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to Gas), and clean coal (Clean Coal Replacement). Based on large-scale household survey data in
Beijing, this study provides a cost-benefit analysis of the transition program and distinguishes
between social and private benefits. The results show that all three programs improve the welfare
of society and households. Compared to the Clean Coal Replacement program, Coal to Electricity
Inequity and Coal to Gas programs provide higher environmental benefits while bringing about larger
Private benefit costs, and thus the benefit-to-cost ratios are lower. We also find that private net benefits are lower
Social benefit than social net benefits, and household satisfaction with the programs is positively determined by
private net benefits rather than social net benefits. Furthermore, households with lower income
and larger housing areas are more likely to be harmed by the programs by a larger burden from
the heating energy transition. These findings call attention to inequity issues during the house-
hold energy transition.
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1. Introduction

As the largest coal consumer in the world and the largest contributor to global carbon dioxide, China has been suffering from severe
air pollution and criticized for a large amount of greenhouse gas emissions. In 2019, China consumed 81.93 exajoules of coal, rocketing
over half of the total coal consumption in the world (BP, 2020). Regarding carbon emissions, China emitted 9.83 billion tons in 2019,
accounting for 28.8% of the world’s emissions (BP, 2020). The large scale and rapid growth of China’s carbon emissions have made
China a global hot spot for carbon reduction and low-carbon development. Given the urgency of the issue, China has promised to
achieve carbon neutrality before 2060, and one of the important strategies is energy transition to reduce the use of coal in the energy
system (e.g. Cui et al., 2021; Dong, Qi, & Nemet, 2021; Zhang, Shi, Qian, Chen, & Nie, 2021).

A massive household heating energy transition (HET) policy is implemented in northern China, aiming to reduce household coal
consumption by mandatorily replacing household heating coal with natural gas (Coal to Gas) or electricity (Coal to Electricity), or clean
coal (Clean Coal Replacement, as a transitionary program). The benefit of the programs, including fewer emissions of air pollutants and
carbon dioxide, is jointly enjoyed by the participating households, and also the local environment. In contrast, the transition cost,
including equipment upgrade expenditure and higher heating costs, is mainly burdened by household participants. Therefore,
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although the programs rolled out quickly with a high subsidy, it raised many complaints among the participants and put large
challenges on governments’ fiscal and administrative capacity. To address this issue and figure out the programs’ efficiency and impact
on household satisfaction, this paper provides a systematic cost-benefit analysis of the three HET programs from both the public and
the household private perspectives, and proposes relevant policy suggestions.

There is a large body of literature evaluating government-led household energy transition programs. Budya and Arofat (2011)
studied Indonesia’s megaproject of converting cooking fuel from kerosene to LPG. The program is evaluated as a success since it
alleviated the fiscal burden of kerosene subsidies, benefited the business community and the end-users, and reduced the emission of air
pollutants and greenhouse gases. In contrast, many researchers demonstrated similar programs in other countries as less successful. For
example, the World Bank (2003) and Rao (2012) explored the household cooking energy transition from wood and dung to kerosene
and LPG in India, and found that price subsidies for kerosene and LPG were fiscally unsustainable and seriously mistargeted. Michelsen
and Madlener (2016) analyzed the transition of fossil fuel heating systems to appliances based on renewable energy sources in Ger-
many, and suggested that the perceived difficulty of getting used to the system and misunderstandings about its principal function
made the transition difficult. Nguyen, Nguyen, Hoang, Wilson, and Managi (2019) used national household survey data in Vietnam,
and concluded that the transition from traditional energy to modern energy led to an energy price increase and imposed a larger
burden on the poor.

However, the HET policy in China differs in several aspects. First, the included programs are mandatory to promote coal reduction.
Although the transition programs may benefit the public, the implementation process ignoring equity in allocating resources (e.g.,
subsidies and government expenditure among different groups) would harm participants and draw complaints about the transition
(Xie, Hu, Zhang, & Zhang, 2022). Second, given the requirement of delivering two alternative energy sources — electricity and natural
gas — the programs involve a large scale of infrastructure construction and are therefore very costly. Third, the programs put a large
burden on government fiscal expenditures and household heating costs, because coal is abundant and cheap in China, while electricity
and natural gas are expensive (e.g., Lin & Mou, 2021). Given the characteristics of the HET policy, the conclusions from previous
studies may not apply.

The household heating energy transition in China has aroused attention with the evaluation of the health and environmental ef-
fects. Barrington-Leigh et al. (2019) evaluated the effects of the Coal to Electricity program on energy use and expenditure, indoor
environmental quality, and household well-being. The findings suggested that households in the high and middle-income districts
benefit from the program from a better indoor environment and higher satisfaction, while those in the low-income districts are not
satisfied with the program and fewer benefit from the indoor environment. Xu and Ge (2020) found that household satisfaction with
the Coal to Gas program is at a medium level based on survey data of Hebei Province. Liang, He, and Qiu (2021) employed posts from
Sina Weibo to evaluate the Coal to Gas policy, and suggested that the public complaints are mainly from poor policy design, a shortage
of energy, increased cost and safety. Xie et al. (2022) provided further evidence that the mandatory energy transition policy would
harm low-income households, and increase energy poverty. Additionally, based on the cost-benefit analysis, Zhang, Jin, Dai, Xie, and
Zhang (2019) investigated the Coal to Electricity program and found that the benefit of the program exceeds the cost in Beijing, Tianjin,
and Hebei provinces. Although the HET program can realize positive net benefits for society, the program still leads to dissatisfaction in
some households, as suggested above.

In the existing literature, however, the comparison of the benefit and cost directly associated with households and the distributional
equity of cost burden among households have not been paid enough discussion. Energy transition programs need to address the energy
equity among different groups to inform a more equitable distribution of environmental and economic costs and benefits, in order to
reduce the disparities and complaints of households (Chapman, McLellan, & Tezuka, 2016; Tong et al., 2021). In most cases, however,
the poorest bear a disproportionate share of the costs of household energy transition (United Nations (UN) Development Programme
and University of Bergen, 2018), which would aggravate energy inequity and bring about complaints (Borenstein & Davis, 2016;
Carley & Konisky, 2020; Rozenberg, Vogt-Schilb, & Hallegatte, 2020). Household private benefits and costs brought by the HET policy
would directly affect the satisfaction of households, leading to heterogeneous perceptions of the mandatory programs. To address this
gap, our paper distinguishes the social and private benefits and costs of the HET policy, and assesses the distributional equity of
allocating resources among households, which would affect household satisfaction.

This study contributes to the existing literature in three folds. First, based on large-scale household survey data in Beijing, we
develop a cost-benefit analysis for all three main programs of the HET policy, including Coal to Electricity, Coal to Gas, and Clean Coal
Replacement in Beijing, and compare the differences. Second, we distinguish between the social and private benefits and costs. Third,
our paper considers energy equity based on a quadrant analysis applied to HET policy assessment, concerned with the distribution of
the benefits and the cost burden.

Our estimations of three HET programs all exhibit positive net social benefits, which is consistent with positive net social benefits of
most mandatory policies in China as suggested by Zhang, Jin, et al. (2019) and Yu and Xin (2020). Regarding the private effects,
private benefits due to the improvement of indoor air quality are approximately two times higher than the cost borne by these
households at the average level, which is lower than the social benefit-to-cost ratio of six. The positive net private benefits are based on
households with relatively larger subsidies and higher income in Beijing. In contrast, households in the provinces with lower per capita
income and lower subsidies, such as Hebei Province, households with lower income tend to benefit less while suffering more from the
higher participant costs, and thus positive net private benefit would not hold for households in Hebei. These findings highlight the
issue of energy inequity among households. We further find that household satisfaction with the programs is largely positively related
to private benefit-to-cost ratios brought from the programs, while not decided by social benefits and costs. This finding shed light on
the policy improvement that aims to increase public acceptance and satisfaction.

The remainder of the paper proceeds as follows. Section 2 introduces the background, implementation, and subsidy scheme of the
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programs. Section 3 describes the methodology, and Section 4 presents the data. Section 5 estimates the social and private benefits and
costs of Coal to Electricity, Coal to Gas, and Clean Coal Replacement programs at the aggregate level, and Section 6 provides the rela-
tionship between benefit-to-cost ratios and subjective perceptions of the programs at the household level. Section 7 concludes.

2. Household heating energy transition in China
2.1. Background

The combustion of fossil energy, mainly coal, contributed 70% of smoke particulates, 85% of sulfur dioxide, and 67% of nitrogen
oxide emissions in China (Ministry of Industry and Information Technology of the People’s Republic of China (MIIT), 2015).
Consequently, China has experienced large-scale and long-lasting poor air quality repeatedly in recent years (Ministry of Ecology and
Environment of the People’s Republic of China (MEE), 2018), and residents’ health has been seriously harmed (National Health
Commission of the People’s Republic of China (NHC), 2013). The average concentration level of PM2.5, one of the main airborne
pollutants, was 39 pg/ m3 in China in 2018 (Ministry of Ecology and Environment of the People’s Republic of China (MEE), 2019). In
addition to air pollution, China’s carbon emissions amounted to 9.83 billion tons in 2019, accounting for 28.8% of global emissions
(BP, 2020).

To cope with the problems of air pollution and carbon emissions, the State Council issued the “Air Pollution Prevention and Control
Action Plan” in September 2013, setting the nationwide target concentration level of inhalable particulate in 2017 to be 10% less than
that in 2012. In 2014, the National Development and Reform Commission (NDRC) published the “Interim Administrative Measures on
Coal Reduction and Replacement in Key Regions”, and confirmed the coal reduction targets in Beijing, Tianjin, Hebei and Shandong
Provinces.

Industrial coal consumption was targeted first. Based on the “Beijing 2013-2017 Clean Air Action Plan” (Beijing Municipal Ecological
Environment Bureau (BMEPB), 2013), all coal power and coal heating plants in Beijing had to be shut down, relocated, or transformed
into natural gas plants. The “Beijing Action Plan for Industrial Air Pollution Control 2012-2020" (Beijing Municipal Committee of
Economy and Information Technology, 2012) enhanced the standard on industrial coal quality and tightened pollution regulations
(National Energy Administration (NEA), 2012). With all these measures, emissions from the industrial sector were reduced (Beijing
Municipal Ecology and Environment Bureau, 2015). However, despite the reduction in industrial emissions, Beijing’s air quality did
not seem to improve (Beijing Municipal Ecological Environment Bureau (BMEPB), 2015).

The government, therefore, started to extend its attention to household coal, which is the main fuel for heating in northern China.
Compared to industrial coal, household coal contains more sulfur and ash, and is usually combusted without washing (Zhi et al., 2015).
In addition, due to the limitation of household heating devices, household coal combusts inefficiently and the emissions are not filtered
before being discharged into the open air. Therefore, household coal emits five to ten times more airborne pollutants than industrial
coal per ton." The consequence is that, although household coal accounts for only approximately 10% of the total coal consumption in
the area in question, the amount of pollutants emitted from the combustion of household coal accounts for more than half of the total
emissions from coal combustion in this area.’

2.2. Implementation

The HET policy was piloted in Beijing in 2014, rolled out to the “2 + 4” cities in the Jing-Jin-Ji region in 2015, and extended to the
“2 + 26” cities along the Jing-Jin-Ji pollution transmission channel, including Beijing, Tianjin, and another 26 cities in Hebei,
Shandong, Shanxi, and Henan Provinces. Fig. 1 depicts the spatial distribution and the temporal trend in the number of households that
were mandated to participate. The number increased from 194 thousand to 6889 thousand from 2015 to 2017, and Hebei stands out
both in the total number and in the speed of increase of the number.

The transition is carried out from top to bottom. First, the task is proposed by the central government, and then is devolved to
provinces and local governments. Then, the NDRC and the local government jointly create a plan based on local characteristics, such as
the fiscal capacity of the local government, the household income of the village, the village’s distance to the downtown city, and
infrastructure conditions. Village leaders have the responsibility of ensuring participation through various measures, such as a ban on
coal vendors in the village and penalties on coal consumption. Additionally, subsidies from various levels of government are provided,
aiming to make the transition affordable to the mandated participants.

2.3. Subsidy scheme

The provincial governments generally cover the cost of infrastructure construction (e.g. electricity grid upgrade, pipeline extension,
gas station construction) and provide subsidies to households on equipment replacement and fuel costs (e.g. discount on the price of
electricity or gas).

The source and the amount of subsidy vary across villages. Generally, there are three levels of subsidies: municipal, district-level

1 Xi, N., n.d. China’s scattered coal consumption is approximately 750 million tons [WWW Document]. Caijing.com.cn. URL http://news.163.
com/17/0831/22/CT6TV2MC00018AOR.html
2 First Finance, n.d. Prescription:Coal to electricity [WWW Document]. sohu.com. URL http://www.sohu.com/a/126100583_114986
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Fig. 1. Spatial distribution and temporal trend of the participated households.
Panel A. Spatial Distribution. Panel B. Temporal Trend.
Notes: Dots in Panel A are the cities covered by the policy, and the size of the dots reflects the number of households covered in 2017.

and village-level®. Each level of subsidy is provided by a corresponding finance bureau. The municipal subsidy is uniform in a city,
while district-level and village-level subsidies are based on the local government’s fiscal capacity. For example, the Beijing Municipal
Finance Bureau provides a subsidy of 100 yuan/m? for an air source heat pump with a maximum of 12 thousand yuan per household.
The district finance bureau of the districts of Miyun, Tongzhou, and Chaoyang increase the subsidy to cover two-thirds of the
equipment cost, and increase the maximum to 20 thousand yuan. In addition, both the municipal and district finance bureau provide a
subsidy of 0.1 yuan/kWh for electricity consumed during “off-peak time” (9:00 pm to 6:00 am), with a maximum of 10,000 kWh per
household per year.

Fig. 2 compares the subsidies across provinces." Panel A summarizes the subsidies in the Coal to Electricity program. It shows that
the equipment subsidy cap ranges from 3.5 to 27 thousand yuan. Shanxi, Tianjin and Beijing have the highest subsidy cap, which is
eight times the lowest cap, in Henan. The variation in the cap on the subsidy of operational cost is much smaller across provinces. The

3 This scheme applies to municipalities (Beijing and Tianjin). Households in other areas generally have subsidies at the province level; some have
subsidies at the municipal and district levels; very few of them have subsidies at the village level.

4 Since subsidies varied among different districts and equipment types, for Beijing we take the average of the survey data from village committees;
for other provinces, we collect local policy document and take the weighted average of the collected subsidy information.
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Fig. 2. Subsidy cap across provinces.

range is between 0.9 and 2.5 thousand yuan. Beijing has the highest value, followed by Shanxi and Hebei. Panel B of Fig. 2 describes
the subsidies in the Coal to Gas program. The equipment subsidy cap is much lower than that of Coal to Electricity. Beijing ranks the
highest, with 9 thousand yuan per household, and is followed by Shanxi and Tianjin. The subsidy on the operational cost is similar to
that of the Coal to Electricity program.

In sum, provinces with greater fiscal capacity tend to have larger subsidies. This contradicts the need, because households in the
provinces with lower fiscal capacity have lower income, and therefore they are in more need of fiscal support in the energy transition.

3. Cost-benefit analysis framework

We calculate both the average and household individual level of social and private benefits and costs of the HET programs. As
illustrated in Fig. 3, the social benefit occurs because the heating energy transition replaces high-polluting energy with less-polluting
energy. Fewer pollutants and carbon emissions bring health and economic benefits to the population, including both the participants
and the nonparticipants. For the household participants, the private benefit includes personal health benefits resulting from air quality
improvement indoors and outdoors. The external impacts of emission reduction, such as climate change mitigation, are not considered
by the participants. The total cost of the transition includes the cost of infrastructure construction and upgrade, equipment replace-
ment, and the increase in fuel expenditure. The private cost is the part of the cost that is not covered by the government, such as the
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additional fuel expenditure after subsidies. The following subsections elaborate the cost-benefit analysis.’

3.1. Social benefit

We first measure the energy consumption change caused by the transition using Eq. (1):
AQ =0, -0 €)

where j denotes the type of energy, including scattered coal, electricity, gas, or clean coal; Q; and Q; are the per-household con-
sumption of energy j before and after the program, respectively; and AQ; is the change in the consumption of energy j (unit: ton for coal,
MWh for electricity, thousand cubic meters for gas).

We next calculate the emission changes due to the energy change by Eq. (2):

AE;; = AQ; x EF,; ®)
where AE; j is the per household change in the amount of pollutant i emitted by energy j, and EF;; is the emission factor (quantity of

pollutant i per unit of energy j) in the following units: kg/ton for coal, kg/MWh for electricity, and kg/thousand m® for gas.
We then monetize the change in emissions by multiplying the emission change by the social cost of per unit emission as follows:

Sbenefit = — Z i:(AEi,/ x SC;) &
P

where SC; denotes the average social cost of pollutant i (unit: yuan/kg), and Sbenefit is the social benefit gained from one household’s
heating energy transition (unit: thousand yuan/household). We summarize over i because the consumption of one type of energy emits
more than one type of pollutant. For energy j, the Coal to Electricity program mainly involves coal and electricity; Coal to Gas mainly
involves coal and natural gas; and Clean Coal Replacement involves different types of coal.

3.2. Participants’ benefit

Because the participants benefit from the reduction of indoor air pollution through an increase in life expectancy, we adopt the
human capital method (e.g.Yu, Cui, & Wang, 2008; Zhao, Fan, & Wang, 2013; Liu, Jia, & Song, 2016) to evaluate the health gain as the

5 Employed parameters for the cost to benefit analysis are shown in the Appendix A.
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measurement of private benefit.
We first calculate the change in the indoor pollutant concentration level by Eq. (4):

ACiJ:CJiJ—CiJ (4)

where C;; and C; J-/ are the indoor concentrations of air pollutant i before and after program j, respectively (unit: pg/m®).
We next calculate the life expectancy changes due to the changes in indoor pollutant concentration:

t; = AC;; x LF; (5)

where LF; represents the change in life expectancy due to a one-unit increase in air pollutant i’s concentration (unit: year/(£)).
We then calculate the private benefit Pbenefit using the value of statistical life LV (unit: thousand yuan) by Eq. (6):

Y(1+y) Y(1+y) Y(1+7)

Pbenefit. = LV, = Y +
A ! l+a = (1+4a) (1+4a)

6

where j = 1,2,3 denotes the energy transition from coal to electricity, gas and clean coal; Y is human capital, approximated by annual
household income; a and y are the social discount rate and expected growth rate in income®; and tj is the life expectancy changes due to
program j, which is the same as in Eq. (5).

3.3. Cost

The cost of the program mainly includes the cost paid by the household participants and the government’s expenditure on the
program. Household cost includes the cost of replacing heating equipment and the increased heating cost. We use the straight-line
depreciation method to calculate the annualized cost. A household’s annual cost Cost; is calculated as follows:

(1-4)
Cost; = | EC; x ~—% | + (HC; — HC_ou) )

N year

where j = 1,2,3 correspond to the energy transition from coal to electricity, gas, and clean coal, respectively; EC; is the equipment cost
paid by households; nj yeqr indicates the expected life expectancy of the heating equipment; and f; is the estimated salvage value rate of
the equipment. Therefore, the first term denotes the annualized cost of replacing heating equipment. HC; and HC,q are the heating
costs of using energy j and scattered coal before the program.

To compare the personal benefit and cost, we also estimate participants’ cost of the transition during a lifetime as Eq. (8), where
Cost; is the household annual cost, k is the average household size, and a is a discount rate.

Cost; Cost; Cost; Yot lim Cost;

Pcost; = LC; = —t— 7
Cost; J k k(1+a) k(1+a)2 r—>°°k(1+a)’

®

Government costs include subsidies on infrastructure construction, power grid upgrading, equipment replacement, and heating
fuel, which are calculated as follows:
(1-4)

, (1-a)
Subsidy; = IS; x ——=+ ES; X

+0S8; % Q, (9

M year Nj year :
where j = 1,2,3 corresponds to the energy transition from coal to electricity, gas and clean coal, respectively; IS; represents the
infrastructure investment subsidy, m; y..r refers to the expected life expectancy of the newly built power grid and natural gas pipes; ; is
the estimated salvage value rate of infrastructure; ES; is a subsidy on an equipment purchase, nj,.qr indicates the expected life of the
equipment, f; is the estimated salvage value rate of the equipment; OS; is the per-unit subsidy for heating with energy j, and Q; is per
household consumption of energy j after the program, the same as in Eq. (1). Therefore, the first term indicates the subsidy on
infrastructure construction and upgrading; the second term denotes the subsidy on heating equipment; and the third term represents
the subsidy on operational cost. The first two subsidies are one-time payments, so we annualize them using the straight-line depre-
ciation method. The depreciation of the power grid is in accordance with the Provincial power grid transmission and distribution price
pricing method (National Development and Reform Commission of the People’s Republic of China (NDRC), 2016), which assumes an
average life expectancy of 25 years and a salvage value rate of 5%. The depreciation of heating equipment is based on Accounting
Standards for Business Enterprises (Ministry of Finance of the People’s Repuclic of China, 2006), which assumes that the life expectancy
of equipment is 10 years and the salvage value rate is 5%.

6 The value of income in Eq. (6) is calculated based on the information on household income and the number of household members collected in
the survey. The calculated average per capita annual income is 22.94 thousand yuan. This is close to the 2016 rural Beijing residents’ average
income, which is 22 thousand yuan per capita (Beijing Bureau of Statistics, 2017). The expected growth rate of human capital is estimated to be
6.98%, which is the 2014-2018 rural resident per capita income compound growth rate in Beijing (Beijing Bureau of Statistics, 2018). For the social
discount rate, we use 8%, which is recommended by national organizations and the NDRC of China.
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4. Data

The data used in this paper are from the Chinese Residential Energy Consumption Survey 2016 Beijing (CRECS 2016 Beijing),
conducted by the Department of Energy Economics at Renmin University of China. The survey randomly selected 183 villages in
Beijing. In each village, the village committee and approximately 20 randomly selected households were interviewed in person. A total
of 4000 questionnaires were distributed, and 3949 valid questionnaires were returned.

The main information collected by the village committee survey includes whether the village participated in the program, whether
the household participated, participation year, type of subsidized heating equipment, subsidy scheme, and energy prices. Among the
surveyed villages, 61 villages participated in Coal to Electricity, 17 in Coal to Gas, and 62 in Clean Coal Replacement. The survey also
collected information about household social and economic characteristics, dwelling characteristics, heating equipment, household
energy consumption behavior, and opinions about their experience in the program. Among the surveyed households, 1896 households
were in participating villages, of which 796 participated in Coal to Electricity and 156 participated in Coal to Gas. After data processing,
such as eliminating households with missing data and outliers, there remain 519 valid observations for Coal to Electricity, 79 for Coal to
Gas, and 784 for Clean Coal Replacement.

4.1. Energy consumption changes

Based on the household-reported energy consumption before and after the program, we calculate the coal consumption change due
to the implementation of the program. We distinguish between scattered coal and anthracite, and anthracite is further divided into
briquette and honeycomb coal. Anthracite is regarded as clean coal, which is subsidized in the Clean Coal Replacement program. Table 1
summarizes the average energy consumption changes of the three programs. It shows that Coal to Electricity resulted in 2.68 tons of
decrease in per-household coal consumption, which is an 80% decrease; Coal to Gas led to 1.61 tons of decrease in coal, which is a 69%
decrease; Clean Coal Replacement led to a shift of coal consumption structure away from scattered coal and toward anthracite, the
cleaner coal. The average increases in electricity and gas consumption per household are 5.48 MWh and 1.30 thousand m® in the two
programs, respectively.

Table 2 summarizes various costs of the program. Panel A presents household extra expenditure on equipment purchase and
heating fuel. We calculate extra expenditure by multiplying household-reported energy usage change by the corresponding fuel price
gained from the survey, and deducting government subsidy, which is also obtained from the survey. It shows that household extra
expenditure for Coal to Electricity is higher, with an average of 4.97 thousand yuan of equipment expense and 1.41 thousand yuan of
extra heating cost, compared with 2.50 thousand yuan of equipment expense and 1.24 thousand yuan of extra operational cost for Coal
to Gas. The difference in household extra expenditure comes from the difference in equipment cost, heating efficiency, energy price,
and the subsidy between the two programs. In contrast, in the program of Clean Coal Replacement, household heating costs decreased
from 2.82 thousand yuan to 1.97 thousand yuan due to the heavy subsidy on clean coal. According to the 49 sampled villages that
participated in Clean Coal Replacement in Beijing, the average price of clean coal is 427 yuan/ton after the subsidy, lower than the
replaced scattered coal.

Panel B of Table 2 summarizes government expenditures and subsidies. This shows that Coal to Electricity has a slightly higher one-
time subsidy on equipment and installation, but a lower subsidy on heating fuel, compared to Coal to Gas. Clean Coal Replacement has
no subsidy on equipment or infrastructure construction since it does not involve such costs, but it has the highest subsidy on the
operational cost, which is approximately 1.77 thousand yuan per household for a heating season. The infrastructure construction cost
is estimated based on the field survey conducted in Beinianfeng Village and Fangezhuang Village, Beijing, as only these two villages
provided this information during the survey. The overall investment in infrastructure is about 30 million yuan in a village, including
government finance and village committee expenditure. For a medium-sized village (about 600 households), the per household cost is
about 50 thousand yuan.”

4.2. Satisfaction of households

For our analysis of the distributional inequity of the implementation of HET policy among households, we compare the objective
net benefits brought by the Coal to Electricity and Coal to Gas programs and satisfaction with the programs. Satisfaction scores of the
programs are obtained from the answers to the following questions in the survey: “Compared with the previous coal-fired heating, after
switching from Coal to Electricity/Gas in the heating season, how do you feel about the programs regarding comfort, convenience,
indoor air quality, cleanliness, heating safety, respectively”. The scores vary from 1 to 10 with satisfaction varying from totally un-
satisfied to totally satisfied.

Fig. 4 shows the distribution of household satisfaction in the five dimensions with the programs of Coal to Electricity and Coal to Gas.
The average value for Coal to Electricity is around 8.7, larger than that for Coal to Gas at around 8.45. The mean value of each satis-
faction indicator is larger than 8, except for heating safety for the Coal to Gas program. Conventional coal heating emits carbon
monoxide, which is not safe if the concentration is very high (Xie & Zhou, 2021). The Coal to Electricity and Coal to Gas programs could

7 According to the Chinese Academy of Environmental Planning (2017), the infrastructure investment per household is estimated to be 15,000
yuan for Coal to electricity and 4000 yuan for Coal to gas. The difference comes from that our estimation is the total investment including the cost of
direct grid/pipeline expansion construction, the cost of indoor line remolding, etc., while the planning only considered the construction cost.
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Table 1
Changes in energy consumption.
Program Obs. Energy type Quantity after Qgoal’ Quantity before Qgoar Change in quantity AQcoq
Panel A. Coal (ton)
Scattered coal 0.48 2.33 -1.85
Coal to Electricity 519 Anthracite Briquette 0.16 0.81 —0.65
Honeycomb coal 0.03 0.22 —0.19
Scattered coal 0.09 1.35 -1.27
Coal to Gas 79 Anthracite Briquette 0.61 0.83 —0.21
Honeycomb coal 0.19 0.15 -0.13
Scattered coal 0.57 3.13 —2.56
Clean Coal Replacement 784 Anthracite Briquette 3.34 0.8 2.54
Honeycomb coal 0.49 0.241 0.25
Panel B. Electricity (MWh)
Coal to Electricity 519 Electricity 6.39 9.08 5.48
Panel C. Gas (thousand m®)
Coal to Gas 79 Natural gas 1.34 0.04 1.3

Notes: Energy consumption data are from CRECS 2016 Beijing. The heating energy consumption quantities in the heating season before and after the
program are reported by households in the survey.

Table 2
Various costs of the program.

Panel A. Household’s Extra Expenditure (thousand yuan per household)

Program Obs. Average number of devices Equipment expenses Extra annual heating cost
Coal to Electricity 637 1.32 4.97 1.41

Coal to Gas 101 1.01 2.5 1.24

Clean Coal Replacement 49 / 0 —855

Panel B. Government Expenditure and Subsidy (thousand yuan per household)
One-time subsidy

Program Infrastructure cost Equipment subsidy Installation subsidy Annual subsidy on heating fuel
Coal to Electricity 50 14.54 0.77 0.94
Coal to Gas 50 10 0.43 1.16
Clean Coal Replacement 0 0 0 1.77

Notes: Information on household equipment expenditure is collected in the household survey in CRECS 2016 Beijing. Extra annual heating costs are
calculated based on the information of reported energy consumption change and corresponding energy prices. Infrastructure cost data are from field
surveys conducted in Beinianfeng Village and Fangezhuang Village, Beijing. Subsidy data are from the village survey in CRECS 2016 Beijing.

both improve safety in energy use, but households may be more familiar with the safety issues in using gas. That is possibly why we
find that some households are still worried about gas heating safety with relatively low safety scores. Additionally, households in the
Coal to Electricity program think that the program has greatly improved the cleanliness and indoor environment.

5. Cost-benefit analysis results

Based on the cost-benefit analysis presented in Section 3 and the data described in Section 4, we evaluate the benefits and costs of
the Coal to Electricity, Coal to Gas, and Clean Coal Replacement programs at the average level in this section.

5.1. Social benefits and costs

Table 3 summarizes the results of the social benefits and costs per household. The average social benefit resulting from one
household transition is 32.04, 24.68, and 28.48 thousand yuan per heating season for Coal to Electricity, Coal to Gas, and Clean Coal
Replacement, respectively. Surprisingly, Clean Coal Replacement has the highest environmental benefit. The reason is that Clean Coal
Replacement was widely implemented in Beijing before Coal to Electricity and Coal to Gas. Therefore, Clean Coal Replacement replaced
scattered coal, while the latter two programs replaced clean coal, which has much lower emission factors than scattered coal.
Moreover, we find that the per household cost of Coal to Electricity, Coal to Gas, and Clean Coal Replacement is 5.85, 5.21, and 0.91
thousand yuan per heating season, respectively. In summary, the benefit-cost ratios are 5.47, 4.74 and 31.30 for the three programs,
respectively. Clean Coal Replacement has the largest benefit-cost ratio because Clean Coal Replacement costs much less than the other
two programs. Coal to electricity has a slightly higher ratio than Coal to Gas, because it has a similar social benefit but a lower cost.

To make the three programs more comparable, we standardize the initial coal quality and quantity. As shown in Fig. 5, the benefit
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Fig. 4. Satisfaction of households.

Table 3
Social benefits and per household.
Coal to electricity Coal to gas Clean coal replacement
Changes in energy use AAoq (ton) —2.68 -1.61 0.23
-Scattered coal —1.85 -1.27 —2.56
-Anthracite briquette —0.65 -0.21 2.54
-Anthracite honeycomb coal -0.19 -0.13 0.25
AA ectriciy (MWh) 5.48 - -
AAg; (thousand m?) - 1.30 -
Benefit per household (thousand yuan) 32.04 24.68 28.48
Infrastructure expenditure 1.58 1,58 0
Equipment subsidy 1.45 0.99 0
Cost items Heating cost subsidy 0.94 1.16 1.77
Household equipment extra expense 0.47 0.24 0
Household heating extra cost 1.41 1.24 —0.86
Cost per household (thousand yuan) 5.85 5.21 0.91
Benefit-to-cost Ratio 5.47 4.74 31.30

Notes: The methodology for social benefit estimation is described in Section 3.1. The estimation of cost-benefit analysis per household is based on the
original condition from the survey.

per ton of coal replacement for Coal to Gas is the highest (16.86 thousand yuan), followed by Coal to Electricity (15.61 thousand yuan);
Clean Coal Replacement has the lowest benefit per ton of coal replacement (11.14 thousand yuan). This is expected because more than
60% of electricity in China is generated with coal, and coal has higher emission factors than gas. The fifth column of Fig. 5 shows that
the replacement costs per ton of coal in the Coal to Electricity, Coal to Gas, and Clean Coal Replacement programs are 2.27, 2.61, and 0.36
thousand yuan, respectively. It is expected that Clean Coal Replacement has a much lower cost than the other two programs, because
Clean Coal Replacement does not involve costly infrastructure construction and equipment replacement. Compared with the Cost-
Benefit Analysis for each household, the estimations for per ton of scattered coal replacement share the same pattern: Clean Coal
Replacement has the largest benefit-to-cost ratio of 31.30, followed by Coal to Electricity and Coal to Gas with magnitudes of 6.88 and
6.46, respectively.

We are aware that the benefit-to-cost ratio may vary across regions because coal consumption, social cost of emissions, and the cost
of implementing the program are likely to be different from one region to another. As shown in Table 4, the social costs for Beijing
could be more than ten times the average for China. Replacing the social costs for Beijing with those for the China average and
assuming other conditions unchanged, we recalculate the benefit-cost ratios, and find that the ratios are 0.71, 0.75, and 3.10 for the
three programs respectively. If further considering the quantity of coal that could be reduced by the programs, the ratio could be even
lower, because regions to the south of Beijing consume less coal for heating than Beijing.
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Fig. 5. The comparison of social benefit and cost per household and per ton of scattered coal replacement.

Notes: The methodology for social benefit estimation is described in Section 3.1. The estimation of Cost-Benefit Analysis per household is based on
the original condition from the survey. The Cost-Benefit Analysis of per ton of scattered coal replacement is the result after standardizing the initial
coal quality and quantity and scaling other energy consumption. The unit of benefit and cost should be thousand yuan. CCR, CTE and CTG represent
Clean Coal Replacement, Coal to Electricity and Coal to Gas, respectively.

5.2. Benefits and costs of the participants

Table 4 presents participants’ benefits and costs for the three programs. With the assumption that people stay half of the day in the
same room with the coal heating device, the increases in life expectancy for Coal to Electricity, Coal to Gas, and Clean Coal Replacement
are 4.81 years, 4.50 years and 3.58 years, respectively.® Based on the increase in life expectancy, the individual benefits of Coal to
Electricity and Coal to Gas are estimated to be 108.43 thousand yuan and 101.52 thousand yuan per person, respectively, higher than
that of Clean Coal Replacement, which is 81.09 thousand yuan per person. For rural Beijing residents, as we explained in the previous
section, since they do not usually install heating devices in living rooms or bedrooms, the private benefit of the heating energy
transition is much lower. With the assumption that one individual spends two hours next to a heating device, the benefits are 18.41
thousand yuan, 17.23 thousand yuan, and 13.72 thousand yuan for the three programs, respectively.

To compare personal lifelong benefit to lifelong cost, we first calculate the personal annualized cost by dividing the calculated
household cost by the sample average household size of 3.7. The personal annualized cost after standardization is estimated to be 500
yuan/year and 604 yuan/year for participating in Coal to Electricity and Coal to Gas, respectively. Using an 8% social discount rate, we
calculate the mean individual lifelong cost and obtain 6.75 thousand yuan for Coal to Electricity and 8.15 thousand yuan for Coal to Gas.
Those involved in Clean Coal Replacement do not have to pay an extra cost and can even save 237 yuan per person per year because of
the heating subsidy; therefore, their lifelong savings are 3.12 thousand yuan.

In summary, the private benefit-to-cost ratio for Beijing rural households is 2.73 and 2.11 for Coal to Electricity and Coal to Gas,
respectively. However, we should be aware that the ratio varies across regions for the following reasons. First, household income is
different; therefore, the value of statistical life is different. Second, the dwelling characteristics are different, where the heating device
is installed matters. Third, government fiscal capacity affects the subsidy scheme and therefore affects the cost paid out of household
pockets. Take Coal to Gas in Hebei for example. The annual rural household income in Hebei was 14.03 thousand yuan in 2018, and the
2014-2018 compound growth rate for rural residents’ income is 8.34%. Assuming the same dwelling characteristics and other con-
ditions, the individual benefit of Hebei is 10.52 thousand yuan for the program, and the benefit-to-cost ratio is 1.29 if the individual

8 Chen (2013) found that air pollution during the winter heating period in northern China reduced the residents’ average life expectancy by about
5.5 years, which is higher than our results. Considering that our comparison is about different heating fuel instead of whether or not to heat, our
estimation is reasonably slightly lower than that.
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Table 4
Benefits and costs of the participants.
Coal to electricity Coal to gas Clean coal replacement
) . ACpyzs (ug/m3) —96 —90 —72
Environmental externality Alife expectancy (year) 4.81 4.50 3.58
Benefit per person for duration factor = 1/2 108.43 101.52 81.09
(thousand yuan) for duration factor = 1/12 18.41 17.23 13.72
cost per year 0.50 0.60 —0.23
Cost items - Annualized one-time cost 0.13 0.06 0
- Heating cost 0.37 0.54 —0.23
Cost per person (thousand yuan) 6.75 8.15 -3.12
Benefit-to-cost for duration factor = 1/2 16.06 12.45 -
Ratio for duration factor = 1/12 2.73 2.11 -

Notes: The methodology for the benefit estimation is described in Section 3.2. The duration factor measures the portion of time a person spent in the
same room with the coal heating device. The longer the time is, the greater the benefit of the energy transition. For comparison, benefits and costs are
both measured in life-long. That is, we measure the total benefit and cost for the transition that lasts once it is made.

costs stay the same. Furthermore, Hebei’s subsidies are lower than those in Beijing, as shown in Fig. 2. Hence, the individual cost would
be higher than the cost faced by Beijing residents, which is 8.15 thousand yuan, as shown in Table 4. This indicates that the benefit-cost
ratio of the program in Hebei would be even lower than 1.29. If it is lower than one, it indicates that households in Hebei would lose
from participating in the HET policy. The income level of the population and the subsidies in Hebei Province is lower than those in
Beijing. Combined with the above estimations, we can conclude that the poorer provinces benefit less but burden a higher cost due to
the HET policy.

6. Assessment of distributional equity among households

As investigated in Section 5, the household heating transition programs of Coal to Electricity and Coal to Gas both have positive net
social and private benefits, which indicates that both society and households can benefit greatly from these two programs. The puzzle
is that many households were still not satisfied with the programs. To understand the puzzle and improve the public acceptance of the
policy, this section explores the relationship between subjective satisfaction and monetary benefits and costs for households.

We first calculate the social and private benefit-to-cost ratios at the household level to explore the characteristics of different groups
of households. We then consider the average value of five subjective perception scores of each household, including comfort, con-
venience, air quality, cleanliness, and safety, to represent the satisfaction of each household. Combined with perception scores and
benefit-to-cost ratios in a quadrant analysis,” we obtained the distributions of the households in four quadrants by overall average
score and benefit-to-cost ratio as one, as shown in Fig. 6.

As shown in the fitted curve between satisfaction and the benefit-to-cost ratio in Fig. 6, households are inclined to perceive private
benefits from the programs, and households with a higher private benefit-to-cost ratio tend to give a higher satisfaction score.
However, the satisfaction of households is negatively associated with the social benefit-to-cost ratio. Table 5 further compares the
households in four quadrants based on housing characteristics and household demographics, including income level and health status.
Regarding the Coal to Electricity program, we find that the average housing area of households in the “High-Sat and Ne-Net” group is
much lower than that of the “Low-Sat and Ne-Net” group, and the households in the “High-Sat and Ne-Net” group are unhealthier than
those in the “Low-Sat and Ne-Net” group. The households in “Low-Sat and Ne-Net” group are faced with much higher costs with larger
housing areas, and they are relatively healthy and not sensitive to the pollutants of scattered coal. Hence, the satisfaction of households
in the “Low-Sat and Ne-Net” group is lower. Comparing households distributed in groups with positive net benefits, the lower scores in
the “Low-Sat and Po-Net” group might be caused by lower income levels and larger housing areas. Considering the Coal to Gas pro-
gram, households with higher satisfaction scores are accompanied by characteristics of smaller housing areas, higher income, and
healthier status.'°

The difference in the health status between the Coal to Electricity and Coal to Gas programs might be largely attributed to the fact
that unhealthier households are more inclined to highly rate the Coal to Electricity program, while lower rates for the Coal to Gas
program, since that Coal to Electricity could largely improve the indoor environment and cleanliness, as discussed in Section 4.2.

9 There are some missing observations at the household level analysis, since we should obtain much information about the social and private
benefits and costs, subjective perceptions of households. Appendix Fig. B. shows that whenever considering income and age, the sample of both Coal
to Electricity and Coal to Gas programs used in this section could be representative of the whole sample used in the average level. Moreover, since the
subjective perception data are only surveyed on the Coal to Electricity and Coal to Gas programs, this section we only consider these two programs.

10 We also investigate the impact of social and private benefit-to-cost ratios, housing characteristics and household demographics on the satis-
faction scores of households as shown in Appendix C. Households are inclined to perceive the private net benefits rather than social net benefits from
the programs, and households with a higher private benefit-to-cost ratio would grade a higher score. The negative impact of housing area and
poverty (an indicator variable equal to one if households obtain the minimum living guarantee due to lower income) on the satisfaction scores still
hold. Moreover, households with the old tend to have higher scores on the programs, especially regarding the attitudes toward convenience and
cleanliness. However, if the households have more children, the burden would be larger, and thus they are less likely to give a higher score.
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Fig. 6. The distributions of households combined with average perception scores and benefit-to-cost ratios.

Notes: (A) Households are distributed in the top-left quadrant with higher satisfaction scores and negative net benefits (High-Sat and Ne-Net). (B)
Households distributed in the top-right quadrant with higher satisfaction scores and positive net benefits (High-Sat and Po-Net). (C) Households
distributed in the bottom-left quadrant with lower satisfaction scores and negative net benefits (Low-Sat and Ne-Net). (D) Households distributed in
the bottom-right quadrant with lower satisfaction scores and positive net benefits (Low-Sat and Po-Net).

Moreover, Coal to Electricity is the main HET policy in Beijing. From Table 5, we can find that the housing characteristics and household
demographics vary much more in the Coal to Electricity program than in the Coal to Gas program. Additionally, there are many ob-
servations with ratios lower than one in the Coal to Electricity program and only one observation with social ratios lower than one in the
Coal to Gas program, as shown in Fig. 6. Comparing the social and private effects, housing characteristics and household demographics
among the four groups share the same patterns.

In summary, based on the assessment of the distribution of equity in terms of economic and environmental benefits and costs
among households, the results provide the reason why households are still not satisfied with the programs with average social and
private benefit-to-cost ratios larger than one. Households can perceive private benefits from the programs rather than social benefits. If
the programs bring larger private benefits than costs, households are more satisfied with the energy transition programs. Additionally,
households would be harmed by the programs by a larger burden from the heating energy transition with lower income and larger
housing areas.

7. Conclusions and policy implications

Based on household-level survey data from CRECS 2016 Beijing, we investigate the benefits and costs of the implementation of the
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Table 5
Differences in the sample mean between groups of households.
Social Private
Groups High-Sat High-Sat Low-Sat Low-Sat High-Sat High-Sat Low-Sat Low-Sat
Ne-Net Po-Net Ne-Net Po-Net Ne-Net Po-Net Ne-Net Po-Net
Coal to electricity
Housing area 123.981 172.265 231.250 241.483 147.222 161.678 198.421 253.382
Income level 3.115 2.926 3.125 2.741 2.667 3.053 2.632 2.891
Health 1.423 1.328 1.188 1.373 1.667 1.280 1.611 1.224
Coal to gas
Housing area 135.870 139.565 132.708 139.565
Income level 3.174 3.000 3.167 3.000
Health 1.087 1.217 1.125 1.217

Note: The table reports the differences in means between groups corresponding to the four quarters in Fig. 6. The income level variables are discrete
variables with 1 to 5, collected from the question- “Compared with other households in the village, the income situation of your family belongs to 1
Poor, 2 Lower to average, 3 Average, 4 Above average, 5 Very good™. The health status is 1 for healthy, 2 for chronic diseases, 3 for serious illness, 4 for
physical disability, and 5 for mental and psychological disorders. Higher scores indicate that households are unhealthier.

HET policy in Beijing, including Coal to Electricity, Coal to Gas, and Clean Coal Replacement. We find that the social benefits of the three
programs are approximately six- to thirty-fold the related costs, indicating that the transition largely improved social welfare. The
results also show that the private benefits are larger than the costs paid by the participants, indicating that the participants also have
positive net benefits from the programs.

When comparing the three programs, we find that Coal to Gas has a slightly larger social benefit-to-cost ratio than Coal to Electricity.
This is as expected because more than 60% of electricity is generated using coal, and coal has larger emission factors than gas. Ac-
cording to the results in Beijing, there is only a small difference between electricity and gas in the social benefit per ton of coal
substitution. Moreover, Clean Coal Replacement has the largest social benefit-cost ratio among the three programs. This is because,
although the environmental benefit of Clean Coal Replacement is low, it is equipped with the lowest cost. If the government is fiscally
constrained in the short term, Clean Coal Replacement is a good transitional measure. The choice among adopting electricity or gas and
substituting for coal should take into account the specific characteristic of each area, since the infrastructure cost varies greatly across
local conditions. In addition, program choice ought to take energy security and technology progress into consideration. The devel-
opment of wind and solar power and clean technology in coal-fired power provides a larger potential to reduce the emission factors of
electricity generation and thereby improve the social benefit-cost ratio of Coal to Electricity.

The study also investigates the impact of social and private benefit-to-cost ratios on the subjective perceptions of households, to
explore the reason why some households complain about the HET policy. The results indicate that the satisfaction of households is
largely and positively affected by private net benefits rather than social net benefits. As the benefit-to-cost ratios increase, the sub-
jective perception scores of the programs increase. Moreover, households with lower scores in the Coal to Electricity and Coal to Gas
programs are faced with a larger burden from the heating energy transition, accompanied by the characteristics of lower-income and
larger housing areas.

The conclusions above are based on a Beijing survey. The social cost of pollution, household income, and the government’s fiscal
capability in Beijing are all among the highest in the country. The HET policy has been carried out in more provinces in China. When
applying the conclusion to other areas, we should adjust the parameters in the analysis accordingly. For instance, the estimation of
social cost for pollution depends on the economic level and population density of the region; the value of statistical life is affected by
income; and the calculation of subsidy is determined by the local government’s fiscal capacity. Consequently, our benefit-cost esti-
mation model is more efficient to apply to the program of regions with high population density, high economic level, and large
government capacity. The study also conducts benefit-cost explorations of other regions, and we further find the existence of energy
inequality. When we replace the social costs for Beijing with the national average level, we find that the benefit-cost ratios of the three
programs become much lower. Moreover, comparing the benefits and costs of the participants with Beijing and Hebei, the provinces
with lower income suffer greatly from the higher participant cost. Therefore, it is essential to focus on the energy inequality of different
income groups in the national household energy transition process.

The paper provides a reference for the social and private benefits and costs of household energy transition programs in achieving
carbon neutrality. In particular, our results motivate the consideration of energy equity in terms of the allocation of benefits and costs
among households across different income levels and cost burdens within policy evaluation. Mandatory policies would increase social
welfare, whereas during the implementation, the government should consider the distribution of economic and environmental costs
and benefits directly associated with households. For instance, policy-makers could provide more preferential and larger subsidies to
low-income households in a more equitable manner.

Data availability

Data will be made available on request.
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Appendix A

A.1. Parameters for social benefit

The parameters for social benefit evaluation, including emission factors of air-borne pollutants from coal, electricity, and gas
consumption, and the social cost of per unit emission. We do not directly estimate the parameters in this paper. We summarize the
values estimated from relevant literature, and the details and the summary are as follows.

A.1.1. Emission factors

Table Al
Emission factors of main pollutants.

Panel A. Coal-fired Heating (kg/ton)

Source Research Object Energy Type SOy NOx CO PM;p PMys CO2
Liang, Zhang, Lin, Ma, and Wu Rural residents in Beijing, China Scattered coal 2.2 86.3
(2017)
Xu, Wang, and Xu (2016) Residents in Jing-Jin-Ji Area Scattered coal 17.1 2.8 65.2
Zhi et al. (2015) Rural residents in Baoding Scattered coal 20.7 1.6 7.0
Kong, Bai, and Lu (2014) Urt.)an and rural residents in Scattered coal 11.9 9.9
China
Shen et al. (2010) Residents in Yulin/Taiyuan Scattered coal 288 1288.5
Yu et al. (2008) Rural residents in China Scattered coal 1.9
Chen et al. (2015) Rural residents in Beijing Scattered coal 4.3
Zhang et al. (2008) Rural residents in Beijing Scattered coal 7.4
Liu et al. (2007) Rural residents in Beijing Scattered coal 4.9
Ma, Dong, Wu, and Pan (2015) Residents in Shaanxi, China Briquette 23
Honeycomb coal 1.3
. . . . Briquette 1.9 0.9 37.3
Liang et al. (201
iang et al. (2017) Rural residents in China Honeycomb coal 15 0.4 2.4
b d 1 resid, i
Kong et al. (2014) Ur'an and rural residents in Honeycomb coal 0.9 0.8
China
Urban and rural residents in Briquette 1.0
Chen et al. (2015
hen et al. ( ) China Honeycomb coal 1.8
Urban and rural residents in Briquette 5.2
Zha al. (2
ang et al. (2008) China Honeycomb coal 1.1
b 1 resi i
Liu et al. (2007) Ur'an and rural residents in Honeycomb coal 5.5
China
IPCC (2006) Url.)an and rural residents in Briquette 1550.4
China
Urban and rural residents in Briquette/Honeycomb 2911
China coal
Summary SO, NOx CcO PM;o PMy 5 CO,
Scattered coal 189 21 146.5 11.9 6.7 1288.5
Briquette 1.9 0.9 37.3 2.3 3.1 1880.7
Honeycomb coal 1.5 0.4 22.4 1.3 2.3 2211.0
Panel B. Electricity Generation (kg/MWh)
Source Research object Energy type SO, NOx CcOo PM;o PMy 5 CO,
Zhao et al. (2013) Power sector in China Electricity from power sector 2.2 2.3 0.3 0.3 0.2 773
Xing (2016) Coal to Electricity in Beijing North china power grid 1.1 1.1 0.2 478
Summary SO, NOx Cco PM10 PMy 5 COy
1.7 1.7 0.3 0.3 0.2 625.5
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Table A1 (continued)

Panel B. Electricity Generation (kg/MWh)

Source Research object Energy type SO, NOx CcOo PMjo PMy 5 COy

Panel C. Natural Gas Combustion (kg/thousand m®)

Source Research object Energy SO, NOx CO PM10 PM, 5 Cc02
type
Wang, Xu, Xu, and Bai (2017) Gas-fired boiler in China Natural gas 0.6 1.8
Chen, Ebenstein, Greenstone, and Li Gas-based heating system in Jing-jin-ji area, Natural gas 1994
(2013) China
Summary SOy NOx Cco PM10 PMy 5 Cco2
Natural gas 0.6 1.8 - - - 1994

Notes:Emissions factors are summarized from relevant literatures. We cite the literature that research object was mainly about rural household in
China after 2006, especially in the Jing-Jin-Ji area of China. We take the average of the values from these literatures and use it as the parameters in the
cost-benefit analysis.

Appendix Table A1 summarizes the findings in previous literature on emission factors of main air pollutants from coal combustion
(Panel A), electricity generation (Panel B), and natural gas combustion (Panel C), and the average emissions factors for main
pollutants.

The main air pollutants emitted from coal combustion include SO2, NOx, CO, PM;o, PM; 5 and CO,. Emission factors of these
pollutants are largely affected by coal’s quality and combustion condition. Therefore, emission factors vary greatly across studies. To
obtain emission factors for coal quality and combustion conditions that are similar to our study, we limit our literature review to
research that studies coal used by rural households in China after 2006, especially the coal consumed in the Jing-Jin-Ji region of China.
The average emission factors for scattered coal-fired heating are 18.9 kg/ton for SO, 2.1 kg/ton for NOx, 146.5 kg/ton for CO, 11.9
kg/ton for PM;, 6.7 kg/ton for PMy 5 and 1288.5 kg/ton for CO,.

Heating with electricity does not produce air pollutants at the user end, but the generation of electricity produces pollutants,
especially considering that in China about two-thirds of electricity is generated by coal (BP, 2020). We, therefore, use the average
emission factors from the literature of electricity generation. The average emission factors for per kWh of electricity generation are 1.7
kg SO-, 1.7 kg NOx, 0.3 kg CO, 0.3 kg PM;0, 0.2 kg PM, 5 and 625.5 kg CO».

The main pollutants emitted from gas combustion include SO2, NOx and CO,. We limit the literature review to household natural
gas heating boilers. The average emission factors estimated by the literature are 0.6, 1.8 and 1994 kg/m3 for SO, NOy and CO»,
respectively.

A.1.2. Social cost of pollution

Table A2 summarizes the findings in previous literature on the social cost of pollutants. The economic cost of social and envi-
ronmental damage from pollution varies greatly across countries and estimation methods. For example, Yang, Teng, and Wang (2013)
estimated the health impacts of pollution by multiplying the number of incidents of premature mortality and morbidity by the value of
life expressed as a willingness to pay. They adjusted the value in the EU as the benchmark and adjusted it to the local conditions in
Beijing. Su (2014) summarized related literature from developed countries and adjusted the findings to Shanghai’s conditions. Both
Kypreos and Krakowski (2005) and World Bank (2010) derived an ExternE method to estimate the environmental cost in China,
adjusting the EU results to China’s population density and income.

Given that social costs vary on regional population and income, and Beijing and Shanghai are similar in economic indicators, we
use the average value of social costs estimated by Yang et al. (2013) and Su (2014), which are 113.53 yuan/kg, 100.55 yuan/kg, 7.91
yuan/kg, 810.03 yuan/kg, 591.69 yuan/kg and 0.20 yuan/kg for SO,, NOx, CO, PM;, PM3 5 and CO,, respectively.

If considering expanding the program to other provinces such as Hebei, the social costs per unit of the pollutant would take the
average value of similar places or the average for China, as in Yang et al. (2013) Zhang, Mendelsohn, Cai, Cai, and Wang (2019), Wei
and Zhou (2003), World Bank (2010) and Kypreos and Krakowski (2005). As shown in Table A2, the average value of social costs per
unit of SO,, NOx, CO, PM;o, PM; 5 and CO; are 40.51 yuan/kg, 21.56 yuan/kg, 1.00 yuan/kg, 43.99 yuan/kg, 312.88 yuan/kg and
0.17 yuan/kg, respectively.

Table A2
Social costs of per unit of main pollutants (yuan/kg).

Source Region SOy NOx CO PM10 PM2.5 CO,
Su (2014) Shanghai, China 85.05 73.72 7.91 530.27 591.69 0.20
Yang et al. (2013) Beijing, China 142.01 127.38 1089.80

Zhang, Mendelsohn, et al. (2019) BTH region, China 62.47 9.14 312.88

Yang et al. (2013) China average 6.94 6.22 53.26

Wei and Zhou (2003) China average 6.00 8.00 1.00

World Bank (2010) China average 78.46 52.84 0.21
Kypreos and Krakowski (2005) Shandong, China 48.68 31.59 34.71 0.13

(continued on next page)
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Table A2 (continued)

Source Region SO,y NOx COo PM10 PM2.5 CO,
Value used in this study SO,y NOx COo PM10 PM2.5 CO,
Beijing 113.53 100.55 7.91 810.03 591.69 0.20
China 40.51 21.56 1.00 43.99 312.88 0.17

Notes: For the findings with original unit USD, we convert them into RMB with the average exchange rate of 6.8985:1 in 2019. The Beijing average
social costs are from the first two pieces of literature, and the China average is from the other three pieces of literature.

A.2. Parameters for participants’ benefit

The parameters for participants’ benefit evaluation, as described in the previous section, including indoor air pollutant concen-
trations when heating with different energy sources, and change in life expectancy due to a one-unit increase in the concentration level
of air pollutants. Again, we do not directly estimate the parameters, but summarize the values estimated from relevant literature. The
details and the summary are as follows.

A.2.1. Indoor air pollutant concentration

We focus on the change in PM2.5 concentration as a result of using different types of heating fuel, because suspended particulates
have the greatest impact on human health (Brunekreef & Holgate, 2002; Chen, Ebenstein, et al., 2013; Kampa & Castanas, 2008). The
size of combustion-generated particles determines the harm to health, because smaller particulates can go deeper into the body (Liu,
Wang, Ren, & Chen, 2018). Therefore, present research mostly considers PM2.5 or PM10 when measuring the effects of indoor
pollutant concentrations on longevity (e.g. Chen, Li, Tan, & Duan, 2013; Ebenstein, Fan, Greenstone, He, & Zhou, 2017; Pope III &
Dockery, 2013; Zhang & Smith, 2005).

For the changes in pollutant concentration before and after the program, we use findings from studies comparing indoor air
pollutant concentration between coal-fired and decentralized non-coal heating (e.g. electricity and natural gas). According to Fan, Cao,
Zhang, Huang, and Dong (2014), the indoor PMj 5 concentration of using scattered coal, electricity and gas are 203 pg/m?, 107 pg/m>
and 114 pg/m3 respectively. According to Liu et al. (2018) and Fan, Shao, Wang, Wang, and Li (2012), the indoor PMj 5 concentration
expected when using anthracite briquettes is 132 pg/m®. Therefore the changes in PMs 5 concentration from using coal to using
electricity, gas, and clean coal are —96 pg/m°>, —89 pg/m>, and — 72 pg/m3, respectively.

A.2.2. Impact of air pollutants on life expectancy

Extensive literature analyzes the impact of air pollutants on life expectancy per unit increase in PM3 5 concentration, as summarized
in Table A3, which covers the estimations of China, the US, and Canada. These areas vary a lot in air pollutant concentration levels.
Since the health effects of pollution may be non-linear in the initial pollution concentration level, we follow a study of Chen, Li, et al.
(2013) based on China’s air pollution and take the impact factor as —0.1 year/45.

Table A3
Impact of air pollutants on life expectancy.

Source Method Region PM2.5
Hg
(year/ﬁ)

Chen, Li, et al. (2013) Regression discontinuity study, North vs. South of Huai River China —0.10

Correia et al. (2013) First difference analysis of county-level changes in life expectancy U.s. —0.04
2000-2007

Hoek et al. (2013) Meta estimate of Cohort studies U.s. -0.07

Crouse et al. (2012) Canadian Cohort study Canada -0.11

Pope III, Ezzati, and Dockery (2009) First difference analysis of county-level changes in life expectancy Metropolitan areasin U. ~ —0.06
1980-2000 S.

Zeger, Dominici, Mcdermott, and Samet Medicare Cohort study Urban centers in U.S. —0.04

(2008)
Pope, III, Arden, & Richard (2002) ACS CPS-1I Cohort study U.S. —-0.07
Value used in this study —0.10

Notes: As the health effects of pollution are likely to be non-linear in the initial pollution concentrations level in different regions, we used the estimate
in Chen, Li, et al. (2013), which focused on China, as the value of the parameter in the analysis.

One thing to notice is that the time a household spends on pollution affects the effect of the pollution on life expectancy, and the
duration varies. It depends on where the heating device is installed. For the majority of rural Beijing households, the coal heating
device is installed in the kitchen or a room in the yard, separated from living rooms and bedrooms. That is, most of the day, a household
is not subjected to concentrated pollution. Consequently, we need to multiply the results calculated by Eq. (5) by a duration factor. If
we assume that they spend two hours in the kitchen or the heating device room, the duration factor would be 1/12. In contrast, in
places where households generally install heating devices in living rooms or bedrooms, the duration factor could be much larger, such
as 1/2, indicating that the household spends half the day in the same room with the heating device.
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Appendix B

g 34
&
8
@
8 [se]
21
8
<
2 2
23 2 o
o 3 g5 <
g 8 2
-
8
& S
8
o~
o~ o4
T T T T T T T T T
0 200000 400000 600000 800000 20 40 60 80
Income Age
Whole sample used at the average level Whole sample used at the average level
Sample used at the household level Sample used at the household level
(a) Coal to Electricity
3
o
g 2]
S ]
8 re)
o | a4
§ 2
©o
28 > o4
s9 g Q
g g7 $
X < x v
=1
8
3
87 =
S &1
e}
o o 4
T T T T T T =y T T T T T
0 100000 200000 300000 400000 500000 30 40 50 60 70 80
Income Age
—— Whole sample used at the average level — Whole sample used at the average level
Sample used at the household level — Sample used at the household level
(b) Coal to Gas
Fig. B. Representation of the household-level sample.
Appendix C
Table C
The impact of benefit-to-cost ratio on the subjective perceptions of households.
(€8] 2) ®3) “@ ®) 6) @) 8
Full sample CTE CTG
Variables Perception Comfort Convenience Air quality Cleanliness Safety Perception Perception
Social ratio —0.0451%** —0.0418** —0.0367** —0.0712%** —0.0426** —0.0438** —0.0359** —0.1655%**
(0.0140) (0.0203) (0.0158) (0.0168) (0.0165) (0.0205) (0.0145) (0.0532)
Private ratio 0.0204%*** 0.0230** 0.0171%** 0.0173* 0.0107 0.0340%** 0.0147* 0.0276*
(0.0066) (0.0102) (0.0065) (0.0091) (0.0065) (0.0082) (0.0075) (0.0147)
Housing area —0.0006*** —0.0004* —0.0005%** —0.0008%*** —0.0007%*** —0.0003 —0.0006*** 0.0032
(0.0001) (0.0002) (0.0001) (0.0002) (0.0002) (0.0002) (0.0001) (0.0026)
Income level 0.1046 0.2771 0.0593 0.1094 0.0686 0.0296 0.1276 0.1244
(0.1026) (0.1786) (0.1373) (0.1360) (0.1128) (0.1590) (0.1086) (0.2782)

(continued on next page)
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Table C (continued)

m 2) 3) “@ ©) 6) @) (€©)]

Full sample CTE CTG
Variables Perception Comfort Convenience Air quality Cleanliness Safety Perception Perception
Health 0.0504 0.0722 0.0808 0.1197 0.0203 —0.0250 0.0457 —0.2475

(0.1288) (0.2016) (0.1248) (0.1779) (0.1386) (0.1897) (0.1330) (0.5388)
Poverty —0.8147%*** —1.6741** —0.9448%** —0.6227** —0.9229%** 0.1082 —0.8686***

(0.1995) (0.7974) (0.2699) (0.2435) (0.2568) (0.4892) (0.2082)
Child —0.1995* —0.2825 —0.1944 —0.1786 —0.2407* —0.0912 —0.2516** —0.1594

(0.1085) (0.1723) (0.1290) (0.1356) (0.1328) (0.1683) (0.1217) (0.2357)
old 0.1369 0.0221 0.1629* 0.0837 0.2026** 0.1994 0.1135 0.1117

(0.0893) (0.1482) (0.0981) (0.1113) (0.1018) (0.1292) (0.0963) (0.2827)
Constant 8.5381%** 7.7164%** 8.8712%x* 8.6836%** 8.9845%** 8.4119%** 8.6002*** 8.6086***

(0.4036) (0.6601) (0.5531) (0.5382) (0.4487) (0.6138) (0.4421) (1.1038)
Observations 204 203 202 204 204 203 160 44
R-squared 0.1459 0.0936 0.0996 0.1422 0.1198 0.0666 0.1391 0.3338

Notes: the table reports the impact of social and private benefit-to-cost ratios on the subjective satisfaction of households. The income level variables
are discrete variables with 1 to 5, collected from the question- “Compared with other households in the village, the income situation of your family
belongs to 1 Poor, 2 Lower to average, 3 Average, 4 Above average, 5 Very good”. The health status is 1 for healthy, 2 for chronic diseases, 3 for serious
illness, 4 for physical disability, and 5 for Mental and psychological disorders. The higher scores indicate that households are unhealthier. The study
also considers an indicator variable, poverty, that if households obtain the minimum living guarantee due to lower income, the variable equals one
and otherwise zero. Child and Old represent the number of children and the old in a household, respectively. CTE and CTG represent Coal to
Electricity and Coal to Gas, respectively.
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