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Abstract

The Clean Heating Policy, aimed at encouraging households in Northern China to transi-
tion from coal to electricity or gas, marks a pivotal effort in combating air pollution. However,
the effectiveness of household fuel substitution policies in fuel choices and heating behaviors
has seldom been thoroughly assessed. This paper utilizes data from three rounds of a detailed
panel dataset collected during the Coal to Electricity program in rural areas of Beijing to ex-
plore the dynamics of heating fuel choice and behavior among rural households. By using a
difference-in-differences (DID) approach, my analysis reveals a significant yet partial transi-
tion from coal to electricity among affected households and a spontaneous transition in areas
not directly targeted by the policy. This observation prompts a deeper exploration into the
determinants influencing households’ fuel choices and behaviors in the absence of coal ban
policy. Employing the correlated random effects generalized ordered probit model to account
for unobserved individual heterogeneity, I identify key variables such as fuel prices, household
income, education, marital status, and house area that markedly influence these choices. No-
table differences are observed in the determinants affecting fuel choices and usage patterns,
particularly in the roles of coal prices and income. These findings indicate that choosing fuel
types and determining usage levels might be governed by separate household decision-making
processes. The study highlights the necessity to integrate both the energy ladder and fuel stack-
ing theories into the models of household fuel consumption to effectively capture the nuanced

dynamics of energy transition in rural China.



1 Introduction

Currently, approximately 2.1 billion people in developing countries rely heavily on biomass and
coal for their daily cooking and heating needs, contributing significantly to both household indoor
and regional air pollution. This dependence poses a substantial health risk, associated with approx-
imately 3.2 million deaths in 2020 alone, and exacerbates the challenges of climate change (WHO
(2024); Cheng et al. (2017)). Consequently, the United Nations Sustainable Development Goals
(SDGs) have recognized the access to affordable, reliable, sustainable, and modern energy services
as pivotal for catalyzing economic growth and enhancing quality of life. Improved access to mod-
ern energy services directly supports advancements in health, education, gender equality, while
mitigating environmental degradation and global warming (UN (2016)). Evidently, residential fuel
switching and fuel substitution stand out as essential strategies to achieve these broad development
goals, particularly due to their significant role in reducing solid fuel combustion.

There have been numerous efforts to promote cleaner fuels through inter-fuel substitution
globally. Governments and organizations worldwide have launched initiatives to replace polluting
fuels with cleaner alternatives such as natural gas, liquefied petroleum gas (LPG), and electricity.
These initiatives often involve financial incentives, infrastructural improvements, and educational
campaigns to facilitate the transition. For instance, programs in low and middle income countries
have successfully reduced the dependency on kerosene and charcoal by promoting solar energy and
improved cooking stoves, contributing to enhanced public health and environmental preservation
(Rehfuess et al. (2014)).

In China, reliance on solid fuels such as biomass and coal remains widespread, especially in
rural areas, significantly exacerbating local air pollution and contributing to global climate change
(Pachauri and Jiang (2008); Chen et al. (2024)). This dependence on traditional energy sources has
led to a concerning situation where, as of 2013, an astonishing 99.6% of the Chinese population
was exposed to air pollution levels that exceeded WHO guidelines. Moreover, only a mere 1% of
the urban population lived in cities that met EU air quality standards, as reported by MEP (2013)

and Zheng and Kahn (2013). These conditions underscore the ongoing challenges in air quality



management, with particulate matters such as PM10 and PM2.5 posing major public health risks.
In response to this critical issue, the Chinese government has enforced stringent policies aimed
at reducing air pollution, with coal control as a central strategy. Initiated with the Air Pollution
Prevention and Control Action Plan of 2013, extensive household fuel substitution programs have
been deployed, particularly focusing on coal-reliant rural areas'. The Clean Heating Program,
launched during the heating seasons in residential sectors, is pivotal in diminishing air pollution
levels. In 20135, it was estimated that rural China utilized approximately 200 million tons of scat-
tered coal for heating (NRDC (2017)). The policy’s main strategies include transitioning from
coal to gas or electricity, supported by financial subsidies for households to adopt cleaner heating
technologies and fuels, thereby fostering a significant reduction in pollution and enhancing public
health.

Xu et al. (2024) have estimated that the clean heating policy led to a significant increase in
natural gas and electricity use, achieving substantial emission reductions-1.83 million metric tons
of carbon dioxide equivalent in the aggregate in 2018. Song et al. (2023) further demonstrated
that from 2015 to 2021, such policies reduced PM2.5 by 41.3 % Beijing and surrounding areas,
significantly more than in other northern cities, and decreased China’s annual PM2.5 by 1.9 ;g /m?,
preventing roughly 23,556 premature deaths in 2021. Despite these benefits, Li (2018) observed
a significant natural gas shortage in winter 2017, which inflated prices and heating costs, making
them unaffordable for many residents despite subsidies. Wu et al. (2020) noted that the coal-to-
electricity shift, while cleaning the air, did not ensure adequate warmth due to decreased energy
delivery.

Research extensively examines the health and environmental effects of these policies, but
there has been limited focus on quantifying their impact on household fuel use and heating be-
haviors, which directly affects residents’ welfare. This study aims to fill that gap by examining
the effects of clean heating policies on household fuel choices and consumption at the micro level,

utilizing data from the Beijing Household Energy Transition Project to analyze fuel substitution

'A comprehensive description of the series of policies regarding household fuel substitution is detailed by Wu et al.
(2020).



impacts and assess changes in heating behaviors through a detailed questionnaire on heating de-
vices usage.

The clean heating policy evaluation in this study revealed a significant reduction in pollut-
ing fuel use with electricity becoming the primary heating source, leading to an increase in total
heating hours due to more clean/electric heating despite a reduction in polluting fuel use. The pol-
icy successfully maintained overall heating hours and showed more pronounced benefits in groups
treated earlier, suggesting that early adoption boosts efficacy. However, coal use was not com-
pletely eliminated, even with the coal ban, and a similar shift from coal to electricity was observed
in non-treated households, albeit to a lesser degree. This indicates other factors may influence fuel
choices, underscoring the need for further investigation into why some households transition to
cleaner fuels while others do not.

Despite extensive research on household energy choices in China, most studies use cross-
sectional data, which may not effectively capture the dynamic and complex nature of these de-
cisions and fail to control for unobserved individual heterogeneity. And there is also an empha-
sis on cooking energy, often neglecting heating energy, which a major component of northern
households’ energy use. Additionally, the phenomenon of fuel-stacking, where households adopt
cleaner fuels as partial substitutes without fully abandoning traditional energy sources, has not
been thoroughly examined during transitions to cleaner energy. Evidence on the determinants of
fuel stacking is quite limited. Furthermore, previous empirical studies on fuel consumption often
use simplistic models focusing on limited socioeconomic factors. However, household decisions
in rural areas are complex due to market failures for biomass, commercial fuels, and labor. These
failures mean that consumption decisions are intertwined with production decisions, including fuel
production, food supply, and labor allocation, suggesting that consumption and production deci-
sions are interconnected. Thus, I adopt a comprehensive model that integrates a broader range of
socioeconomic factors affecting both consumption and production to better understand household
responses to market failures. Furthermore, I emphasize the difference between the determinants
of fuel choices and fuel usage, which could reveal distinct aspects of household decision-making

processes.



This study bridges existing research gaps by using longitudinal data from rural Beijing to
focus on heating energy and explore the dynamics of energy transition. I classify energy types into
polluting, mixed, and clean fuels to provide evidence for fuel stacking behaviors and separately an-
alyze the determinants of fuel choices and usage. Employing a random effects generalized ordered
probit model with Mundlak correction helps us control for unobserved heterogeneity, thereby re-
ducing the bias of the results. The study aims to understand why the use of polluting fuels persists
in rural households, the factors driving their transition towards clean fuels, whether households
ascend a fuel quality ladder with increasing income, and if the determinants of fuel choices differ
from those of fuel usage. These insights are crucial for crafting effective policies to promote a fuel
transition.

The analysis of heating fuel choices and behaviors highlights their interconnected yet dis-
tinct nature. Notably, while coal prices significantly affect fuel choices—driving a shift towards
cleaner options as prices rise—they do not impact total heating hours, indicating that price hikes
alone may not reduce pollution. Conversely, while income influences energy consumption levels,
it has less impact on the type of fuels chosen. Higher income typically leads to increased elec-
tricity use for heating, aligning with the energy ladder theory, which suggests that as household
income rises, families transition to higher-ranked energy sources while phasing out less advanced
alternatives; however, it does not eliminate the use of polluting fuels, supporting the fuel stacking
theory where households maintain a diverse energy mix. This suggests that fully transitioning to
clean energy involves more than economic incentives; it also requires changes in social norms and
behaviors, enhanced energy education, and better integration of rural households into broader en-
ergy policy frameworks. These findings underscore the need to combine energy ladder and fuel
stacking theories to create comprehensive policies that effectively promote energy transitions.

The paper is structured as follows: Section 2 presents a detailed literature review; Section
3 describes the data used; Section 4 evaluates the clean heating policy in terms of fuel choices and
heating behaviors; Section 5 examines the determinants of two processes in heating fuel consump-
tion: the selection of fuels and the amount of heating for each fuel or device; Section 6 provides a

discussion; and Section 7 offers the conclusion.



2 Literature Review

In this section, I begin by thoroughly reviewing evaluations of household energy interventions
globally, with a specific focus on China, identifying key limitations and gaps in existing re-
search. I then present the two predominant theories of fuel choices—the energy ladder and fuel
stacking—and provide a summary of empirical evidence concerning various factors that influ-
ence household fuel decisions. Additionally, I investigate the existing research on household fuel
choices in China, pinpointing methodological shortcomings and emphasizing the contributions of

this study to the field.

2.1 Evaluation of Household Energy Interventions

Extensive fuel intervention programs have been launched worldwide to reduce air pollution and
enhance public health. Numerous studies have explored the impacts of these initiatives globally,
including specific analyses focused on China. A primary strategy in these interventions is the
implementation of fuel bans, which have been demonstrated to significantly decrease air pollution
and its associated health risks. For instance, the coal ban in Dublin led to marked reductions in
air pollution levels, correlating with lowered incidences of respiratory and cardiovascular diseases
(Dockery et al. (2013); Clancy et al. (2002)). Similarly, bans on residential wood-burning were
shown to decrease cardiovascular hospitalizations and mortality rates due to reduced particulate
matter exposure (Yap and Garcia (2015); Johnston et al. (2013)).

Another strategy for energy switching programs involves substituting clean energy by pro-
viding improved appliances or stoves. Budya and Arofat (2011) examined Indonesia’s nationwide
initiative to transition from kerosene to LPG, observing significant reductions in household air pol-
lution. Pachauri et al. (2018) highlighted the necessity of effective subsidy mechanisms to facilitate
such transitions, especially in economically disadvantaged communities where cost barriers could
restrict access to cleaner fuels. Scott and Scarrott (2011) analyzed air quality interventions in New
Zealand, noting marked improvements in PM 10 concentrations resulting from stringent regulations

and heater replacements.



China has dedicated significant efforts to mitigate its severe air pollution over recent decades.
A major focus of these initiatives is the transition from residential coal to cleaner fuels, recogniz-
ing the heavy dependence on coal in the residential sector. As China’s coal replacement policies
evolve, scholarly attention on residential coal substitution within the country is increasing. Many
studies focus on evaluating the economic, health, and environmental impacts via cost-benefit anal-
ysis. For instance, Zhang et al. (2019) developed an integrated model to evaluate the health impacts
and economic costs of cleaner heating within the Beijing-Tianjin-Hebei (BTH) region, concluding
that the overall public health improvements from enhanced air quality yield net social benefits,
including spillover effects. Similarly, Xiaolin et al. (2019) applied cooperative game theory to de-
vise cost-effective strategies that maximize environmental benefits in the BTH region, suggesting
substantial potential savings if investments and support are optimally distributed.

Another focus of these evaluations is the effect of such programs on air pollution reduc-
tion and the resultant health benefits. Tian et al. (2018) highlighted the efficacy of high-quality
coal replacements in reducing emissions from coal stoves. Studies such as those by Niu et al.
(2024), Song et al. (2023), and Yu et al. (2021) noted modest reductions in outdoor PM2.5 levels
in areas where the coal ban with heat pump subsidy was implemented, in contrast to neighboring
regions without such measures. Meng et al. (2019) reported a significant 36% decrease in personal
PM2.5 exposure following changes in household fuel use. However, Wen et al. (2023) observed
only slight reductions in chronic lung diseases, with no significant changes in physician-diagnosed
cardiovascular diseases following the coal ban policy.

Despite the proliferation of studies at the macro level, there is a notable gap in micro-
level research on the impacts of residential coal replacement programs in China, especially on the
fuel consumption and well-being. A few studies like those by Barrington-Leigh et al. (2019) and
Wu et al. (2020) have begun to fill this void. Barrington-Leigh et al. (2019) assessed the effects
of a program that subsidized electric heating devices and banned coal, analyzing its impact on
household energy use, expenditure, and indoor environmental quality. Wu et al. (2020) found

that the coal-to-electricity policy effectively reduced pollution but resulted in decreased energy



delivery, adversely affecting winter warmth. Conversely, the high-quality coal replacement policy
maintained energy delivery but failed to enhance indoor air quality.

This paper addresses this gap by evaluating the impact of coal replacement policies on
household heating fuel choices and behaviors at the micro-level. It investigates how households
distribute their heating needs among various fuels and devices in the context of coal replacement
policies, and assesses the evidence for both the “energy ladder” and “fuel stacking” theories in

understanding the effects of these interventions.

2.2 Determinants of Household Fuel Choices

After reviewing the evaluation of household energy interventions, I now explore another criti-
cal aspect of the literature concerning the determinants of household fuel choices. The energy
ladder and fuel stacking theories prominently guide discussions on how households make fuel
decisions. Empirical studies have extensively identified various determinants influencing these de-
cisions. Additionally, I delve into the research on fuel choice dynamics within China, highlighting

its limitations and underscoring the contributions of this study in addressing these gaps.

2.2.1 Energy Ladder Theory

The energy ladder theory illustrates a hierarchical relationship between a household’s economic
status and the types of fuel they use for cooking and heating. As household income increases,
families progressively transition to higher-ranked fuels while phasing out alternatives(Hosier and
Dowd (1987); Heltberg (2005)), where the ranking of fuels is determined by cleanliness, ease
of use, cooking or heating speed, and efficiency(Hiemstra-Van der Horst and Hovorka (2008)).
Initially, families rely on biomass, then transition to fuels like kerosene and coal, and ultimately
adopt cleaner energy sources such as LPG and electricity(See Figure 1). This transition is driven
not only by the pursuit of fuel efficiency and reduced pollution exposure but also by a desire to
reflect improved socio-economic status (Masera et al. (2000)).

While this correlation between income and fuel choice has been observed at both the coun-

try and individual levels (Farsi et al. (2007); Davis (1998); Gupta and Kohlin (2006)), the model’s
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Figure 1: Energy Ladder

simplicity is often challenged by empirical evidence. Research across various developing countries
indicates that fuel wood remains a vital energy source for households at all income levels despite
the availability of modern fuels(Hiemstra-Van der Horst and Hovorka (2008);Hosier and Kipondya
(1993); Bhagavan and Giriappa (1995); Brouwer and Falcdo (2004)). Furthermore, the use of
higher-ranked fuels such as electricity and LPG by low-income households (Campbell (2003))
demonstrates that energy choices are influenced by a variety of factors beyond income. This in-
dicates a more complex interplay of factors influencing energy usage than what is depicted by
the energy ladder, necessitating a broader understanding of the impact of various socio-economic

variables on energy consumption behaviors.

2.2.2 Fuel Stacking Theory

Numerous studies found that the energy transition is not a simple linear progression but involves
households simultaneously using multiple fuels, a concept known as fuel stacking (Leach (1992);
Campbell (2003); Arnold et al. (2006); Karekezi and Majoro (2002)). This model posits that
households adopt new fuels as partial substitutes without abandoning traditional energy sources.

Often, fuel switching process is not unidirectional; households may revert to using traditional



fuels even after adopting modern energy sources due to factors like price fluctuations (Masera
et al. (2000); Arnold et al. (2006); Maconachie et al. (2009); Wickramasinghe (2011)). Masera
et al. (2000) proposed the multiple fuel model, which suggests households do not entirely switch
from one fuel to another but maintain a diverse portfolio of energy options for common needs
such as cooking. Studies support the prevalence of fuel stacking across both urban and rural
households in developing countries(Heltberg (2005); Hiemstra-Van der Horst and Hovorka (2008);
Mekonnen and Kohlin (2009); Mirza and Kemp (2011)), serving as a strategy to ensure energy
security (Davis (1998)), cope with fluctuating fuel prices or incomes (Hosier and Kipondya, 1993),
manage unreliable fuel supplies (Masera et al. (2000); Hosier and Kipondya (1993)), and adhere

to cultural traditions (Masera et al. (2000)).

2.2.3 Determinants of Fuel Use

I present empirical evidence on the principal determinants of household fuel decisions. For a
comprehensive review of the factors influencing fuel use, readers are encouraged to refer to the

detailed studies by Muller and Yan (2018) and Van der Kroon et al. (2013).

Income The energy ladder theory has emphasized income as a important determinant of fuel
choices, however, empirical studies offer mixed results. The relationship between income and fuel
choice is complex and varies by context, as shown in studies like Ouédraogo (2010) in Burkina
Faso and Gupta and Kohlin (2006) in urban India, where higher incomes or expenditures led to
the adoption of gases like natural gas and LPG. Notably, the income effect on fuel choice is not
always linear or positive; for instance, Démurger and Fournier (2011) found that Chinese rural
households substitute coal for firewood as wealth increases, challenging the simple linear model of
the energy ladder. This complexity is further highlighted by the varied income elasticities across
fuel types and contexts, suggesting that while some fuels behave as necessities, others are luxury
goods, depending on the economic and social setting (Muller and Yan (2018); Akpalu et al. (2011);
Hughes-Cromwick (1985)).

10



Fuel Prices Extensive empirical research illustrates the significant role of fuel prices on house-
hold fuel choices, noting considerable variability in price sensitivity across fuels and regions. Nu-
merous studies, such as those by Farsi et al. (2007) in India and Jingchao and Kotani (2012) in
Beijing, demonstrate that increases in the prices of fuels like LPG significantly reduce their con-
sumption and likelihood of selection by households. Similarly, research by Gupta and Kohlin
(2006) and Akpalu et al. (2011) indicates that the relationship between firewood consumption and
its price is predominantly negative. However, the effects vary; while some studies find strong neg-
ative price elasticities, others, like those on coal, show no significant price impact, emphasizing the
complexity of fuel price effects across different contexts. Additionally, cross-price effects, which
suggest potential substitutability or complementarity between fuels, have yielded mixed results in
the literature. For example, Heltberg (2005) and Pitt (1985) observed substitution effects between
various fuels, whereas others like Gupta and Kohlin (2006) report negative cross-price elasticities,
challenging simple interpretations of fuel substitutability. This indicates that fuel choices are in-
fluenced by a complex interplay of price dynamics and other socioeconomic factors, necessitating

nuanced economic models to accurately capture these relationships.

Age Empirical evidence on the impact of household head age on fuel choice presents mixed
findings. Older household heads tend to favor traditional fuels; studies like Baiyegunhi and Hassan
(2014) in Nigeria and Edwards and Langpap (2012) in Guatemala report a positive association
between age and the use of wood or fuel wood. Similarly, Démurger and Fournier (2011) find a
significant preference for firewood in older rural Chinese households, while Gebreegziabher and
Kooten (2013) note older Ethiopian heads prefer charcoal. Conversely, some research suggests
older individuals prefer modern fuels; Farsi et al. (2007) and Gupta and Ko6hlin (2006) observed a
preference for LNG over wood in older Indian household heads, and Ozcan et al. (2013) report a
shift from wood to cleaner fuels like natural gas and electricity in older Turkish household heads.
These divergent findings could reflect a life cycle effect, where older individuals, potentially with
fewer liquidity constraints, can afford cleaner fuels, and at older ages, it may become too difficult

to gather firewood or haul coal. However, several studies like those by Abebaw (2007) and Israel
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(2002) argue that age has no significant impact on fuel use, adding complexity to the understanding

of age dynamics in fuel choice behavior.

Gender Gender also influences household fuel choices, with mixed evidence on its impact. Stud-
ies like Farsi et al. (2007), Rao and Reddy (2007), and Rahut et al. (2020) suggest that female-
headed households often prefer modern fuels over traditional ones, likely due to women’s central
role in cooking and their direct exposure to harmful pollutants from traditional fuels. Conversely,
some research finds no significant gender effect; ?, and Ouédraogo (2010) report an insignificant
gender coefficient in varying contexts. In Nepal, Link et al. (2012) observed that households with
a higher proportion of female members tended to use more fuel wood, attributing this to women’s
roles in fuel wood gathering. However, contrasting findings from Heltberg (2005) in Guatemala
and Israel (2002) in urban Bolivia suggest that the proportion of females does not influence fuel
wood use significantly, with Israel noting that women earning a larger share of family income cor-
relates with less firewood use, possibly reflecting the higher opportunity costs of women’s time.
Gupta and Kohlin (2006) also find that the employment status of women in India does not impact
fuel choice. These disparate findings indicate that gender’s role in fuel choice may be shaped by a

blend of preferences, time costs, and intra-household dynamics.

Education Education plays a pivotal role in influencing household fuel choices, often leading to
a shift from traditional to modern fuels due to increased awareness of health impacts and the effi-
ciencies offered by alternative energy sources. Studies such as Abebaw (2007) and Démurger and
Fournier (2011) show a negative correlation between education level and firewood consumption,
partly due to higher opportunity costs associated with fuel collection time. Further, research from
Nigeria and India by Baiyegunhi and Hassan (2014) and Gupta and Kohlin (2006) supports that
increased educational attainment encourages a transition towards kerosene and LPG. Similarly, in
Ethiopia and Kenya, Gebreegziabher and Kooten (2013) and Lay et al. (2013)) found that higher
education levels correlate with a preference for electricity over wood. These findings highlight
education’s role not only in enhancing income but also in promoting energy literacy, which can

drive changes in fuel consumption patterns.
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Household Size Household size influences energy consumption patterns, often reflecting both
economic scale effects and income constraints. Studies like Abebaw (2007) and Jingchao and
Kotani (2012) highlight a negative cor