, which ranges between 50 and 150 in most studies. We follow their
findings and assume a normal distribution for the VSL with a mean of 100 times of annual earning
(7.1 million CNY in 2019) and a 95% confidence interval covering 50 to 150 times of annual
earning (3.5 to 10.6 million CNY). We have also noticed some VSL estimates adopted in recent
studies are also based on earlier domestic surveys. We compared our results with their values and
found those values comparable. For example, Liang et al.® refer to a VSL based on Chinese survey
conducted in 2004%¢, which corresponds to a 2019 VSL of 3.8 million CNY with an income
elasticity of 1. Li et al.*" refer to a VVSL based on another Chinese survey conducted in 2000%,

which corresponds to a 2019 VSL of 7.1 million CNY with an income elasticity of 1. Finally, we
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find that the value (5.1 million CNY in 2019) estimated in a recent study based on interviews in
six representative cities®® is also in the same order of magnitude as ours.

Since we do not set an exact timeline for the completion of the heating renovation, we ignore
the future increase in VSL due to income growth or the discount of VSL due to the delay of chronic
disease onset. Therefore, our health benefit estimates can be more accurately interpreted as the
benefits that the household would enjoy had the heating renovation been accomplished. Note that
we do not include the monetized benefits due to avoided morbidity (e.g., respiratory and
cardiovascular diseases and workday losses) as mortality usually accounts for about 80% of the
total monetized health impacts in China*® %, Inclusion of the morbidity impacts would increase

the estimated benefit-to-cost ratios to some extent.
6. Uncertainty analysis

We calculate uncertainties in the integrated population-weighted exposure to PM2s (IPWE), the
health impacts, and the benefit-to-cost ratios using 50,000 Monte Carlo runs based on uncertainties
associated with the input data, including household energy consumption, size of the population
using solid fuels for heating/cooking, household exposure concentrations, integrated exposure-
response (IER) functions, value of a statistical life (VSL), and renovation costs. The household
energy consumption is assumed to follow a normal distribution, and the uncertainty range is
derived from statistical analyses of our survey data. The resulting uncertainty in the AAP exposure
simulated by the CMAQ model is estimated by performing a number of sensitivity simulations
with perturbed household fuel consumption. The uncertainties in activity data of non-household
sources, the emission factors, as well as the model schemes are not considered because they are
not supposed to be major factors affecting the impact of heating renovation on PM2 s exposure and

public health.
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The size of the population using solid fuels for heating/cooking and the renovation costs are also
assumed to follow normal distributions with uncertainty range achieved from statistical analyses
of the survey data. The uncertainty in mean household exposure concentrations of each population
group (i.e., HAP, in Eq. 2 of Methods) is estimated using our PM2 5 exposure measurements in
Linfen and is shown in Figure 2. Regarding the IER functions, Cohen et al.?? provided 1,000 sets
of IER parameters for each health endpoint. In each of the 50,000 Monte Carlo runs, a set of IER
parameter is randomly chosen together with other randomly sampled inputs from their respective
probability distributions. The uncertainty in VSL is determined by summarizing values reported
in the literature, as described in Methods. The Monte Carlo simulation results constitute the
probability distributions of the IPWE, premature deaths, and benefit-to-cost ratios, from which the

95% confidence intervals are derived.
7. Impact of future natural gas/electricity renovation

The households that have already received heating renovation possess different characteristics
from those that are not yet renovated. Specifically, villages that have completed clean heating
renovation are usually in closer proximity to the urban area and more densely populated. Average
income, living area, and household size for heating of renovated households are significantly
higher compared to unrenovated households. In contrast, coal consumption for heating of
renovated households (before the renovation) is significantly lower because more clean fuels are
used (see Supplementary Table 1). Therefore, the costs and benefits of clean heating renovation
might also be different for these two types of households. Hence, we apply the propensity score
matching (PSM) method and match each unrenovated household with a renovated one of similar

characteristics. By assuming the impact of a future renovation on an unrenovated household is
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equal to the “treatment effect” of renovation on its matched renovated household, we can obtain
more reasonable estimates for expected costs and benefits of the future renovation.

The propensity score is defined as the conditional probability of receiving a treatment given pre-
treatment characteristics*?. As discussed above, this probability is also correlated with the costs
and benefits of receiving the “treatment” (clean heating renovation). We use key household
characteristics, including income, size of family, heating areas, and energy consumption for winter

heating, as matching covariates in a classic logit model to estimate the propensity score*3:

(BXn)
pi(Xp) = P(Dip = 1]X,,) = 1i§zp(ﬁxn) ©)

where X, is the covariate vector of characteristics of household n; D;, is the indicator of
receiving type i renovation by the end of 2018, which equals 1 for renovated households with
natural gas or electricity and O for unrenovated households; g is the estimated coefficient for each
covariate.

With the propensity score p;(X,) estimated, we then use the nearest-neighbor matching
method** to search the most similar renovated household m(i) for each unrenovated household n
and apply the surveyed information (usage time, energy consumption, and cost of heating/cooking
equipment and energy after the renovation) of household m(i) to household n, where m(i) =
argmin||p;(X,,) — p;(X;,)||. Furthermore, to avoid matched pairs with large difference in the
propensity score, we set a radius (r = 0.05) and require that the propensity score of matched
renovated household should fall within the radius from the propensity score of the unrenovated
household.

Under the policy scenario of future renovation with natural gas (electricity), 1,374 (1,348) out
of 1,640 unrenovated households are matched successfully with a household that had natural gas

renovation before the end of 2018. 256 unrenovated households are not matched due to missing
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value in covariates, and 10 (36) unrenovated households are not matched for not satisfying the
radius requirement. Figure S6 shows the pre- and post-matching kernel density functions of
unrenovated and renovated households under two policy scenarios. Kernel density functions of
two groups of households are closer after matching, indicating that unrenovated households are

matched with similar renovated households.
8. Changes in chemical compositions of ambient PM2s

Figure S7 illustrates the compositions of ambient PM2 s before and after the renovation in Linfen.
Among all components, the concentrations of elemental carbon (EC) and primary organic aerosol
(POA) exhibit the largest decrease after the completed renovation (16-18%) and the projected
renovation by natural gas or electricity (45-51%), relative to the levels before the renovation. This
is because 1) the emissions of black carbon (BC) and POA are most reduced among all pollutants
since most of these emissions originate from household solid-fuel combustion (Figure S3), and 2)
the EC and POA concentrations are more affected by local emissions in Linfen and less affected
by regional transport, as compared to secondary PM2s components. Besides, secondary organic
aerosol (SOA) and sulfate experience a moderate decrease of about 3% after the completed
renovation and 10-11% after the projected renovation, owing to the emission reductions of various
SOA precursors (VOC, POA, and intermediate volatility organic compounds) and SO2. The other
PM2s components (nitrate and “Others”) change only slightly due to relatively small emission
reductions in these components or their precursors. As a result of the above concentration changes,
the relative fractions of EC and POA decrease while those of nitrate and “Others” increase after

the completed or projected renovation.
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9. Questionnaire of the Implementation of the Clean Heating Renovation

27D

Dear interviewee:

We are investigators from the research team to study the implementation of
the clean heating renovation, organized by researchers at Tsinghua University and
Beijing Normal University. Following a random sampling process, we have chosen
you as an interviewee. Your support is crucial for us to understand the
implementation of the clean heating renovation and provide recommendations for
future policy designs.

information. Please feel free to ask any questions during the interview.

Thank you very much for your cooperation!

There is no single right answer to any of the questions in this survey. You only need
to provide real information based on your personal experience. The interview will take
about half an hour. We will keep your personal information and answers strictly
confidential and only conduct statistical analyses without revealing any of your personal

Basic Information:

Investigator name:

Village name:

Investigator code:

Village code:

Householder name:

Indoor temperature:

Indoor humidity:

House type:

o multi-storey apartment

o single-storey house

Your house has

meters.

Your house was built in year
If it was expanded, the expansion was completed in year

square meters.

Street number: Telephone number:

Outdoor temperature:

Outdoor humidity:

o multi-storey house

oothers, please indicate ;

floor(s) and room(s), with a total living area of

, and the original living area is square meters.

square

, and the expanded living area is
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404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427

Before the clean heating renovation, there are _ rooms and a total area of ___ square meters
with heating, and after the clean heating renovation, there are (would be) _ rooms and a total

area of __ square meters with heating.

Exterior wall of your house:

osolid clay brick osintered hollow brick  osolid cement brick
ohollow cement brick oclay cave dwelling obrick cave dwelling
Any insulation measures for the exterior wall?

onone, never considered

onone, considered but not adopted because

oyes, the measures are , completed in year and cost yuan

Doors and windows of your house:
owooden doors and windows oaluminum-alloy doors and windows

oothers, please indicate

Any insulation measures for doors and windows?
onone, never considered

onone, considered but not adopted because

oYes, the measures are: odouble glass oinsulation curtain oothers, please indicate :

completed in year and cost yuan

Roof of your house:
otile roof oflat roof cothers, please indicate

Any insulation measures for the roof?
onone, never considered

onone, considered but not adopted because

oYes, the measures are: Oinsulation film / plastic osoil cushion osoil cushion with brick top

oothers, please indicate , completed in year and cost yuan
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440

Family assets and appliances:

___cars___scooters __motorcycles __ electric bicycles __ tractors

___TVs _ refrigerators __ washing machines __ air conditioners __ computers

The monthly electricity fee in spring and fall is yuan on average, and the monthly electricity
fee in summer is yuan on average.
Annual net family income is (in ten thousand yuan, to one decimal place) on average,

including (in ten thousand yuan) transfer from non-resident family members.

Is the income of your family stable?
O yes, relatively stable
Onot stable, the annual income is about  (in ten thousand yuan) at good times, or about

(in ten thousand yuan) at bad times.
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I. Information on the heating and cooking/hot water equipment before and after the renovation

Note: Heating equipment ID shall be filled following the order of 1, 2, ...; Heating equipment type includes [A traditional stove (without
chimney); B traditional stove (with chimney); C improved stove; D heatable brick bed; E gas heater; F gas boiler (in the village); G heat
pump (at home); H heat pump (centralized); | electric heating furnace; J electric heater; K electric blanket; L geothermal heating; M
other (please indicate); N district heating (industrial waste heat); O district heating (other)]; Fuel type includes [A bulk coal; B
honeycomb briquette; C straw/corn cob; D firewood; E liquefied petroleum gas (LPG); F natural gas; G coal gas (including coalbed
methane); H biogas; | electricity; J geothermal; K other (please indicate); L district heating]; Equipment location includes: [A outdoor;
B independent kitchen; C in-house kitchen; D bathroom outside the house; E in-house bathroom; F living room; G bedroom (including
dual-use living room and bedroom); H other (please indicate)]; For fuel consumption, please fill in how many tons per year for coal,
how many m? per year for gas, how many tanks for liquefied gas, how many kWh per year for electricity, and leave the district heating
blank. If the energy consumption of certain equipment cannot be estimated, please provide an estimate for the total consumption at the
end of the form.

Cooking/hot water equipment ID shall be filled following the order of 1, 2,... (if a certain equipment is used for both heating and
cooking/hot water, please make a mark and use the same equipment ID); The equipment type includes [A traditional stove (without
chimney); B traditional stove (with chimney); C improved stove; D LPG stove; E natural gas stove; F coal gas stove; G biogas stove; H
electric rice cooker; | induction cooker; J gas water heater; K electric water heater; L solar water heater; M other (please indicate)]; Fuel
type includes [A bulk coal; B honeycomb briquette; C straw/corn cob; D firewood; E LPG; F natural gas; G coal gas (including coalbed
methane); H biogas; | electricity; J geothermal; K solar energy; L other (please indicate)]; Equipment location includes [A outdoor; B
independent kitchen outside the house; C in-house kitchen; D bathroom outside the house; E in-house bathroom; F living room; G
bedroom (including dual-use living room and bedroom); H other (please indicate)]; Fuel consumption: please fill in how many tons per
year for coal, how many m? per year for gas, how many tanks for liquefied gas, how many kWh per year for electricity. If the energy
consumption of certain equipment cannot be estimated, please provide an estimate for the total consumption at the end of the form.
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. Frequency of use Fuel consumption (in physical unit) and
Equipment He_-atlng Fuel . Years - expense (yuan) -
D equipment type Location in use . After renovation ' After renovation
type Before renovation (only for renovated Before renovation (only for renovated
households) households)
___months every year; | __months every year;
__hours every day __hours every day
___months every year; | ___months every year;
___hours every day ____hours every day
___months every year; | ___months every year;
__hours every day __hours every day
___months every year; | ___months every year;
___hours every day ____hours every day
Cooking/ Frequency of use Fuel consumé))::ri)%r;‘ S(Ln(sggrs]i)cal unit) and
Equil%ment ergqotji ;Vri?;t tFyupeE! Location iT]eng After renovation After renovation
type Before renovation (onlﬁ/ for renovated Before renovation (only for renovated
ouseholds) households)
___months every year; | ___months every year;
__hours every day ___hours every day
___months every year; | ___months every year,;
___hours every day ____hours every day
___months every year; | ___months every year;
___hours every day ___hours every day
___months every year; | ___months every year;
___hours every day ___hours every day

Total fuel consumption for
heating and cooking/hot
water

S22
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Il. Clean Heating Renovation Status
1. Has your house completed the clean heating renovation?

O Yes, the renovation type is

An coal to natural gas

Bo coal to electricity

Cao district heating

Cl1o Industrial waste heat C20 Thermal (coal) district heating

The renovation started in (month) (year);

The renovation completed in (month) _ (year)

o No,

0 Other households in our village had a renovation, but my family chose not to.
0 Renovation is planned (gas/electricity/district heating) to start in year

o We do not think the renovation will start in the near future.

2. Please provide an overall evaluation of the following heating measures considering comfort,

usage cost, convenience, and cleanness:

Overall evaluation Verybad | Bad General Good Very Good
Heating measure before the renovation: 1 ) 3 4 5
bulk coal/firewood/others ( )
Heating measure after the renovation: 1 2 3 4 5
electricity/natural gas/clean coal/district heating
3. What is your attitude towards the clean heating renovation:
Very . Unsupportive | Neutral | Supportive | Very supportive | No idea
unsupportive
Coal to natural gas 1 2 3 4 5
Coal to electricity 1 2 3 4 5
District heating 1 2 3 4 5

If you choose "Very unsupportive” or "Unsupportive"”, please provide your reasons
(multiple choices are allowed here):

0 Do not live in this house for the whole winter

0 Do not think the renovation is effective as better renovation option is available

0 One-time cost of renovation is too high
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o Increased usage cost is too high
0 Traditional heating measures are more comfortable
o Unwilling to change for now and leave the decision later while observing feedback from others

oOther reason

For renovated households

4A. What do you think the comfort of heating after the renovation osignificantly improved
oslightly improved ono change oslightly decreased osignificantly decreased

Average room temperature before the renovation: __ centigrade, average room temperature after

the renovation: centigrade

5A. What do you think the convenience of heating equipment use (e.g., labor input) after the
renovation?
osignificantly improved oslightly improved

ono change oslightly decreased osignificantly decreased

6A. What do you think about the indoor air quality in winter than that in other seasons before the
renovation?

___ (1-much worse, 2-worse, 3-same, 4-better, 5-much better)

What do you think about the outdoor air quality in winter than that in other seasons before the
renovation?

____(1-much worse, 2-worse, 3-same, 4-better, 5-much better)

7A. What do you think about your health condition in winter than that in other seasons before the
renovation?

___ (1-much worse, 2-worse, 3-same, 4-better, 5-much better)

Do you think coal or firewood are harmful to the health of you and your family?

___(1-No harm, 2-Little harm, 3-Some harm, 4-Much harm, 5-Great harm)

Do you see a doctor and buy medicine for respiratory diseases more often in winter?

oYes, the average medical cost is yuan oNo
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8A. What do you think about the indoor air quality in winter after the renovation than that before
the renovation?

____ (1-much worse, 2-worse, 3-same, 4-better, 5-much better)

What do you think about your health condition in winter after the renovation than that before the
renovation?

____(1-much worse, 2-worse, 3-same, 4-better, 5-much better)

9A. Renovation expenses (unit: yuan; heating equipment expenses refer to the out-of-pocket
expenses for the equipment, such as electric heaters, gas heating stoves, and radiators; network
connecting expenses refer to out-of-pocket expenses for connecting to as the main natural gas or
grid network; subsidy refers to the subsidy for renovation expenses specifically, excluding
subsidies for the usage, asked below)

Equipment Out-of-pocket He_atmg Netwo_rk Do you receive subsidies | Amount of
equipment connecting .
ID expenses from the government? subsidy
expenses expenses

10A. Do you feel a budget constraint for the renovation?

oYes oNo.

If so, how did you raise the money for the renovation?
oborrowing money from relatives and friends

opublic funding from the village

O peer-to-peer loans 0 default O other approaches:

11A. Expected usage cost during the heating season (your estimation for the next year):

Fuel cost (gas): Unit price: ,annual usage: | total cost: )
Do you receive subsidies from the government? oYes, = yuan oNo
Fuel cost (electricity): Unit price: ,annual usage: __, total cost: ,
Do you receive subsidies from the government? oYes, ~ yuan oNo
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12A. Do you think the usage cost is acceptable?

operfectly acceptable  Dacceptable  Ounacceptable  overy unacceptable

13A. Compared to the heating using coal or firewood, if the indoor temperature is kept the

same, you can accept an increase in usage expense of yuan per year for the clean heating.

14A. If you could have a chance to reverse the renovation, will you choose to reverse?
o Yes oNo

For unrenovated households or households being renovated

4B. What do you expect the comfort of heating after the renovation?
osignificantly improved oslightly improved ono change

oslightly decreased osignificantly decreased

Average room temperature now:

____centigrade, expected average room temperature after the renovation: centigrade

5B. What do you expect the convenience of heating equipment use (e.g., labor input) after the
renovation?
osignificantly improved oslightly improved ono change

oslightly decreased osignificantly decreased

6B. What do you think about the indoor air quality in winter than that in other seasons before the
renovation?

___ (1-much worse, 2-worse, 3-same, 4-better, 5-much better)

What do you think about the outdoor air quality in winter than that in other seasons before the
renovation?

__(1-much worse, 2-worse, 3-same, 4-better, 5-much better)

7B. What do you think about your health condition in winter than that in other seasons before the
renovation?

__(1-much worse, 2-worse, 3-same, 4-better, 5-much better)
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Do you think coal or firewood are harmful to the health of you and your family?
___ (1-No harm, 2-Little harm, 3-Some harm, 4-Much harm, 5-Great harm)
Do you see a doctor and buy medicine for respiratory diseases more often in winter?

OYes, the average medical cost is yuan oNo

8B. What do you expect the indoor air quality in winter after the renovation than that before the
renovation?

____ (1-much worse, 2-worse, 3-same, 4-better, 5-much better)

What do you expect your health condition in winter after the renovation than that before the
renovation?

___ (1-much worse, 2-worse, 3-same, 4-better, 5-much better)

9B. Renovation expenses (unit: yuan; heating equipment expenses refer to the out-of-pocket
expenses for the equipment, such as electric heaters, gas heating stoves, and radiators; network
connecting expenses refer to out-of-pocket expenses for connecting to as the main natural gas or
grid network; subsidy refers to the subsidy for renovation expenses specifically, excluding

subsidies for the usage, asked below)

Heating Network
equipment | connecting
expenses expenses

Out-of-pocket
expenses

Do you receive subsidies | Amount of

Equipment ID from the government? subsidy

10B. Do you expect a budget constraint for the renovation?
oYes oNo.

If so, how will you raise the money for the renovation?
oborrowing money from relatives and friends

opublic funding from the village

O peer-to-peer loans O default O other approaches:

11B. Expected usage cost during the heating season after the renovation:

S27




597
598
599
600
601
602
603
604
605
606

Fuel cost (gas): Unit price: , annual usage: , total cost: ,

Do you expect to receive subsidies from the government?  oYes, yuan
Fuel cost (electricity): Unit price: , annual usage: , total cost:
Do you expect to receive subsidies from the government?  oYes, yuan

12B. Do you think the expected usage cost is acceptable?

operfectly acceptable tacceptable cunacceptable overy unacceptable

oNo

oNo

13B. Compared to the heating using coal or firewood, if the indoor temperature is kept the

same, you can accept an increase in usage expense of yuan per year for the clean heating.
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607  Demographic information:

Other family members living with the
interviewee
(one month per year or above)

Interviewee

Number of months at home per year

Year of birth

Gender

The highest level of education
(1 incomplete primary,

2 primary,

3 junior high school,

4 senior high school,

5 university,

6 graduate students)

Occupation

(1 farming,

2 civil servants,

3 public institutions,

4 state-owned enterprises,
5 temporary workers,

6 individual households,
7 students)

Party membership

Urban/rural hukou

If you work, your working place is in
(1 this county,

2 Linfen city,

3 Shanxi province,

4 outside the province)

If you work, your working industry is
(1 coal,

2 steel,

3 clothing,

4 other-please indicate)

608

S29




609  Figures and Tables

0.5

2.5 I coal heating
I biomass
2.0 [ gas fuels

cooking
0.4

0.3

0.2

0.1

Energy consumption (Mtce) Q
" o &
Energy consumption (Mtce) O

0.0~ 0.0+

) { i jot \on jon o
alon yato® Jato? vatl© vatl SEA N
0 nov 0 no en0 no eno en0
Be‘o‘e (e (2 e\e (e BG‘O‘e v X e\e !

o
610 NG oo e‘:\e‘ Q‘d\ec\e G P‘G\ec NG P ep\g\e( 9‘0.\66‘6 NG p‘o'\ec
611  Figure S1. Household fuel consumption in Linfen before and after the renovation: (a) heating and
612  (b) cooking and hot water.
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Figure S2. Relative time usage of heating/cooking energy before and after renovation in Linfen
as a function of household income. (a) Percentage share of energy type for heating; (b) percentage
share of energy type for cooking and hot water. “Low”, “medium”, and “high” in the figure
represent surveyed households with the lowest 1/3, the medium 1/3, and the highest 1/3 incomes,
respectively. Bars without shadow represent observed values while bars with shadow represent

projected values.
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Figure S3. Air pollutant emissions from household and non-household sources in Linfen before
and after the renovation: (a) NOx, SO2, NMVOCs, NHs, and (b) PMz1o, PM25, BC, POA.
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Figure S4. Triple nested modeling domains used in this study.
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Figure S6.
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637  Figure S7. Chemical compositions of ambient PM2s in Linfen before the renovation, after the
638  completed renovation, and after projected renovation with natural gas or electricity. (a) population-
639  weighted concentrations; (b) relative fractions.
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641  Table S1. Differences of the covariates used in the propensity score matching between renovated
642  households (with natural gas or electricity) and unrenovated households.
Unrenovated Renovated with natural gas Renovated with electricity
N=1640 N=778 N=90
Covariates mean s.d. mean s.d. t . p-value | mean s.d. t . p-value
statistic? statistic®
Net income (CNY) | 19540.1 | 22301.4 | 25036.6 | 26160.6 5.201 0.000 | 20135.6 | 17783.9 | 0.248 0.402
Heating area (m?) 110.8 67.0 135.4 80.6 7.555 0.000 135.7 79.0 3.204 0.001
Size of family 2.9 1.4 3.2 1.6 3.953 0.000 3.3 13 2.318 0.010
I ti
Coa ?gr,lfir)'zp N | 2147.4 | 13358 | 20200 | 13130 | -2.194 | 0014 | 1900.8 | 11743 | -L714 | 0.043
643 @ Two-sided t-test of the difference between renovated households with natural gas and unrenovated households;

644
645

¢ For renovated households, this refers to the coal consumption before renovation.

b Two-sided t-test of the difference between renovated households with electricity and unrenovated households;
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648

Table S2. Annualized costs and willingness to pay per household for clean heating renovation in Linfen by household income.

Unit: CNY/year

Renovated by 2018

Unrenovated by 2018-Projected gas

Unrenovated by 2018-Projected ele

renovation renovation

low? medium high low medium high low medium high
Sample 262 373 427 528 596 467 528 596 467
Increased usage cost (1) 145542380 | 11744252 | 12784232 | 2006187 1405179 12894233 686+143 | 251+142 -111+160
Subsidy on usage (2) 642+54 686154 608+46 754127 734126 783126 1405+40 1440+39 1399+46
Equipment cost (3) 727451 73647 707+48 646128 687+28 689+32 903145 930+43 895149
Equipment subsidy (4) 282+12 302+13 293+11 255+9+1 2561610 2561410 551+15 553114 548+16
Total usage cost (1+2) 20984269 | 1860+276 | 1886+252 | 2760+196 2138+193 20721244 2091+165 | 1691+166 | 1288+188
Total equipment cost (3+4) 1009455 1038+52 | 100051 | 901+28 943128 945132 1454458 1484154 1443+62
Out-of-pocket cost (1+3) 2183+243 | 1909+256 | 19864237 | 2651+189 2092+182 1977+235 1590+150 | 1181+148 | 784+167
Total subsidy (2+4) 925455 988455 90047 1009+27 989+26 1039+26 1955443 1993+42 1948+49
Total cost (1+2+3+4) 31074272 | 2898+275 | 28864257 | 3661+199 3081+196 30164249 3545+178 | 31751181 | 2731+204
Willingness to pay 767+106 839485 933488 767+75 839467 933184 767475 839167 933184

9

a“low”,

b The cost is shown as mean + standard deviation.

medium”, and “high” represent surveyed households with the lowest 1/3, the medium 1/3, and the highest 1/3 incomes, respectively.

S36



649
650

651
652
653

Table S3. Performance statistics for the comparison between simulated

meteorological variables.

and observed

Variable Index Unit Spring? | Summer | Fall Winter | Benchmark
Wind Speed Mean OBS (ms?t) | 282 2.53 2.52 2.61
(WS10) Mean SIM (ms?t) | 264 2.36 2.54 2.48
MB (mst) |-0.18 |-0.18 0.01 -0.13 | <05
GE (ms?t) |1.06 1.00 0.99 1.01 <2
RMSE (mst) | 145 1.37 1.38 1.43 <2
Sys RMSE (ms?) |1.01 0.97 0.90 1.05
Unsys RMSE (ms?t) |1.04 0.97 1.04 0.97
IOA 0.77 0.73 0.79 0.77 >0.6
Temperature Mean OBS (K) 287.93 | 298.57 | 286.93 | 274.71
(T2) Mean SIM (K) 288.10 | 298.51 | 286.78 | 275.06
MB (K) 0.16 —-0.06 -0.15 | 0.35 <+0.5
GE (K) 1.57 2.18 2.30 1.77 <2
RMSE (K) 2.04 3.15 3.32 2.38
Sys RMSE (K) 0.58 1.39 1.60 1.03
Unsys RMSE (K) 1.94 2.79 2.87 2.09
IOA 0.96 0.88 0.88 0.95 >0.8
Humidity Mean OBS (gkg?) | 7.27 16.62 9.11 3.36
(Q2) Mean SIM (gkg?) | 6.71 15.44 8.74 3.25
MB (gkg?) | -056 | -1.18" |-0.37 |-0.10 | <+l
GE (gkgt) | 1.07 2.18 131 0.50 <2
RMSE (gkg?) |1.38 2.79 1.74 0.67
Sys RMSE (gkg?) |0.74 1.45 0.58 0.27
Unsys RMSE (gkg?) |1.13 2.33 1.62 0.61
I0A 0.92 0.84 0.90 0.94 >0.6

@ Spring—March, April, May; Summer—June, July, August; Fall—September, October, November; Winter—
December, January, February.
® The values exceeding the benchmark range are italicized.
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Table S4. Performance statistics for the comparison between simulated and observed PM2 s, SO,

NO., and O3 concentrations at state-controlled monitoring sites.

Model Model
performance | performance
Annual | Spring? Summer | Fall Winter criteria goal
PM2s Mean OBS 69.2 57.9 435 60.1 114.0
(ng/m°) Mean SIM 68.8 52.1 50.3 78.1 94.8
NMB -0.4 -10.1 15.3 30.0 -16.6
NME 17.1 19.6 24.0 345 21.1
MFB -3.0 -14.1 10.7 23.5 -19.2 | <60 <30
MFE 17.2 21.9 21.7 28.7 228 | <75 <50
SO; Mean OBS 11.3 10.3 5.4 8.3 21.3
(ppb) Mean SIM 15.2 11.3 7.9 15.2 26.4
NMB 335 10.5 48.9 82.7 23.3
NME 56.4 455 72.6 95.7 57.3
MFB 24.3 1.9 29.2 52.2 23.9
MFE 41.5 37.1 50.1 60.9 44.3
NO; Mean OBS 22.4 215 15.4 23.7 28.8
(ppb) Mean SIM 30.6 27.6 25.8 33.3 35.8
NMB 36.4 27.7 67.0 40.5 24.0
NME 51.0 49.0 85.1 54.1 36.0
MFB 19.5 11.0 32.2 23.2 14.6
MFE 40.1 41.6 56.0 42.2 31.1
1-hour Mean OBS 58.3 66.0 86.0 47.0 35.0
max Oz | Mean SIM 59.0 62.4 91.0 49.4 335
(ppb) NMB 1.4 -5.4 5.6 5.0 -3.9
NME 8.9 10.8 9.8 13.3 15.6
MFB 14 -5.5 55 4.5 -54
MFE 9.2 11.4 9.6 135 16.7

& Spring—March, April, May; Summer—June, July, August; Fall—September, October, November; Winter—
December, January, February.
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