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ABSTRACT

Background: Disease burden estimates related to household air pollution (HAP) relied on
cross-sectional data on cooking fuel, overlooking other important sources (e.g. heating) and
temporal-regional variations of exposure in geographically diverse settings. We aimed to
examine the trends and variations of for cooking and heating fuel use and ventilation in

500,000 adults recruited from 10 diverse localities of China.

Methods: At baseline (2004-08) and two subsequent resurveys (2008-14), participants of
China Kadoorie Biobank, aged 30-79, reported their past and current fuel use for cooking
and heating and the availability of cookstove ventilation. These were compared across

regions, time periods, birth cohorts, and socio-demographic factors.

Results: During 1968-2014, the proportion of self-reported solid fuel use for cooking or
heating decreased by two-thirds (from 84% to 27%), whereas those having complete
kitchen ventilation tripled (from 19% to 66%). By 2014, despite a continuing downward
trend, many in rural areas still used solid fuels for cooking (48%) and heating (72%), often
without adequate ventilation (51%), in contrast to urban residents (all <5%). The large
urban-rural inequalities in solid fuel use persisted across multiple generations and also

varied by socioeconomic status, especially in rural areas.

Conclusions: Despite marked progress in fuel modernization in the last 50 years,
substantial rural-urban inequalities remain in the study population, especially those who
were older or of lower socioeconomic status. Uptake of cleaner heating fuel and ventilation
has been slow. More proactive and targeted strategies are needed to expedite universal

access to clean energy for both cooking and heating.
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1. Introduction

Globally about 2.7 billion individuals are currently exposed to high levels of household air
pollution (HAP) due to their reliance on polluting and energy inefficient solid fuels (e.g. coal
and biomass) for cooking, (Kurmi et al., 2008, Zhang and Smith, 2007, Pokhrel et al., 2015,
IEA, 2015) In 2015, HAP accounted for an estimated 2.9 million premature deaths, most of
which occurred in low- and middle-income countries (LMICSs), including 0.6 million in China,
(GBD 2015 Risk Factors Collaborators, 2016) where 450 million individuals are still relying
on solid fuels for cooking (IEA, 2016). These estimates were, however, largely based on
national modelling data with inadequate empirical evidence to capture the large regional

variation in HAP exposure and changes over time. (Bonjour et al., 2013)

Fuel use pattern has changed substantially in many fast-growing economies, including
China. However, there is inadequate detailed inter-regional evidence on long-term trend
and pattern of fuel use, particularly among population subgroups (e.g. by age and other
socio-demographic characteristics). Several studies had attempted to examine the patterns
of fuel use in China, (Duan et al., 2014, Chen et al., 2016, Liao et al., 2016) but were based
on short-term observations and mostly examined cooking fuel use after 1990’s, with little
information on heating fuel use and ownership of ventilated cookstoves, both of which
contribute importantly to HAP exposure. Comprehensive assessment of contemporary and
historical exposure to multiple sources of HAP is crucial to inform appropriate assessment
of long-term health effects associated with HAP exposure and development of public health

and environmental policies.

Using data from the China Kadoorie Biobank (CKB), an ongoing prospective cohort of
512,891 adults across ten diverse localities of China, (Chen et al., 2005, Chen et al., 2011)

we examined the patterns of cooking and heating fuel use and ventilated cookstove
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ownership over time and compared them by region, birth cohort, and selected socio-

demographic factors.

2. Materials and methods
2.1 Study participants

The design and methods of CKB have been described in detail elsewhere. (Chen et al.,
2011, Chen et al., 2005) Briefly, 512,891 adults aged 30-79 years (mean 52 years; 59%
female) were recruited in 2004-08 from ten localities (five rural counties [known by the
name of the provinces]: Gansu, Henan, Hunan, Sichuan, Zhejiang, and five urban cities:
Haikou, Harbin, Liuzhou, Qingdao, Suzhou [semi-urban]) across China, chosen from
China’s nationally representative Disease Surveillance Points system (Yang et al., 1997) to
represent a diverse range of socioeconomic levels, risk exposures and disease patterns.
(Chen et al., 2011) At baseline, an interviewer-administered questionnaire collected
information on demographic and socioeconomic status, lifestyle behaviors and medical
history. Subsequently, two resurveys were undertaken in 2008 and 2013-14, involving
19,760 and 24,996 randomly selected surviving participants, respectively (see

supplementary method 1 or visit http://www.ckbiobank.org for further details). (Chen et al.,

2011) Ethical approval was obtained from relevant authorities in China and in the UK and

all participants provided written informed consent.
2.2 Assessment of fuel use and cookstove ventilation

Throughout this study, fuels used for cooking and heating and cookstove ventilation were
used as proxies for HAP exposure. At baseline, participants were asked to provide
information relating to HAP exposures in each of their three most recent residences
(‘baseline residence’—the residence at baseline, ‘penultimate residence’—the previous

residence, ‘antepenultimate residence’—the residence before the penultimate) (see figure

4
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A1), including duration of residence, cooking frequency (daily, weekly, monthly, never/rarely
cook, no kitchen), primary cooking fuel (gas, electricity, coal, wood, other) for those who
reported cooking at least monthly, winter heating use (yes, no), primary heating fuel if
appropriate (district heating, gas, electricity, coal, wood, other), and cookstove ventilation
availability (whether there is/was a chimney or extractor attached to cookstove(s) owned:
‘complete’ for all stoves, ‘partial’ for some stoves, and ‘none’) for those with a kitchen. The
same questions were repeated in subsequent resurveys assessing recent exposure (in the
past 12 months) in the participants’ current residence. In most analyses, gas, electricity,
and district heating (available in northern China only) were aggregated into ‘clean fuels’, as

they are associated with lower emissions in the households. (Gordon et al., 2014)

Based on the information from the three most recent residences recalled at baseline
(defined as the ‘informative recall period’, which could date back as far as birth), we
estimated the lifelong fuel use and ventilation history (or as long as possible) for five birth
cohorts in the study population (1939 or earlier, 1940-49, 1950-59, 1960-69, 1970 or later).
We also derived composite indicators on long-term HAP exposure to identify participants
who consistently used solid or clean fuels, or had none or complete cookstove ventilation in

all three most recent residences.

2.3 Datasets used for specific analyses

Individuals (n=2,303) with a recall period greater than their age were excluded from main
analyses, leaving 510,588 participants at baseline. We further excluded those who did not
cook regularly (n=130,581), rather than including them in the unexposed group, for in China
domestic cooking is predominantly done by females and such classification would distort
the distribution of important gender-related socio-demographic characteristics (e.g.

education) across exposure categories. Similarly, in the analyses on heating fuel we

5
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excluded all participants who had no heating in corresponding residences (baseline
n=130,992), primarily those from Zhejiang (h=57,685), a coastal rural region, at baseline
and first resurvey (where >99% participants reported that they did not use heating) and
those from Haikou (n=29,632), situated in the tropical south where heating is not necessary.
Lastly, we excluded those who reported using ‘other’ fuel for cooking (n=199) or heating
(n=15). The final sample consisted of 377,280 participants for cooking-related, 290,280 for
heating-related and 509,839 for ventilation-related analyses at baseline, with the
corresponding numbers available for similar analyses on other time periods given in Figure

A2.

2.4 Statistical analysis

Proportions (in percentages) of cooking and heating fuel type and cookstove ventilation
availability at various residences were adjusted for age (5-year groups), gender and region
structure of the CKB population as appropriate using direct standardization. They were then
cross-tabulated by selected socio-demographic characteristics (age, gender, regions,
education level and household income), and were plotted in stacked area graphs over five
periods of residence (antepenultimate, penultimate, and baseline, first and second
resurveys), with the median and inter-quartile range of year started living in each residence
(YSLmedian (1QR)) Or year of participation in resurvey to indicate the period during which

information on fuel use and ventilation availability in the study population was captured.

An age-at-risk analysis approach was used to examine the lifetime HAP exposure pattern
by birth cohorts. First, total duration of exposure to each category of HAP was estimated by
summing the reported number of years in each residence with that specific exposure. Then,
the age period covering the duration of exposure was stratified into 5-year age bands from

0 to 79 years. The percentages of duration in each age band being exposed to each
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category of each HAP indicator were calculated adjusting for gender and region by direct
standardization (see supplementary method 2). Finally, we plotted these percentages,
stratifying for birth cohorts against age to examine the variation of lifetime exposure
patterns across different generations. Estimates in the oldest age band of the participants
born in 1939 or earlier (75-79 years) are likely to be unreliable due to small sample size

(n=1,305) and were therefore excluded from these analyses.

As a sensitivity analysis, we restricted to participants who provided complete lifetime
exposure data and to 14,691 participants who were interviewed at baseline and at the

subsequent two resurveys. All analyses were conducted in SAS version 9.3.

3. Results

Of the 510,588 participants with baseline data analyzed, the mean (SD) age was 51.6 (10.7)
years, and the total recall period was 39.7 (14.5) years, with 80% of the information

provided covering 270% of adulthood (=15 years). By combining the baseline and the
subsequent two resurveys (mean [SD] prospective period: 8.0 [0.8] years), the present
study captured almost 50 years of fuel use and cookstove ventilation data between 1960’s

and 2014 (see figure Al).

There were marked differences in the HAP indicators between rural and urban areas. At
baseline, over 85% of rural residents reported using coal or wood for cooking or heating
and only about 20% had ventilation for all cookstoves. In contrast, <10% used solid fuels for
cooking and 75% had ventilation for all cookstoves in urban regions. While most urban
residents used gas or electricity for cooking, almost a quarter still relied on solid fuels for
heating, mainly in Qingdao (60% used coal) and in Suzhou (25% used wood), which
includes a semi-urban study area (see figure A3). Users of solid fuels or unventilated

cookstoves were relatively older, more likely to be female, and had lower level of education
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and income, except that coal use was associated with lower income in urban but not rural

areas (Table 1).

Coal and wood were the main cooking fuels in the antepenultimate residence of both rural
(Y SLmedian [1Qr)): 1965 [1955-73], 98%) and urban (Y SLmedian [1Qr]: 1975 [1963-84], 74%)
participants, but the urban residents adopted clean fuels more rapidly, with only 2.7%
reporting always using solid fuels throughout the recall period (circa 1975-2008), as
opposed to 85% among rural residents (circa 1965-2008). However, the changing pattern of
clean fuel use as a primary fuel source during 2004-14 appeared to be more rapid in rural
areas (Figures 1(a) and 2(a)). The pace of heating fuel modernization was much slower
than that of cooking fuel. In rural areas, nearly all used solid fuels for heating in the 1960’s
(antepenultimate residence Y SLmedian [1Qr]: 1963 [1954-71]), and >90% throughout the recall
period, and still as high as 72% in 2013-14. Likewise, the majority of urban residents used
solid fuels for heating in their antepenultimate residence (Y SLmedian [1Qr]: 1973 [1962-84]),
but switched to clean fuel by the time of the second resurvey (2013-14) (Figures 1(b) and
2(b)). The long-term trends in ventilation broadly coincided with changes in cooking fuel,
but the expansion of complete ventilation was slower than that of clean cooking fuel,
especially in rural areas, where there was an accelerated rate of transition post-2008. In
urban areas, however, the proportion of complete ventilation increased rapidly from 20% in
the antepenultimate residence (Y SLmedian [1Qr]: 1974 [1963-84]) to >80% at the second
resurvey (2013-14) (Figures 1(c) and 2(c)). The temporal pattern of types of cooking fuel
and cookstove ventilation combined was consistent with that of cooking fuel. However,
alongside the increase of clean fuel use, the proportion without ventilated cookstoves
among clean fuel users has decreased from 37% to 9% in urban areas but has gone up

from 18% to 29% in rural areas (see figure A4).



Table 1. Baseline characteristics by household air pollution exposures in rural and urban areas @

Characteristics Cooking fuel P Heating fuel © Cookstove ventilation ¢ Overall ©
Clean fuels Coal Wood Clean fuels Coal Wood Complete Partial None N
RURAL AREAS
No. of participants 29,17 99,272 68,035 15,455 91,050 65,968 58,765 129,910 95,536 284,573
Age (mean * SD), year 475+9.8 50.9+10.1 54.4+10.6 479+104 50.3+104 51.7+108 49.9%10.4 50.8+10.3 51.2+10.7 50.9 £10.5
Gender, %
Female 14.2 51.0 34.8 8.8 52.7 38.5 20.3 45.9 33.8 166,397
Male 17.5 49.5 33.0 9.2 53.0 37.8 21.2 45.4 334 118,176
Highest attained education, %
No formal 9.2 46.6 44.2 5.4 49.9 44.7 17.1 46.0 36.9 67,942
Primary 14.5 51.1 34.4 7.4 52.9 39.7 18.8 47.1 34.0 118,924
Middle school or above 24.3 53.3 225 12.3 55.8 31.9 26.5 41.2 324 97,707
Household income (yuan/year), %
<10,000 9.4 46.9 43.7 6.4 52.0 41.6 15.6 46.5 37.9 113,009
10,000-19,999 15.8 53.2 31.0 8.5 51.8 39.8 19.5 46.5 33.9 82,073
220,000 29.0 49.7 21.3 15.2 54.7 30.1 29.3 41.8 28.9 89,491
URBAN AREAS
No. of participants 164,248 1,915 13,634 88,766 24,480 4,561 168,302 32,035 25,290 226,015
Age (mean * SD), year 51.9+10.5 56.4+11.0 56.8+10.6 50.7+11.0 548+115 544+108 51.9+10.7 54.7+11.0 53.0+11.4 52.3+10.9
Gender, %
Female 90.8 1.7 7.5 74.6 214 3.9 74.4 14.4 11.2 134,725
Male 90.9 14 7.7 76.3 20.0 3.7 74.9 13.9 11.2 91,290
Highest attained education, %
No formal 81.4 4.4 14.2 60.1 31.2 8.6 61.9 19.9 18.2 26,864
Primary 87.8 2.8 9.4 64.0 29.5 6.6 69.1 16.2 14.6 45,306
Middle school or above 95.6 1.2 3.3 78.6 18.4 3.0 80.1 11.3 8.5 153,845
Household income (yuan/year), %
<10,000 78.8 3.8 17.4 62.7 30.1 7.3 56.0 22.2 21.8 30,730
10,000-19,999 88.6 2.0 9.4 70.4 24.5 5.0 68.2 16.9 14.9 66,085
>20,000 95.6 0.7 37 80.5 17.0 24 82.0 11.7 6.3 129,200

a Percentages and means are adjusted for age, gender and region where appropriate, x? p-value of all association <0.001 in binary logistic regression. Clean fuels include gas,
electricity and district heating (for heating only); row percentage is displayed.

b Participants who never/rarely cook or reported using ‘other’ fuel were excluded (Nrrai = 88,091; Nurban = 45,218).

¢ Participants from Haikou (n=29,631) and Zhejiang (n=57,685) where >99% patrticipants reported no heating, and participants from other regions who reported no heating (Nrural

=52,518; numan =78,474) or using ‘other’ heating fuel were further excluded (Nrurai = 1,897; Nurban =103).
d Participants who had no kitchen at baseline were excluded (Nrurai = 362; Nurban = 388).
€ Overall number of participants at baseline, after excluding 2,303 participants whose recall period was greater than their age, total N = 510,588.
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9 Figure 1. Temporal pattern of self-reported primary fuel type for a) cooking and b) heating; and c)
0 presence of cookstove ventilation, in urban and rural areas (See figure legend).
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Figure 2. Regional variation of self-reported primary fuel type for a) cooking and b) heating; and c)
lack of cookstove ventilation throughout the three most recent residences at baseline (See figure
legend).
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Fuel transition was observed across participants with different socioeconomic background,
but the change from solid to clean fuels during 1960’s to 2010’s was more rapid among
those with high school or above education, or having the highest household income
(235,000 yuan/year), and was more accentuated in urban areas. For illiterate rural residents
and those with low household income (<10,000 yuan/year), there was a modest decrease in
the proportion (-7.7 and -8.6 percentage points, respectively) with complete ventilation from

1970’s to 1990’s, but have since recovered thereafter (see figures A5-A8).

Considerable variation existed in temporal trends of HAP exposures across the ten
localities, such that the site-specific rates of fuel transition or ventilation uptake differed not
only in magnitude, but at times qualitatively from the overall picture. For example, in urban
Qingdao a large proportion of participants reported to use coal for heating (60% in 2004-08
and 20% in 2013-14) despite the fact that gas or electricity was almost exclusively used as
primary fuel for cooking during the same period. In contrast, in Suzhou (semi-urban) and
Sichuan (rural), heating fuel was modernized more quickly than cooking fuel (see figures
A9 and A10). In Gansu a downward trend was observed in the proportion of complete
cookstove ventilation, which was contrary to the other four rural regions (see figure A11).
The temporal trend of cooking fuel and cookstove ventilation in Suzhou (semi-urban) is
more similar to other rural regions such as Zhejiang, which is a relatively affluent rural
region, especially during the 1970’s to 1980’s (see figures A9(a), A9(h), All(a) and
A11(h)). Finally, over the past five decades the proportion reporting the use of heating
increased, the majority of which was powered by electricity (data not shown). Of particular
note, at the second resurvey (2013-14), 13% of the participants in Zhejiang reported to
have heating (by clean fuels), but prior to that <1% had used heating in the three most

recent residences at baseline or at the first resurvey.

Overall, there were substantial differences across birth cohorts in both the rate of fuel

transition and the age at which they changed residence and switched fuel. The younger
3
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generation moved away from solid fuels more rapidly than their older counterparts, and also
at a younger age. Such intergenerational disparities widened over time in rural areas but
were generally attenuated in urban areas as the older generation eventually switched fuels
(Figures 3 and 4). As for cookstove ventilation, birth cohort differences were observed only
in urban areas (Figure 5). Restricting to participants who provided lifetime exposure data at
baseline and of the 14,961 participants who attended all three surveys showed highly

consistent results (data not shown).

4. Discussion

In this comprehensive assessment of regional variation and long-term trends in main
cooking and heating fuel use and cookstove ventilation in a large Chinese cohort, we found
a clear rural-urban disparity, with rural areas lagging behind in household fuel transition
during the past five decades. Moreover, the transition in cooking fuel began much earlier
than that for heating fuel, and the rate was strongly influenced by socioeconomic status.

There were also significant birth cohort differences in the pattern of fuel use.

Several nationwide surveys have previously examined the frequency and patterns of solid
fuel use for cooking in China. Overall, they showed a clear shift from solid to clean fuels,
with the recent nationwide surveys showing almost 50% of individuals in China still relying
on solid fuel for cooking in 2010 and about 40% in 2012, (Duan et al., 2014, Chen et al.,
2016) similar to the estimates obtained in our study, which was not designed to be
nationally representative. A recent report based on data from periodic China Health and
Nutrition Surveys (CHNS) has also examined the trends in cooking fuel in about 2,000 rural
household from nine provinces between 1989 and 2011.(Liao et al., 2016) In the 9t five-
year plan (1996-2000), the Chinese government began to prioritize modernization and

commercialization of the rural energy sector; (The Government of the People’s Republic of
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China, 1995) by 2010-15 the national electricity grid had achieved complete coverage in
rural areas. (National Energy Administration of the People’s Republic of China, 2014)
Electricity price had become increasingly affordable through continuous national subsidy. It
was against this backdrop of national policy changes that a rapid reduction of primary use
of solid fuels for cooking among rural Chinese residents (from 75% to 35%) was
observed.(Bonjour et al., 2013) A similar magnitude of change (from 85% to 48% during
the similar time period) was seen among our rural participants, more of whom were
recruited from less-developed rural localities compared with CHNS. The recent (during
2006-14) rapid rise in clean fuel use (mainly electricity but not gas) in rural CKB regions to
some extent confirms the increasing accessibility and affordability of electricity in rural
China. Although the fuel modernization between 2008 and 2013-14 in CKB was primarily in
rural areas, the large differences in fuel use in the five urban localities should not be
discounted. In the more developed urban localities (e.g. Harbin and Qingdao) almost all
participants had gas or electricity as their primary cooking fuel, but in Haikou and Suzhou
wood remained an important fuel source as many participants were living in semi-urban

communities where there was an abundant local supply of firewood.

Both globally and in China, data on heating fuel use have been scarce. (Shen et al., 2015,
World Health Organisation, 2016) The cross-sectional CEERHAPS study reported a smaller
proportion of rural residents using solid fuels for heating (62% in 2012 versus 72% in CKB
in 2013-14), and a much higher proportion among urban residents (23% versus 4%).(Duan
et al., 2014) The discrepancy regarding urban areas may be due to the inclusion of several
traditionally coal-reliant provinces (e.g. Shandong) in CEERHAPS where coal-fired heating
is particularly common in cities. In CKB we also found that participants from Qingdao (the
largest city in Shandong) had the highest proportion of coal users among all urban localities
(62% in 2004-08) (Figure A10). To the best of our knowledge, our study is the first to

investigate the long-term trends in heating fuel use in China. During 2004-14, we saw

8
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increased coverage of home heating, mainly powered by electricity, in the central and
coastal regions to the south of Huai River (Suzhou, Liuzhou, Sichuan and Zhejiang),
probably due to the increasingly affordable and accessible electricity supply especially in
rural areas,(National Energy Administration of the People's Republic of China, 2014) as
reflected by the increasing expenditure on electricity.(National Bureau of Statistics of China,
2006-2010) Despite this, >75% rural residents in CKB still used solid fuels for heating in
2013-14, lagging behind urban residents by approximately 40 years. Meanwhile in Qingdao,
amidst the recent rapid expansion of district heating coverage in the city (up to 89% in CKB
in 2013-14; 82% in 2015 according to the city government (The People's Government of
Hebei Province 2016), the share of coal use for heating fell substantially from 61% in 2004-
08 to 11% in 2013-14. During the period of 1982-92 China distributed 130 million improved
cookstoves under the National Improved Stove Program. (Smith et al., 1993) While these
cookstoves could burn fuels more efficiently, chimneys were not always installed. (Sinton et
al., 2004, Gordon et al., 2014) In our study, there was a relatively modest rate of ventilated
cookstove uptake in rural areas during 1955-2008, but apparently a more rapid rise post-
2008. Little published evidence on the distribution of ventilated cookstoves is available, but
the recent rising trend may be related to the expansion of the commercial market and
recent public-private initiatives promoting improved cookstoves in China. (The People's
Government of Hebei Province 2016, World Bank, 2013, Global Alliance for Clean
Cookstoves, 2015) The trend was generally consistent with the switch to cleaner cooking
fuels in our urban participants. In our rural participants, however, the proportion of clean
fuel use without ventilation increased considerably as less people used solid fuels, possibly
related to cost implications. (Shen et al., 2015) It is also possible that rural residents could
switch to different types of clean fuels without the need for ventilation (e.g. unvented gas
stove). Consistently, in our participants from Gansu (one of the poorest regions in China)

the proportion of participants with complete ventilation decreased alongside increased use
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of clean cooking fuel, whereas participants in Zhejiang, a more affluent rural region, we

observed there was a trend for adoption in parallel.

In CKB, the disparities of HAP exposures persisted trans-generationally both within and
across rural and urban areas, highlighting important birth cohort differences in adoption of
clean fuels and ventilation. In the context of the theory of diffusion, clean fuels and
ventilated cookstoves could be considered as innovations in a traditional, solid fuel-reliant
society. (Troncoso et al., 2007) As such, younger and more affluent individuals tend to be
the early adopters, subsequently followed by most others and leaving behind a small
number who are reluctant to change. (Troncoso et al., 2007, Rao and Kishore, 2010) Urban
residents in CKB were younger and they moved house more frequently than rural residents
(shorter mean recall period, 36 versus 43 years), so they might also have more opportunity
to switch to clean fuel, as it often requires structural changes in the corresponding facilities
and dwelling environment. Other societal factors such as faster rate of electric grid
expansion, increasing availability and affordability of clean fuels and decreasing availability
of solid fuels may also explain the quicker fuel or ventilation modernization trend in urban

areas. (Shen et al., 2015)

The sequentially lower prevalence of early-life exposure in younger generations underlies
the epidemiological transition of decreasing HAP-related disease burden in children, but the
burden in rural elderly, many of whom continued to use solid fuels, might have
proportionately increased as other traditional risk factors such as infectious diseases
diminish. In the light of the rapidly changing pattern of exposure, a combination of direct
exposure measurement, robust exposure classification and careful statistical modelling, and
applied in a life course context, is needed for better exposure classification and a more

reliable assessment of the long-term health effects.
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The main strengths of this study lie in the scale and diversity of our participants, covering
0.5 million adults across 10 very different urban and rural localities of China. Moreover, we
simultaneously examined three key determinants of HAP exposure (cooking, heating, and
ventilation), and for the first time, explored the trans- and inter-generational disparities of
HAP exposure that may be relevant for informing the changing disease patterns and future
assessment of health risks associated with long-term HAP exposure. Our study also has
limitations. First, we relied on self-reported data in constructing the historical evolution of
HAP exposures. To minimize bias, we excluded all participants with potentially unreliable
recall information and also undertook sensitivity analyses in participants with complete
estimated lifetime exposure data, which showed highly consistent results with the main
findings. Second, we have assessed only the primary fuel type or ventilation condition (one
used or experienced most frequently and for the longest period) during each residence,
which is subject to misclassification due to changes of fuel type or ventilation condition.
Nevertheless, with the large sample size and diversity of the CKB, the time of house
moving (and hence fuel change) was unlikely to be affected by systematic error.
Furthermore, the temporal trends were formulated from proportions adjusting for age,
gender and locality, allowing less biased comparisons across population subgroups. The
trends were also highly consistent in the randomly selected resurvey subsample. Similar to
the previous multi-region studies, we have no data on mixed use of fuels, which is common
in rural areas where complete transition to clean fuels is difficult. (Peng et al., 2010, Liao et
al., 2016) The trend of “switching” to clean fuels in China, as found in our study, therefore
has to be interpreted with caution as it may be implying a relegation of solid fuels in the
households rather than exclusive use of cleaner energy sources. Likewise, the patterns of
composite indicators of long-term HAP exposure might have resulted in an underestimation
of exposure due to “fuel and stove stacking” phenomenon. (Rehfuess et al., 2014) As

parallel use of clean and solid fuels often result in HAP exposure similar to using solid fuels

11



10

11

12

13

14

15

16

17

alone, (Clark et al., 2013) reliance on primary fuel type data may result in underestimation

of the total exposure in the population.

5. Conclusions

In our study population, many rural communities remained solid fuel-reliant despite the
rapid improvement in China over the past 50 years. We have identified the trans- and inter-
generational disparity across rural and urban areas, and highlighted the under-recognized
slower trends of modernization of heating fuel and ventilated cookstove ownership, as well
as the substantial regional variation of such time trends. Household air pollution is a major
challenge not only to global health but also poverty, gender equality and climate change.
(Burki, 2011) Our findings highlight the urgency of region-specific strategies to address the
prolonged inequalities across rural and urban areas and socioeconomic subgroups and to
promote access to clean household energy in China. Beyond China, fuel modernization in
many LMICs has been comparatively slow. (Bonjour et al., 2013) Further investigation to
understand the potential drivers of the recent rapid transition in rural China and to evaluate
the recent effort in promoting cheap and sustainable energy and large scale distribution of
new-generation ventilated low-emission stoves (World Bank, 2013, Chen et al., 2014) could

provide useful insights and strategies for other LMICs.
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Figure legend

Figure 1. Temporal pattern of self-reported primary fuel type for a) cooking and b)
heating; and c) presence of cookstove ventilation, in urban and rural areas.
Percentage estimates were adjusted for age, gender, and regions. X-axis labels are 1)
median year started living in each of the three most recent residences recalled in baseline
survey and the calendar year when 15t or 2" resurvey was conducted; and 2) number of
participants that provided information at respective time period/point. Clean fuels include
gas, electricity and district heating (for heating only). Participants who never/rarely cooked,
reported using ‘other’ fuel type, had no kitchen were excluded from (a); participants who
had no heating or from Zhejiang and Haikou and those reported using ‘other’ fuel type were

excluded from (b); participants who had no kitchen were excluded from (c).

Figure 2. Regional variation of self-reported primary fuel type for a) cooking and b)
heating; and c) lack of cookstove ventilation throughout the three most recent

residences at baseline.

Long-term exposure was defined as the use of solid fuels or the absence of ventilated
cookstoves in the three most recent residences. Percentage estimates were adjusted for
age and gender. Regions are listed in descending order (from left to right) by the
percentages of solid fuel use for cooking. Participants from Haikou and Zhejiang were
excluded in (b).

Figure 3. Adjusted percentage of length of age band exposed to specific cooking fuel
by five birth cohorts in rural and urban areas.

Left panels: rural areas; right panels: urban areas. Percentage estimates were adjusted for
gender and regions. Size of boxes is inversely proportional to the standard error of the
respective age band; 95% CI are too narrow to be seen in most graphs. Clean fuels include
gas and electricity. Note that the last box of each line (except for the one in ‘before 1939,
which was excluded due to the small sample size in this 75-79 age band) is the time point
when the baseline survey was conducted (2004-08).

Figure 4. Adjusted percentage of length of age band exposed to specific heating fuel
by five birth cohorts in rural and urban areas.

Left panels: rural areas; right panels: urban areas. Percentage estimates were adjusted for
gender and regions. Size of boxes is inversely proportional to the standard error of the

respective age band; 95% CI are too narrow to be seen in most graphs. Clean fuel includes
19
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gas, electricity and district heating. Note that the last box of each line (except for the one of
‘before 1939’, which was excluded due to the small sample size in this 75-79 age band) is

the time point when the baseline survey was conducted (2004-08).

Figure 5. Adjusted percentage of length of age band with different degrees of
cookstove ventilation by five birth cohorts in rural and urban areas.

Left panels: rural areas; right panels: urban areas. Percentage estimates were adjusted for
gender and regions. Size of boxes is inversely proportional to the standard error of the
respective age band; 95% CI are too narrow to be seen in most graphs. Ventilation is
defined as the presence of chimney/ extractor on cookstove in possession, with three
possible categories as shown. Note that the last box of each line (except for the one of
‘before 1939’, which was excluded due to the small sample size in this 75-79 age band) is

the time point when the baseline survey was conducted (2004-08).
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