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Abstract

Residential solid fuels are widely used for cooking and heating, but the atmospheric evo-
lution of their particulate emissions remains insufficiently characterized. To address this
gap, we constructed an integrated quartz-tube furnace–dilution–oxidation flow reactor
(OFR) system for direct comparison of fresh and OFR-aged emissions across fuel types
and combustion temperatures. Six biomass fuels and six coals were burned at 500 ◦C and
800 ◦C. Organic carbon (OC) subfractions and polycyclic aromatic compounds (PACs),
including 16 parent polycyclic aromatic hydrocarbons (pPAHs) and 9 oxygenated poly-
cyclic aromatic hydrocarbons (oPAHs), were quantified. In fresh emissions, increasing
temperature reduced OC emission factors for both fuel types, whereas PAC emission factors
increased for biomass but decreased for coal. OFR aging generally increased particulate OC
and shifted OC toward less volatile or more thermally stable fractions. For coal burned at
500 ◦C, pPAHs decreased by 64%, whereas oPAHs increased by 127%. Although the overall
quantitative structure–activity relationship (QSAR)-derived carcinogenicity indicator of
PACs decreased by 46%, the oPAH contribution increased from 7% to 18%. These findings
show that metrics based only on fresh emissions cannot fully capture the chemical evolution
and toxicity-related implications of residential solid fuel emissions.

Keywords: residential solid fuel combustion; atmospheric aging; organic carbon; polycyclic
aromatic compounds; oxidation flow reactor

1. Introduction
Residential solid fuels remain important energy sources for cooking and decentralized

heating in many developing regions, and their combustion emissions are considered
major sources of indoor and outdoor fine particulate matter (PM) as well as associated
toxic organic pollutants [1–5]. Compared with utility boilers and industrial combustion
systems, residential solid fuel combustion is typically characterized by lower combustion
temperatures, unstable oxygen supply, and the absence of end-of-pipe pollution control;
consequently, its emission factors for particulate matter, organic carbon, and aromatic
pollutants are often higher [1–3]. In these emissions, particulate organic carbon (OC) is not
only a major mass component of fine particulate matter but also an important determinant
of particle volatility, hygroscopicity, and subsequent transformation potential. Polycyclic

Atmosphere 2026, 17, 578 https://doi.org/10.3390/atmos17060578

https://crossmark.crossref.org/dialog?doi=10.3390/atmos17060578&domain=pdf&date_stamp=2026-06-03
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://doi.org/10.3390/atmos17060578


Atmosphere 2026, 17, 578 2 of 18

aromatic compounds (PACs) and their derivatives, by contrast, continue to attract attention
because of their carcinogenic, mutagenic, and oxidative stress effects [6–11]. Therefore,
given the continued reliance on biomass and residential coal in many regions, clarifying the
characteristics and atmospheric evolution of particulate organic emissions from residential
solid fuel combustion is important for emission characterization, risk-informed control,
and more complete evaluation of solid-fuel use.

Fuel type and combustion temperature are the two principal factors controlling the
emission characteristics of residential solid fuels. Biomass is composed mainly of cellulose,
hemicellulose, and lignin, whereas coal generally exhibits a higher degree of aromaticity
and a more complex solid-phase structure; accordingly, the reaction pathways of different
fuels during pyrolysis, cracking, and condensation differ fundamentally [12–16]. Previ-
ous studies have shown that low-temperature combustion generally favors the formation
and retention of particulate OC. However, as combustion temperature increases, coal
and biomass do not respond in the same way with respect to PAC emissions: parent
polycyclic aromatic hydrocarbons (pPAHs) from coal combustion often decrease, whereas
lignocellulosic biomass may exhibit increased pPAH emissions and enrichment of high-
ring components [9,13]. At the same time, oxygenated polycyclic aromatic hydrocarbons
(oPAHs) may be generated both directly during combustion and secondarily from parent
PAHs during subsequent oxidation, and their relative contribution often varies with com-
bustion conditions, precursor composition, and stove type [7–10]. These findings indicate
that focusing solely on bulk emission levels is insufficient to reveal the true environmental
differences among fuels and combustion conditions, and that greater attention should be
paid to compositional structure and its controlling factors.

Fresh emissions do not remain chemically and physically static after release into the
atmosphere; instead, they can undergo atmospheric aging and continue to evolve during
transport. Atmospheric aging involves processes such as oxidation, condensation, evapora-
tion, and gas–particle partitioning, which can further modify particle mass, composition,
volatility, and oxidation state. Numerous studies have shown that biomass-burning organic
aerosols may undergo substantial oxygenation, reduced volatility, and secondary organic
aerosol formation following photochemical oxidation, thereby altering particle mass and
composition [17–25]. Under dark-aging or chamber conditions, smoke particles may also
undergo sustained oxidation and condensation, driving particulate organic matter toward
lower volatility and a higher oxidation state [19,20]. For PACs, low- and medium-ring
parent PAHs are more susceptible to gas-phase or particle-phase oxidation, whereas high-
ring PAHs, owing to their greater particle-phase partitioning, often account for a larger
fraction of the residual particulate phase. Meanwhile, oxygenated aromatic compounds
may be retained or even formed secondarily during aging [21,26–29]. Recent studies further
suggest that oPAHs are not only closely associated with particle oxidative potential but
may also participate in the formation of low-maturity elemental carbon (EC) and brown car-
bon (BrC), thereby influencing the optical properties and health effects of particles [30,31].
Therefore, evaluations of residential solid-fuel emissions should not be confined to fresh
emissions, but should incorporate post-emission atmospheric transformation into the same
analytical framework.

Although considerable progress has been made, several clear gaps remain in the
current understanding. First, existing studies have largely focused on actual stove emis-
sions or a single fuel type, making it difficult to isolate, within a unified framework, the
independent effects of fuel type and combustion conditions on the evolution of particu-
late organic components. Second, many studies have focused primarily on changes in
PM or total organic aerosol, with insufficient attention paid to the coupled evolution of
OC subfractions and pPAHs/oPAHs; consequently, the linkage between carbonaceous
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restructuring and the formation of oxidized aromatic products remains poorly character-
ized. In addition, discussion of combustion-temperature effects has often remained limited
to primary emissions, whereas systematic comparisons of the subsequent atmospheric
evolution of emissions under different combustion intensities are still lacking. As a result,
evaluation of the environmental performance and risk implications of residential solid
fuels may remain incomplete if it relies only on fresh-emission indicators. If the benefits of
fuel substitution or combustion optimization are judged solely on the basis of reductions in
initial PM or parent PAHs, post-emission shifts in oPAHs, pyrolyzed carbon (PyC), or other
oxidized components can be overlooked, together with their toxicity-related contribution
profiles [9,10,21,27,31].

Against this background, the present study focuses on the atmospheric evolution of
particulate organic components emitted from residential solid fuel combustion during sim-
ulated aging. An integrated combustion–dilution–oxidation flow reactor (OFR) system was
constructed to directly compare fresh and OFR-aged particles under a unified experimental
framework. Six biomass fuels and six coals were burned in a quartz tube furnace at two
representative ignition temperatures, 500 ◦C and 800 ◦C, to examine how fuel type and
combustion temperature affect initial emissions and aging-induced compositional changes.
Particulate OC and its subfractions (OC1–OC4 and PyC), together with PACs including
16 pPAHs and 9 oPAHs, were quantified. On this basis, the potential carcinogenicity
indicators of target PACs were further evaluated using a quantitative structure–activity
relationship (QSAR) model [32], and the implications of different fuel–temperature com-
binations for residential solid fuel utilization and low-emission control assessment were
discussed. This study aims to clarify, within a unified experimental system, how fuel type,
combustion temperature, and post-emission transformation jointly influence the evolution
of particulate organic components, thereby providing a more complete basis for evaluating
emissions from residential solid fuels.

2. Materials and Methods
2.1. Combustion–Dilution–Aging–Sampling System

In this study, an integrated combustion–dilution–aging–sampling system was em-
ployed. This system was developed based on established experimental protocols previously
developed by our group [13,33] and was used to simulate, within a unified experimental
framework, the generation of particulate emissions from residential solid fuel combustion
and their subsequent atmospheric aging. The system mainly consisted of a quartz tube
furnace, a flue-gas dilution unit, a potential aerosol mass oxidation flow reactor (PAM-OFR,
hereinafter referred to as the OFR), and a filter sampling unit.

The flue gas generated during combustion was first mixed with clean air for dilution,
and the CO2 and CO concentrations before and after dilution were monitored using a
gas analyzer to calculate and control the dilution ratio. Because the dilution process itself
can affect gas–particle partitioning and thereby influence the measurement results [34,35],
the dilution ratio was fixed at 1:15 for all experiments in this study. One portion of the
diluted flue gas was collected directly as the fresh-emission sample (Fresh), representing
the initial particulate emissions collected immediately after combustion and dilution. The
other portion was introduced into the OFR and then collected as the OFR-aged sample
(Aged), representing particles obtained after simulated atmospheric aging of the fresh
emissions. Both Fresh and Aged samples were collected as total particulate matter on
90 mm quartz fiber filters.

The aging experiments were conducted using a PAM-OFR system (Aerodyne Research
Inc., Billerica, MA, USA) operated in the OFR254 mode, in which OH radicals were gen-
erated through 254 nm UV irradiation of an O3–H2O system. The total flow through the
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reactor was maintained at 17 L/min, corresponding to a residence time of approximately
116.7 s and an equivalent atmospheric aging time of approximately 3–5 d [36,37]. Tem-
perature, relative humidity, and the outlet O3 concentration were continuously monitored
during the experiments, and the calculation methods for OH exposure and equivalent
aging time are described in the Supplementary File. After each experiment, the reactor
and sampling lines were purged with high-flow zero air to minimize the influence of
residual background.

2.2. Fuel Sample Preparation and Combustion Experiment Design

A total of 12 typical residential solid fuels were selected in this study, including six
biomass fuels and six bituminous coal samples. The biomass fuels included both crop
residues and wood, namely rice straw, wheat straw, corn straw, poplar wood, willow wood,
and pine wood, whereas the coal samples spanned a range of volatile matter contents, with
dry ash-free volatile matter ranging from 20% to 35.5%.

Biomass samples were naturally air-dried, cleaned of impurities, and cut into pieces
approximately 2–3 cm in length, whereas coal samples were ground and passed through a
200-mesh sieve to ensure reproducible combustion conditions. Before each experiment, the
tube furnace was preheated to the target ignition temperature. Two ignition temperatures,
500 ◦C and 800 ◦C, were used to represent low initial combustion temperature (LIC) and
high initial combustion temperature (HIC), respectively. Once the furnace temperature had
stabilized, 1.0 g of pretreated fuel was introduced into the combustion zone and burned
under a clean compressed air flow of 5 L/min.

These two ignition temperatures were used to represent typical combustion states
of different intensities during residential solid fuel combustion: 500 ◦C corresponds to
relatively low-intensity, less complete combustion, whereas 800 ◦C corresponds to rel-
atively high-intensity, more complete combustion [12,13,33]. For each fuel at each tem-
perature, both Fresh and Aged samples were collected, and two replicate experiments
were conducted.

2.3. Chemical Analysis
2.3.1. Carbonaceous Component Analysis

Carbonaceous components in quartz fiber filter samples were determined using a
modified thermal/optical reflectance method (TOR, DRI Model 2001A carbon analyzer,
Atmoslytic Inc., Calabasas, CA, USA). During analysis, filter punches were first heated
stepwise to 120, 250, 450, and 550 ◦C under a pure He atmosphere, corresponding to the
release of OC1, OC2, OC3, and OC4, respectively. The atmosphere was then switched to
an oxidizing gas mixture containing 2% O2 and 98% He, and heating was continued to
determine the more thermally stable carbon fractions. PyC was defined as the amount of
pyrolyzed carbon released before the laser reflectance signal returned to its initial value,
and total organic carbon (OC) was calculated as the sum of OC1, OC2, OC3, OC4, and
PyC. In general, a higher release temperature indicates lower volatility or greater thermal
stability of the corresponding fraction. The organic carbon emission factor (EFOC) for each
sample was calculated using the carbon mass balance method.

2.3.2. PACs Analysis

Particulate-phase polycyclic aromatic compounds (PACs) were analyzed using ther-
mal desorption–gas chromatography/mass spectrometry (TD-GC/MS; OPTIC-4, GL Sci-
ences B.V., Eindhoven, The Netherlands; TRACE 1300 gas chromatograph and ISQ 7000
single quadrupole mass spectrometer, Thermo Fisher Scientific, Waltham, MA, USA) in
selected ion monitoring (SIM) mode. The target compounds included 16 parent poly-
cyclic aromatic hydrocarbons (pPAHs) and 9 oxygenated polycyclic aromatic hydrocarbons

https://doi.org/10.3390/atmos17060578

https://doi.org/10.3390/atmos17060578


Atmosphere 2026, 17, 578 5 of 18

(oPAHs). For subsequent data analysis, pPAHs were further grouped into the 2–4 rings
and 5–6 rings categories, whereas oPAHs were grouped into anthraquinone-like (ANTQ),
benz[a]anthrone-like (BANO), and Other categories. All target compounds were quantified
using the external standard method, with calibration concentrations ranging from 2 to
200 pg/µL and correlation coefficients (R2) of no less than 0.99. This analytical method is
consistent with that used in our group’s previous studies on PAC emissions [12].

2.3.3. Evaluation of Potential Carcinogenicity

To evaluate compound-based potential carcinogenicity indicators for the target
particle-bound PACs, two approaches were adopted in this study. First, the measured
pPAHs and oPAHs were characterized using quantitative structure–activity relationship
(QSAR)-derived carcinogenicity parameters provided by ADMETlab 2.0 [32]. Second, the
16 pPAHs were also evaluated using the benzo[a]pyrene equivalent (BaPeq) method for
comparison [38].

2.4. Calculation of Emission Factors and Quality Control

The emission factors (EFs) of all target components were calculated using the carbon
mass balance method and expressed as the mass of target pollutants emitted per unit
mass of fuel burned. This method assumes that the carbon in the consumed fuel is mainly
emitted as CO2, CO, and particle-phase carbonaceous species, and has been widely used
in combustion emission studies [12,33,39]. In this study, the measured mass of each target
compound on the filter punch was first converted to the total mass collected on the whole
effective filter area according to the ratio of the punched area to the effective sampling area.
The total collected mass was then scaled by the sampling flow, dilution flow, flue-gas flow
entering the dilution chamber, and the actual mass of fuel consumed to obtain fuel-mass-
based EFs. Detailed equations and parameter definitions are provided in Text S6. The unit
for OC was g/kg fuel, whereas the unit for PACs was mg/kg fuel.

To improve the reliability of EF calculation, potential uncertainties associated with
fuel heterogeneity, combustion repeatability, flow-rate control, dilution-ratio determination,
filter-punch representativeness, blank correction, and instrumental analysis were controlled
through standardized experimental and quality assurance/quality control (QA/QC) pro-
cedures. Specifically, all experiments were conducted under fixed airflow and dilution
conditions, duplicate combustion experiments were performed for each fuel–temperature–
aging combination, and blank correction and replicate analyses were included in the
analytical procedure.

All quartz fiber filters were prebaked at 450 ◦C for 4 h before sampling to remove
background organic contamination. After sampling, the filters were sealed immediately
and stored at −18 ◦C until analysis. During PACs analysis, deuterated standards were used
to assess recoveries, and the recoveries of all target compounds were within acceptable
ranges. Procedural blanks and filter blanks were both used for background correction,
and the relative deviations of replicate experiments were below 10%, indicating good
repeatability of the experimental method.

3. Results and Discussion
3.1. Emission Levels and Compositional Characteristics of OC in Fresh Emissions

Figure 1 shows the average emission factors (EFOC) and compositional characteristics
of particulate organic carbon (OC) in fresh emissions from biomass and coal fuels. In
Figure 1, the bars represent OC emission factors, with the blue bars indicating the emission
factors under LIC conditions and the red bars indicating those under HIC conditions. The
double-ring charts show the relative contributions of OC1+2, OC3+4, and PyC under LIC
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and HIC conditions. In the double-ring charts, the inner and outer rings correspond to LIC
and HIC, respectively, and different colors denote different OC fractions. The levels of par-
ticulate OC differed markedly across fuel types and combustion temperatures. At 500 ◦C,
the average EFOC values for biomass and coal were 9.16 ± 8.55 and 6.14 ± 2.22 g/kg fuel,
respectively; when the temperature was increased to 800 ◦C, they decreased to 5.71 ± 5.62
and 0.08 ± 0.03 g/kg fuel, respectively. These values generally fell within the ranges
reported in previous laboratory simulations and residential combustion studies [1,6,15,40].
Overall, increasing temperature significantly reduced particulate OC emissions, with a
much steeper decline observed for coal under high-temperature conditions. This pattern
suggests a fuel-dependent temperature response: coal-derived volatile and semi-volatile or-
ganic products were more effectively removed under high-temperature conditions, whereas
biomass-derived organics, especially from woody fuels, were more readily retained in the
particle phase. Across both temperatures, biomass consistently exhibited higher EFOC

values than coal.

Figure 1. OC emission factors and compositional characteristics of biomass and coal in fresh emissions
under low-temperature (LIC) and high-temperature (HIC) combustion conditions. In the double-ring
charts, the inner and outer rings represent LIC and HIC, respectively. Percentages are rounded to the
nearest whole number; therefore, the displayed values may not sum exactly to 100%.

Further differentiation of biomass types showed that the average EFOC values for
wood at 500 ◦C and 800 ◦C were 11.92 ± 11.44 and 9.52 ± 5.85 g/kg fuel, respectively,
both of which were higher than those for straw, at 6.39 ± 5.39 and 1.89 ± 1.08 g/kg fuel,
respectively. Under 800 ◦C, coal samples as a whole remained at extremely low levels, with
only minor differences among individual coal samples. These results indicate that woody
fuels still maintained relatively high particulate OC emissions under high-temperature
conditions, whereas particulate OC from coal was much more strongly suppressed at high
temperature. This contrast is consistent with differences in fuel structure and devolatiliza-
tion behavior: lignocellulosic biomass generally releases more condensable organic vapors
during pyrolysis, whereas coal-derived organic products are more readily reduced by
cracking and oxidation as combustion temperature increases [1,12].

The OC compositional profiles further indicate that increasing temperature changed
not only the total amount of OC emitted but also the thermal stability of the emitted car-
bonaceous material. At 500 ◦C, OC emissions from both biomass and coal were dominated
by OC1+2, with average contributions of 60% and 59%, respectively. OC3+4 accounted
for 24% and 20%, respectively, whereas PyC accounted for 15% and 21%, respectively. At
800 ◦C, the compositions of both fuel groups shifted toward more thermally stable fractions:
in biomass, OC1+2 decreased to 38%, OC3+4 increased to 43%, and PyC accounted for
18%; in coal, OC1+2 and OC3+4 accounted for 49% and 50%, respectively, whereas PyC
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decreased to 1%. Wood still exhibited relatively high OC emissions at 800 ◦C, accompanied
by relatively high fractions of OC3+4 and PyC; by contrast, particulate OC from coal at
800 ◦C was nearly completely suppressed. Overall, increasing temperature promoted a
shift in fresh emissions from low-temperature-evolving OC toward more thermally sta-
ble fractions, which is consistent with the understanding that lignin more readily forms
aromatized and charred products, whereas organic matter in coal more readily cracks
and is further oxidized at high temperature [1,12]. From the perspective of residential
solid fuel utilization, these results suggest that reducing OC emissions cannot rely only on
increasing combustion temperature because fuel-dependent differences in carbon release
and retention remain important.

3.2. Emission Levels and Compositional Characteristics of PACs in Fresh Emissions

In addition to OC, the emission behavior of polycyclic aromatic compounds (PACs)
also varied significantly with fuel type and combustion temperature (Figure 2). In Figure 2,
the stacked bars represent the emission factors of pPAHs and oPAHs, with the blue por-
tions indicating pPAH emission factors and the green portions indicating oPAH emission
factors. The ring charts show the relative contributions of pPAH ring groups and oPAH
categories under LIC and HIC conditions, with the inner and outer rings corresponding
to LIC and HIC, respectively. At 500 ◦C, the average emission factors (EFPACs) of particu-
late PACs (pPAHs + oPAHs) from biomass and coal combustion were 34.32 ± 16.87 and
308.49 ± 155.37 mg/kg fuel, respectively; when the temperature was increased to 800 ◦C,
the value for biomass increased to 62.93 ± 31.72 mg/kg fuel, whereas that for coal de-
creased to 95.27 ± 52.38 mg/kg fuel. These values generally fell within the ranges reported
in previous laboratory simulations and residential combustion studies [6–8,13]. These
opposite temperature responses indicate that PAC emissions were governed not only by
combustion intensity but also by fuel-specific chemical structure and competing formation,
cracking, and oxidation pathways.

Figure 2. PAC emission factors and compositional characteristics of biomass and coal in fresh
emissions under low-temperature (LIC) and high-temperature (HIC) combustion conditions. In the
ring charts, the inner and outer rings represent LIC and HIC, respectively. Percentages are rounded
to the nearest whole number; therefore, the displayed values may not sum exactly to 100%.

Biomass and coal did not respond in the same way to increasing temperature. In
biomass, pPAHs increased from 19.35 ± 11.03 to 51.77 ± 28.23 mg/kg fuel, whereas
oPAHs decreased from 14.97 ± 7.27 to 11.16 ± 9.33 mg/kg fuel. In coal, by contrast, pPAHs
decreased from 303.58 ± 157.03 to 86.93 ± 52.49 mg/kg fuel, whereas oPAHs increased from
4.91 ± 3.58 to 8.35 ± 4.08 mg/kg fuel. Thus, increasing temperature enhanced particulate
pPAH emissions from biomass but strongly reduced those from coal, while oPAHs showed
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a smaller and opposite response between the two fuel groups. Correspondingly, at 500 ◦C,
pPAHs emitted from both biomass and coal were dominated by the 2–4 rings group,
accounting for 74% and 69%, respectively. When the temperature was increased to 800 ◦C,
the fraction of the 2–4 rings group in biomass decreased to 66%, and that in coal further
decreased to 53%, with the fraction of the 5–6 rings group correspondingly increasing to
34% and 47%, respectively. This pattern is consistent with previous findings that higher
combustion temperature can promote aromatic growth and high-ring PAH formation in
biomass burning, whereas in coal combustion, it is associated with enhanced cracking and
oxidation of particle-bound parent PAHs [9,13].

The changes in oPAHs exhibited a stronger dependence on source type. At 500 ◦C,
ANTQ and Other accounted for similar proportions in biomass emissions, at 44% and 43%,
respectively, whereas BANO accounted for 12%. When the temperature was increased to
800 ◦C, the fraction of BANO increased to 36%, whereas that of Other decreased to 25%.
oPAHs emitted from coal were dominated by ANTQ at both temperatures, accounting for
55% and 47% at 500 ◦C and 800 ◦C, respectively, whereas the fraction of BANO increased
from 19% to 27%. This indicates that although the total amount of oPAHs from biomass
decreased slightly with increasing temperature, the internal composition shifted from
a co-dominance of ANTQ and Other toward an enhanced contribution of BANO. In
coal, by contrast, the total pPAHs decreased, whereas the relative contribution of oPAHs,
especially BANO, within total oPAHs increased. Previous studies have shown that oPAH
emissions are influenced not only by the abundance of parent PAHs but also by combustion
temperature, oxidation level, and the composition of aromatic precursors in the fuel [7,9,12].

Within biomass, the emission factors of pPAHs from wood at 500 ◦C and 800 ◦C were
24.53 ± 13.48 and 69.45 ± 17.18 mg/kg fuel, respectively, both higher than those from straw,
at 14.17 ± 7.54 and 34.09 ± 22.31 mg/kg fuel, respectively. The oPAHs from wood were
slightly lower than those from straw at 500 ◦C, but became higher than those from straw
at 800 ◦C. For biomass, the higher PAC emissions from wood than from straw, together
with the increased contribution of 5–6 ring pPAHs at 800 ◦C, suggest that high-temperature
combustion favored aromatic growth and the formation of less volatile parent PAHs in
lignin-rich fuels. This interpretation is consistent with previous findings that lignin is more
conducive to aromatic compound formation than cellulose and hemicellulose [12,41]. Coal
showed a different response: high temperature greatly reduced particulate pPAHs but
increased oPAHs, indicating that parent-compound depletion and oxygenated-product
enrichment occurred simultaneously under HIC conditions [9,13]. Therefore, evaluating
combustion optimization only by reductions in total particulate matter or total PACs can
overlook shifts in PAC composition, especially the enrichment of high-ring pPAHs or
oxygenated aromatic products.

3.3. Effects of Atmospheric Aging on Combustion-Emitted OC

As shown in Figure 3, particulate OC emitted from biomass and coal under both low-
and high-temperature combustion conditions generally increased after OFR-simulated
aging, although the magnitude of the increase varied with fuel type and combustion
temperature. In Figure 3, panels a and b show the OC aging results under LIC and
HIC conditions, respectively; within each panel, the left and right subplots correspond
to biomass and coal. The boxplots show the distributions of OC emission factors in
Fresh and Aged samples; ∆ denotes EFAged − EFFresh, and the percentage indicates the
relative change from the Fresh value to the Aged value. The double-ring charts show
the relative contributions of OC1+2, OC3+4, and PyC, with the inner and outer rings
representing Fresh and Aged samples, respectively. At 500 ◦C, the aged EFOC of biomass
was 10.37 ± 9.10 g/kg fuel, with OC1+2, OC3+4, and PyC accounting for 42%, 28%, and
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29%, respectively; the corresponding value for coal was 7.58 ± 2.72 g/kg fuel, with these
three fractions accounting for 47%, 27%, and 26%, respectively. Compared with fresh
emissions, OC emissions from biomass and coal at 500 ◦C increased from 9.16 ± 8.55
to 10.37 ± 9.10 g/kg fuel and from 6.14 ± 2.22 to 7.58 ± 2.72 g/kg fuel, respectively,
corresponding to increases of 13% and 23% and ∆EFOC values of 1.22 and 1.44 g/kg
fuel. The increase for coal reached statistical significance (p = 0.001), whereas that for
biomass was only marginally significant (p = 0.062). This increase is consistent with the
continued formation or condensation of lower-volatility organic material during aging,
which is more evident for emissions generated under lower-temperature combustion
conditions [19,20,23,42,43].

Figure 3. Changes in particulate OC from biomass and coal before and after atmospheric aging under
(a) low-temperature combustion (LIC) and (b) high-temperature combustion (HIC) conditions. In
each panel, the left and right subplots correspond to biomass and coal, respectively. In the double-ring
charts, the inner and outer rings represent Fresh and Aged samples, respectively. Black symbols
represent individual fuel samples, and red squares indicate group means. Percentages are rounded to
the nearest whole number; therefore, the displayed values may not sum exactly to 100%.

At 800 ◦C, the aging response of particulate OC was markedly weaker. After aging,
the EFOC of biomass was 6.25 ± 5.26 g/kg fuel, with OC1+2, OC3+4, and PyC accounting
for 32%, 51%, and 17%, respectively; for coal, the value was 0.15 ± 0.04 g/kg fuel, with the
corresponding fractions accounting for 45%, 49%, and 6%, respectively. Compared with
fresh emissions, OC emissions from biomass and coal under high-temperature conditions
increased from 5.71 ± 5.62 to 6.25 ± 5.26 g/kg fuel and from 0.08 ± 0.03 to 0.15 ± 0.04 g/kg
fuel, respectively, corresponding to increases of 9% and 82% and ∆EFOC values of 0.54
and 0.07 g/kg fuel. Although coal exhibited a larger relative increase at 800 ◦C, its fresh-
emission OC level was extremely low, and therefore, the absolute contribution of aged
coal-derived OC remained limited. Biomass, by contrast, maintained relatively high OC
emissions at high temperature, but the absolute difference between fresh and aged samples
was much smaller than that observed at 500 ◦C.
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In addition to changes in total OC, atmospheric aging also altered the distribution
of OC subfractions. At 500 ◦C, OC1+2 in biomass decreased from 60% to 42%, whereas
OC3+4 and PyC increased from 24% and 15% to 28% and 29%, respectively. In coal, OC1+2
decreased from 59% to 47%, whereas OC3+4 and PyC increased from 20% and 21% to 27%
and 26%, respectively. This indicates that the additional particulate OC formed after aging
under low-temperature combustion conditions was not primarily expressed as a simple
accumulation of low-temperature fractions but instead was more closely associated with
increased proportions of mid- to high-temperature fractions and PyC. Previous studies
have shown that biomass smoke particles can continue to undergo oxidation and secondary
condensation during aging, driving organic components toward lower volatility and greater
thermal stability [19,20,23,24,42].

At 800 ◦C, compositional changes were still observed, but they exhibited characteristics
different from those under low-temperature conditions. In biomass, OC1+2 decreased from
38% to 32%, OC3+4 increased from 43% to 51%, whereas PyC decreased only slightly from
18% to 17%. Notably, the increase in PyC was much more pronounced at 500 ◦C, especially
for biomass, for which it rose from 15% to 29%. Previous studies have shown that an
increase in PyC usually corresponds to the enrichment of relatively heat-resistant and more
highly oxidized carbonaceous fractions in the particulate phase, and that oPAHs may also
participate in the formation of low-maturity EC and BrC [30]. Therefore, aging not only
altered the emission level of particulate OC but was also accompanied by changes in the
distribution of carbonaceous fractions. This also suggests that evaluations based solely on
fresh OC emissions cannot fully reflect the subsequent chemical evolution of carbonaceous
particles under different combustion conditions.

3.4. Effects of Atmospheric Aging on Combustion-Emitted PACs and Their Potential Risks

As shown in Figure 4, after atmospheric aging, particulate PACs emitted from biomass
and coal under both low- and high-temperature combustion conditions generally exhibited
a decline in pPAHs, whereas the direction and magnitude of changes in oPAHs remained
jointly governed by fuel type and combustion temperature. In Figure 4, rows a and b
present the pPAH aging results, with row a showing biomass and row b showing coal,
whereas rows c and d present the oPAH aging results, with row c showing biomass and row
d showing coal. Within each row, the left and right subplots correspond to LIC and HIC
conditions, respectively. The boxplots show the emission-factor distributions of pPAHs
and oPAHs in Fresh and Aged samples; ∆ denotes EFAged − EFFresh, and the percentage
indicates the relative change from the Fresh value to the Aged value. The double-ring charts
show the compositional changes in pPAH ring groups and oPAH categories before and after
aging. At 500 ◦C, in biomass, EFpPAHs decreased from 19.35 ± 11.03 to 14.69 ± 6.46 mg/kg
fuel, a reduction of 24%, with ∆EFpPAHs of −4.66 mg/kg fuel (p = 0.217). EFoPAHs in-
creased from 14.97 ± 7.27 to 16.50 ± 7.29 mg/kg fuel, an increase of 10%, with ∆EFoPAHs

of 1.53 mg/kg fuel (p = 0.501). The changes in coal were more pronounced: EFpPAHs

decreased from 303.58 ± 157.03 to 110.79 ± 85.53 mg/kg fuel, a reduction of 64%, with
∆EFpPAHs of −192.79 mg/kg fuel (p = 0.043), whereas EFoPAHs increased from 4.91 ± 3.58 to
11.16 ± 1.67 mg/kg fuel, an increase of 127%, with ∆EFoPAHs of 6.25 mg/kg fuel (p = 0.076).
This opposite response suggests that low-temperature coal emissions contained abundant
particle-bound parent PAHs that were susceptible to aging-driven loss, while oxygenated
derivatives were concurrently formed or retained during the OFR aging process.
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Figure 4. Changes in particulate pPAHs and oPAHs from biomass and coal before and after atmo-
spheric aging under low-temperature (LIC) and high-temperature (HIC) combustion conditions:
(a) pPAHs from biomass; (b) pPAHs from coal; (c) oPAHs from biomass; (d) oPAHs from coal. In each
subfigure, the left and right subplots correspond to LIC and HIC, respectively. In the double-ring
charts, the inner and outer rings represent Fresh and Aged samples, respectively. Black symbols
represent individual fuel samples, and red squares indicate group means. Percentages are rounded to
the nearest whole number; therefore, the displayed values may not sum exactly to 100%.
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At 800 ◦C, the differences between biomass and coal became even more apparent.
In biomass, EFpPAHs decreased from 40.49 ± 6.55 to 35.17 ± 8.85 mg/kg fuel, a reduc-
tion of 13%, with ∆EFpPAHs of −5.32 mg/kg fuel (p = 0.105). EFoPAHs decreased from
11.16 ± 9.33 to 10.10 ± 9.71 mg/kg fuel, a reduction of 9%, with ∆EFoPAHs of −1.06 mg/kg
fuel (p = 0.118). By contrast, coal at 800 ◦C still showed decreasing pPAHs but increas-
ing oPAHs: EFpPAHs decreased from 86.93 ± 52.49 to 47.25 ± 35.02 mg/kg fuel, a re-
duction of 46%, with ∆EFpPAHs of −39.68 mg/kg fuel (p = 0.045), whereas EFoPAHs in-
creased from 8.35 ± 4.08 to 13.70 ± 8.16 mg/kg fuel, an increase of 64%, with ∆EFoPAHs of
5.35 mg/kg fuel (p = 0.152). These results indicate that coal emissions were more prone to
aging-induced increases in oPAHs under both combustion temperatures, whereas high-
temperature biomass showed relatively smaller changes in total PAC emissions but still
retained clear compositional differences after aging.

Compositional changes indicate that aging did not reduce all PAC classes uniformly
but instead involved the coexistence of parent-compound consumption and oxidative
derivative restructuring. This behavior is consistent with the different aging reactivities
of PAC groups: lower-ring parent PAHs are generally more reactive toward oxidation,
whereas some higher-ring species and oxygenated derivatives can be relatively retained
in the particle phase or formed through secondary pathways. At 500 ◦C, in biomass, the
proportion of the 2–4 rings group within pPAHs increased from 74% to 76%, whereas
that of the 5–6 rings group decreased from 26% to 24%. In coal, the corresponding values
changed from 69% and 31% to 62% and 38%, respectively. At 800 ◦C, in biomass, the
2–4 rings group decreased from 66% to 58%, whereas the 5–6 rings group increased from
34% to 42%; in coal, the 5–6 rings fraction remained high after aging. At the same time,
in biomass, the proportion of BANO increased from 36% to 37%, whereas in coal, the
proportion of ANTQ increased from 47% to 57%, indicating that the restructuring of oPAHs
also showed clear fuel dependence. Previous studies have shown that low- and medium-
ring PAHs are more prone to gas-phase or particle-phase oxidation, whereas the formation
of different oxygenated products is closely related to the parent precursors and the degree
of aromaticity [24,26,27,31].

To characterize toxicity-related changes in target PACs, this study used the QSAR
model provided by ADMETlab 2.0 to evaluate the measured pPAHs and oPAHs for which
carcinogenicity parameters were available (Figure 5) [32]. In Figure 5, the stacked bars
show the absolute contributions of pPAH ring groups and oPAH categories to the QSAR-
derived carcinogenicity indicator, whereas the ring charts show their relative contribution
structures in Fresh and Aged samples. In both plot types, different colors distinguish the
pPAH ring groups and oPAH categories. The results showed that the overall QSAR-derived
carcinogenicity indicator of fresh-emission samples was 109.94 and decreased to 59.51
after aging, corresponding to an overall decline of 46%. This change was mainly driven
by the decline in the toxicity-related contribution of pPAHs, with the 2–4 rings group
decreasing from 63.85 to 25.95 and the 5–6 rings group decreasing from 37.74 to 22.35.
By comparison, the absolute contributions of different oPAHs categories changed little,
although their relative roles in the total toxicity-related indicator increased as the pPAH
contribution declined.

This result was directionally consistent with the compositional evolution shown in
Figure 4. After aging, the total amount of pPAHs generally decreased, especially because
the reduction in low- and medium-ring parent PAHs was more pronounced; consequently,
the decline in the total carcinogenicity indicator was first reflected in the attenuation of the
pPAH contribution. At the same time, the toxicity-related contribution profile, which was
dominated by pPAHs in fresh emissions, shifted after aging: the combined contribution
of the 2–4 rings and 5–6 rings groups decreased from 92% to 81%, whereas the relative
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weights of ANTQ, BANO, and Other in the residual toxicity-related indicator increased
simultaneously. Previous studies have likewise pointed out that evaluations based only on
the traditional 16 EPA priority PAHs do not fully capture aging-induced changes in the
contribution structure of toxicity-related indicators [27,31].

Figure 5. Overall QSAR-derived carcinogenicity of particulate target PACs in fresh emissions and
after atmospheric aging, and the corresponding changes in contribution structure. In the ring chart,
the inner and outer rings represent Fresh and Aged samples, respectively. Percentages are rounded
to the nearest whole number; therefore, the displayed values may not sum exactly to 100%.

As a supplementary comparison, the carcinogenicity of the 16 pPAHs was further
evaluated using the benzo[a]pyrene equivalent (BaPeq) method. The total BaPeq of fresh-
emission samples decreased from 14.51 to 8.38 mg/kg fuel after aging, showing the same
direction of change as the QSAR results. Although the two methods differ in their co-
efficient sources and numerical scales, both indicate a decrease in the overall potential
carcinogenicity indicator of particulate target PACs after aging. Meanwhile, the QSAR
results, which include oPAHs, further suggest that the contribution structure of the residual
toxicity-related indicator had undergone substantial redistribution. Therefore, toxicity-
related characterization of residential solid fuel emissions should not rely solely on fresh
emissions or the total amount of parent PAHs, but should also consider changes in oxidized
aromatic compounds and the contribution structure of potential carcinogenicity indicators
during atmospheric aging [44–46].

4. Conclusions
In this study, a quartz tube furnace, flue-gas dilution system, and oxidation flow

reactor (OFR) were directly coupled, enabling a direct comparison of the evolution of
particulate-phase components in residential solid fuel combustion emissions from fresh
emissions to simulated atmospheric aging within a unified experimental framework. Using
straw, wood, and coal as representative fuels, the effects of fuel type and combustion
temperature (500 ◦C and 800 ◦C) on the emission characteristics of particulate OC and
PACs and on their aging responses were systematically investigated.

The results showed that fuel type and combustion temperature jointly determined the
initial emission profiles of particulate pollutants. In the fresh-emission stage, increasing
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combustion temperature reduced particulate OC emissions for both biomass and coal,
whereas PAC emissions showed opposite temperature responses, increasing for biomass
but decreasing for coal. This divergence indicates that the effectiveness of combustion
optimization or fuel substitution cannot be evaluated by a single fresh-emission metric
because reductions in carbonaceous mass do not necessarily imply parallel reductions in
all PAC-related indicators. Simulated atmospheric aging further altered both carbonaceous
and aromatic components. Particulate OC generally increased after OFR aging, while par-
ent polycyclic aromatic hydrocarbons (pPAHs) decreased and oxygenated PAHs (oPAHs)
became relatively more important. The strongest PAC response was observed for coal
burned at 500 ◦C, where pPAHs decreased from 303.58 ± 157.03 to 110.79 ± 85.53 mg/kg
fuel, corresponding to a 64% decrease, whereas oPAHs increased from 4.91 ± 3.58 to
11.16 ± 1.67 mg/kg fuel, corresponding to a 127% increase. Together with the aging re-
sponse of pyrolyzed carbon (PyC), these results suggest that post-emission aging involves
not only the depletion of parent compounds, but also the formation and/or retention of
more oxidized particulate components.

The compound-based potential carcinogenicity indicators decreased overall after ag-
ing, as indicated by both the quantitative structure–activity relationship (QSAR)-derived
and benzo[a]pyrene-equivalent (BaPeq)-based methods. However, the contribution pattern
changed: oPAHs accounted for a larger fraction of the QSAR-derived potential carcino-
genicity indicator after aging, increasing from 7% to 18%. Therefore, evaluations based only
on fresh emissions or parent PAHs can overlook important changes in toxicity-related indi-
cators during atmospheric aging. Because these estimates are based on chemical indicators
rather than biological toxicity tests, they should be interpreted as potential carcinogenicity
indicators rather than direct evidence of actual health effects.

From an application perspective, current evaluations of the environmental perfor-
mance of small solid-fuel systems mostly focus on indicators such as PM, CO, device
thermal efficiency, oxygen supply conditions, or the effects of fuel modification [47,48]. In
addition to considering reductions in fresh particulate matter, OC, and pPAHs, technology
screening and fuel and combustion optimization should also consider aging-responsive
species and indicators, such as oPAHs, PyC, and the contribution structure of potential
carcinogenicity indicators. In particular, low-temperature coal combustion deserves atten-
tion because of its strong aging-related PAC transformation, whereas biomass combustion
should also be assessed for possible PAC formation under higher-temperature conditions,
rather than only by OC or PM reductions. These results can help refine emission evaluation
frameworks for cleaner-heating and low-emission technologies.

This study was conducted under controlled laboratory combustion and OFR aging
conditions, which improved comparability among fuel and temperature groups but cannot
fully represent real-world variability in combustion operation, dilution, humidity, NOx

levels, oxidant exposure, atmospheric transport, and multi-generation aging. In addi-
tion, the present toxicity-related analysis was limited to selected particulate PACs and
indicator-based calculations. Future studies should combine chamber experiments, field
observations, multiple aging conditions, simultaneous gas–particle measurements, and bio-
logical assays to further test the atmospheric representativeness and toxicological relevance
of the indicators identified here.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos17060578/s1. Figure S1: Schematic of the combustion–
dilution–aging sampling system; Figure S2: Emission factors and chemical compositions of particulate-
phase OC, parent PAHs (pPAHs), and oxygenated PAHs (oPAHs) in fresh emissions from the
12 fuels under LIC and HIC conditions; Figure S3: Emission factors and chemical compositions of
particulate-phase OC, pPAHs, and oPAHs in aged aerosol samples from the 12 fuels under LIC
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and HIC conditions; Figure S4: Carcinogenic toxicity of total PACs estimated using the QSAR
model in ADMETlab 2.0 and carcinogenic toxicity of pPAHs calculated using the BaPeq method;
Text S1: Combustion–dilution–aging sampling system; Text S2: Fuel selection and combustion
simulation; Text S3: OFR operation and estimation of equivalent atmospheric aging time; Text S4:
PACs analysis and toxicity-related parameters; Text S5: Quality assurance and quality control
(QA/QC); Text S6. Calculation of emission factors using the carbon mass balance method; Table S1:
Elemental composition of the 12 fuel samples (%); Table S2: Target pPAHs and oPAHs identified by TD-
GC/MS; Table S3: The benzo[a]pyrene toxicity equivalents of pPAHs and the carcinogenic parameters
of pPAHs and oPAHs obtained based on the Quantitative Structure-Property Relationship (QSAR)
model from ADMETlab 2.0. References [12,33,36,49–54] are cited in the Supplementary Materials.
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Abbreviations
The following abbreviations are used in this manuscript:

Aged OFR-aged sample
ANTQ Anthraquinone-like oPAHs
BANO Benz[a]anthrone-like oPAHs
BaPeq Benzo[a]pyrene equivalent
BrC Brown carbon
EC Elemental carbon
EF Emission factor
EFOC Organic carbon emission factor
EFPACs PAC emission factor
EFpPAHs pPAH emission factor
EFoPAHs oPAH emission factor
Fresh Fresh-emission sample
HIC High initial combustion temperature
LIC Low initial combustion temperature
OC Organic carbon
OFR Oxidation flow reactor
PAM-OFR Potential aerosol mass oxidation flow reactor
PACs Polycyclic aromatic compounds
PAHs Polycyclic aromatic hydrocarbons
pPAHs Parent polycyclic aromatic hydrocarbons
oPAHs Oxygenated polycyclic aromatic hydrocarbons
PM Particulate matter
PyC Pyrolyzed carbon
QA/QC Quality assurance/quality control
QSAR Quantitative structure–activity relationship
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SIM Selected ion monitoring
TD-GC/MS Thermal desorption–gas chromatography/mass spectrometry
TOR Thermal/optical reflectance
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