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Abstract
Emission characterization of polycyclic aromatic hydrocarbons (PAHs) from residential
combustion of crop residues, woody material, coal, and biomass pellets in domestic stoves in rural
China are compared in term of emission factors (EFs), influencing factors, composition profiles,
isomer ratios and phase distributions. The EFs of PAHs vary by two orders of magnitude among
fuel types suggesting that a detailed fuel categorization is useful in the development of an
emission inventory and potential in emission abatement of PAHs by replacing dirty fuels with
relatively cleaner ones. The influence of fuel moisture in biomass burning is non-linear. Biofuels
with very low moisture display relatively high emissions as do fuels with very high moisture.
Bituminous coals and brushwood yield relatively large fractions of high molecular PAHs. The
emission factor of Benzo(a)pyrene equivalent quantity for raw bituminous coal is as high as 52
mg/kg, which is 1–2 orders of magnitude higher than the other fuels. For source diagnosis, high
molecular weight isomers are more informative than low molecular weight ones and multiple
ratios could be used together whenever possible.

Introduction
Solid fuels are extensively used for daily cooking and heating in developing countries.
Globally, annual residential consumptions of coal and biomass fuels were 2.99×1015 and
3.67×1016 Joules in 2007, of which over 93% occurred in developing countries.1 Because of
relatively low efficiencies of residential solid fuel combustion,2–3 large quantities of
incomplete combustion byproducts such as carbon monoxide, fine particulate matter (PM)
and polycyclic aromatic hydrocarbons (PAHs) are emitted. It was estimated that 63% of
global emissions of PAHs in 2007 were derived from use of solid fuels in homes, and in
China as a whole residential solid fuel combustion contributed approximately 62% of the
total.4

Relatively high pollution levels of PAHs have been reported in rural households in China
and other developing countries, 5–7, and residential fuel combustion is the likely cause. For
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example, it was reported that daily mean PAH concentration could be as high as 7500 ng/m3

in the rural household kitchen when solid fuels were combusted.5 PAHs, especially those
with high molecular weights, are usually toxic and carcinogenic.8–10 It was previously
reported that PAHs inhalation exposure in 2003 caused 1.6% of lung cancer morbidity in
Chinese population.11 Exposure to severe indoor PAHs from the solid fuel combustion was
also thought to be associated with the increased risks of neural tube defects in Shanxi,
China.12

As typical long-range transport pollutants, PAHs are included in the Convention on Long
Range Transboundary Air Pollution Protocol on Persistent Organic Pollutants.13 To
understand emission, transport, fate, source-receptor relationship, and ecological and health
impacts of PAHs, source characterization is critical. According to a number of PAH
emission inventories developed recently,4, 14 uncertainties in emission factors (EFs) of
PAHs (EFPAHs) are the dominant contributor to the overall uncertainty in the emission
inventory, and the diversities of stove models, fuel types, fuel properties, and even fire
maintenance are key factors leading to that high uncertainty. 15–18

The relatively small number of measurements, especially in developing countries are also a
source of biases in emission inventories. In our previous studies, emissions of PAHs from
the combustions of agricultural crops, wood, and coals in domestic stoves were
measured,19–23 which are important in filling the data gap in PAH emissions in China. The
main objective of this study is to compile these data and to compare the EFs, composition
profiles, isomer ratios, gas-particle partitioning, and size distributions of particle-bound
PAHs among different fuel types. It is hoped that these efforts will lead to a better
understanding of PAH emissions from the residential sources in China.

Methods
Recent PAH emission measurements for rural residential solid fuel combustion have been
compiled for data analysis. The data are limited to the measurements under the same
experimental conditions, i.e. fuel combustion practice, sampling methods, and analytical
procedures used in our previous study, 19–23 and compared with the results reported by
others.18, 24–54 Fuels including crop residues, 19 wood, 21 coals, 20, 23 and biomass pellets22

were tested. Ordinary biomass fuels (crop residues and woody materials) were burned in an
improved brick cooking stove with a chimney. Coals were burned in a movable iron stove
purchased from the local market. Pelletized biomass fuels were combusted in a modern
pellet burner. The combustion experiments were conducted following the common practice
in rural households. Pre-weighed fuels were inserted into the stove chamber in batches. The
flue exhaust entered into the mixing chamber (about 4.5 m3) with a built-in fan. No further
dilution with clean gas was conducted in our present study which was aimed to avoid the
alterations in PM mass loading and size distribution,55 even though dilution systems are
sometimes used in other studies and the dilution ratio and rate are critical factors affecting
the emissions.56–57 Measured smoke temperature and relative humidity in the sampling
chamber were 20–40°C and 30–70% (TM184, Tenmars), respectively. Gaseous and
particulate phase PAHs were collected using polyurethane foam plugs and quartz fiber
filters, respectively, then analyzed in the laboratory with GC-MS after solvent extraction.
The detailed information about the fuels, stoves, sampling and analysis can be found in the
previous papers, and provided in the Supporting Information (S1).

Emission performance often varies dramatically depending on not only fuel types, but also
stove designs. It would be, therefore, preferable to report emission factors for specific fuel-
stove combinations. However, the stove-specific data are very limited so far in the
literature.58 Thus, in data comparison, emission factors are described as fuel-specific rather
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than fuel-stove combination specific. It is realized that even dirty fuels may burn relatively
cleanly in certain stoves, conversely, clean fuels may also produce relatively large pollutants
under poor combustion conditions. Hence, for evaluating options for emission reduction in
the future, emission factors only fuel-specific should be used with caution. These fuels are
classified into nine categories: crop residue, fuel wood log, brushwood, anthracite briquette,
bituminous briquette, raw anthracite, raw bituminous coal, corn straw pellet, and pine wood
pellet. It is accepted that the emissions for different wood species vary greatly. In this
comparative study, woody materials are classified into two categories of wood log and
brushwood since these are two distinct forms of woody materials commonly found in rural
households and significant differences in emission factors have been reported. 58–59 The
different emissions among different species types could be partly attributed to different fuel
moisture. Besides the EFs, this study collects and compiles composition profiles, some
isomer ratios, gas-particle partitioning, size distribution of particle-bound PAHs, fuel
moisture, and modified combustion efficiency (MCE, defined as CO2/(CO2+CO) (molar
basis)).

Fifteen PAH compounds were studied: acenaphthene (ACE), acenaphthyleme (ACY),
fluorene (FLO), phenanthrene (PHE), anthracene (ANT), fluoranthene (FLA), pyrene
(PYR), benzo(a)anthracene (BaA), chrysene (CHR), benzo(b)fluoranthene (BbF),
benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), dibenz(a,h)anthracene (DahA),
indeno(l,2,3-cd)pyrene (IcdP), and benzo(g,h,i)perylene (BghiP). The EFPAHs for the total of
the 15 PAHs is denoted as EFP15. Naphthalene, which is also included in U.S. EPA priority
PAHs, is not considered because of relatively low recovery and consequent high analytical
errors, as well as low toxic effect into consideration (toxicity equivalency factor is only
0.001).60 Although the omission would cause the change in absolute values of the EFPAHs
and calculated mass percents of individuals, it has negligible effects on the comparison and
interpretation of influencing factors, PAH isomer ratios, and size distribution of particle-
bound PAHs among different fuel types, because NAP is mainly present in gaseous phase
and is not included in the selected isomer ratios.

Statistical analysis was performed using Statistica (v5.5, Statsoft). Since pollutant emission
factors usually follow the log-normal distribution, 61 data are log-transformed in the analysis
of variance (ANOVA) and multiple comparisons.

Results and Discussion
Difference among fuel types

The means and standard deviations of EFP15 for various fuels are shown in Figure 1. EFs of
individuals for each fuel type are provided in S2 in detail (Table S2 and S3). The results of
ANOVA and multiple comparisons (S3-Table S4) suggest that these fuels can be classified
into four categories of G1 (wood pellets, corn pellets, wood log, and anthracite briquette),
G2 (crop residue), G3 (brushwood, bituminous briquette, and raw anthracite) and G4
(bituminous coal). EFP15 values vary from several mg/kg for G1 to about 200 mg/kg for G4,
showing a variation of almost two orders of magnitude. The “dirtiest” fuel among all, raw
bituminous coal is still extensively used in residential sector in China due to its low
cost.25, 28 It is believed that significant environmental and health benefits can be achieved
by eliminating its use. On the other hand, the lowest EFP15 is found for the wood pellet,
implying the potential of emission abatement of PAHs, as well as other incomplete
combustion byproducts by promoting the use of pelletized biomass fuels. However, as
mentioned above, emissions for stove-fuel combinations are more meaningful than fuel-
specific only data, and therefore, comparative results based on current fuel-specific data
should be used with caution in the future when evaluating options for emission reductions.
In most PAH emission inventories, wood is always taken as a single fuel type 14, 61 and the

SHEN et al. Page 3

Environ Sci Technol. Author manuscript; available in PMC 2014 December 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



majority of EFPAHs for wood reported in the literature were measured from combustion
experiments using wood logs.31, 34–42 Since the EFP15 for the brushwood is more than five
times higher than that for the fuel wood log, and the former is extensively used in rural
China, 62 the emission from the residential wood combustion might be considerably
underestimated whenever brushwood is not distinguished from fuel wood.

Emissions of PAHs from residential solid fuel combustion in China have seldom been
measured. Some laboratory chamber studies have been conducted to measure PAHs emitted
from crop straw burning.24, 27, 30 The results varied dramatically. For example, EFP15 for the
wheat straw was reported at 234 mg/kg by Zhang et al., (2008), 24 but in another study, 27

EFP15 values for the rice, corn, and wheat straws were only 3.5, 1.3 and 1.1 mg/kg,
respectively. When the combustion temperature increased from 200 to 700 °C, EFP15
increased from 5.8 to 17 mg/kg for wheat and 2.2 to 29 mg/kg for bean straw.30 The average
EFP15 for crop residue measured in the chamber study was 23 mg/kg, slightly lower than 30
mg/kg in our study. For wood combustion, only one study reported EFP15 values for wood
burned in traditional and improved stoves at 34 and 4.3–8.3 mg/kg, respectively. 29 The
latter was close to that for the fuel wood log in our study. In one study, Chen et al., (2004) 25

reported the EFP15 of 0.046 and 0.11 mg/kg for anthracite briquette and chunk anthracite,
respectively, in a typical portable stove and in their another study, 26 EFs of 13 parent PAHs
(without NAP, ACY and ACE) were reported to be 0.12 mg/kg for the anthracite briquette
and 66–152 mg/kg for the bituminous briquette. Zhang et al., (2008) 28 measured particulate
phase PAHs for anthracite, bituminous and briquette coal combustion in residential stoves
with the EFP15 of 16, 92 and 28 mg/kg, respectively. The results are generally lower than the
EFs for coal in the present study. Many factors, including differences in fuel properties,
stove types, air supply, and experimental methods affect the combustion and emission and
subsequently lead to varied EFPAHs.

For EFPAHs measured outside of China, PAHs emitted from burning straw were generally
measured in laboratory chamber studies, and some of these studies only quantified the
particulate phase PAHs. 31–33, 43–44 The EFP15 ranges from 0.46 to 73 mg/kg, with a
geometric mean of 9.1 mg/kg, which is much lower than 30 mg/kg for the crop residue in
our study. It is not surprising to see much larger variation in EFPAHs for coal, ranging from
2.0 (anthracite) to 8021 mg/kg (bituminous).45–48 EFP15 for woody materials measured in
other countries are mainly for wood logs burned in laboratory chambers, 31, 39, 44, 47

woodstove 18, 36, 38–41, 45–46, 49–51, 54 or fireplace. 18, 34–35, 37, 52–53 Reported EFP15 values
for wood logs burned in laboratory chambers, wood stoves, and fireplaces range from 5.4–
35, 1.5–63, and 0.32–332 mg/kg, with geometric means of 15, 8.0, and 16 mg/kg,
respectively. EFP15 for the wood log measured in our study was 6.8 mg/kg, close to that for
wood burned in woodstoves as measured abroad. Because of the significant differences in
the measured EFs among countries, locally measured EFs are preferred in the development
of an emission inventory and emission criterion. For woody material, EFs from combustion
in wood stoves should be distinguished from those in fireplaces. Currently, there is relatively
large uncertainty in the PAH emission inventory, primarily due to large variations in EFs for
various activities and insufficient measurements on EFs. Extensive field measurements are
needed in the future to develop reliable emission inventories.

Factors affecting EFPAHs

Pollutant emissions from biomass burning are often found to be affected by fuel moisture
and MCE.63–66 However, the influence of moisture is complicated, and can be either
negative 30, positive 63–64, or insignificant.55 When data for crop residues and wood are
grouped together (Figure 2A), the difference between the crop residue and wood can be
partly explained by moisture. The EFP15 decreases as fuel moisture increases from 1.4% to
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15%, and increases slightly when moisture increases from 15% to 42%. The similar result
was also reported by Korenaga et al. 43 It is believed that low moisture biomass fuels burn
fast and form an oxygen deficient atmosphere yielding high pollutant emissions, while the
burning of fuel with high moisture requires extra energy to vaporize water, leading to
reduced combustion temperature and efficiency, and hence increased emissions of
incomplete combustion products.52, 67 Based on the data collected in this study, the non-
linear relationship can be quantified either by a piecewise function with two linear equations
for low and high moisture ranges, respectively or by a binomial equation covering the entire
experimental moisture range. In our study, biomass fuels (crop residues and woody
materials) were burned in the same brick stove. It is interesting to see the significant impact
of fuel moisture on EFPAHs. The derived equations are useful in explaining how the
moisture affects the emission, however, they are not suitable for predicting the emission
since the fuel-stove combinations and burning conditions may differ dramatically from our
combustion circumstances. Unlike moisture, the relationship between the EFP15 and MCE
appears to be different between the crop residue and firewood, which could not be described
by a single expression (Figure 2B). Both show significantly negative dependence of EFP15
on MCE. The overall dependence of the EFP15 on fuel moisture (M) and MCE can be
quantified by a bivariate regression model: logEFP15 = 0.0014 M2 - 0.07 M - 8.08 MCE +
9.01 (R2=0.675). The calculated log-transformed EFP15 generally agreed well with the
observed values (S4-Figure S2).

For coal, volatile matter (VM) content is often identified as one of the key factors governing
emissions of various air pollutants. 25–26, 68 Relatively high emission from bituminous coal
compared with anthracite can be partially explained by a large difference in VM content.
Emissions of incomplete combustion products generally increase with the increase of coal
VM content. However, bituminous coal can be classified into three groups of low, medium,
and high volatile bituminous (LVB, MVB and HVB, respectively) coals with volatile matter
contents at 14–22, 22–31, and >31%, respectively. 69 Several studies revealed that the MVB
may emit relatively large quantities of incomplete combustion pollutants in comparison with
the LVB and HVB.70–72 For example, the emission of elemental carbon for the MVB coal
burned in the form of honeycomb briquette was measured at 0.25 g/kg, while for the LVB
and HVB coals, they were only 0.043 and 0.060 g/kg, respectively. 73 For the raw coal
chunks assessed in this study, a peak EFP15 of 1100 mg/kg is also found for MVB from
Shanxi with VM content of about 22%. EFP15 values of most coals with VM content either
lower or higher than 22% are significantly lower ((S5-Figure S3). A notable exception is the
bituminous chunk used in rural Beijing with VM of 32% having the EFP15 of 1435 mg/kg. It
is believed that, in addition to the VM content, other factors like ash content and coal
calorific values influence the combustion and emission process significantly, leading to
orders of magnitude variation in pollutant emission factors. A workable model for predicting
EFP15 for coals will not be ready until all major factors are identified and quantified based
on a large number of measurements on the EFs, coal properties, and combustion conditions.

Composition profiles and potential health impact
PAH composition profiles are important to assess health effects since some high molecular
weight PAHs, like BaP and DahA, are often carcinogenic.8–10, 74 The normalized
composition profiles in emissions from different fuel types are shown in the Figure S4. In
general, the overall emission profiles are similar to one another with the dominance of PHE,
ACY, FLA, and PYR. Such profiles are similar to those observed in indoor air in rural
Chinese households that use solid fuels for cooking and heating.5 Surveys on ambient air
PAHs in rural China found the predominance of these compounds,75–76 confirming that
residential solid fuel combustion is one of the most important sources of PAHs in China.4, 14
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Still, some important differences among the fuels can be observed. For example, combustion
of anthracite chunk coal releases relatively large amounts of FLO and ACE (22 and 28%).
Emissions of FLA and PYR from biomass fuel burning (12–17 and 10–15%, respectively)
are higher than those from coal combustion (4.4–8.9 and 3.5–7.2%, respectively). The
squared Eulerian-distance based cluster analysis (S7) indicated that these fuels could be
classified into two groups: A) brushwood, bituminous chunk, and bituminous briquette and
B) all others.

With respect to the impact on human health, the compounds of most concern are
carcinogens with relatively high molecular weights.74, 77 The difference in emission toxicity
among the fuels is evaluated by calculating mass percentage of the eight carcinogenic PAHs
with molecular weight larger than 228 (F228) from BaA to BghiP.4 On average, these eight
compounds account for 16% of the total PAHs. It appears that F228 values for bituminous
briquettes (48%), raw bituminous chunk (31%), and brushwood (26%) are significantly
higher (p < 0.05) than those for the other fuels (6.2–19%), which distinguished them in the
squared Eulerian-distance based cluster analysis (S8). It is noted that the EFP15 of these
three fuels (G3 or G4 in Figure 1) are also significantly higher than those of others. The
combination of high EFP15 and relatively high F228 make the three fuels much more toxic
than the others. Such a combined effect can be quantified by calculating BaP equivalent EFs
(EFBaPeq), defined as the emission of BaP equivalent quantity77 per unit fuel mass. It is
interesting to see that the calculated EFBaPeq (S9) vary by three orders of magnitude for the
fuels studied. The highest EFBaPeq is 52 mg/kg for the raw bituminous chunks, followed by
41 mg/kg for the bituminous briquettes. Although the brushwood ranked the third, the mean
EFBaPeq is only 3.1 mg/kg, which is more than one order magnitude less toxic than the
bituminous coal. For the other fuels studied, mean EFBaPeq values range from 0.089 (wood
pellets) to 0.90 (crop residues) mg/kg. Not only the emission amount of total PAHs, but also
the contributions of carcinogenic compounds should be taken into consideration in the
evaluation of environmental and health impacts of various fuels. It will be interesting to
directly compare the toxicities of the emissions from various fuel combustions using either
in vitro screening tests or in vivo animal tests, and to assess health risks of indoor exposure
to emissions from various sorts of fuel combustion.

Isomer ratios as source signature
PAH isomer ratios are often used as diagnostic signatures for source apportionment by
assuming that the paired isomers are diluted to a similar extent during transport, and the
ratios remain constant en route from sources to receptors.78–79 For source diagnostics using
PAH isomer ratios, significantly different signatures among source types and consistent
signatures within source types are required. Also, accurate and robust source signatures are
critical. ANT/(ANT+PHE), FLA/(FLA+PYR), BaA/(BaA+CHR), IcdP/(IcdP+BghiP), BbF/
(BbF+BkF), and BaP/(BaP+BghiP) are commonly used isomer ratios.78–81 For example,
based on the measured ratios of FLA/(FLA+PYR) and IcdP/(IcdP+BghiP), Liu et al. (2007)
found that the dominant source of ambient PAHs in Northern China Plain is solid fuel
combustion.75 Using similar methods, motor vehicle emissions were found to be a major
source of PAHs in the Chesapeake Bay Region of the USA.80 Based on the EFs collected in
this study, these isomer ratios are calculated for various solid fuels (Table 1), to evaluate the
potential use of these ratios for source identification. Significant differences among
individual fuels are found for all ratios according to the results of ANOVA (p < 0.05),
except for FLA/(FLA+PYR) (p = 0.11). The results of multiple comparisons among
different fuels for each isomer ratio are listed in the supporting material (S10).

An ANT/(ANT+PHE) ratio of 0.1 is often applied to distinguish between petrogenic (< 0.1)
and pyrogenic (> 0.1) sources.78–79 The ANT/(ANT+PHE) ratios for most fuels in the
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present study are higher than 0.1, supporting the 0.1 criteria, although there are a few
exception in individual measurements for briquette coals and wood pellets (S10). Among the
individual fuels, ANT/(ANT+PHE) for the coal and the brushwood are generally higher than
that for the others. The high value for the bituminous chunk (0.24±0.08) if validated in
future may be used specifically for the identification of this source.

It is generally accepted that the ratio of FLA/(FLA+PYR) is above 0.4 in emissions from
coal and biomass burning.78–79 This is well supported by the calculated FLA/(FLA+PYR) in
our study, varying narrowly from 0.52±0.02 (brushwood) to 0.56±0.02 (anthracite chunk).
The three insignificant groups of FLA/(FLA+PYR) overlap considerably, suggesting that
this ratio is not specific among the studied biomass and coal fuels.

The BaA/(BaA+CHR) ratio varies widely from 0.32±0.07 (bituminous briquettes) to
0.56±0.04 (brushwood) and can be divided into four well-defined insignificant groups.
Unfortunately, the four groups are not governed by fuel type, making it difficult to use as a
potential source indicator. The ratio of 0.32 for the bituminous briquettes is even lower than
0.35, a commonly suggested criterion for distinguishing coal combustion from other
sources.78–79

An IcdP/(IcdP+BghiP) ratio of 0.5 is usually recommended as a criterion separating coal (>
0.5) and biomass (< 0.5) burning,78–79 which, however, is not supported by the ratios
calculated in this study. The IcdP/(IcdP+BghiP) ratios are as low as 0.28±0.05 and
0.29±0.04 for the bituminous briquette and the raw anthracite, respectively. In fact, very low
IcdP/(IcdP+BghiP) ratios for bituminous briquette have been reported in the literature.25, 28

Moreover, the ratios of the two pellet fuels found in our study are also lower than 0.5.

BbF/(BbF+BkF) ratios of 0.48 and 0.79 were suggested as criteria for distinguishing
emissions from wood and coal combustion, respectively.80 However, the calculated BbF/
(BbF+BkF) ratios in this study are significantly higher than 0.48 for the biomass fuels, and
significantly lower than 0.79 for the coals. Moreover, the ratios for bituminous coals and
wood pellets are not significantly different from 0.57, a reference value for automobile
emission.80

The BaP/(BaP+BghiP) ratio has been used to distinguish traffic sources (> 0.38) from non-
traffic contributions (< 0.38).79 However, among the tested fuels, the only fuel with a ratio
less than 0.38 is the bituminous briquette (0.37±0.03), while the others are way above this
value (0.47 – 0.69). Hence, the application of this ratio of 0.38 to distinguish traffic and non-
traffic sources is inadvisable.

In general, little overlap among insignificant groups can be found for the ratios of high
molecular weight isomers, which are more specific in source diagnosis. For the specific
purpose of distinguishing certain sources, combinations of more than one ratio can be used
to provide a multi-dimensional basis for diagnoses of sources. For example, significant
differences in both BaA/(BaA+CHR) and BaP/(BaP+BghiP) may help to identify biomass
pellets made from corn straw or woody material, and also distinguish between emissions
from fuel wood log and brushwood combustions. Similarly, when coal briquettes are burned,
the ratios of BaA/(BaA+CHR) (0.47±0.08 vs. 0.32±0.07), IcdP/(IcdP+BghiP) (0.54±0.20 vs.
0.28±0.05), and BbF/(BbF+BkF) (0.69±0.09 vs. 0.37±0.03) can provide information to
reveal if the briquette is made of anthracite or bituminous coal. It is noted that the one-to-
one correlation among these isomer ratios between each other varies for different fuels
(S11). Thus, if multiple isomer ratios were used in source apportionment, co-linearity should
be taken into consideration.
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Although isomer ratios have been extensively used for PAH source diagnosis, the ratios are
subject to various errors. For example, existing residential stoves vary widely in size,
configuration, and operational performance.46, 58, 82 Types and properties of biomass fuel or
coal change almost infinitely.73, 83–84 Different operators who manage the fire during the
measurement can behave very differently.15, 85–86 The sampling and analysis procedures are
also subjected to errors. Moreover, subtle differences in physicochemical properties between
the paired PAH isomers may cause change in these ratios during the transport.87–88

Therefore, the isomer ratios should be used carefully in evaluating sources. Simultaneous
application of more than one ratio may help to reduce the errors. If possible, changes in
isomer ratios from sources to receptors should be taken into consideration 88 and a range of
distributions, rather than single values, of isomer ratios are preferred in source
apportionment calculation.

With limited data available, we can only conclude that there is potential for using these
ratios for source apportionment among coals and biomass fuels. More data, especially field
measurements, should be collected to reach robust conclusions. Since PAH isomer ratios
vary widely under different combustion operations, not only fuel type, but also different
combustion conditions should be taken into the consideration. The ratios should also be
evaluated together with the data from other sources such as traffic emission. In addition,
measurements on other PAHs not just the U.S. EPA priority PAHs, may add more detailed
information to the source characterization. For instance, the use of alkyl-PAHs and oxy-
PAHs can also be exploited. It has been reported that emissions of some oxy-PAHs, like
fluorenone and benzanthrone from both biomass and coal combustions can be at the same
level as parent PAHs.89–91

Phase partition and size distribution
Atmospheric lifetime and long range transport potential of PAHs depend on their partition
between gaseous and particulate phases, degradation, and dry/wet depositions.92–94 For data
used in this study, the mass fraction of particulate phase PAHs is positively correlated (p <
0.05) with the EF of co-emitted PM (Figure 3A), indicating that under higher PM emissions,
there are higher percents of PAHs bound in PM. For the crop residues, which have relatively
high EF of PM (7.0±4.3 g/kg) in comparison with the other fuels, more than 70% of total
PAHs are in the particulate phase, while in the combustion of the anthracite chunk, gaseous
PAHs make up to 92±5% of the total PAHs (S12). For the other fuels, the fraction of
particulate phase PAHs is approximately 43±7%.

In emissions from residential solid fuel combustion, particle-bound PAHs are supposed to be
largely present in the fine PM fraction. 19–20, 26, 95 The results from our study show that
approximately 80% of particle-bound PAHs are associated with fine PM2.5 (PM with
diameter less than 2.5 Rm), and over 65% in PM1.0 (PM with diameter less than 1.0 Rm)
(S13). In addition to the impact on lifetime, gas-particle partition and size distribution of
PAHs significantly affect their detrimental human health impacts, since fine and ultrafine
particles are able to penetrate deeper into the lung. It is interesting to see that the mass
fractions of very fine PM (like PM0.4 in this study,) bound PAHs to total particle-bound
PAHs are negatively correlated with the mass percent of particle-bound PAHs to total PAHs
(Figure 3B). This suggests that some fuels, although having a low EFPM and a relatively low
fraction of PAHs in PM, still may have a relatively high health impact because of a larger
fraction of PAHs in very fine particles.

Implication and limitation
Large overall uncertainties in PAH emission inventories originate mainly from the
uncertainties in EFs. In addition to the fact that EFPAHs are affected by many factors like the
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design and condition of combustion facilities and the manner of operation, a wide variety of
detailed fuel types is also one of the most important reasons leading to relatively high
variations. Residential biomass fuels are often classified into only two categories of crop
residues and wood in most emission inventories. However in reality, almost anything
combustible is a potential fuel in rural households. Based on the above discussions, it is
recommended that solid fuels should be separated into narrow groups in a PAH emission
inventory in the future. Dealing with brushwood and wood log individually will be
necessary to distinguish their significantly different

In addition to the implication on the development of an emission inventory, detailed
information on emission variances among various solid fuels can help us to better
understand the effects of emissions on air quality and subsequently health impacts, because
the emission is closely related to air quality. For example, a previous study5 on the air
quality of a rural household in Northern China reported that when the wood logs were
burned, the concentrations of total 15 PAHs in the kitchen were 2685–6240 ng/m3, whereas
when the corn straw was burned, the concentrations of total 15 PAHs were as high as 5208–
10084 ng/m3. In a study conducted in a Swedish residential area, it was found that daily BaP
concentration in the household having residential wood combustion (0.63 ng/m3) was
significantly higher than that without wood burning (0.16 ng/m3).96 There should be interest
in measuring and comparing indoor and outdoor PAH concentrations during the combustion
of different solid fuels, and compare with those using relatively cleaner fuels, like natural
gas (NG) and liquefied petroleum gas (LPG). Regarding this, more field measurements are
urgently required in the future. Air modeling studies focusing on dynamic change of indoor
and outdoor PAH concentrations under variable fuels and emission scenarios are also of
interest.

In China, the majority of PAHs are from the residential sector, so without effective control
of residential sources, it will be difficult to reduce the total emissions of PAHs. The most
effective approach may be to encourage use of alternative fuels or clean cooking stoves. In
most rural areas, raw chunk coals are still commonly burned. Thus, an effective but not
expensive way is to promote the use of coal briquettes, and deploy high efficiency stoves.
Bituminous coal should be banned in household use. It is expected that biomass fuels will
continue to be an important energy source in rural areas of developing countries for years to
come because of easy access and very low cost. Ordinary biomass fuels should be replaced
with biogas or pelletized biomass. In fact, during the past thirty years, household coal
consumption has decreased continuously due to the popularity of LPG and NG and
promotion of centralized heating systems.97–98 It is estimated that residential coal and NG
consumptions in China in 2020 will be 13000 and 79000 ktoe (thousand tonnes of oil
equivalent),99 which would be 0.26 and 5.3 times of those consumed in 2009,
respectively.100 Use of these alternatives depends very much on economic development and
improvement of the living standard of rural residents.101 The government can surely help to
promote these desirable changes by providing economic incentives and technical assistance.

In the present study, emission characteristics of PAHs for a variety of solid fuels measured
in residential stoves in rural China are compared. It should be noted that the results are not
readily generalized because the analysis is limited to data from our previous measurements,
and variations in the processes of combustion experiments, sampling procedure and
laboratory analysis are all subject to errors. The study provides useful information for
understanding the emission processes and improving emission inventories in the future.
Since factors including fuel properties, stove types, and fire management procedures, vary
widely among different areas, those locally measured EFs for fuel-stove combinations in
actual use are preferable for the development of high quality emission inventories.
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Figure 1.
Comparison of EFP15 among various fuel types combusted in residential stoves. Means and
standard deviations of log-transformed EFP15 are shown. Four significant groups of G1, G2,
G3, and G4 can be distinguished based on the result of ANOVA and a multiple comparison.
WP, CP, FW, AB, CR, BW, BB, AC, and BC represent wood pellets (n=11), corn straw
pellets (n=12), fuel wood (n=66), anthracite briquette (n=5), crop residue (n=25), brushwood
(n=10), bituminous briquette (n=4), anthracite chunk (n=4), and bituminous chunk (n=11),
respectively. Among the four fuels (WP, CP. FW, and AB) in G1, there was no difference
among EFPAH for CP, FW, and AB (a dashed ellipse), meanwhile, EFPAH for WP, CP, and
FW were different, but not statistically significant (p > 0.10).
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Figure 2.
Dependence of EFP15 on moisture and MCE for biomass fuels, including fuel wood,
brushwood, crop residue, and pellets. (A) Relationship between EFP15 and fuel moisture.
The relationship between log-transformed EFP15 and moisture can be fitted with a piecewise
function of two segments (black lines) or a binomial equation (red curve); (B) Relationship
between EFP15 and MCE
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Figure 3.
Relationship (A) between mass fraction of particle-bound PAHs (Fp) and EFs of co-emitted
PM, and (B) between Fp and mass percentage of particle-bound PAHs in fine PM0.4
(FPM0.4). Data are means and standard errors for each fuel type. contributions and avoid
underestimation of PAH emissions from residential wood combustion.
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