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Residential solid fuel combustion is a major emission source of PAHs (polycyclic aromatic hydrocarbons) inmost
developing countries, including China; however, accurate estimates of PAH emissions are often challenged by
limited real-world emission factors (EFs) under field conditions, which can hardly be repeated in laboratory-
controlled tests. In this study, a series of field measurements was conducted to determine the emissions of 28
PAHs from different fuel-stove combinations. A total of 14 fuel-stove combinations were studied. The total EFs
of 28 PAHs (EFPAH28), on the basis of fuel mass, ranged from 20.7 to 535 mg/kg, with relatively lower EFs for
coal than for biomass. Biomass burning in gasifier stoves had lower PAH EFs and fewer toxic PAH species than
biomass burning in traditional brick stoves. Fuel type was a significant factor affecting PAH emissions, while
stove difference had a relatively smaller influence. Much higher EFs were found from these field tests than
from the idealized laboratory tests, which indicated significant underestimation in inventories based on the
laboratory-based EFs. Biomass and coal had different profiles, with larger intra-fuel variations in coal than
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Emission factors
Composition profile
Isomer ratio
those in biomass. Highly variable values of some, though not all, commonly used isomer ratios indicated substan-
tial biases in source apportionment relying on single or simple ratios without correction, and theMCEwas found
to be significantly corrected with some ratios.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Due to rapid socioeconomic development, clean energies, such as
electricity and LPG (liquid petroleum gas), are used by more families
(Sun et al., 2018; Tao et al., 2018); however, solid fuel still plays an im-
portant role in household energy consumption, especially in rural areas.
It was estimated that the proportions of residents relying on solid fuels
for daily cooking and heating in 2012 were 29.5% and 43.4%, respec-
tively, and were higher in rural areas (40.4% and 60.1%) (Duan et al.,
2014). Owing to the relatively low combustion efficiencies of household
stoves and the lack of pollution control measures (Du et al., 2017; Bond
et al., 2002), the incomplete combustion of solid fuels can emit many
pollutants into air, such as carbon monoxide, particulate matter (PM),
and polycyclic aromatic hydrocarbons (PAHs). PAHs have attracted
worldwide public attention, as they are carcinogens and mutagenic to
humans (IARC, 2010; Wang et al., 2015; Wincent et al., 2016). In addi-
tion, PAHs with more condensed rings might be important contributors
to atmospheric brown carbon (BrC) (N. Lin et al., 2016). Decadal efforts
have been made to investigate PAH pollution from household combus-
tion and its impact on both human health and ambient air quality (Shen
et al., 2015; B.Wang et al., 2016). For instance, H.Z. Shen et al. (2013) re-
ported that 62% of the total PAHs in Chinawere emitted from residential
solid fuel burning. Du et al. (2018a) measured the indoor level of BaP,
which is considered the predominant carcinogenic individual PAH
(Zosima et al., 2016) and could be as high as 81 ± 42 ng/m3 in rural
homes. Due to indoor PAH exposure by inhalation from residential
solid fuel usage, the ILCR (incremental lifetime cancer risk) could be
up to 2.3 × 10−4 for the populations in northern China, which exceeds
the accepted level of 10−6 by nearly two orders of magnitude (Du
et al., 2018a).

Among the various sources of air pollution, the residential sector is
significantly underappreciated and often associated with high uncer-
tainties in its emission estimates (Krumal et al., 2019; G.F. Shen et al.,
2013). In addition to the limitation of uncommercial biomass consump-
tion data, variations in emission factors (EFs, defined as pollutant emis-
sion amounts per unit fuel burned) are another source of uncertainty
(Shen et al., 2015). Some studies measured the EFs of PAHs from resi-
dential solid fuel combustion (Chen et al., 2005, 2015; Krugly et al.,
2014; Y. Wang et al., 2016; Y. Zhang et al., 2021), but most combustion
experiments were simulated in laboratory-controlled conditions; field-
based experiments on EFs from the realworld are rarely carried out (Du
et al., 2018a; Shen et al., 2015). EFs determined by field-based experi-
ments can better capture the real-world burning and emission status
than those determined by lab tests and thus are often preferable in
emission inventory development (Du et al., 2020; Wei et al., 2014).
However, field-based emission measurements are often challenged
due to labor- and cost-intensive field work and limited manpower re-
sources in field sampling (Wei et al., 2014). Recently, there has been
growing interest in field-based emission studies, but to date, most stud-
ies have primarily reported PM emissions with little other air pollutant
emission information in the real world (Du et al., 2017; Eilenberg et al.,
2018; Liu et al., 2018; Thompson et al., 2019; Shen et al., 2015; Zhang
et al., 2020; Y. Zhang et al., 2021; L. Zhang et al., 2021). Fuel-stove com-
binations vary greatly around the world, and even within one country,
spatial differences in fuel use and stove types can produce significant
differences in PAH emissions. It is believed that EFs for fuel-stove com-
binations can reflect household emissions better than those for fuel-
specific combinations (Du et al., 2020; G.F. Shen et al., 2013). Therefore,
the EFs of PAHs for real-world fuel-stove combinations along with
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recognized spatial differences are highly needed but unfortunately
scarce so far.

In this study, a series of field tests were conducted in four different
provinces in China (Shanxi, Guizhou, Hubei and Sichuan) to evaluate
the EFs of PM10-bound PAHs from indoor solid fuel combustion. A
total of 14 stove-fuel combinations were studied. The influences of
fuel types and stove differences were discussed. Daily pollutant emis-
sionswith spatial variationswere further calculated based onmeasured
EFs and fuel consumption amounts determined from the fuel-weighing
survey.

2. Material and methods

2.1. Description of study sites, stoves and fuels

Field measurements were conducted at four sites, including Taigu
City (Shanxi Province), Anshun City (Guizhou Province), Nanchong
City (Sichuan Province) and Enshi City (Hubei Province). Taigui City is
located in northern China, while the other three cities are located in
southern China (Fig. S1). Eight commonly used fuels were investigated
in this study, including coal (honeycomb briquettes and coal chunks)
and biomass fuels (fuel wood, brushwood, bamboo, maize straw, bean
straw and corncobs). Coal was burned in iron stoves, while biomass
fuels were burned in built-in-place brick stoves or gasifier wood stoves
(Fig. S2). Built-in-place brick stoves are hard to test in the laboratory be-
cause of their large size and lack of availability on the market. Gasifier
wood stoves are improved biomass stoves with secondary air supplies
to increase the burning efficiency and are expected to reduce air pollut-
ant emissions. Detailed information on the fuels, stoves and stove-fuel
combinations is summarized in Table S1.

2.2. Emission tests

Field emission measurements followed the procedures used in pre-
vious field campaigns (Shen et al., 2015). Briefly, emission exhausts
were sampled during a regular cooking period. Local residents operated
their stoves and managed fires during the sampling period. A stainless-
steel sampling port was placed near the center of the chimney. Sam-
pling covered the whole period of a cooking event from fire ignition to
the end of burning, lasting for approximately 30–40 min per test.

A cascade impactor (PEM, SKC, PA, USA) equipped with an active
pump (SKC, PA, USA) was used to collect particles (with aerodynamic
diameters equal to or less than 10 μm) on QFFs (quartz-fiber filters,
Tissuquartz 2500QAT-UP, PALL Corporation, USA) that were prebaked
at 450 °C for ~6 h to remove organic background.

2.3. Laboratory PAH analysis

A microwave accelerated extraction system (CEM, Mars Xpress,
USA) was used to extract PAHs from the QFFs using 25 mL of a mixture
of n-hexane/acetone (1:1, V/V). The temperature protocol was to in-
crease the temperature to 110 °C within 10 min and then hold for an-
other 10 min. The extract was further cleaned using a silica/alumina
gel column that was pre-elutedwith 20mL of hexane. The final concen-
trates (~l mL) 110were spiked with 200 ng of deuterated internal stan-
dards (naphthalene-d8, acenaphthene-d10, anthracene-d10, chrysene-
d12, and peperylene-d12, J&WChemical, USA) and analyzed for targets.

Gas chromatography-mass spectrometry (GC–MS, Agilent GC 6890,
MS 5973, USA) in electron ionization mode was used for PAH analysis.
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The column was a HP-5MS capillary column. The programmed temper-
ature of the oven was held at 50 °C for 1 min, heated to 150 °C at 10 °C
per min, then increased to 240 °C at a rate of 3 °C per min, heated to
280 °C at 20 °C per min andmaintained for another 20min. A 1 μL sam-
ple was injected in splitless mode, and the carrier gas was high-purity
helium. The targeted parent PAHs measured in this study included 16
US EPA priority PAHs and 12 nonpriority parent PAHs. In this study,
PAH28, PAH16 and PAH12 indicated a total of 28 parent PAHs, 16 priority
PAHs and 12 nonpriority PAHs, respectively. The PAH lists and the TEF
(toxic equivalent factor) values for each individual are provided in
Table S2.

2.4. Quality control and data analysis

Before and after sampling, the pump was calibrated using a primary
flow calibrator (Bios Defender 510, USA). Known amounts of authentic
standards were spiked in the samplingmedia to quantify the recoveries
of PAHs, which ranged from 87%–114%. The recoveries of individual
PAHs as well as the instrument detection limits and method detection
limits are provided in Table S2. Additional information on the instru-
ment detection limit, method detection limit, and recoveries of the tar-
get PAHs was added to Table S2. Field blanks were measured and
subtracted from the results.

The fuel mass-based EFs of the PAHs were calculated using the car-
bon mass balance method (Zhang et al., 2000). To better compare the
emissions of different fuels and stoves, per fuel energy-based EFs (EFC
and EF/Hi, where Hi (MJ/kg) is the calorific value of fuel i) and useful en-
ergy delivered-based EFs (EFE and EF/Hi/η, where η (%) is the thermal
efficiency, which were usually measured by water boiling tests) were
also calculated (Shen, 2016; Zhang et al., 2000) (Table S3). Unfortu-
nately, the calorific values of solid fuels and stove thermal efficiencies
were not measured in this study; therefore, literature-reported results
were adopted. The modified combustion efficiency (MCE), defined as
CO/(CO+ CO2), was used as a surrogate for the combustion conditions
(Zhang et al., 2000). BaPeq (BaP equivalent EF) was used as a proxy of
the toxicity of PAH emissions and calculated by the following equation:

BaPeq ¼ ∑n¼28
i¼1 TEFPAHi � EFPAHi ð1Þ

where PAHi represents PAH congener i and TEFPAHi is the toxicity equiv-
alency factor of PAH i. The results are expressed as median and inter-
quartile range values. SPSS 21.0 (IBM Corporation, Armonk, NY, USA)
Fig. 1. The EFs of PM10-bound PAH28 and PAH16, aswell as fraction of PAH28 in PM10 and BaPep o
HB, BB, BS and BW represent fuel wood, corncob, maize straw, coal chunk, honeycomb brique
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was used for the statistical analysis, and a significance level of 0.05
was adopted.
3. Results and discussion

Fig. 1 compares the EFs of PAH16 and PAH28, as well as themass frac-
tion of PAH28 in PM10 and BaPeq of the PAH28 of the PM10 from the 14
stove-fuel combinations in this study. EFs varied by over onemagnitude
for the different combinations. The lowest EFs of PAH16 and PAH28,
which were 18.3 ± 22.8 and 20.7 ± 26.1 mg/kg, respectively, were ob-
served for honeycomb briquettes burning in iron stoves (Shanxi Prov-
ince). Bean straw burning in brick stoves (Sichuan) had the highest
EFs of PAH16 and PAH28 of 429 ± 384 and 535 ± 489 mg/kg, respec-
tively. The EFs based on fuel energy and useful energy delivered for dif-
ferent fuel-stove combinations tested are listed and compared in
Table S3, which confirmed the low emissions from coal combustion.
For example, the EF of PAH16 from coal chunk burning was 2.2 ±
1.9 mg/MJ, whichwas significantly lower than that of PAH16 from corn-
cob burning (4.3± 3.0 mg/MJ) (p< 0.05). On the basis of useful energy
delivered, the EFE of PAH28 from fuel wood burning in gasifier stoves
(4.6 ± 4.0 mg/MJd) was expectedly significantly lower (p < 0.05) than
that from burning in traditional built-in brick stoves (10.0 ± 3.1 mg/
MJd).

The mass fraction of PAH28 in PM10 ranged from 2.6‰ (corncob
burning in brick stoves, Shanxi) to 19.6‰ (Bamboo burning in brick
stoves, Guizhou), with an arithmetic mean of 9.8‰. This was close to
the results in literature studies (Shen et al., 2012; Zosima et al., 2016),
but the low mass fractions of PAHs might cause the considerably high
toxic potentials of the particles emitted. A statistically significant posi-
tive correlation was observed between EFPAH28 and the mass fraction
of PAH28 to PM10 (p < 0.05), suggesting that higher PAH emissions
from solid fuel burning would be accompanied by a higher toxicity po-
tential of particles. PAH emissions were significantly negatively corre-
lated with the MCE (p < 0.05), as seen in past studies (Shen et al.,
2011; G.F. Shen et al., 2013). As pollutants from the incomplete combus-
tion process, PAH emissionswere positively correlatedwith other prod-
ucts, such as CO and PM (Fig. 2).

From all tests performed here, PAH16 contributed to over 80% of the
total 28 PAHs targeted; however, the BaPeq of PAH16 only accounted for
49.5% of the BaPeq based on the 28 PAHs, since some nonpriority PAHs
have higher toxic potentials. The proportion of BaPeq attributed to
f PAH28 of PM10 fromdifferent fuel types in different regions. In the picture, FW, CC,MS, CK,
tte, bamboo, brushwood, bean straw, respectively.



Fig. 2. Correlations between EFs of PM10, PAH28 and MCE (data were log transformed).
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PAH16 was lower for coal than for biomass fuels (34.8 ± 5.6% vs 51.8 ±
20.6%) (p < 0.05), and in emissions from the burning of bamboo and
fuel wood, the proportions were as high as 66.0% and 63.2%,
respectively.

3.1. Fuel and stove difference in determining PAH EFs

PAH emissions can be affected bymany factors, including fuel types,
combustion appliances, and combustion conditions (Shen et al., 2011;
Du et al., 2017;Wei et al., 2014;Wu et al., 2015). Fuel and stove impacts
are often expected and widely discussed in past studies. Studies and
pollution controls expect to identify dirty fuels and eliminate their use
to improve air quality and protect human health; however, the ob-
served results between different fuels, or distinct stoves, are not always
consistent because of the interaction of stove and fuel impacts and the
co-impacts of other influencing factors (Dhammapala et al., 2007; Du
et al., 2020). In Shanxi Province, both coal and biomass fuels are found
in residents' daily lives. The emission measurements showed that hon-
eycomb briquette combustion had lower EFs of PAHs than biomass fuel
burning. However, the PAH emissions from the burning of coal chunks
were higher than those from corncob and fuel wood burning, and the
difference was significant between coal chunks and fuel wood
(p < 0.05). Due to the higher calorific values of coal chunks, the fuel
value-based EFs of coal chunks were lower than those of corncobs. Sim-
ilar results were reported in previous studies (G.F. Shen et al., 2013;
Yang et al., 2014). Honeycomb briquetting is a clean coal technology
whose purpose is to hopefully reduce air pollutant emissions (Chen
et al., 2015; Zhi et al., 2009). Some previous studies reported that hon-
eycomb briquettes had lower PAH emissions than coal chunks, with a
difference of approximately 2.5–40 times (Shen et al., 2010; G.F. Shen
et al., 2013; Chen et al., 2004; Li et al., 2016); however, some contradic-
tory results were also reported (Chen et al., 2015; Y. Wang et al., 2016).
For example, G. Shen et al. (2013) reported that PAH emissions from the
burning of honeycomb briquettes were over onemagnitude lower than
those from coal chunk combustion. In the study conducted by Chen et al.
(2015), particulate PAH emissions from honeycomb briquette combus-
tionwere 2 times higher than those from coal chunk combustion. In the
present study, the EFs of PAH28 from the burning of honeycomb bri-
quettes were only a quarter of those from the burning of coal chunks
(20.7 ± 26.1 vs 83.6 ± 70.3 mg/kg, respectively), suggesting signifi-
cantly lower emissions from the briquettes than from the raw chunks.
The lower indoor air pollution of PAHs in homes burning briquettes
than in those burning raw chunks was confirmed by Chen et al.
(2016). It appears that the total PAHs from both gaseous and particulate
phases are lower for the briquettes than for the raw chunks; however,
for individual PAHs, the difference between the chunks and briquettes
might be species-specific because of the distinct formation pathways
and mechanism for PAHs with different rings. In addition to the lower
EFs, the BaPeq of PAH28 for the honeycomb briquettes was half that
for the coal chunks, indicating an advisable way to replace coal chunks
4

with honeycomb briquettes in residential combustion to reduce PAH
emissions and lower human health risks.

Intra-fuel differences were also found within the biomass fuels,
which ranged from 81.6 ± 58.0 (corncob) to 535 ± 489 (bean straw)
mg/kg. Corncobs, accounting for 4.8% of the total cooking energy in
rural China (Tao et al., 2018), have the lowest EFs of PAH28 among the
biomass fuels, as did the BaPeq of PAH28. Fuel wood had higher EFs of
PAHs than corncobs, but the BaPeq values of PAH28 for these two fuels
were similar. The EFs of PAHs and BaPeq for the brushwood were ~ 3
times higher than those for the fuel wood (p < 0.05). Similar results
were reported by Shen et al. (2012) and G.F. Shen et al. (2013), in
which the EFs of PAH28 for brushwood were 6–10-fold higher than
those for fuel wood. Brushwood can be commonly seen and burned in
many rural homes; thus, its emissions should be separated into emis-
sions from wood logs and fuel wood to accurately estimate emissions
fromwood combustion. This study clearly showed that among different
biomass fuels, raw crop straw had the highest PAH emissions (Ding
et al., 2012; Y. Zhang et al., 2021). Bean straw produced the highest
PAHs and BaPeq compared with the other biomasses. The burning of
crop strawmay result in severe air pollution and consequently harmful
impacts on humanhealth. Ding et al. (2012) previously reported that in-
door PAH concentrations in kitchens due to crop straw combustion
were 2.2 times higher than those due to fuel wood burning, which
were 3300 and 1500 ng/m3, respectively. Such high emissions in resi-
dential stoves should be controlled. Pelletization may be a way to re-
place the direct combustion of uncompressed straw in residential
stoves and reduce emissions from straw burning, since previous studies
have proven that biomass pellets can reduce the majority of pollutant
emissions, including PAHs (Shen et al., 2012; Johansson et al., 2004).

In addition to fuel differences, stove structure plays an important
role in combustion and pollutant emissions (Zosima et al., 2016; P. Lin
et al., 2016). Improved stoves are often expected to have better thermal
performance and lower air pollutant emissions (Carter et al., 2014;
Jetter et al., 2012). Statistically significant differences in PAH emissions
were only observed for fuel wood burning from different locations
where stoves were not identical (p< 0.05). In addition to the difference
between traditional and improved stoves, brick stove differences
among the different locations also resulted in different PAH emissions.
Although all stoves were made from brick, the stove inner structure of
brick stoves was similar in Sichuan and Guizhou but different in Shanxi,
North China (Fig. S3a). The EFs of PAH28 frommaize straw and corncob
burning in different brick stoves were similar, 229 ± 186 and 82 ±
58 mg/kg, respectively. The results obtained from two-way ANOVA
showed that fuel type significantly influenced the EFs (p < 0.05),
while the stove impactswere not statistically significant (p>0.05). Gas-
ifier wood stoves are modern stoves with lower emissions and were
promoted in Hubei through a pilot project (Shen et al., 2015). The fuel
mass-based EFs of PAH28 from fuel wood burning in gasifier wood
stoves (31.2 ± 27.5 mg/kg) were much lower than those from burning
in brick stoves in Guizhou and Sichuan (132 ± 138 and 262 ±
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360mg/kg, respectively) (p< 0.05), but the emissionswere close to the
results found in brick stoves in Shanxi (27.9 ± 8.6 mg/kg). This caused
concerns that gasifier wood stoves might not necessarily have lower
PAH EFs than built-in brick stoves. However, as mentioned before, if
considering the higher thermal efficiencies of biomass wood stoves,
which were approximately 2.5 times higher than those of traditional
built-in-place brick stoves, the useful energy delivered-based EFs of
PAH28 from fuel wood burning in gasifier wood stoves were lower
than those from burning in brick stoves (Shanxi), which were 4.6 ±
4.0 and 10.0 ± 3.1 mg/MJd (p < 0.05), respectively. In addition, due to
the improved thermal efficiency of gasifier wood stoves, less fuel con-
sumption per cooking event was expected. The promotion of gasifier
wood stoves may contribute to not only PAH emission reductions but
also household energy savings. Furthermore, it is interesting to see
that the BaPeq for wood burning in gasifier stoves was much lower
than that in brick stoves (p < 0.05), indicating that in gasifier wood
stoves, some highly toxic PAHs can be effectively mitigated. This reduc-
tion in high-toxicity PAHs may be attributed to high combustion effi-
ciency。 It was previously reported that for wood combustion in
stoves, the ratios of high-toxicity PAHs to the total would be lower in
higher combustion efficiencies (Krumal et al., 2019).

3.2. Comparing EFs with previous laboratory results

Most previous studies on PAH emissions from solid fuels are per-
formed under well-controlled laboratory conditions (Chen et al., 2005,
2015; Cheng et al., 2019; G.F. Shen et al., 2013; Vicente et al., 2016). Un-
like those from well-controlled tests, the results from the field cam-
paigns are subjected to many unrepeated influencing factors. For
example, stoves tested in the lab could be very different from those
used in the real world (Oanh et al., 2005; G.F. Shen et al., 2013). The
fire management and fuel burning operations conducted by residents
are subject to their burning habits and cooking conditions, which can
hardly be repeated in laboratory tests (Du et al., 2018b; Li et al., 2021).
In addition to variations between field and lab tests, the influences of
fuel properties, stoves, and fire managementmay also lead to large var-
iations among different field campaigns (G.F. Shen et al., 2013; Du et al.,
2018b). G.F. Shen et al. (2013) previously investigated the EFs of PAH28

from the burning of brush wood, fuel wood and bamboo in a simulated
kitchen in rural Beijing, which were one magnitude lower than our re-
sults, at 12.1 ± 9.1, 1.8 ± 1.6 and 5.4 ± 4.5 mg/kg, respectively.
Wiriya et al. (2016) measured the EFs of PAH16 from the burning of
maize residue in a laboratory chamber, which were only 0.5 ±
0.1 mg/kg. Vicente et al. (2016) calculated the EFs of PAH14 (PAH16 ex-
cept for CHR and BbF) from the combustion of fuel wood, ranging from
0.2 to 22.0mg/kg. Cheng et al. (2019)measured the EFs of PAH18 (PAH16

and COR and BeP) from the burning of honeycomb briquettes and coal
chunks via laboratory tests, which ranged from 0.4–5.4 and
0.5–219 mg/kg, respectively. Sun et al. (2017) found that the EF of
PM2.5-bound PAH16 from maize straw burning was only 8.2 ±
5.9 mg/kg. Chen et al. (2015) determined the EFs of PAH16 (bound in
PM2.5) from honeycomb briquette and coal chunk burning, which
were 6.9 ± 7.9 and 2.3 ± 1.6 mg/kg, respectively. All these laboratory-
based results were approximately several times to nearly 2 orders of
magnitude lower than our results, even for the same type of fuel burn-
ing. Since field-based tests had much higher EF values, great underesti-
mation would be introduced when lab-based EFs were used to develop
emission inventories. In addition to biases in the estimated emissions,
laboratory-controlled tests can hardly capture variations in the combus-
tion and emission conditions observed in the field. For example, during
a real-world cooking period, residents usually add fuels several times,
and the frequency or amounts of fuels added are often random,
resulting in variability in the emissions across the whole period (Du
et al., 2018b; Li et al., 2021). Under controlled conditions, combustion
events were conducted by well-trained researchers following standard
test protocols (i.e., water boiling tests). In field tests, stoves were
5

operated by local residents based on their habits and burning condi-
tions, whichwere very random and uncontrollable compared to labora-
tory studies, asmentioned before, and fuelswere reloaded several times
(Roden et al., 2006, 2009; Li et al., 2021). Consequently, there were not
only differences in average EF values but also large variations between
laboratory and field studies (Du et al., 2018b). Furthermore, idealized
laboratory tests can hardly reproduce some poor combustion moments
that occur occasionally in real-world conditions but that release large
quantities of incomplete combustion pollutants (Dhammapala et al.,
2007; Roden et al., 2009).

3.3. Composition profiles

The composition profiles for different fuel types are exhibited in
Fig. 3. In general, the overall predominant individual PAHs in emission
smoke from coal combustion were ACY (13.8%), PHE (12.8%), FLA
(10.8%) and PYR (10.4%), while for the burning of biomass fuels, PYR
(17.5%), FLA (15.5%), PHE (12.2%) and CcdP (11.5%) were the dominant
species. Significant differences in the emission profiles between the
burning of coal and biomass fuels were found for PYR, BaP, PER, BeP,
and DBalP (p < 0.05).

Large differenceswere observed between the emission profiles from
the combustion of honeycomb briquettes and coal chunks. The predom-
inant individual PAHs for honeycomb briquette combustion were ACY
(20.6%), PHE (14.9%), and CHR (10.9%), while for the burning of raw
chunks, theywere FLA (14.5%), PYR (13.1%) and PHE (10.6%). Such com-
position profile differences were also reported in some past studies. For
example, Yang et al. (2014) reported that the emissions of particle
phase PAHs from honeycomb briquette combustion were dominated
by PHE, BbF and FLA, whereas in a laboratory campaign, Cheng et al.
(2019) observed high emissions of BbF, CHR, BeP for briquette combus-
tion and BbF, CHR, and BaA for coal chunk burning. The large disparities
between the different composition profiles for coal combustion can be
partly explained by coal properties and stove designs. Previous studies
reported that differences in coal properties and stove efficiencymay re-
sult in variations in PAH composition profiles during combustion pro-
cesses (Chen et al., 2005; B. Wang et al., 2016; Y. Wang et al., 2016).

In contrast to the intrafuel difference in coal combustion, the compo-
sition profiles for wood fuel and crop residue combustion were similar,
with the predominant compounds being PHE, FLA and PYR. These pre-
dominant particulate PAHs from theburning ofwood fuels and crop res-
idues were also reported previously (Sun et al., 2018; Zhang et al.,
2020). In addition, CcdP was found to be a major contributor to total
PAH emissions in this study and accounted for 7.9% and 10.9% of the
combustion of wood fuel and crop residues, respectively. A relatively
higher contribution of CcdP was also reported for the particle-bound
PAH emissions from fuel wood burning and indoor air that rely on bio-
mass fuel for cooking (Yang et al., 2014; Du et al., 2018a). However,
CcdP was not included in the 16 priority PAH lists. Many previous stud-
ies only focused on 16 priority PAHs; for example, in the research con-
ducted by Chen et al. (2015), B. Wang et al. (2016), Y. Wang et al.
(2016), and Zhang et al. (2020), nonpriority PAHs were seldom mea-
sured. This would underestimate the health impact of PAH emissions
because some nonpriority PAHs had higher TEFs than priority PAHs.

Contributions of PAHs with different rings are shown in Fig. 4. Gen-
erally, for emissions from the burning of all kinds of solid fuels (biomass
fuels and coal), PAHs with 2–3 rings comprised most (44.3%) of the
total. For the burning of wood fuels, 4-ring PAHs were predominant in
the total PAH emissions (42.2%). The 5–6-ring compounds from coal
combustion contributed more to PAH emissions than biomass fuel
burning; in contrast, for the BaPeq of PAHs, their contributions in coal
were higher than those in biomass fuels. Even though the proportions
of 5–6-ring PAHs to total PAH emissions from wood fuel and crop resi-
due burning were close (17.4% vs 19.8%, respectively), their contribu-
tions to the BaPeq toxicity of PAHs were different (76.6% vs 86.2%,
respectively). More attention should be paid to 5–6-ring PAHs since



Fig. 3. Composition profiles of particle-bound PAH28 from solid fuel combustion.

Fig. 4. Ratios of PAHswith different rings to total EFs (a) and BaPeq (b) of 28 total PAHs. The ring from inside to outside represented PAHs from the burning of honeycomb briquettes, coal
chunks, woody fuels and crop residues, respectively.
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Table 1
Isomer ratios from this study and reported in the literatures.

Fuel types ANT/(ANT + PHE) FLA/(FLA + PYR) BaA/(BaA + CHR) IcdP/(IcdP + BghiP) BbF/(BbF + BkF) BaP/(BaP + BghiP)

This study Biomass 0.18 ± 0.04 0.47 ± 0.05 0.51 ± 0.08 0.59 ± 0.06 0.77 ± 0.05 0.76 ± 0.06
Coal 0.23 ± 0.08 0.50 ± 0.03 0.46 ± 0.14 0.60 ± 0.09 0.87 ± 0.06 0.64 ± 0.12

Shen et al., 2014 Biomass 0.12 ± 0.01 0.53 ± 0.01 0.45 ± 0.09 0.51 ± 0.04 0.53 ± 0.02 0.57 ± 0.05
Coal 0.18 ± 0.04 0.54 ± 0.02 0.43 ± 0.09 0.41 ± 0.14 0.52 ± 0.05 0.51 ± 0.16

Liu et al., 2017 Fuel wood 0.29 ± 0.18 0.52 ± 0.02 0.34 ± 0.03 0.49 ± 0.05 0.82 ± 0.05 0.48 ± 0.04
Coal 0.10 ± 0.02 0.59 ± 0.04 0.23 ± 0.01 0.51 ± 0.11 0.94 ± 0.01 0.40 ± 0.05

Shen et al., 2011 Biomass 0.12 ± 0.01 0.53 ± 0.01 0.48 ± 0.02 0.54 ± 0.02 0.55 ± 0.03 0.60 ± 0.05
Wei et al., 2014 Biomass 0.16 ± 0.01 0.46 ± 0.02 0.46 ± 0.03 0.58 ± 0.01 0.74 ± 0.02 0.78 ± 0.02
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these high-molecular weight PAHs had relatively higher TEF values. In
this study, 5–6-ring compounds only accounted for 17.9% of the total
PAH emissions; however, they were the major contributor to the
BaPeq of PAHs (82.6%).

3.4. Isomer ratios

PAH isomer ratios are often used for source apportionment by as-
suming that paired isomers display similar rates of degradation and/or
transformation once emitted into the environment, and the ratios do
not change or change slightly during transportation (Katsoyiannis
et al., 2011; Yunker et al., 2002; Zhang et al., 2005). For example, Cai
et al. (2017) characterized solid fuel combustion and traffic exhaust as
being the main PAH sources in surface soil in the Yangtze River Delta
based on the PAH isomer ratios of FLA/(FLA + PYR), IcdP/(IcdP +
BghiP) and BaA/(BaA + CHR). As shown in Table 1, six commonly
used isomer ratios are calculated and compared in this study.

It is suggested that the ratios FLA/(FLA + PYR) <0.4 and >0.5 and
IcdP/(IcdP + BghiP) <0.2 and >0.5 designate petrogenic sources and
the combustion of coal and biomass, respectively. FLA/(FLA + PYR)
and IcdP/(IcdP + BghiP) are in the ranges of 0.4–0.5 and 0.2–0.5 for
the sources of fossil fuel burning and petroleum combustion, respec-
tively (Yunker et al., 2002). BaA/(BaA + CHR) values of <0.2,
0.2–0.35, and >0.35 represent petrogenic sources, coal combustion
and traffic exhaust, respectively (Tobiszewski and Namiesnik, 2012).
The calculated isomer ratios in this fieldmeasurement from the burning
of coal and biomass fuel are demonstrated in Fig. 5, and a wider scope
than the abovementioned literature ranges can be observed for these
isomer ratios. The ratios of IcdP/(IcdP + BghiP) ranged from 0.37 to
0.70, with an anthracite mean of 0.59, and 93.8% of the total results
Fig. 5. Isomer rations from the comb
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were larger than the recommended criterion value of 0.5, indicating a
better performance in distinguishing the source of solid fuel combustion
from other sources. However, for the FLA/(FLA + PYR) and BaA/
(BaA + CHR) ratios, only 24.1% and 50% of the results were in the sug-
gested scope, respectively, indicating substantial errors when these
two ratioswere used for source diagnosis. The overlapping values of iso-
mer ratios from coal and biomass combustion suggested that it is nearly
impossible to separate these two sources fromeach other by using these
ratios. In addition to the fuel difference, combustion conditions, as indi-
cated by theMCE, can affect PAH formation, resulting in variations in the
isomer ratios. For example, the values of IcdP/(IcdP+BghiP) for the
corncob burned in brick stoves in Shanxi and Guizhou were 0.66 ±
0.01 and 0.48 ± 0.06, respectively (p < 0.05), while the corresponding
MCE values were 92 ± 4% and 83 ± 13%, respectively. For PAH emis-
sions from biomass burning, as seen in Fig. S4, a statistically positive re-
lationship was found between FLA/(FLA+ PYR) andMCE, and for other
ratios, such as ANT/(ANT + PHE), BaA/(BaA + CHR), and IcdP/(IcdP
+BghiP), lower ratio values under higher MCEs were revealed
(p < 0.05). Generally, the MCE can explain 20–30% of the variation in
FLA/(FLA + PYR) and 40–60% of the variation in the ratios of ANT/
(ANT+PHE), BaA/(BaA+CHR), and IcdP/(IcdP+BghiP). Future studies
are interesting to better examine the reasons behind the variable isomer
ratios. With high uncertainty and variations in the observed isomer ra-
tios, source apportionment by using single or simple isomer ratios
should be avoided or at least corrected (Zhang et al., 2000), which un-
fortunately was not the case in many reports. However, in the real
world, combustion conditions are subject to many factors; for example,
residential stoves vary widely in ventilation, performance and inner
structure (Oanh et al., 2005; Zhang et al., 2000). Fuel properties and
stove operations changed greatly among different studies (B. Wang
ustion of coal and biomass fuels.
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et al., 2016; Y. Wang et al., 2016; Shen et al., 2011; Li et al., 2021). All
these factors can significantly affect these ratios. In addition, it is sug-
gested that PAH-specific ratios from field measurements may be af-
fected by different photodegradation rates (Tobiszewski and
Namiesnik, 2012). Specific ratios should be used with caution, and the
difference and variability observed in the present study call for more
field tests to determine the restriction of PAH isomer ratios in the iden-
tification of different emission sources.

4. Conclusions

In this study, field measurements were carried out in four provinces
in rural China to estimate PAH emissions from residential solid fuel
combustion for cooking. The effects of different stoves and fuel types
on PAH emissions were investigated. The results were compared with
those obtained from previously performed well-controlled laboratory
tests. Over an order of magnitude variations were found between the
EFs of PAHs from the combustion of different fuel types under different
burning conditions. Bean straw burning had the highest PAH EFs. Gas-
ifier wood stoves, which were promoted as clean stoves, had relatively
lower PAH emissions. Furthermore, the BaPeq of the PAH emissions
from this stove wasmuch lower than that from traditional brick stoves.
Compared to the results originating from laboratory studies, field tests
obtained much higher EF values, implying significant underestimations
in the emission inventories primarily based on lab-based EFs. In addi-
tion to the EF differences, PAH composition profiles also varied signifi-
cantly between the honeycomb briquettes and coal chunks. Several
PAH isomer ratios commonly used in PAH source apportionment varied
greatly depending on not only the fuel source but also the combustion
conditions. BaPeq toxicity potentials weremainly affected by the contri-
butions of 5–6-ring PAHs, which should be given more attention in fu-
ture studies.
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