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Summary
Background Pervasive use of unclean solid fuels is impeding the transition to sustainable household energy by 
2030 in many low-income and middle-income countries. The coal to gas or electricity policy in rural north China 
effectively reduced wintertime air pollution; however, this roadmap was challenged in the nationwide clean 
heating renovation due to unaffordability and reliable energy supply, rendering it unsustainable.

Methods This study developed a new, multi-pronged framework for clean cooking and heating in rural China, 
including both long-term and short-term heating regions, relying primarily on affordable electrification with 
supplemental biofuel pellets. We performed cost–benefit analysis of this cleaning approach following the 
cause–effect chain from changes in pollutant emissions, indoor and outdoor air quality, and monetised health 
outcomes.

Findings Under the investment cap for power grid renovation below ¥8000 per household (scenario H3), three-
quarters of the population in the long-term heating region (ie, one-third of the national total rural population), 
could switch to electric heating. For the remaining households, affordable biofuel pellets can be adopted for 
heating (scenario H9). This transition would deliver notable benefits in reducing national residential primary 
PM 2⋅5 emissions by 65% (IQR 61–70) from the 724 Gg (612–967) in baseline H0 to 256 Gg (205–312) in H9, 
lowering exposure to PM 2⋅5 by 20% (16–25) from 50⋅2 μμg/m 3 (40⋅4–63⋅5) in H0 to 40⋅4 μμg/m 3 (33⋅1–50⋅2) in H9, 
and consequently averting 51 190 (37 480–66 990) premature deaths, with the estimated monetised health benefits 
being nearly 2⋅55 (1⋅43–4⋅40) times the cost. Meanwhile, clean cooking transition for the whole rural population 
(scenario C2) would avert 78 740 (56 240–103 390) premature deaths, with the benefit–cost ratio of 7⋅70 
(4⋅17–14⋅70). Combining clean cooking and heating would yield more substantial effects across the country. Costs 
and health benefits exhibit spatial variability and differ across age groups.

Interpretation The proposed pragmatic household clean energy framework would benefit over 1 million rural resi-
dents in China who still rely on traditional solid fuels to meet basic energy needs, with the monetised health benefits 
notably higher than the associated cost.
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Introduction
Although traditional solid fuels such as raw coals and bio-
fuels are unclean, they are important household energy 
sources for nearly 2⋅7 billion people globally. 1 Indoor 
burning of these solid fuels is usually inefficient, producing 
large amounts of hazardous air pollutants such as PM 2⋅5 , 
black carbon, CO 2 , carbon monoxide, and many toxic 
organic compounds. 2 Emissions from households con-
tribute to nearly 20% of ambient PM 2⋅5 globally, with rela-
tively high contributions in south Asia, and 7% in 
high-income North America. 3 Smoke from incomplete 
combustion is also released into indoor air directly, causing 
serious household air pollution. 4 Exposure to these house-
hold air pollutants results in millions of premature deaths 
every year from adverse respiratory, cardiovascular, and 
neonatal outcomes. 5,6

Transitions to clean modern household energy, such as 
gaseous fuels and electricity, is crucial in improving air

quality, protecting human health, and mitigating climate 
change, as burning of traditional solid fuels, such as coals 
and biomass, produces substantial amounts of air pollu-
tants and various climate forcers. Clean energy transitions 
can occur as development progresses, or they can be 
accelerated through policy. Empirical evidence from 
nationwide surveys in China observed that self-motivated 
switching to clean cooking has occurred before—from 
1992 to 2017, the proportion of the population in rural 
China using clean cooking fuels and technologies 
increased from 9% to approximately 69%, which is a sub-
stantial spontaneous transition without government inter-
vention, mainly driven by increased income and awareness 
of air quality protection. 7–9 However, unclean solid fuels 
remain major heating energy sources for a large popula-
tion, especially in high-latitude or high-altitude cold regions 
with longer heating demands. In 2017, a clean heating 
campaign was initiated in north China to phase out raw coal
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use for space heating in urban, peri-urban, and rural areas, 
being replaced with electricity or gas for heating. 10 The 
campaign effectively cleaned up household energy and 
improved regional air quality; 11,12 however, it also caused 
highly concerning issues such as cold exposure with 
reduced or even no heating activities in some homes, 
reversion to raw coal, gas pipeline explosion accidents, and 
further inequality in air pollution exposure and well-
being. 13,14 Thus, in promoting gas or electricity for space 
heating, particularly in rural areas, there are serious con-
cerns about the continued challenges of affordability and 
sustainability.
With a large population continuing to rely on traditional 
solid fuels as important household energies, the challenge 
of universal access and sustained use of clean modern 
energies, as outlined in Sustainable Development Goal 7, 
persists. 15 In this study we propose a new framework for 
clean cooking and heating in rural China, with affordable 
electrification at the core, supplemented by cleaner biofuel 
pellets (compared with traditional solid biomass fuels), a 
standardised high-density solid fuel produced by com-
pressing biomass such as agricultural and forestry waste. 
We performed cost–benefit analysis of this cleaning 
approach, following the cause–effect chain from changes in

pollutant emissions, indoor and outdoor air quality, and 
monetised health outcomes. This pragmatic multi-fuel 
approach, which is in line with China’s natural and socio-
economic conditions, is practical and has the potential to 
achieve substantial environmental and health benefits, 
providing an affordable path towards cleaner air.

Methods
Heating demand and baseline temperature
China has several climatic zones with different conditions, 
and not all regions have space heating demands in winter. 
We analysed heating demands across the country and 
calculated the heating days under different baseline tem-
peratures (appendix p 3). Spatial patterns indicated that a 
baseline temperature of 0 ◦ C is representational of the 
actual situation of rural heating demand in China. Most 
regions in the Qinghai–Tibet Plateau and north of the 
Qinling–Huaihe line are primary heating areas, whereas 
some central and eastern regions south of the 
Qinling–Huaihe line have short-term heating needs, with 
heating degree days lower than 33. Therefore, a baseline 
temperature of 0 ◦ C was adopted in formulating clean 
heating plans. The distribution of heating days shows a 
clear pattern, with more heating days in the north and

Research in context

Evidence before this study
Household energy consumption for daily cooking and space 
heating constitutes a relatively small proportion of China’s total 
energy use. However, constrained by the inefficiency of 
combustion processes, this sector emits substantial quantities of 
many air pollutants, which subsequently impose pronounced 
adverse effects on ambient air quality and public health. Clean 
energy transition interventions, such as the coal to gas or 
electricity programme in northern China, have been shown to be 
effective in mitigating wintertime air pollution and reducing the 
incidence of extreme haze episodes. Despite these demonstrable 
successes, the initiative remains subject to social controversy, 
predominantly stemming from concerns regarding household 
affordability and energy supply reliability, thereby casting doubts 
on its long-term sustainability in the context of just energy 
transition.

Added value of this study
A novel, multi-pronged framework for clean household energy in 
rural China, being adapted to local heating demands, resource 
endowment, and economic conditions, is proposed. The 
framework, emphsising affordable electrification supplemental by 
biofuel pellets, is evaluated for the air pollutant emissions, 
ambient and indoor air quality, and health outcomes for different 
clean household energy transition scenarios. Quantitative analysis 
took costs (including device, grid installation, and maintenance) 
and benefits in health saving into consideration. Scaling up clean 
heating and cooking not only materially reduces air pollutant 
emissions but also drives substantial reductions in PM 2⋅5

exposure, particularly under conditions of reduced indoor 
pollution. Transitioning to clean heating in the long-term heating 
region (scenario H9) could avert over 50 000 premature deaths 
annually in China, and further transitions to clean cooking 
(scenario C2) could avert approximately 80 000 additional 
premature deaths. The associated health benefits translate to 
benefit–cost ratios of 2⋅55 for clean heating retrofits in H9 and 
7⋅70 for clean cooking initiatives in C2, demonstrating notable 
cost-effectiveness.

Implications of all the available evidence
In many low-income and middle-income countries, reliance on 
traditional solid fuels constitutes a major source of indoor air 
pollution and ranks among the leading environmental risk factors, 
contributing to millions of premature deaths globally each year. 
A clean and just energy transition is crucial; as a key indicator of 
progress towards sustainable development, it effectively reduces 
air pollutant emissions, thereby generating benefits for air quality 
improvement, and public health protection. Given substantial 
challenges associated with modern energy transitions in rural 
areas, a targeted strategy could be proposed: prioritising 
electrification for cooking and space heating (rather than 
transitioning to gas), while leveraging biofuel pellets as a 
transitional supplementary energy source for households unable 
to afford electric heating. This strategy demonstrates substantial 
advantages, including reducing air pollutant emissions, 
improving indoor and outdoor air quality, lowering exposure to 
fine particulate matter, and delivering cost-effective human 
health protection.

See Online for appendix
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west of China than in the south and east, mirroring cold 
climate conditions in high-latitude or high-altitude regions.

Design of clean energy scenarios
Substantial differences exist in cooking and heating 
behaviours across households, requiring distinct clean 
energy solutions for each end use. Relative to the 
2019 baseline, we proposed two clean cooking scenarios: 
scenario C1, in which half of the remaining households 
relying on traditional solid fuels for cooking switch to clean 
cooking; and scenario C2, in which all such households 
complete the transition to clean cooking. For clean heating 
in the long-term heating region, nine scenarios (H1–H9) 
were tailored to local variations in heating demand, regional 
economic conditions, and biomass resource endowments. 
Scenarios H1–H5 were differentiated by per-household 
investment caps for power grid renovation, set at ¥4000 
(H1), ¥6000 (H2), ¥8000 (H3), ¥10 000 (H4), and ¥12 000 
(H5); and scenarios H6–H9, based on an ¥8000 per-
household grid renovation investment cap (consistent 
with scenario H3), in which 10% (H6), 20% (H7), 40% 
(H8), and 40% (H9) of households not covered by the ren-
ovated grid adopt processed biomass as an alternative clean 
heating source (table 1; details in the appendix [p 7]). The 
difference between H8 and H9 is the 40% biofuel 
pellet heating transition is distributed evenly or unevenly 
following the spatial distribution of biomass production.

Residential emissions and contributions to air pollution
Emissions are from the Global Emission Modelling 
System, which has tracked various air pollutants and 
greenhouse gases from 1700 to 2021 with a spatial reso-
lution of 0⋅1 ◦ ×0⋅1 ◦ . Residential emissions at baseline and 
in each scenario were calculated based on the fuel con-
sumption and corresponding emission factors. When 
replacing solid fuels with electricity, additional emissions 
from power plants were counted.
Ambient PM 2⋅5 was simulated using reduced-form 
models, which included a series of multivariate regres-
sions using emissions to predict ambient concentrations, 
and meteorology-related probability functions to separately 
quantify the variations due to meteorological conditions. 16 

The model has been evaluated and validated for robustness 
by comparing results with the ground-based observations 
and those from Atmospheric Chemical Transport Model-
ling. 16,17 In the present study (appendix p 9), the model 
performed well in both northern and southern regions over 
the historical time series, with R 2 =0⋅987 for the national 
mean PM 2⋅5 , and R 

2 =0⋅993 in Beijing, a typical city from the 
long-term heating region (appendix p 10). For the uncer-
tainty induced by meteorological variability, the coefficient 
of variation was below 10% in the most densely populated 
eastern regions. Thus, this approach can support PM 2⋅5 
simulation and prediction of its temporal and spatial char-
acteristics at the national and regional scales. Residential 
emission contributions were calculated using the normalised 
marginal attribution method (appendix p 11). 18,19

For indoor PM 2⋅5 , the concentration was calculated using 
the statistical approach 20–22 with the updated indoor air 
quality database detailing measured PM 2⋅5 concentrations 
in heating and non-heating periods across different resi-
dential microenvironments, categorised by household 
energy source, stove type, and stove location (eg, a separate 
kitchen vs a living or sleeping area, and indoors vs semi-
enclosed or outdoor). 21–23 Household energy information 
was obtained from nationwide surveys in which stacked 
energy use had been considered. 7,9,24 Therefore, for each 
county, the average indoor PM 2⋅5 was calculated by 
weighting the PM 2⋅5 concentration of each energy group by 
the time-sharing fraction of each respective energy source. 
The spatial distribution of estimated indoor PM 2⋅5 and 
PM 2⋅5 from internal combustion emissions and ambient 
air, being consistent with several field observations, 25,26 

showed that the indoor model behaved reasonably across 
regions (appendix p 12).

Exposure, health impact, cost–benefit quantification, and 
uncertainty
PM 2⋅5 exposure was calculated by integrating indoor and 
outdoor concentrations with time–activity data for different 
population groups. This approach has been widely applied 
in exposure estimation, and its results are generally 
positively correlated with those of personal sampling; the 
direction and magnitude of relative deviations vary with 
experimental conditions and pollutant types. 27,28 The activ-
ity data is from the Exposure Factors Handbook of Chinese 
Population. 29 Premature deaths attributed to PM 2⋅5 were

Description

Heating scenarios
H0 Current baseline situation in 2019
H1 Clean heating innovation under the investment cap of ¥4000 per household
H2 Clean heating innovation under the investment cap of ¥6000 per household
H3 Clean heating innovation under the investment cap of ¥8000 per household
H4 Clean heating innovation under the investment cap of ¥10 000 per household
H5 Clean heating innovation under the investment cap of ¥12 000 per household
H6 Clean heating innovation under the investment cap of ¥8000 per household and 10% of the remaining

households, distributed evenly across the area, will adopt biomass pellets with improved stoves for space
heating

H7 Clean heating innovation under the investment cap of ¥8000 per household and 20% of the remaining
households, distributed evenly across the area, will adopt biomass pellets with improved stoves for space
heating

H8 Clean heating innovation under the investment cap of ¥8000 per household and 40% of the remaining
households, distributed evenly across the area, will adopt biomass pellets with improved stoves for space
heating

H9 Clean heating innovation under the investment cap of ¥8000 per household and 40% of the remaining
households, distributed unevenly following the spatial distribution of biomass production, will adopt
biomass pellets with improved stoves for space heating

Cooking scenarios
C0 Current baseline situation in 2019
C1 Of those households relying on traditional solid fuels for cooking, 50% switch entirely to a clean mixed-

energy cooking mode combining electric and liquefied petroleum gas cooking, distributed evenly across 
the area

C2 Households that still rely on solid fuels for cooking will all switch to clean cooking solutions

Table 1: Scenarios of clean cooking and heating in rural China

For more information on the 
Global Emission Modelling 
System see https://gems.pku. 
edu.cn
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estimated using the population-weighted exposure and the 
latest integrated non-linear Exposure–Response function 
from The Global Burden of Diseases, Injuries, and Risk 
Factors Study (GBD; appendix p 15). 30

The cost of the clean heating transition included initial 
capital expenditure for infrastructure construction and 
installation, costs for the procurement and regular main-
tenance of heating equipment, expenses for daily electricity 
consumption, and the avoided costs associated with coal 
use. 12,31 For the biomass substitution scenario, costs related 
to biofuel pellets were also incorporated. Data were 
collected from the literature and national and provincial 
statistics. The cost was annualised over 20 years using a 4% 
discount rate with a sensitivity range of 2–10%. 31 The costs 
were further disaggregated to analyse the costs borne by 
governments and households, such as expenses related to 
heating renovation, installation, and maintenance and a 
20% subsidy on heating equipment purchases from the 
government to every household (appendix p 17).
The benefits of a clean transition stem from health ben-
efits that are quantified based on premature deaths avoided 
and regional-specific value of a statistical life (VSL), with a 
reasonable range of VSL values considered in the sensitivity 
analysis (appendix p 18). 31,32

A 1000-time Monte Carlo simulation is used to assess the 
uncertainty from emissions to premature mortality. In each 
simulation, energy consumption was assigned a coefficient

of variation of 20% for biomass fuels and 15% for the other 
energy types. Pollutant emission factors were randomly 
sampled from a log-normal distribution of datasets being 
compiled from literature studies, especially those with local 
data. 7,9,11,31,33,34 Indoor PM 2⋅5 concentrations were drawn 
from a statistical approach providing means and standard 
deviations for different fuel groups. Uncertainties in 
ambient PM 2⋅5 were from reduced-form model simulations 
that separately quantify changes attributable to emissions 
and meteorological conditions (appendix p 10). Parameters 
in the integrated exposure–response function were ran-
domly selected from the parameter distributions reported 
by GBD.

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results
At a baseline temperature of 0 ◦ C, few areas in China do not 
have heating demand. Most areas south of the typical 
Qinling–Huaihe line had heating periods of up to 15 days 
per year, classifying them as short-term heating regions 
with heating degree days generally below 33 (figure 1A). As 
the investment cap per household increased from ¥4000 to 
¥12 000 (scenario H1 to H5), the share of national land area

Qinling–Huaihe lineQinghai–Tibet Plateau
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Figure 1: Division of heating regions in China (A) and the share of area (B) and population (C) covered by clean electric heating in different heating scenarios
Based on the heating days, China is divided into three regions in terms of different heating patterns: long-term heating region (≥15 heating days), short-term heating region (>0 to <15 heating days), and 
non-heating region (0 heating days). By setting different per-household investment caps, the proportion of the geographical area and population covered by clean electric heating after grid renovation are 
illustrated by deep blue bars.
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covered by the renovated power grid increased from 1⋅3% to 
14⋅5% (figure 1B). Renovation was initially concentrated in 
densely populated regions where per-capita investment 
costs are lower; therefore, the share of the population cov-
ered increased rapidly from 9⋅5% in H1 to 32⋅3% in H3. 
When investment was expanded to less densely populated 
areas, the incremental gain in the share of the population 
covered per unit of investment declined, rising to 36⋅9% in 
H5 (figure 1C), indicating diminishing marginal returns. 
These expenditures on power grid renovation, installation, 
and maintenance, together with the subsidies for residen-
tial heating equipment, account for less than 1% of the 
government’s public expenditure in most provinces 
(table 2; appendix p 20).
Clean cooking and heating substantially reduce pollutant 
emissions and carbon emissions (appendix p 22). Primary 
PM 2⋅5 emissions would be reduced from 724 Gg (IQR 
612–967) at baseline H0 to 351 Gg (309–470) in H3, or by 
about 52% (49–56; table 2). After H3, if these other regions 
adopted biofuel pellets for space heating, primary PM 2⋅5 
would be further reduced to about 256 Gg (205–312). 
Consequently, ambient PM 2⋅5 due to rural residential 
cooking emissions would reduce substantially, and the 
ambient PM 2⋅5 does not linearly reduce but shows gradually 
decreasing marginal benefit (appendix p 23).
Providing cleaner household energy has substantial 
impacts on indoor air quality, as fugitive emissions con-
tribute substantially to severe indoor air pollution 
(appendix pp 25–26). 2,35 As people spend more time 
indoors, decreases in indoor PM 2⋅5 result in notable 
changes in the overall exposure (figure 2A). For example, in 
the clean heating scenario H3, the overall PM 2⋅5 exposure 
would be approximately 41⋅9 μg/m 3 (IQR 34⋅2–52⋅3), about 
17% (15–19) lower than the baseline 50⋅2 μg/m 3 (40⋅4–63⋅5; 
table 2). Indoor exposure reduction contributes to over 95% 
of the total reduced exposure (appendix p 27). Compared 
with the baseline scenario, in which only 18⋅9% of the 
population had PM 2⋅5 exposure below the national standard 
of 35 μg/m 3 , scenario H3 represents a notable improve-
ment, achieving compliance for 34⋅5% of the population. 
With totally clean cooking, total PM 2⋅5 exposure would be 
further reduced to 32⋅0 μg/m 3 (26⋅9–37⋅9) in H3 and C2,

and over half of the population would meet the national air 
quality standard (appendix p 28).
Lower PM 2⋅5 exposure is undoubtedly important to pro-
tect human health, especially for older people and children 
(figure 2B; appendix p 29). Compared with baseline, 
approximately 42 thousand (IQR 31–55) premature deaths 
would be avoided in clean heating scenario H3; and in clean 
heating scenario H5, 60 (44–79) thousand premature 
deaths would be avoided. The marginal health benefits 
decreased with the increasing cost of the electric heating 
intervention, being consistent with changes in PM 2⋅5 
exposure. In scenario C1, 37 thousand (28–48) premature 
deaths would be averted; in scenario C2, 79 thousand 
(56–103) premature deaths would be averted.
The health effects expectedly varied across provinces. 
Under the clean heating renovation, premature deaths 
averted were substantial in densely populated areas such as 
Hebei and Shandong provinces and areas with strong 
heating demands such as Xinjiang and Heilongjiang 
provinces (figure 3). For clean cooking, the absolute num-
bers of premature deaths averted were closely associated 
with the population still using solid fuels for cooking. There 
were much greater benefits in southwest China, where 
many people still rely on traditional solid fuels for daily 
cooking. 9

Even under the H3C2 scenario, which assumes sub-
stantial clean intervention for both cooking and heating, 
PM 2⋅5 concentrations remained high, posing substantial 
health burdens, especially for older adults (appendix p 30). 
The cost of clean cooking is largely determined by devices 
and energy; the total annual cost is proportional to the 
households covered, which was ¥24⋅3 billion (IQR 
22⋅7–26⋅1) in scenario C1 and ¥48⋅6 billion (45⋅4–52⋅3) 
in scenario C2. The clean heating cost difference across 
scenarios was primarily attributable to grid investment 
(figure 4A) and, along with the increasing investment 
cap and coverage households, the total cost expectedly 
increased faster, but with decreased marginal benefits 
(appendix p 31). Considering both cooking and heating, the 
total annual cost reached ¥136 billion (121–153) when 
adopting H3 and C2 clean solutions, which accounted for 
0⋅14% (0⋅12–0⋅15) of national gross domestic product

Primary PM 2⋅5 
emission (kt)

Ambient PM 2⋅5 
(μμg/m 3 )

PM 2⋅5 exposure 
(μμg/m 3 )

Death avoided 
(n, thousands)

Annual costs 
(¥, billions)

Monetised benefits 
(¥, billions)

Benefit–cost ratio

Baseline (H0 and C0) H0: 724 (612–967);
C0: 1038 (881–1456)

2⋅00 (1⋅79–2⋅30) 50⋅2 (40⋅4–63⋅5) NA NA NA NA

H1 633 (496–754) 1⋅91 (1⋅69–2⋅25) 48⋅5 (39⋅1–61⋅4) 7 (6–9) 22⋅8 (18⋅0–27⋅5) 31 (16–55) 1⋅34 (0⋅68–2⋅61)
H3 351 (309–470) 1⋅66 (1⋅49–1⋅90) 41⋅9 (34⋅2–52⋅3) 42 (31–55) 88⋅1 (52⋅3–72⋅3) 197 (119–323) 2⋅24 (1⋅27–3⋅88)
H5 266 (236–358) 1⋅56 (1⋅40–1⋅76) 39⋅3 (32⋅3–48⋅6) 60 (44–79) 112⋅3 (98⋅1–126⋅4) 282 (172–462) 2⋅52 (1⋅46–4⋅32)
H9 256 (205–312) 1⋅57 (1⋅41–1⋅77) 40⋅4 (33⋅1–50⋅2) 51 (37–67) 92⋅6 (79⋅8–105⋅4) 236 (140–386) 2⋅55 (1⋅43–4⋅40)
C1 522 (321–779) 1⋅57 (1⋅36–1⋅85) 43⋅4 (35⋅4–53⋅8) 37 (28–48) 24⋅3 (22⋅7–26⋅1) 180 (99⋅0–334) 7⋅41 (4⋅05–13⋅85)
C2 4 (2–6) 0⋅99 (0⋅77–1⋅21) 37⋅6 (31⋅0–45⋅8) 79 (56–103) 48⋅6 (45⋅4–52⋅3) 374 (204–709) 7⋅70 (4⋅17–14⋅70)

Data shown are median (IQR). NA=not applicable.

Table 2: Primary PM 2⋅5 emissions, ambient and indoor PM 2⋅5 concentrations, exposure levels, premature deaths averted, costs, and benefit–cost ratios in different scenarios
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(¥99 trillion in 2019) and 0⋅57% (0⋅50–0⋅64) of national 
fiscal expenditure (¥24 trillion in 2019).
The ratio of benefits to costs increased by the scale and 
type of transitions and the total investment, from 1⋅34 (IQR 
0⋅68–2⋅61) in H1 to 2⋅52 (1⋅46–4⋅32) in H5 (figure 4B). 
Compared with clean heating, the benefit of clean cooking 
was much more notable, with benefit–cost ratios of 7⋅41 
(4⋅05–13⋅85) for C1 and 7⋅70 (4⋅17–14⋅70) for C2. As the per-
household investment increased, the benefit–cost ratio 
showed an upward trend in most provinces (appendix p 33). 
When clean heating and clean cooking were implemented 
simultaneously, the benefit–cost ratio for the H3 and C2 
scenario was approximately 4⋅15 (3⋅21–5⋅54) at a 2% dis-
count rate and 3⋅63 (2⋅80–4⋅85) at a 10% discount rate 
(appendix p 17). Although the discount rate exerts a sub-
stantial influence on costs, variations within its reasonable 
range (2–10% in this study) have a relatively small effect on 
the key cost-effectiveness outcomes of the transition. For 
different age groups, despite uncertain exposure and VSL 
values, clean renovation yields substantial net benefits, with 
the older age group (older than 65 years) showing the 
highest cost-effectiveness (appendix p 34).
The interprovincial differences in effectiveness are not-
able since costs vary across different regions, and benefits 
also differ nationwide due to variations in exposure 
reductions, population size, and age structure. For clean 
heating, the benefits were more predominant in the north,

where there are high demands. For clean cooking, the 
benefits were larger in areas where many people use solid 
fuels for daily cooking. There is a relatively low benefit–cost 
ratio in Tibet, where the clean cooking cost is high as 
biomass fuels are free, but the health saving amount is 
small due to the small population (appendix pp 34–35). 
The Gini coefficient in the exposure level, as an indicator 
for the inequality, was 0⋅198 in the baseline scenario and 
varied from 0⋅197 to 0⋅225 in different scenarios (appendix 
pp 38). This indicates that, although the clean transition 
strategies are primarily targeted at specific regions, they do 
not necessarily exacerbate exposure inequality at the 
national scale. However, disparities in cost burdens and 
health-saving benefits among different income groups were 
substantial. The low-income households gained the most, 
with ¥484 (357–972) per person under scenario H3 and ¥537 
(436–1068) per cap under scenario H9 (appendix p 39). The 
low-income groups had to spend an additional 2% of their 
annual income on clean renovation, whereas for groups with 
an annual income over ¥20 000, the burden from clean 
renovation accounted for only 0⋅85% of their income.

Discussion
In China, given the fast urbanisation and rapid industrial-
isation, air pollution is a serious environmental issue. The 
present study proposed a new framework of clean rural 
household energy in China. Our framework took into 
consideration of both affordability and accessibility, and 
relied primarily on electrification, which is believed to be 
the main direction of household energy reformation and 
development in the long term. Given that the total costs 
represent a small share of provincial public expenditure 
(generally <1%), they can plausibly be accommodated 
within existing fiscal space, especially if rolled out in pha-
ses. Technolgy such as the air-source heat pump (ASHP) 
can adapt to cold winter conditions, with the average coef-
ficient of performance (COP) value of 3⋅1 in north China, 
and could potentially reach 4⋅0 even under –5 ◦ C with 
appropriate technical measures. 36 One experiment in 
Harbin, the coldest provincial capital of China, observed 
that the ASHP had COPs of 1⋅04–2⋅44, and the COPs 
decreased notably when the difference between indoor and 
outdoor temperature increased from 35 ◦ C to 41 ◦ C. 37 Field 
validation studies by the National Renewable Energy 
Laboratory and Pacific Northwest National Laboratory also 
showed that some ASHP systems worked well below 
–20 ◦ C, with the COPs being close to 2⋅0. 38,39 Although the 
COPs of ASHPs vary substantially in their performance 
due to operation parameters and system characteristics, it 
has been recognised that this technology is feasible for 
wintertime heating, including in some cold regions. Power 
plants still emit considerable amounts of pollutants, espe-
cially in many parts of China where power plants are coal-
fired; however, the use of high-quality coals and effective 
end-of-pipe control measures, such as ultra-low emissions 
in power plants, mean that their pollutant emissions in 
units of effective heat are much lower than those of the
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domestic sector—usually 2–3 orders of magnitude lower. 40 

With the development and application of green energy 
technology, many hazardous air pollutants and carbon 
emissions from the power sector will be further reduced, 
potentially achieving greater environmental and climate 
benefits. According to International Energy Agency pro-
jections, electricity prices are expected to fluctuate with an 
overall upward trend in the medium to long term under 
global carbon neutrality goals, whereas coal prices might 
decline at an average annual rate of about 2⋅3% over the next 
5 years. 41,42 Concurrently, the World Bank anticipates 
moderate near-term economic growth in China, with a 
gradual slowdown in the longer term. 43 Such trends could 
influence household energy choices in ways that are diffi-
cult to predict precisely. Generally, the burden of clean 
renovation on rural residents is expected to have a down-
ward trend, primarily driven by increasing household 
incomes amid economic development (appendix p 40). The 
reduction in household burden and its maintenance at a 
low level indicate the long-term sustainability and afford-
ability of clean energy solutions, which can effectively 
protect residents’ health within an affordable range, and the 
benefit–cost ratios remain substantial, changing from 4⋅01 
(IQR 3⋅01–5⋅36) to 3⋅68 (2⋅84–4⋅92) when the electricity 
price increased from ¥0⋅51/kwh to ¥0⋅65/kwh (appendix p 41).
Within this framework, approximately 25⋅5% of the 
population in long-term heating zones would remain 
uncovered by electric heating under the H3 scenario, with 
most of the population concentrated in central mountain-
ous regions (appendix p 43). When comparing the H5 and 
H9 scenarios, which yield comparable reductions in pre-
mature mortality, the cost–benefit analysis confirmed that a 
hybrid strategy integrating electrification and biofuel pel-
lets for heating, particularly suitable for mountainous 
regions, exhibited higher cost-effectiveness than a stand-
alone electrification approach (appendix p 44). Compressed 
fuels and improved combustion technologies such as gas-
ification can increase burning and thermal efficiency, 30 

consequently reducing energy consumption and air pollu-
tant emissions compared with raw biomass burned in 
traditional stoves. Despite variabilities in pollutant emis-
sions from burning new biomass fuels due to fuel proper-
ties, stove types, and combustion conditions; however, 
emission experiments indicate substantial reductions in 
most air pollutants (eg, primary PM 2⋅5 , carbon monoxide, 
volatile organic compounds, and black carbon). Although 
emissions of concern, including nitrogen oxides and 
ultrafine particles, might not be reduced to the same extent 
due to the different emission factors, 44–47 less fuel use 
with improved thermal efficiency would still substantially 
lower emissions from the residential sector. There are 
rich biomass resources in rural China, and the biomass 
pellet heating model has been adopted in several 
pilot projects. Its successful empirical practice leads to 
employment opportunities in rural areas, conducive to 
promoting farmers’ income growth and rural development 
(appendix pp 45–46).

The well known clean heating initiative implemented in 
northern China centres on the switch from coal to gas or 
electricity. Despite achieving substantial emission reduc-
tions, important challenges remained, including cold 
exposure due to unreliable systems, fuel reversion to raw 
coal, and safety incidents. 48,49 These outcomes highlight that 
a successful transition must integrate crucial lessons from 
past programmes to avoid unintended consequences, 
requiring robust policy safeguards that extend beyond 
purely technical and economic considerations. Our 
framework addresses these challenges through several key 
design principles and safeguards: first, our pathway expli-
citly prioritises electricity as the core energy source, avoid-
ing the instability, infrastructure limitations, and safety 
risks associated with natural gas. 50 This approach aligns 
with China’s dual carbon goals, which aim to drive con-
tinuous decarbonisation of the power grid while supporting 
the deployment of high-efficiency technologies such as 
ASHPs. Second, recognising the barrier of high initial 
investment, substantial government support and targeted 
subsidies are essential. We recommend adopting a cost-
sharing model combining government subsidies, corpor-
ate contributions, and household payments, potentially 
integrated into national equipment renewal programmes 
to enhance accessibility and equity. Third, for biomass 
energy use, although palletisation and stove technologies 
have become more established and agricultural and for-
estry residues are widely available, the village-level collec-
tion–processing–use model requires active government 
guidance, standardisation, and promotion. Successful 
implementation depends not only on technical solutions 
but also on community governance and organisational 
innovation. 51 As a national-level framework, practical
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implementation requires context-specific adaptations 
based on local resources, economic conditions, and user 
preferences. Furthermore, uncertainties in future energy 
supply and policy environments necessitate flexible 
implementation pathways. By combining this differ-
entiated energy pathway with targeted financing mecha-
nisms and community engagement, our framework can 
avoid previous pitfalls while delivering environmental, 
health, and social co-benefits.
The present framework primarily addresses the technical 
and economic dimensions of the energy transition; how-
ever, its successful implementation depends on a range of 
non-technical factors and thoughtful policy design.

Household energy adoption is influenced by socio-
economic variables such as income, education, age, and 
gender. Some surveys suggested that individuals with 
higher income, more years of education, and younger age 
show greater willingness to switch to clean fuels, 8,9 and 
women, especially those engaged in non-agricultural 
employment, might show stronger preference for clean
energy and electric appliances than men. 52 Regionally
uneven equipment supply and fuel logistics might further 
constrain large-scale deployment. The incorporation of 
biofuel pellets in this framework is predicated primarily on 
regional resource endowments; however, in reality, their 
promotion is constrained by a multitude of factors. On the
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user side, concerns over electricity costs and perceived 
reliability of biomass systems might hinder adoption or 
even lead to energy stacking or reversal to solid fuels. 
Marked disparities in market development across regions 
stem from variations in economic conditions, policy sup-
port, and fiscal subsidies. 53,54 Even resource-rich regions 
face barriers to convenient stable fuel access due to prob-
lems in the supply chains and inadequate transportation 
networks. 55 Thus, the quantitative results here reflect the 
upper potential limit under idealised supply chain con-
ditions. Prioritising supply chain capacity, including raw 
material collection, warehousing, logistics, and differ-
entiated market mechanisms, will enhance the practical 
accessibility of biofuel pellets. At the policy level, the 
effectiveness of local governance and subsidy distribution 
mechanisms can strongly influence the pace of transition. 
These non-technical barriers collectively shape the real-
world feasibility and long-term sustainability of transition 
pathways. 56,57

The proposed household clean energy framework offers a 
nuanced analysis of clean heating solutions, yet its design 
for clean cooking remains relatively simplistic, as it does 
not differentiate the distinct effects of socioeconomic het-
erogeneities, such as income, gender, and occupation, on 
cooking energy choices. It is believed that household 
income is a pivotal determinant of energy transition, with 
over 85% of the variance in clean cooking energy use being 
explained by the income in rural China, 7,9 and the prob-
ability of clean cooking could increase by approximately 
0⋅2% with a 10% increase in household income. 58 Besides 
income, factors such as female responsibility for cooking, 
higher education attainment, non-agricultural occupa-
tions, and more younger family members are also found to 
be positively correlated with the use of clean cooking 
energy. 8,59 In some regions such as the Tibet and Gansu 
provinces, limited access to clean modern energy has con-
strained adoption and sustained use of such energy sources 
for cooking. 60

Our quantitative analysis shows that the proposed tran-
sition can effectively reduce air pollutant emissions, lower 
PM 2⋅5 exposure, and yield cost–benefit advantages. How-
ever, when extending the quantitative results to broader 
scenarios, it is important to acknowledge the uncertainty 
and the limitations inherent in the calculation process. The 
real-world emissions vary largely due to fuel quality and 
stove-use behaviours. This study uses reduced-form mod-
els to estimate ambient PM 2⋅5 concentrations associated 
with emission reductions, whereas the variations due to 
meteorological conditions are a probability function only 
indicating the direction of potential changes. Following the 
proposed transition, the absolute ambient concentrations 
in reality might differ from our simulated values, but the 
overall reduction trends are expected to remain robust. In 
the indoor exposure model that adopted a statistical 
approach building on the reported mean PM 2⋅5 in literature 
studies, the primary fuel is often used for classification, and 
variations in compiled values are from studies in different

experimental conditions such as burning conditions, room 
size, and ventilation status. However, such variation could 
also be from stacked energy use, which is not well counted 
in the statistical approach relying solely on the primary fuel 
type. Supplements of other fuels are very common in rural 
China, 9,24 but secondary or tertiary fuels are sometimes not 
reported or not collected as inputs in the statistical model 
development. The PURE-AIR study, conducted in eight 
countries, found that in households using wood as a pri-
mary cooking fuel, the use of gas as a secondary fuel can 
lower the average kitchen PM 2⋅5 by about 50%. 61 For those 
using gas as the primary fuel, the use of solid fuels such as 
animal dung as a secondary fuel might increase the PM 2⋅5 
concentration by nearly three times. 61 Households using a 
mix of different solid fuels (eg, crop straws and coal) might 
have lower pollution concentrations than households only 
using coal. This energy stacking phenomenon might also 
change the energy use efficiency and the daily consumption 
amount; 24 this would result in considerable biases in indoor 
PM 2⋅5 exposure and health benefit analysis. Developing 
more refined indoor air quality models is essential for 
accurately assessing indoor PM 2⋅5 pollution. Finally, the 
use of VSL to quantify health benefits and perform 
cost–benefit analyses introduces substantial uncertainty. 
VSL does not represent actual monetary gains and might 
not effectively alleviate the financial burden faced by resi-
dents in energy transitions. 13 It is also important to note that 
the health benefits only include five diseases attributable to 
PM 2⋅5 exposure. There might be greater health benefits if 
other pollutants (eg, indoor NO 2 exposure) are also con-
sidered. As discussed previously, although the burning of 
gas for cooking or biofuel pellets for heating might not 
reduce nitrous oxides and ultrafine particle emissions to the 
same extent as PM 2⋅5 mass, the overall reductions in 
emission amounts and air concentrations of these pollu-
tants can still be expected, owing to the increased thermal 
efficiency and lower energy consumption amounts. 
Furthermore, when the effects on morbidity are consid-
ered, the health benefits would be more substantial 
(appendix p 47). 62 Health outcomes related to air pollution 
are also modulated by demographic changes, such as 
population growth, aging, and accessibility to health care. 
The one-at-a-time variance reduction analysis suggested 
that values of VSL, the models to estimate indoor exposure 
and to quantify premature deaths from the exposure, are 
important influencing factors contributing largely to the 
quantified cost-effectiveness (appendix p 49). Nevertheless, 
the projected trends in air pollutant emission reduction, air 
quality improvement, substantial health benefits, and the 
cost-effectiveness of the transition are expected to be 
substantial and robust.
While the present work is at the national scale, future 
research should disaggregate households into distinct 
socioeconomic subgroups and incorporate regional 
differences in clean energy accessibility. This approach 
would facilitate more precise identification of barriers to 
energy transition and enhance the targeting of policy
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interventions, and it would be valuable to conduct a more 
detailed dynamic analysis accounting for temporal varia-
tions in income and expenditure constraints before the 
strategy can be effectively implemented.
Ensuring universal access to affordable clean energy is a 
pivotal target for achieving sustainable development. 
Against the backdrop of growing global emphasis on a just 
clean energy transition, the framework proposed herein not 
only offers actionable insights with profound implications 
for China, but also provides scientific reference value for 
other low-income and middle-income countries facing 
analogous challenges. Grounded in the realities of rural 
China, which has particularly divergent heating demands 
across regions and different energy affordability, this study 
proposes an electrification-centred transition roadmap, 
supplemented by biofuel pellets, drawing on mature and 
feasible technologies currently available. The core tenet 
of this cost-effective framework lies in its contextualised 
design rooted in local realities, which also underpins its 
scalability and transferability. Rather than a one-size-fits-all 
solution, tailored holistic solutions must be devised to 
align with local contexts encompassing natural conditions, 
resource endowments, economic conditions, and social 
characteristics. Environmental and health benefit assess-
ments are essential to validate the technical feasibility and 
cost-effectiveness of the proposed strategy. Meanwhile, 
differentiated attainable targets should be set regionally, 
with detailed action plans incorporating monitoring and 
oversight throughout the implementation process.

Contributors
ST coordinated and supervised the project, GS, YZ, and KJ designed the 
experiment and modelling analysis. YZ, KJ, WM, QZ, and HS performed 
the model analysis and validation. GS, KJ, WM, and ST prepared and 
interpreted data. YZ and KJ completed the figures. GS, KJ, QZ, HC, and 
ST analysed the simulation results. ST, AP, and GS drafted and revised 
the manuscript, and all coauthors contributed to the interpretation of the 
results and to the text. All authors read the paper and approved the 
submission. All authors had full access to all the data in the study and had 
final responsibility for the decision to submit for publication.

Declaration of interests
We declare no competing interests.

Data sharing
Emissions data in baseline can be openly accessed via the GEMS platform 

(https://gems.pku.edu.cn). The underlying data for emissions, ambient 
and indoor PM 2⋅5 concentrations, exposure, and related premature deaths 
across all clean-intervention scenarios are presented in part in the tables 
and figures; complete datasets can be obtained from the corresponding 
author upon reasonable request.

Acknowledgments
This work was funded by the National Natural Science Foundation of China 
(grants 42330709, 42371077), the Fundamental and Interdisciplinary 
Disciplines Breakthrough Plan of the Ministry of Education of China 
(JYB2025XDXM909), and the Yunnan provincial Science and Technology 
Project at the Southwest United Graduate School (202302A037001). Part of 
the analysis was performed on the High-Performance Computing Platform 

of the Center for Life Science, Peking University. We thank Wenlu Ye and 
Yana Jin for valuable insights on the methodology and experimental 
analysis, and the anonymous reviewers for valuable and constructive 
comments to clarify and improve the paper.

Editorial note: The Lancet Group takes a neutral position with respect to 
territorial claims in published maps and institutional affiliations.

References
1 Stoner O, Lewis J, Martínez IL, Gumy S, Economou T,

Adair-Rohani H. Household cooking fuel estimates at global and
country level for 1990 to 2030. Nat Commun 2021; 12: 5793.

2 Shen G, Du W, Luo ZH, et al. Fugitive emissions of CO and
PM2⋅5 from indoor biomass burning in chimney stoves based on a
newly developed carbon balance approach. Environ Sci Technol Lett
2020; 7: 128–34.

3 Chowdhury S, Pillarisetti A, Oberholzer A, et al. A global review of
the state of the evidence of household air pollution’s contribution to
ambient fine particulate matter and their related health impacts.
Environ Int 2023; 173: 107835.

4 Balmes JR. Household air pollution from domestic combustion
of solid fuels and health. J Allergy Clin Immunol 2019; 143: 1979–87.

5 Lee KK, Bing R, Kiang J, et al. Adverse health effects associated
with household air pollution: a systematic review, meta-analysis,
and burden estimation study. Lancet Glob Health 2020; 8: e1427–34.

6 Gordon SB, Bruce NG, Grigg J, et al. Respiratory risks from
household air pollution in low and middle income countries.
Lancet Respir Med 2014; 2: 823–60.

7 Tao S, Ru M, Du W, et al. Quantifying the rural residential energy
transition in China from 1992 to 2012 through a representative
national survey. Nat Energy 2018; 3: 567–73.

8 Carter E, Yan L, Fu Y, et al. Household transitions to clean energy
in a multiprovincial cohort study in China. Nat Sustain 2019;
3: 42–50.

9 Shen G, Xiong R, Tian Y, et al. Substantial transition to clean
household energy mix in rural China. Nat Sci Rev 2022;
9: nwac050.

10 National Development and Reform Commission. Winter cleaning
and heating plan for the northern region 2017–2021. 2017. https://
www.ndrc.gov.cn/xxgk/zcfb/tz/201712/t20171220_962623.html
(accessed Nov 1, 2025).

11 Meng W, Zhong Q, Chen Y, et al. Energy and air pollution benefits
of household fuel policies in northern China.
Proc Natl Acad Sci USA 2019; 116: 16773–80.

12 Meng W, Shen H, Yun X, et al. Differentiated-rate clean
heating strategy with superior environmental and health benefits
in northern China. Environ Sci Technol 2020; 54: 13458–66.

13 Jiang K, Xing R, Luo Z, et al. Unclean but affordable solid fuels
effectively sustained household energy equity. Nat Commun 2024;
15: 9761.

14 Wang Q, Fan J, Kwan M, et al. Examining energy inequality under
the rapid residential energy transition in China through household
surveys. Nat Energy 2023; 8: 251–63.

15 Rosenthal J, Quinn A, Grieshop AP, Pillarisetti A, Glass RI. Clean
cooking and the SDGs: integrated analytical approaches to guide
energy interventions for health and environment goals.
Energy Sustain Dev 2018; 42: 152–59.

16 Zhong Q, Ma J, Shen G, et al. Distinguishing emission-associated
ambient air PM 2.5 concentrations and meteorological factor-induced
fluctuations. Environ Sci Technol 2018; 52: 10416–25.

17 Zhong Q, Tao S, Ma J, et al. PM 2⋅5 reductions in Chinese cities from
2013 to 2019 remain significant despite the inflating effects of
meteorological conditions. One Earth 2021; 4: 448–58.

18 Li B, Gasser T, Ciais P, et al. The contribution of China’s emissions
to global climate forcing. Nature 2016; 531: 357–61.

19 Shen G, Ru M, Du W, et al. Impacts of air pollutants from rural
Chinese households under the rapid residential energy transition.
Nat Commun 2019; 10: 3405.

20 Bennitt FB, Wozniak S, Causey K, et al. Global, regional, and
national burden of household air pollution, 1990–2021: a systematic
analysis for the Global Burden of Disease Study 2021. Lancet 2025;
405: 1167–81.

21 Men Y, Jiang K, Li Y, et al. Mitigating household air pollution
exposure through kitchen renovation. Environ Sci Ecotechnol 2024;
23: 100501.

22 Yun X, Shen G, Shen H, et al. Residential solid fuel emissions
contribute significantly to air pollution and associated health
impacts in China. Sci Adv 2020; 6: eaba7621.

Articles

10 www.thelancet.com/planetary-health Vol 10 March 2026

https://gems.pku.edu.cn
https://www.ndrc.gov.cn/xxgk/zcfb/tz/201712/t20171220_962623.html
https://www.ndrc.gov.cn/xxgk/zcfb/tz/201712/t20171220_962623.html
http://www.thelancet.com/planetary-health


23 Chen Y, Shen H, Smith KR, et al. Estimating household air 
pollution exposures and health impacts from space heating in rural 
China. Environ Int 2018; 119: 117–24.

24 Zhu X, Yun X, Meng W, et al. Stacked use and transition trends of 
rural household energy in mainland China. Environ Sci Technol 
2019; 53: 521–29.

25 Zhang A, Liu Y, Zhao B, et al. Indoor PM 2⋅5 concentrations in 
China: a concise review of the literature published in the past
40 years. Build Environ 2021; 198: 107898.

26 Du W, Li X, Chen Y, Shen G. Household air pollution and personal 
exposure to air pollutants in rural China—a review. Environ Pollut 
2018; 237: 625–38.

27 Du W, Shen G, Chen Y, et al. Wintertime pollution level, size 
distribution and personal daily exposure to particulate matters in the 
northern and southern rural Chinese homes and variation in 
different household fuels. Environ Pollut 2017; 231: 497–508.

28 Du W, Chen Y, Shen G, et al. Winter air pollution by and inhalation 
exposure to nitrated and oxygenated PAHs in rural Shanxi, north 
China. Atmos Environ 2018; 187: 210–17.

29 Ministry of Environmental Protection. Exposure factors handbook of 
Chinese population. Beijing: China Environmental Science Press, 2016. 

30 Murray CJL, Aravkin AY, Lim SS, et al. Global burden of 87 risk 
factors in 204 countries and territories, 1990–2019: a systematic 
analysis for the Global Burden of Disease Study 2019. Lancet 2020; 
396: 1223–49.

31 Meng W, Zhu L, Liang Z, et al. Significant but inequitable cost-
effective benefits of a clean heating campaign in northern China. 
Environ Sci Technol 2023; 57: 8467–75.

32 Jin Y, Andersson H, Zhang S. Do preferences to reduce health risks 
related to air pollution depend on illness type? Evidence from a 
choice experiment in Beijing, China. J Environ Econ Manage 2020; 
103: 102355.

33 Xu H, Ren Y, Zhang W, et al. Updated global black carbon 
emissions from 1960 to 2017: improvements, trends, and drivers. 
Environ Sci Technol 2021; 55: 7869–79.

34 Zhang Y, Li J, Zheng S, et al. Trends in the sizes and carbonaceous 
fractions of primary emitted particulate matter in China from
1960 to 2019. Natl Sci Rev 2025; 12: nwaf003.

35 Luo Z, Huang T, Men Y, et al. Fractions of smoke leakage into 
indoor space from residential solid fuel combustion in chimney 
stoves. Environ Pollut 2024; 363: 125211.

36 Zhang Q, Zhang L, Nie J, Li Y. Techno-economic analysis of air 
source heat pump applied for space heating in northern China. 
Appl Energy 2017; 207: 533–42.

37 Zhang Y, Ma Q, Li B, Fan X, Fu Z. Application of an air source heat 
pump (ASHP) for heating in Harbin, the coldest provincial capital of 
China. Energy Build 2017; 138: 96–103.

38 Winkler J, Sugi R. Field validation of air-source heat pumps for cold 
climates. https://www.nrel.gov/docs/fy23osti/84745.pdf (accessed 
March 1, 2025).

39 Mendon V, Keene K, Rosenberg S, et al. Performance results from 
DOE cold climate heat pump challenge field validation. Pacific 
Northwest National Laboratory, 2025.

40 Tang L, Qu JB, Mi ZF, et al. Substantial emission reductions from 
Chinese power plants after the introduction of ultra-low emissions 
standards. Nat Energy 2019; 4: 929–38.

41 International Energy Agency. Coal mid-year update 2025. 
https://www.iea.org/reports/coal-mid-year-update-2025 (accessed 
Oct 27, 2025).

42 International Energy Agency. World energy outlook 2024. 
https://www.iea.org/reports/world-energy-outlook-2024 (accessed 
Oct 27, 2025).

43 World Bank Group. China Economic update June 2024—growing 
beyond property: cyclical lifts and structural challenges. http:// 
documents.worldbank.org/curated/en/099422406142429237 
(accessed Oct 27, 2025).

44 Horák J, Hopan F, Kremer J, et al. Real measurement of carbon 
monoxide, total suspended particulate, and thermal efficiency in 
modern biomass household boilers. Biomass Convers Biorefin 2022; 
12: 4463–72.

45 Liu X, Shen G, Chen L, et al. Spatially resolved emission factors to 
reduce uncertainties in air pollutant emission estimates from the 
residential sector. Environ Sci Technol 2021; 55: 4483–93.

46 Shen G, Gaddam CK, Ebersviller SM, et al. A laboratory comparison 
of emission factors, number size distributions, and morphology of 
ultrafine particles from 11 different household cookstove-fuel 
systems. Environ Sci Technol 2017; 51: 6522–32.

47 Zhang Y, Huang W, Wang H, et al. Environmentally persistent free 
radical emissions from indoor burning of pelletized biofuels. 
Environ Sci Technol 2025; 59: 5661–71.

48 Liang J, He P, Qiu YL. Energy transition, public expressions, and 
local officials’ incentives: social media evidence from the coal-to-gas 
transition in China. J Clean Prod 2021; 298: 126771.

49 Xie L, Hu X, Zhang X, Zhang X. Who suffers from energy poverty in 
household energy transition? Evidence from clean heating program 
in rural China. Energy Econ 2022; 106: 105795.

50 Hu Y, Wang Y, Zhao Z, Zhao B. Reconsidering gas as clean energy: 
switching to electricity for household cooking to reduce NO 2 - 
attributed disease burden. Eco Environ Health 2023; 3: 174–82. 

51 Carter E, Shan M, Zhong Y, et al. Development of renewable, 
densified biomass for household energy in China.
Energy Sustain Dev 2018; 46: 42–52.

52 Chang H, Heerink N, Zhang J, He K. Off-farm employment and 
household clean energy transition in rural China: a study based on a 
gender perspective. Energy 2024; 287: 129551.

53 Wang M, Ye Q, Wang D. Development and utilization 
characteristics and influencing factors of straw-based high-quality 
energy in China. Ziyuan Kexue 2019; 41: 1791–800.

54 Mortadha H, Kerrouchi HB, Al-Othman A, Tawalbeh M.
A comprehensive review of biomass pellets and their role in 
sustainable energy: production, properties, environment, 
economics, and logistics. Waste Biomass Valoriz 2025; 9: 4507–39. 

55 Mawusi S, Shrestha P, Gao T, et al. A systematic survey of 
household heating with biomass pellet stoves in rural Northern 
China. Energy Sustain Dev 2025; 85: 101659.

56 Wu J, Zuidema C, Gugerell K, de Roo G. Mind the gap! Barriers and 
implementation deficiencies of energy policies at the local scale in 
urban China. Energy Policy 2017; 106: 201–11.

57 Wang C, Engels A, Wang Z. Overview of research on China’s 
transition to low-carbon development: the role of cities, 
technologies, industries and the energy system.
Renew Sustain Energy Rev 2018; 81: 1350–64.

58 Hou B, Liao H, Huang J. Household cooking fuel choice and 
economic poverty: evidence from a nationwide survey in China. 
Energy Build 2018; 166: 319–29.

59 Hou B, Liao H, Wang JW, Wang F, Zhang H. Cooking fuel decision-
making and family structure: a field study in China.
Environ Sci Pollut Res Int 2019; 26: 24050–61.

60 Xing R, Li Y, Luo Z, et al. Household energy use and barriers in 
clean transition in the Tibetan Plateau. Resour Environ Sust 2024; 
18: 100178.

61 Shupler M, Hystad P, Birch A, et al. Household and personal air 
pollution exposure measurements from 120 communities in eight 
countries: results from the PURE-AIR study. Lancet Planet Health 
2020; 4: e451–62.

62 Frostad JJ, Nguyen QAP, Baumann MM, et al. Mapping 
development and health effects of cooking with solid fuels in low-
income and middle-income countries, 2000–18: a geospatial 
modelling study. Lancet Glob Health 2022; 10: e1395–411.

Articles

www.thelancet.com/planetary-health Vol 10 March 2026 11

https://www.nrel.gov/docs/fy23osti/84745.pdf
https://www.iea.org/reports/coal%2Dmid%2Dyear%2Dupdate%2D2025
https://www.iea.org/reports/world%2Denergy%2Doutlook%2D2024
http://documents.worldbank.org/curated/en/099422406142429237
http://documents.worldbank.org/curated/en/099422406142429237
http://www.thelancet.com/planetary-health

	Region-specific solutions for clean cooking and heating in rural China: a cost–benefit analysis
	Introduction
	Methods
	Heating demand and baseline temperature
	Design of clean energy scenarios
	Residential emissions and contributions to air pollution
	Exposure, health impact, cost–benefit quantification, and uncertainty
	Role of the funding source

	Results
	Discussion
	Contributors
	Declaration of interests
	Data sharing
	Acknowledgments
	References


