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Household air pollution (HAP) fromuse of solid fuels varies greatly depending on stove technology, fuel, housing
characteristics, season, and geographical area. Accurate information about indoor air pollution concentration as
well as personal exposure is vital formore precise estimates of the health burden fromHAP.Wemeasured indoor
fine particles ≤2.5 μm in aerodynamic diameter (PM2.5) and carbon monoxide (CO) concentrations for 48 h in
179 homes in winter and 122 homes in summer in rural Guizhou, China. Furthermore, we measured personal
CO exposure among 1796 women. The highest median [25th–75th percentiles] PM2.5 kitchen concentrations
were found in winter in biomass homes with an open fire (557 [303–882] μg/m3) or a stove without chimney
(533 [210–770] μg/m3), while homes with a chimney stove had lower median kitchen concentrations
(337 [212–1114] μg/m3 and 371 [192–1208] μg/m3 for biomass and coal, respectively). There was large seasonal
variabilitywith lower concentrations in summer for both PM2.5 and CO. Indoor CO concentrationsweremore cor-
relatedwith type of fuel than stove technology, with highermedian winter concentrations in kitchens using bio-
mass (2.4 [0.9–4.6] ppm) than coal (0.7 [0.6–1.5] ppm). Personal CO exposure was relatively low, with median
1.3 [0.9–2.1] ppm. Stove and fuel type, ventilation, kitchen configuration, occupation, secondhand tobacco
smoke, time spent outdoors, and ambient temperature were all associated with personal CO exposure. We
found that CO could not be used as a suitable proxy for PM2.5 in this setting due to large heterogeneity in stove
and fuel use within homes.We also found only a weak correlation between personal and indoor measurements,
highlighting the importance of doing personal measurements in epidemiological research. Most households
exceeded the PM10 Chinese indoor air pollution standard of 150 μg/m3. Hence, continued efforts are needed to
mitigate health damaging levels of HAP.

© 2014 International Energy Initiative. Published by Elsevier Inc. All rights reserved.

Introduction

Exposure to household air pollution (HAP) from use of solid fuels
represents a major health risk on a global scale. According to recent es-
timates, 4 million people die prematurely each year due to exposure to
air pollution from use of solid fuels for cooking, and HAP is the leading
environmental risk factor for global disease burden (Lim et al., 2012).
Several studies havemade detailedmeasurements of household air pol-
lution in rural China (Baumgartner et al., 2011; Edwards et al., 2007;
Fischer and Koshland, 2007; He et al., 2005; Jin et al., 2005; Zhang
et al., 2012) and other developing countries (Armendáriz-Arnez et al.,
2008; Balakrishnan et al., 2004; Chengappa et al., 2007; Clark et al.,
2010; Dionisio et al., 2012; Dutta et al., 2007; Ezzati et al., 2000b;
Smith et al., 2010). Large cultural and climatic differences between

populations lead to large differences in HAP, and measurements from
one area are not necessarily representative for other areas. Due to the
lack of reliable exposure information, previous global burden of disease
estimates for HAP have used a simplified dichotomous exposure vari-
able (using solid fuels for cooking or not). The most recent comparative
risk assessment used an improved exposure metric (Lim et al., 2012),
but relied on a single study in India to estimate concentration levels
for the rest of the world (Balakrishnan et al., 2013). It is important to
have reliable exposure estimates to be able to assess the health burden
fromHAP. Therefore,more fieldmeasurements are needed to add to the
body of evidence of levels and drivers of HAP concentration and
exposure.

As a part of a larger epidemiological study that examined the rela-
tionship between HAP exposure and health outcomes, we performed
a series of air pollution measurements. Personal carbon monoxide
(CO) exposure wasmeasured for all participants, while kitchen and liv-
ing room concentrations of particulate matter ≤2.5 μm (PM2.5) and CO
wasmeasured in a 10% subsample of homes. By using these air pollution
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measurements, we have assessed: (i) indoor PM2.5 concentrations and
main predictors; (ii) indoor CO concentrations and main predictors;
(iii) personal CO exposures and main predictors; (iv) the correlation
between indoor CO and PM2.5 concentrations; and (v) the correlation
between personal and indoor measurements.

Materials and methods

Study area

The study was conducted in Guizhou Province, in southwest China.
This is the poorest province in China measured by GDP per capita, and
is home to 35 million people (Guizhou Provincial Bureau of Statistics,
2011). Guizhou is a mountainous region ranging in altitude between
150 and 1700mwith a humid sub-tropical climate. The annual average
temperature is 15 °C, ranging from 22–25 °C in July to 4–6 °C in Janu-
ary, usually necessitating heating in wintertime. 66% of the population
lives in rural areas (Guizhou Provincial Bureau of Statistics, 2011). 90%
of households used solid fuels in 2000 (ACMR, 2004), but, in the last de-
cade, coal has been replacedwith electricity or gas, and increasing num-
bers of rural households have installed biogas digesters to produce
biogas from pig manure. According to survey data from 2010, 62% of
households in the province used solid fuels for cooking, with 30% and
32%, respectively, using coal or biomass as their main fuel (ACMR,
2012).

Study population

A clustered household survey was conducted among 1796 women
≥30 years in 3 counties in Guizhou Province: Xiuwen, Congjiang, and
Danzhai. The clusters were selected based on main cooking fuel: raw
coal, biomass, or a mix of biomass and biogas, respectively. This was hy-
pothesized to represent a gradient in household air pollution levels. A
village functionary assisted with recruiting eligible participants. All
women ≥30 years living in the study villages were invited to partici-
pate in the main study, while a 10% random subsample was selected
for indoor air pollution monitoring. Informed consent was obtained
from all women taking part in the study, and study approval was
given by the Bureau of Health of Guizhou Province, Bureau of Environ-
ment Protection of Guizhou Province, and the Regional Committee for
medical and health research ethics in South-East Norway. All villages
were located in rural areas, and the women who participated in the
study are among the more marginalized groups in Guizhou. Illiteracy
rate among the participants was 73%. For comparison, 20% of the adult
female population in Guizhou is illiterate (National Bureau of Statistics
of China, 2010). 36% of the participants were Han Chinese, and the re-
maining 64% belonged to different ethnic minority groups (50% Miao,
13% Dong, 1% other minorities). Guizhou as a whole has an ethnic mi-
nority population of 36% (Guizhou Provincial Bureau of Statistics,
2011). The average number of residents per household was 4.7
(s.d. 1.6). The houses were usually made of brick or wood, andwere rel-
atively large (4.3 rooms per house on average, s.d. 1.6). About a third of
the households had an open kitchen and living room configuration,
whereas the remaining two-thirds had separate rooms for kitchen and
living space. Both living room and kitchen had at least one stove,
but stoves in the living room (often combined heating/cooking) were
not always in use, especially during summer. The average number of
stoves per household was 2.9 (s.d. 1.2). Though homes in Guizhou are
heterogeneous in regard to configuration and stove/fuel use, we have
attempted some generalizations. “Biomass” homes used a combination
of wood logs, twigs and branches, and charcoal. They also used clean
fuels like biogas and electricity, but they rarely used coal. “Coal”
homes used only raw coal, supplemented by some electricity. More de-
tailed information about stove and fuel combinations can be found in
the Supplementary Information.

Personal exposure

Personal CO measurements on the 1796 participants took place be-
tween February–May 2009 and November–December 2009. The target
measurement durationwas 48 h. Occasionally the participantswere un-
availablewhen the investigator returned to collect the CO tube, inwhich
case, the investigator would return later in the evening or the next day.
Themeanmonitoring timewas 52 (s.d. 4.4) hours. Most measurements
lasted longer than 48 h, and only 20% was within 1 h of the targeted
measurement duration of 48 h. The CO tube was attached to the partic-
ipants clothing in the chest area during the day and placed near the bed
while sleeping. 59 people were excluded because they had forgotten to
wear the CO tube for the entire measurement duration, or they had lost
the tube. 10 participants were smokers and were excluded from the
study. The total number of personal CO measurements available for
analysis was 1727. An interviewer administered questionnaire was
used to collect information on pollution related variables such as partic-
ipation in cooking activities, fuel used for cooking and heating, stoves
used while monitoring, and smoking in the household during monitor-
ing, housing characteristics, and socioeconomic variables.

Indoor air pollution measurements

A 10% subsample of the households in themain studywas randomly
selected for indoor monitoring. The monitoring took place in three
phases, February–May 2009, September 2009 and November 2009–
January 2010. November–March is defined aswinter and April–October
as summer based on measured night-time minimum kitchen tempera-
ture, which was usually well below 16 ºC in winter. The houses mea-
sured during the summer are a subsample of the houses measured in
winter. Both kitchen and living room concentrations were measured,
with the exception of September 2009 when only the kitchen was in-
cluded. Coal using households were not measured during summertime.
Seven villages in Danzhai, four villages in Congjiang, and two villages in
Xiuwen county were selected for indoor monitoring to represent,
respectively, biogas, biomass and coal using households. In all, 179
(33 biogas, 82 biomass, 64 coal) household measurements were done
in winter and 122 (31 biogas, 91 biomass) in summer. PM2.5 and CO
was monitored for an average of 48 (s.d. 1.2) hours. Monitors were
placed 1 m from the stove, 145 cm above ground, and at least 1 m
away from any doors or windows.

Particle measurements
Indoor particulate pollution was monitored using the UCB-PATS

photoelectric real time particle and temperature monitors developed
at UC Berkeley (Berkeley Air, CA, USA). The UCB-PATS is a small, porta-
ble, battery-operated (9 V) data loggingmonitor for use in indoor envi-
ronments in developing countries (Chowdhury et al., 2007). It uses a
photoelectric (light scattering) detector and is capable of measuring
PM2.5 concentrations down to 50 μg/m3. The photoelectric sensor is sen-
sitive primarily to particles smaller than 2.5 μm. Light scattering devices
require calibration for each pollutant source because different particles
have different light scattering behavior. The UCB-PATS were factory-
calibrated for wood smoke, but not for coal. Themonitors were calibrat-
ed for coal smoke using co-location chamber tests as described in the
Supplementary Information. UCB-PATSmonitors have been used in sev-
eral studies of HAP as they logminute-by-minute data, are relatively in-
expensive, and are not intrusive for the participants. We did not
compare the UCB-PATS to gravimetric measurements in the field, but
performed calibration checks against gravimetric measurements
in lab. Co-location tests showed good inter-correlation between the
UCB-PATS both for biomass and coal with standard deviation 39 μg/m3

for biomass. Due to lower sensitivity to coal smoke, the standard devia-
tion for coal was 105 μg/m3. The lower signal-to-noise ratio for coal im-
plies that the coal measurements must be interpreted with care. No
systematic errors were found.
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