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ABSTRACT
The household energy mix has significant impacts on human health and climate, as it contributes greatly to
many health- and climate-relevant air pollutants. Compared to the well-established urban energy statistical
system, the rural household energy statistical system is incomplete and is often associated with high biases.
Via a nationwide investigation, this study revealed high contributions to energy supply from coal and
biomass fuels in the rural household energy sector, while electricity comprised∼20%. Stacking (the use of
multiple sources of energy) is significant, and the average number of energy types was 2.8 per household.
Compared to 2012, the consumption of biomass and coals in 2017 decreased by 45% and 12%, respectively,
while the gas consumption amount increased by 204%. Increased gas and decreased coal consumptions
were mainly in cooking, while decreased biomass was in both cooking (41%) and heating (59%).The
time-sharing fraction of electricity and gases (E&G) for daily cooking grew, reaching 69% in 2017, but for
space heating, traditional solid fuels were still dominant, with the national average shared fraction of E&G
being only 20%.The non-uniform spatial distribution and the non-linear increase in the fraction of E&G
indicated challenges to achieving universal access to modern cooking energy by 2030, particularly in
less-developed rural andmountainous areas. In some non-typical heating zones, the increased share of E&G
for heating was significant and largely driven by income growth, but in typical heating zones, the
time-sharing fraction was<5% and was not significantly increased, except in areas with policy intervention.
The intervention policy not only led to dramatic increases in the clean energy fraction for heating but also
accelerated the clean cooking transition. Higher income, higher education, younger age, less energy/stove
stacking and smaller family size positively impacted the clean energy transition.

Keywords: household energy mix, energy transition, clean heating, modern energy, sustainable
development

INTRODUCTION
Clean and sustainable household energy is an impor-
tant part of Sustainable Development Goal (SDG)
7—affordable and clean energy—and is closely re-
lated to other SDGs, such as good health and well-
being (SDG 3), climate action (SDG 13), life on
land (SDG 15) and gender equality (SDG 5) [1].

Although the global number of people with access
to electricity increased to 90% by 2018, 789 mil-
lion people still did not have electricity [2,3], and
nearly 2.8 billion people still heavily relied on tra-
ditional solid fuels (coal, crop straws, wood, an-
imal dung, etc.) as their main residential energy
sources [2,4].
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Household energy is an important foundation
of the lives of all people and is closely related to
clean air; however, most solid fuel users lack cleaner
household energy. In many rural households, tradi-
tional solid fuels are still predominant, theburningof
which, in
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rudimentary stoves, releases large amounts
of air pollutants into not only ambient but also in-
door air, resulting in severe household air pollution
[5–8]. Daily average indoor PM2.5 concentration in
households using solid fuels such as coal, crop straw,
wood and animal dung can be as high as several hun-
dred μg per m3, 10 times more than the guideline
set to protect human health [9–12]. Emissions from
the residential sector not only affect air quality and
human health, but also regional and global climate
change with its significant contribution to many cli-
mate forcers like CO2, black carbon (BC) and or-
ganic aerosols [13–16].

Compared to the well-established statistical sys-
tems for energy in sectors such as industry, trans-
portation and agriculture, information on the mix
of energy sources used by rural households is very
limited, and has high uncertainties and biases be-
cause of incomplete statistical data and the high
consumption of non-commercial biomass fuels. It
was previously found that the International Energy
Agency (IEA) and Food and Agriculture Organiza-
tion (FAO) of the United Nations simply estimated
household biomass consumption from crop yields,
and significantly overestimated residential biomass
consumption in China [17], which consequently
hindered accurate estimations of air pollutants and
carbon emissions. In addition, the pervasive stack-
ing of multiple energy sources and stoves in homes
to meet various daily life demands complicates the
accurate quantification of household energy and af-
fects the adoption ofmodern energy and suspension
of the use of dirty solid fuels [18–20].

Our previous study pointed out that from 1992
to 2012, spontaneous transition to modern energy
carriers like gas and electricity occurred rapidly for
cooking, but very slowly for space heating [17].
Transition to cleaner modern energy in China had
significant health benefits associated with reduction
of PM2.5 exposure [13,21], but also had climate co-
benefits due to reduced BC emissions [13]. Energy
transition is affected by various factors such as acces-
sibility, affordability and burner type, aswell asmany
non-technical factors like awareness of energy saving
and human health protection [22,23]. Cooking en-
ergy can transit very quickly, sometimes in just one
or two years [24]. Under the fast socio-economical
development in China, and especially with the clean
heating actions in the northern area to fight severe
wintertime pollution andhaze epoxides, it is thought

that household energy underwent very fast changes
that have not been studied yet.

Thepresent study, using a nationwide on-site sur-
vey conducted in 2017 on rural household energy
source mixes covering all provinces/municipalities
in China’s mainland (data for Hong Kong, Macao
andTaiwan are not available here)with a sample size
of ∼57 000 (see Methods), aims to understand the
realistic household energymix for different (cooking
and heating) demands, reveal the changing trend in
the adoption of relatively clean energy sources like
electricity and gases (E&G), and evaluate the roles
of natural and socio-economic factors in influenc-
ing residential energy transition at the national and
individual levels. Obtaining clean household energy
for daily cooking and heating is necessary to ensure
planetary health and is an important part of achiev-
ing sustainable development.

RESULTS AND DISCUSSION
Opportunities and challenges in
universal access to clean cooking
Energy stacking is very common, as a single energy
source can hardly fulfill all needs in a household.
On the national average, only 4.2% of households
used solely one energy source, while the majority
had two or three different energy sources (38.4%
and 34.6%, respectively). Energy stacking is closely
associated with stove/facility stacking [25], as seen
from the significantly positive relationship between
the number of energy types and the number of
stoves at both the province and municipality levels
(Fig. S1). The average number of energy types was
2.8 per household, and the average number of stoves
per household was 1.4. Stacked energy use makes
the traditional household energy survey approach,
which only accounts for the primary fuel type, in-
appropriate and likely biased in describing house-
hold energy profiles. Some efforts have been made
to more accurately account for energy use, e.g. by
asking households about both the main and supple-
mental fuels instead of the primary fuel alone [26],
or by counting the time used for each energy source;
these efforts have been used successfully in a previ-
ous study [14,27].

Figure 1 shows (A) the national average time-
sharing fractions of different energy sources used
for cooking and (B) the frequency distribution of
the time-sharing fraction of cleaner modern energy
sources (gas and electricity) for cooking—FC.There
were only 3.5% rural households with FC ≤ 10%,
and nearly one-fourth of rural households used elec-
tricity or gaseous fuels predominantly for cooking
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Figure 1. (A) Time-sharing of different energy sources used for cooking in rural China. (B) The frequency distribution of the FC.
(C) The spatial distribution of the clean cooking energy source fraction across the country. (D) The national average clean cook-
ing energy source fractions for 1992–2017. (E) The province-level average fractions of clean cooking energy sources against
per-capita income for the years 1992–2012 from a previous study [17] and for 2017 from this study (green circles). Note: data
from Hong Kong, Macao and Taiwan are temporarily unavailable in this study. Review drawing number: GS(2022)1158.
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Figure 2. (A) Proportion of households with space heating. (B) The time-sharing of cleaner household energy sources (gas and electricity) for heating.
(C) Frequency distribution of the FH values. (D) The most widely used energy source (coal, biomass or clean energy) for space heating and its time-sharing
fraction. Note: data from Hong Kong, Macao and Taiwan are temporarily unavailable in this study. Review drawing number: GS(2022)1158.

with FC > 90%.The national average FC was 69% in
2017. The transition to modern energy sources for
cooking in rural households is very notable, as seen
from the FC trend from 1992 to 2017 in Fig. 1D;
this increasing trend is expected to continue along
with economic development. However, the rate of
increase was slowing down during this period. In
the five years from 2012 to 2017, the national av-
erage FC increased from 58% to 69%, i.e., with an
increment of 11%, while the increments during the

previous two five-year intervals (2002–2007 and
2007–2012) were 19%.

The dominance of modern energy sources like
electricity and gaseous fuels for cooking was ev-
ident in most provinces, especially those in the
eastern area of China with relatively high socio-
economic status (Fig. 1C). In the less-developed
western areas, coal and biomass were still domi-
nant fuels for cooking because of their affordabil-
ity and accessibility. For example, in Shanxi and
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Inner Mongolia, the rural population burned coal
most frequently for cooking, and in Tibet and
Sichuan, biomass fuels, including crop straws, ani-
mal dung and wood, were available [28] and were
the most commonly used cooking fuel. Increased
FC values were also clearly revealed at the province
level (p < 0.05), but the changing rates vary from
1.0% to 4.4% per year across different regions,
with relatively higher rates in the developed eastern
regions.

Figure 1E plots the province-level FC against the
per-capita income and clearly shows a non-linear re-
lationship between theFC and the income levels.The
income level can explain ∼88% of the variation in
FC. The provincial FC from the present survey gen-
erally agreed with the prediction value obtained us-
ing a model that was developed based on data from
1992 to 2012 [17]; disagreements were found in
the Tibet Autonomous Region and in Qinghai and
Gansu provinces. The low FC values obtained for
these areas are explained by the limited accessibility
of clean cooking energy sources. The spatial diver-
sity andnon-linear increases inFC indicate thatwhile
universal access to cleaner modern cooking energy
by 2030 is hoped for, difficult challenges remain,
especially when approaching higher clean cooking
energy source fractions. Generally, extensive use of
clean energy for cooking in rural households would
be achieved earlier in the relatively developed east-
ern area than in the middle and western areas—a
cause of concern with regard to inequality in access
to clean cooking energy sources and, consequently,
clean air.

Spatially distinct paths to clean heating
Heating in cold seasons is becoming more com-
mon. This occurs not only in typical heating zones,
i.e. in the northern and southwestern plateau ar-
eas, but also in many eastern and southeastern ar-
eas (Fig. 2A), with different heating durations and
methods [29]. Of the rural households surveyed,
61% had indoor space heating during cold seasons,
which was much higher than the proportion before
the 2000s [17]. In the non-typical heating zone, e.g.
provinces south of the Huai River (Huai River Pol-
icy is a national policy that was instituted during the
1950s andprovided freeorheavily subsidized indoor
space heating during the winter to cities north of the
Huai River but not to those to the south) [30], more
households started to heat houses in cold seasons,
mostly by using gas or electricity. Of the 61% of ru-
ral householdswith heating in cold seasons, 70%pri-
marily burned coal or woody fuels in home stoves,
while the other 27% used electricitymore frequently
than other energy sources (Fig. S2). In these house-

holds, coal heating stoves were kept and not fully
suspended [18]. Thus, if multiple energy uses were
taken into consideration, the share of coalwas higher
(61% vs. 41%) and the share of electricity was lower
(18% vs. 27%) than the proportions estimated from
the survey on a single primary energy approach.

For the mix of energy sources used for heating,
there is high reliance on traditional solid fuels in
most rural households.The time-sharing fractions of
coal, wood, crop straws and other biomass fuels in
heating Kang (bed) were 40%, 24%, 18% and 18%,
respectively. Electric Kang was mentioned in some
media reports, andconcerns regarding its safetywere
often discussed [31]. We did not see this specific
source in the field survey because the electric Kang
was still in its pilot stage in very few homes and was
not yet produced on a large scale. In other heating
facilities not using Kang, the time-sharing fractions
of coal, biomass, gas and electricity were 41%, 18%,
3% and 18%, respectively (Fig. 2B). The frequency
distribution of the time-sharing fraction of cleaner
modern energy (E&G) for heating (FH) shows that
the majority had FH < 50%, and <2% of rural
households had FH ≥ 80% (Fig. 2C). In relatively
developed eastern areas such as Shanghai, Jiangsu,
Zhejiang and Fujian, where there was no cen-
tral heating, electricity or gas energy sources were
most frequently used for space heating (Fig. 2D).
In southwestern areas (i.e. Tibet, Chongqing and
Sichuan) and most south-central area (i.e. Hubei,
Hunan and Guangxi), people had high usages
of biomass for heating because of relatively rich
biomass resources in these areas [32,33]. In the
northern region, coal was the most widely used
heating energy source, with a time-sharing fraction
higher than 70% or even >90% in the cold north-
eastern area. Notably, in the BTH area (includ-
ing Beijing, Tianjin and Hebei), the usage of coals
for heating was lower than that in other northern
provinces. This is attributed to the clean heating
campaign launched in 2016/2017 in this area, which
was also known as coal-to-gas/electricity or the coal
ban policy [34,35]. Studies have shown that the pol-
icy resulted in large reductions in air pollutant emis-
sions and significant health benefits [35–37].

In the past nearly 20 years, the rural house-
hold heating energy mix has also been getting
cleaner (Fig. 3A). On the national scale, the na-
tional average FH was only 2% in 2002 [17], and
reached 17% in 2017; however, the increasing rate
of FH without intervention was much lower than
that of cooking energy. There are substantial dif-
ferences in heating demands, natural resources,
socio-economical development levels and subsidy
policies among different areas, leading to different
paths for switching to cleaner modern heating
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Figure 3. (A) The national average time-sharing fraction of clean heating energy sources in rural areas from 1992 to 2017.
(B) The relationship between the FH and per-capita income (Icap) for provinces in non-typical heating zones in eastern and
south-central regions. (C) Spatial distribution of the FH in 2017. (D) Difference (c) between the predicted FC (a) and the real
obtained values (b) in 2017 for areas with a clean energy intervention policy. Note: data from Hong Kong, Macao and Taiwan
are temporarily unavailable in this study. Review drawing number: GS(2022)1158.

energy sources. Three different transition paths
were identified: A) Income-driven increase without
intervention—the FH gradually increased along with
the increasing household income level. This oc-
curred mainly in provinces from the non-typical

heating zones located in southern and eastern ar-
eas. In these areas, income can explain 65% of the
variation in FH (Fig. 3B). The clean transition rates
were 3.7%∼6.2% per year in relatively developed
eastern provinces where the provincial FH was close
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to 60% and >80% in some areas (Fig. 3C). The
transition speeds were 1.4%∼2.4% per year in the
provinces located in south and south-central areas,
such as Sichuan, Yunnan and Hunan, where the
provincial FH values were ∼30%–40% in 2017. B)
Insignificant uptake of cleanermodern energy—the FH
was very low (<5%) and was not significantly dif-
ferent from the values reported in previous years.
Solid fuels, especially coals, were still extensively
used. This type was mainly found in the north-
eastern area (Heilongjiang, Jilin and Liaoning) and
western provinces, including the plateau area (Qing-
hai and Tibet) (Fig. 3C).C)Policy-driven clean heat-
ing transition—remarkable increases in the FH be-
tween 2012 and 2017 but not in years prior to 2012
were found in the BTH region and the Fenwei Plain
(covering Shanxi and Shaanxi provinces). The FH
values in these provinces in 2012were close to those
in nearby provinces; for example, values were only
5%–7% in BTH but increased dramatically to 80%,
52% and 26% in 2017, respectively. This was due
to the national intervention plans for clean heating
in the northern region [35,38]. The Clean Heating
campaign planned to replace coal sources with ei-
ther electricity or pipelined natural gas for heating,
and the targeted penetration rates were 60% in ru-
ral areas and 100% in urban areas by 2021 in the 28
municipalities located in the BTH area [39]. It was
reported that by 2019, in almost all cities, the goal
of 100% in urban households was achieved, and in
rural areas, the average rate was close to 60% but
varied from 38% to 97% [40]. Before this national
campaign was officially launched in 2017 with defi-
nite targets, pathways and subsidy polices, somemu-
nicipalities started this work earlier. For example, in
Beijing, preliminary survey data showed that in 2016
and 2017, there were nearly 760 villages and 1693
villages, respectively, changing from coal to gas or
electricity for home heating. A similar program was
also implemented in the Fenwei Plain, mainly the 12
cities in Shanxi and Shaanxi provinces.

Among provinces with policy-driven clean heat-
ing transition (Group A) or income-driven increase
without intervention (Group C), the province-level
FC positively correlated with the FH (Fig. S3), while
in other provinces (Group B), there was no such re-
lationship since the FH was extremely low.The clean
heating intervention in thenorthern areanot only re-
sulted in the rapid uptake of clean energy sources for
heating but also significantly accelerated the transi-
tion to clean energy sources for cooking. As shown
in Fig. 3D, the measured FC was significantly higher
than the predicted FC with no intervention [17].
The city-level FC in cities with the intervention pol-
icy had an increment of, on the regional average,
11% (7%–15% as 95% CI), whereas in other cities

from the same region but with no intervention, the
measured FC was close to the previous prediction
(p> 0.10).

Dominance of, but significant decline in,
solid fuel consumption amounts
The total rural residential consumption of electric-
ity obtained from the survey was 1.17 × 106 TJ
in 2017. Fuels, especially solid fuels including coal
and biomass, contributed nearly 80% of the to-
tal rural residential energy. The annual electricity
consumption was 1.83 GJ/capita, varying from 0.49
to 5.35 GJ/capita in different provinces. This value
was ∼20% lower than the value of 2.32 GJ /capita
reported in the national statistics covering both ru-
ral and urban residents [41]. Many studies have dis-
cussed the fact that urban residential electricity con-
sumption was higher than that in rural households
due to there being more home appliances in urban
areas and electricity-saving practices in rural fami-
lies that lower costs [42,43]. Per-household electric-
ity consumption was negatively correlated with the
consumption of fuels (p < 0.001) and positively
correlated with income (r = 0.577, p = 0.001).
Significant impacts of income with different mag-
nitudes across regions have been reported in past
studies [44–46]. For instance, from a metered resi-
dential data set in Shanghai [46], it is estimated that
annual residential electricity consumptionwas7.20–
10.9 GJ per household, which was higher in high-
income groups. It was reported that in Jiangsu, ru-
ral residential electricity consumption increased by
0.063%, while rural disposable income per capita in-
creased by 1% [47].

The total rural residential consumption of coal,
biomass and gas fuels, in mass units, was 84.40
(80.81–88.00 as the interquartile range), 180.07
(175.13–185.55) and 13.74 (13.62–17.83) Tg,
respectively. On the national average, ∼80% of
biomass was used for cooking (Fig. S4). For coal,
the consumption amounts for cooking and heating
were 38% and 60% of the total, respectively, indi-
cating that a high proportion was used for heating;
this result was more obvious in the north, where the
percentage of coals used for heating was 65%–87%
of the total residential coal consumption in some
areas. Gas was still predominately used for cooking,
with the gas used for heating accounting for only
1% of the total gas consumption. Relatively higher
utilizations of gas for heating were found in the
BTH area, in which the consumption amounts of
gas for heating comprised up to 6%–9% of the total
residential gas in these areas. The BTH region was
the first targeted area when the coal ban policy was
implemented, leading to a significant proportion of
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rural households changing from coal heating to gas
or electricity heating.

The total annual residential consumption of all
fuels, including coal, biomass and gas fuels, in ther-
mal units,was 6.46×106 (6.18×106 −6.75×106)
TJ,with44%,46%and11%of this total sourced from
coals, biomass fuels and gases, respectively. Provin-
cial fuel consumption varied from 1.81 × 104 to
4.65×105 TJ (Fig. S5).Provincial fuel consumption
was positively correlated with the total number of
households (r=0.603,p<0.001) (Fig. S6A),which
explained only ∼40% of the variation in total fuel
consumption. Per-household fuel consumption var-
ied largely among regions. Per-household fuel con-
sumption correlated with the fraction of heating en-
ergy to total residential fuel energy (r = 0.767, p
< 0.001) and positively correlated with the solid
fuel fraction (r = 0.909, p < 0.001) (Fig. S6B),
indicating that heating activity, especially the use
of solid fuels, significantly increased household en-
ergy consumption amounts. This is a main reason
for the high fuel energy consumption in most north-
ern provinces. In the less-developed western areas,
such as Tibet, Qinghai and Ningxia, per-household
fuel consumptionwas higher than that in other areas
because of longer heating durations in high-altitude
cold areas, larger family sizes, high reliance on tradi-
tional solid fuels and relatively lower energy utiliza-
tion efficiency; however, owing to the small popula-
tions in these regions, the provincial total fuel con-
sumptionwas lower than that in the other areas (Fig.
S5).

Regarding the energy consumed in different ac-
tivities, 64% of energy was consumed for cooking
and 30% was consumed to meet the heating de-
mand, but these percentages varied across the coun-
try. In the northern, northeastern and northwest-
ern regions, 40%–65% of the total energy was used

for heating, while in the eastern coastal and south-
ern areas, over 80% of the residential energy com-
ing from fuels was used for cooking. For cooking,
coal, biomass and gas fuels contributed 26%, 58%
and16%of the total energy used (Fig. 4A).Although
the time-sharing fraction of gaswasmuchhigher and
its calorific values were higher than those of solid fu-
els, coal and biomass fuels in home stoves usually
have lower energy efficiencies, resulting in very high
consumption amounts. In relatively developed mu-
nicipalities and provinces, the contribution of gas to
the total cooking energy could be as high as 40%–
50%. For heating, on the national average,∼80% of
the heating energy was supplied by coal, followed by
biomass. However, this also varied greatly across re-
gions. In the northern area, coals contributed over
80% and sometimes as high as 90% of the total heat-
ing energy. In the central-south and southwestern
areas, such as Fujian, Hubei, Chongqing, Sichuan,
Yunnan and Tibet, biomass made up the majority,
up to 90% or more, of the total household heating
energy. Energy sourced from gas fuels in heating ac-
tivities, on the national scale, was nearly negligible,
with a contribution of only 0.4%. In the BTH area,
gas contributions were significantly higher, at 1.6%–
4.6% of the total residential heating energy.

Compared to the rural residential fuel consump-
tion of 8810PJ in 2012, the rural residential fuel con-
sumption in 2017 (6460 PJ) was lower by ∼27%.
The rural residential fuel consumption totals were
14 800 and 11 800 PJ in 2002 and 2007, respec-
tively [17], showing a clear decreasing trend (p <

0.01) in the total rural residential fuel consumption,
at a rate of −560 ± 23 (−460–−659 as 95% CI)
PJ/year. Between 2012 and 2017, biomass fuel con-
sumptionwas reducedby2410PJ (990PJ in cooking
activity and 1420 PJ for heating use) and coal con-
sumptionwas reducedby 392PJ (381PJ for cooking
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Figure 5. Comparison of rural household (A) coal, (B) biomass and (C) gas consumption in energy units (petajoules) between 2012 and 2017 and the
shares of three different energy types in the total rural residential consumption in (D) 2012 and (E) 2017.

and 11 PJ for heating use), whereas gas consump-
tion increased by 458 PJ (449.5 PJ for cooking and
8.6 PJ for heating), resulting in a net reduction of
2350 PJ. Consequently, because of different changes
among fuel types, the share of gas in the total rural
residential fuel consumption increased from∼3% in
2012 to 11% in 2017, while the shares of biomass
and coal changed from 61% and 36% in 2012 to 46%
and44% in 2017, respectively (Fig. 5).This is consis-
tentwith the increased time fractions of clean energy
sources and rapid transition to cleanenergy for cook-
ing activities comparedwith that for heating activity.
The same trend of increased gas fuel with decreased
coal and biomass consumption was evidenced at the
provincial level but was observed at different magni-
tudes among provinces.

Influencing factors at the national and
household levels
China’s household energy transition is affected by
several subjective and external influencing factors
[18,48–50]. Income (positive) and heating degree
days (HDDs, negative) were found to be the two
most significant factors affecting FC and FH [17],
and for FH, coal production was another important
but negative influencing factor. A survey from three
provinces in China showed that younger age, higher
income and a smaller household were significantly
associated with clean fuel uptake [18]. Here, sev-
eral associated factors possibly affecting affordabil-
ity and accessibility, including those from the sur-
vey directly (number of cooking and heating energy
sources, family size, income, etc.) and collected from
national statistics (provincial coal production and
consumption, forest coverage, biomass production,
etc.), were studied for their impacts on the clean

cooking or heating energy fractions. The family in-
comedataobtained in the surveywerepositively cor-
related with rural disposable income from the na-
tional statistical yearbook (r = 0.828, p < 0.001),
but the formerwas significantly lower (p<0.001)by
∼10%–60%. Inmany questionnaire studies, income
data might be less accurate due to privacy reasons.
However, the good agreement on spatial variations
indicated that these data couldbeused to analyze the
associationbetween the clean energy fraction and in-
comes in general but not in quantitative prediction
models.

The province-level FC was positively correlated
with family income per household (r = 0.610, p <

0.001) and negatively correlated with the amount
of cooking energy (r = −0.596, p < 0.001) and
HDDs (r = −0.524, p = 0.002). Its correlation co-
efficient with family size was negative but not statis-
tically significant (r = −0.149, p > 0.05). As men-
tioned above (Fig. 1E), the association of FC with
income was non-linear, with the increase slowing
down when FC increased. FH was negatively cor-
related with the amount of heating energy (r =
−0.355, p = 0.050) and HDDs (r = −0.319, p =
0.080) and generally positively correlated with in-
come(r=0.563,p=0.001), but this correlationwas
more significant in provinces in non-typical heating
zones (Fig. 3B). In provinces in the typical heat-
ing zone, except for the areas with clean heating in-
tervention action, coal and biomass were still the
dominant heating fuels, and the income explained
only 30% of the variation in FH, with HDDs explain-
ing another 10%. Again, the influence of family size
on FC was negative but not statistically significant
(r = −0.140, p > 0.05). For the other variables an-
alyzed (coal production, forest area, crop area, grain
yield), the correlations were not statistically signifi-
cant (p> 0.05).
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Table 1. Impacts of associated factors in determining the fraction of clean household energy sources (gas and electricity) for
cooking (FC) and heating (FH) in China. Results are from the double-hurdle model.

FC FH

Estimate P-valueh Estimate P-value

Region (ref. North region)a

Northeast region − 0.080 <0.001∗∗∗ − 0.037 0.448
East region − 0.123 <0.001∗∗∗ 0.006 0.635
South-central region − 0.148 <0.001∗∗∗ − 0.100 <0.001∗∗∗

Southwest region − 0.398 <0.001∗∗∗ − 0.091 <0.001∗∗∗

Northwest region − 0.439 <0.001∗∗∗ − 0.018 0.033∗

Family size − 0.020 <0.001∗∗∗ − 0.028 <0.001∗∗∗

Number of energy types − 0.174 <0.001∗∗∗ − 0.045 <0.001∗∗∗

Number of stoves − 0.013 0.003∗∗ − 0.011 0.087
HDDs − 7.5× 10–5 <0.001∗∗∗ − 1.6× 10–3 <0.001∗∗∗

Incomeb 7.5× 10–7 <0.001∗∗∗ 8.0× 10–7 <0.001∗∗∗

Agec − 0.003 <0.001∗∗∗ − 0.001 0.024∗

Months at homed 0.002 <0.001∗∗∗ 0.001 <0.001∗∗∗

Male memberse − 0.017 0.269 0.089 <0.001∗∗∗

Highest education level (ref. no school)
Primary school 0.024 0.003∗∗ − 0.010 0.312
Middle school 0.049 <0.001∗∗∗ − 0.016 0.224
High school 0.125 <0.001∗∗∗ − 0.059 0.012∗

College and above 0.112 0.035∗ − 0.009 0.855
Female cook 0.006 0.494 0.048 <0.001∗∗∗

Education level of main cook (ref. no school)
Primary school 0.063 <0.001∗∗∗ − 0.003 0.804
Middle school 0.082 <0.001∗∗∗ 0.018 0.200
High school 0.086 <0.001∗∗∗ 0.005 0.765
College and above 0.069 0.016∗ 0.035 0.238

Farming occupationf − 0.071 <0.001∗∗∗ − 0.020 0.015∗

House space area − 1.7× 10–5 0.596 1.8× 10–4 <0.001∗∗∗

House age − 1.5× 10–4 0.016∗ 2.6× 10–4 0.084
Modern household appliancesg 0.011 <0.001∗∗∗ 0.001 0.097

aThe country is grouped into six regions including North, Northeast, East, South central, Southwest and Northwest
(https://en.wikipedia.org/wiki/List of regions of China). bThe household annual income from the questionnaire. cThe average age of all family
members. dTotal months at home of all family members. eThe percentage of male family members. fThe occupation of the main cook—farming or
non-farming. gThe total number of household appliances and vehicles including car, motorcycle, electric vehicle, washing machine, refrigerator, TV, air
conditioner and computer. h Significant at the 0.05 (∗), 0.01 (∗∗) and 0.001 (∗∗∗) levels.

At the household level, the double-hurdle model
results confirmed that family income was a signifi-
cant positive factor in increasing the usage fraction
of clean energy, and HDDs negatively affected FC
and FH (Table 1). In large families, the FC and FH
values tended to be low. This was explained by the
fact that in households with more people, multiple
different energy sources were used to meet differ-
ent activity demands. The numbers of energy types
and stoves were both negatively correlated with FC
and FH. Age was negatively correlated with FC and
FH ,, suggesting that younger people preferred to use,
or had better access to, modern energy sources. The
percentage ofmale residentswas not significantly as-
sociated with FC or FH. An impact of education level
was found only for clean cooking energy but not for
heating energy. In the more highly educated groups,

there was higher usage of clean cooking energy.The
size of a household was not a significant influencing
factor in FC but appeared to be positively associated
with FH.This is because rural families with higher FH
were mostly located in the relatively richer eastern
regions of the country, and the floor areas in those
homeswere large in general.These phenomenawere
generally consistent with previous study findings.
For example, a previous study fromGuangxi, Shanxi
and Beijing showed that having a higher income, be-
ing younger and being more highly educated were
enablers in the adoption of clean energy sources, and
switching tomodern energy tended tooccurwith life
transitions like retirement or the death of a spouse,
which was thought to be associated with the adop-
tion of clean energy sources in smaller households
[18]. From the Chinese General Social Survey of
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2015 across 12 provinces [51], and by using the To-
bit regression model, a significant negative relation-
ship between education level and share of biomass
was reported, andahigh level of educationwas found
to have a positive effect on the shares of liquefied
petroleum gas (LPG) and electricity [52].

These factors affected not only the usage fre-
quency of clean energy sources but also had vary-
ing effects on household fuel and electricity con-
sumption amounts (Table S1). Larger families with
multiple energy types and stoves consumed more
fuels. Electricity consumption was higher in homes
withmore people and fewer stoves. Highly educated
groups consumed less fuel but more electricity than
those with lower education levels. Younger groups
consumed more electricity, while the older groups
consumed more fuels. Household income was neg-
atively associated with fuel consumption and posi-
tively associated with electricity consumption. Anal-
yses using statistical yearbook data have shown that
income is a critical factor determining rural residen-
tial commercial energy consumption [53].

Summary and implications
In comparison with other energy sectors, informa-
tion on residential energy patterns and consump-
tion is often associated with relatively higher uncer-
tainties and biases, as statistical data are incomplete
and there is a high consumption of non-commercial
biomass fuels. From a national home survey and
questionnaires, this study found a substantial adop-
tion of gas fuels and electricity for daily cooking ac-
tivities; these are relatively clean compared to coal
and biomass fuels. A significant and continuously
changing trend over the past two decades was re-
vealed on the national and provincial scales. The
clean cooking energy transition generally occurred
without official intervention. In contrast, although
the time fraction of electricity or gas for heating
increased on the national scale, this increase was
mainlydue to the adoptionof cleanenergy sources in
southern non-typical heating areas, and due to clean
heating intervention campaigns in only several spe-
cific provinces, while in the other typical heating ar-
eas from northern and western areas with high heat-
ing demands, coal and biomass were still the ma-
jor heating fuels and the fraction of gas or electricity
in heating was very small. Therefore, without effec-
tive interventions, clean heating in rural areas would
be difficult to achieve, especially in poor northern
and western areas. Income was a significant factor
influencing cleanermodern household energy adop-
tion, and younger age, higher education level and
smaller family size were associated with longer us-
age of clean energy.Of course, the lack of cleanmod-

ern energy is not just a problem of economic condi-
tions. Resources, accessibility, behavioral habits and
culture should also be considered in the promotion
of cleaner cooking and heating approaches.

In terms of mass and energy units, solid biomass
and coal were the major fuels used for daily cook-
ing and heating. The residential consumption of gas
increased, and most of this consumption was used
for cooking, but overall, gas only contributed to ap-
proximately one-tenthof the total residential energy.
Biomass and coal consumption decreased, espe-
cially biomass; however, biomass and coal still pro-
vided most of the total residential cooking and heat-
ing energy. High consumption of these solid fuels
produces large amounts of air pollutants causing a
health threat for the population. The overall air pol-
lution exposure is determined not only by ambient
air pollution but also by indoor exposure; therefore,
when both indoor and outdoor exposure are con-
sidered, residential solid fuels are undoubtedly the
largest human health risk source.The impact on hu-
man health due to inhalation exposure associated
with residential solid fuel use were found to be am-
plified from <10% contribution in energy supply
to nearly 70% of the PM2.5-associated premature
deaths [7].The suspension of solid fuel use has been
reported to have significant health and climate ben-
efits [13,18,54,55]. Although more people have ac-
cess to clean and modern energy sources, due to
widespread energy and stove stacking, the exten-
sive use of modern energy in the residential sector
is limited, especially when heating activities are also
considered together with cooking. It is necessary to
note that even for gas and electricity, from coal-fired
power plants, there are emissions, and considerable
amounts of air pollutants are produced either dur-
ing the energy production phase or from the burn-
ing process [56,57]. However, these emissions are
much smaller than those that result from the burn-
ing of traditional solid fuels in inefficient residential
stoves. The substantial adoption of clean, efficient,
affordable household energy will greatly benefit air
quality and human health.

A systematic evaluation of the real-world house-
hold energy mix is important in order to better un-
derstand residential energy transition characteris-
tics and to support the decision-making process.
Partially learning from the previous survey in 2012
[17], the present study had a larger sample size,
and several limitations in the previous survey were
addressed. The stratified random-sampling scheme
covered all provinces and municipalities in China’s
mainland (data for Hong Kong, Macao and Taiwan
are not available here). It has been demonstrated
that with representative samples collected, the rel-
ative error decreased notably when the sample size
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was over 100. Compared with the last survey, the
present work had significant improvements in inter-
viewer training, field working experiences, question-
naire design, data collection and cleaning, ensuring
the data quality and assurance (see Methods for de-
tails). However, some limitations still existed. First,
therewere potential biases anduncertaintieswith re-
gard to some unreliable or partly missed informa-
tion such as family income, household expenditure,
the owning of modern appliances and vehicles, and
months at home, due to privacy concerns. Second,
the present study was a stratified random-sampling
scheme but not a nationwide census.There were rel-
atively higher uncertainties in the county- and/or
village-level results, as the sample size was small.The
national average and province-level results were rep-
resentative and reliable.Analysis of the spatiotempo-
ral results clearly demonstrated high diversity in the
rural household energy mix and different transition
paths, as well as the influence of factors such as re-
source availability, household characteristics like in-
come, and policy.

Under rapid socio-economic development and
urbanization, especially with the construction of a
‘Healthy China’, dramatic changes will occur in ru-
ral areas. These rapid changes will not be limited to
increasing household incomes but will include other
factors, such as an awareness of environmental pro-
tection and energy saving, better-educated people
and more non-farming workers. Clean energy will
thus be preferable in daily use if accessibility and af-
fordability are not problems. Sustainable household
energy should be an important part of national sus-
tainable development.Unremitting efforts shouldbe
made to eliminate the use of dirty solid fuels and to
promote the widespread availability and use of clean
energy.

METHODS
Sampling and sample size
The data used in this study were collected dur-
ing a national-scale survey of rural residents’ en-
ergy carriers andpollutant emissions.The surveywas
conducted in 2018 to collect basic data for 2017.The
survey adopted stratified sampling methods at the
provincial and municipal levels to ensure coverage
of all provinces andmunicipalities, and randomsam-
pling below municipalities. This stratified random-
sampling method with four levels attained good ge-
ographical representation.The sampling density was
0.43� for the nine populated provinces with high
pollutant emission densities and 0.22� for the oth-
ers. The survey covered all 31 provinces (excluding
HongKong,Macao andTaiwan). In eachmunicipal

unit, several county units, based on the rural popu-
lation, were extracted. In each selected county, unit
villages andhouseholdswere randomly selected.The
sample size in each county was no more than 300.
In each county, at least two villages were required,
and in each village, a maximum household number
of 80 was adopted. Therefore, the designed sample
sizewas 50000households from488 counties in 276
municipalities (a few adjacent municipalities were
combined in the field survey due to very low sam-
ple sizes). Fuelweighingwas applied to one village in
a county unit, and the minimum number of house-
holds targeted was 2500. After the quality check, a
final 56 556 valid questionnaires for the energy-mix
survey, and 2615 fuel-weighing data points, were ob-
tained.

Energy-mix questionnaires and
fuel-weighing
The questionnaire used in this study was updated
from Tao et al. (2018) [17], and several available
questionnaires used in international programs were
customized to the habits and complexities of rural
residential energy-carrier characteristics in China.
Some questions and terms were revised in the ques-
tionnaire. The revised plan was used to carry out an
on-site presurvey in rural Shandong, and the final
questionnaire was formalized. The questionnaire
survey included two aspects: section 1—personal
and family-background information, and section
2—the amounts and fractions of different types of
energy used. The personal and family-background
information included the address, family size,
income, demographics of family members, com-
modity energy expenditure, number of various
energy-consuming tools and household appliances
(lighting appliances and electrical appliances),
number of different vehicles, and the number,
location and types of stoves in each household. The
energy information included the time-sharing frac-
tions of various energy sources (coal, honeycomb
briquettes, straw, corncobs, fuelwood, brushwood,
animal manure, pipeline natural gas, LPG, biogas,
electricity, solar, gasoline, diesel, etc.) for different
activities (food cooking, subsidiary food prepa-
ration, water boiling, animal feed heating, space
heating and cooling, etc.). Time-sharing data can
effectively account for fuel stacking in residential
energy use, which was one of the main limitations of
the typical primary energy survey approach [17,27].

The energy structure of rural residential house-
holds was obtained by a face-to-face questionnaire
survey conducted by trained investigators enter-
ing the households, and the questionnaires were
completed by the investigators. The survey team
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underwent rigorous screening and training to ensure
that the investigators fully understood the study
objectives and the survey plan. The results of the
questionnaire were checked by telephone and
questionnaire screening. The survey process was
monitored by recording the GPS information of the
survey points and taking on-site photos to ensure
the quality of the information. Written survey
data were entered electronically by a third party
using double-blind entry and machine-assisted
verification. The entry accuracy rate was above
99%, and appropriate parameters were used for
comprehensive verification and to eliminate records
with unreasonable parameters.

The amounts of commercial energy used (coal,
LPG and electricity) were asked for directly in the
questionnaire. The daily consumption of solid fu-
els, including coal and biomass fuels, was obtained
through a household fuel-weighing campaign. In the
weighing campaign, the investigator weighed fuels
on the first day and revisited the home after 24 hours
to weigh the remaining fuels. Each household was
surveyed for two consecutive days (weighed three
times). The solid fuel consumption survey covered
samples fromboth heating and non-heating periods,
and the sample size in the heating and non-heating
periods was 3:1. The results were adjusted for the
family size. The amount of coal consumed and pur-
chased every year was asked for in the questionnaire
survey.The self-reported results varied largely across
different households. The provincial coal consump-
tion calculated from the self-reported data was posi-
tively correlated with that from the fuel-weighing re-
sults (r= 0.868, p< 0.001), but the self-reported re-
sultsweremuch lower than the fuel-weighing results.

Data analysis
Data analysis and statistical tests were conducted
using Excel and SPSS. A significance level of 0.05
was adopted. The results at the household level
were weighted by the household numbers to ob-
tain provincial and national averages. The uncer-
tainties associated with the provincial and na-
tional average results were addressed by running
Monte Carlo simulations 10 000 times. Provincial
socio-economic information was obtained from the
national statistical yearbook, and the HDD data
were calculated from the recorded ambient temper-
ature using the method described by Chen et al.
(2016) [36]. The factors influencing the fraction of
clean energy sources (gas and electricity) in cook-
ing and heating activities, and the total energy con-
sumption amount of fuels and electricity, were stud-
ied by using the double-hurdle model.The indepen-
dent variables tested included location, family size,

number of energy sources, number of stoves, house-
hold income, HDDs, male residents at home, high-
est education level, gender of the cook, education
level of the main cook, occupation of the main cook,
household space area and age of the house.

DATA AVAILABILITY
Data associated with the study are available upon re-
quest.
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