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Abstract. Fuel combustion is an important primary source of carbonyl compounds (CCs), yet the emission
factors and influencing factors of CCs in different sources remain unclear. The emission characteristics, influ-
encing factors, and ozone formation potentials of CCs from four combustion sources, including biomass burn-
ing (BB), residential coal combustion, on-road sources, and agricultural machinery, were investigated by field
measurements. Results indicate that the emission factors of CCs from four combustion sources exhibit signifi-
cant differences. Specifically, the emission factors of CCs from BB (1968.2 4+ 661.2mgkg~!) are significantly
higher than those from other sources, being an order of magnitude greater than those from the on-road sources
(117.8 £78.3-576.3 £ 47.4 mgkg~"). Fuel type is a key factor affecting the CC components. BB primarily emits
formaldehyde and acetaldehyde, whereas residential coal combustion exhibits a higher proportion of aromatic
aldehydes and acetone. The addition of ethanol in on-road sources and biodiesel in agricultural machinery effec-
tively promotes the formation of acetaldehyde and unsaturated aldehydes, respectively. The formation of CCs in
solid and liquid fuel sources is more sensitive to combustion temperature and emission standard, respectively.
Higher combustion temperatures and stricter emission standards can reduce CC emissions by 94.6 % in solid
fuels and by 61.3 % in liquid fuels, respectively. High temperatures promote the cyclization of small molecules,
supplying ample precursors for the formation of acetone and aromatic aldehydes. More attention should be paid
to the ozone formation potentials of CCs from BB and agricultural machinery to alleviate the oxidizing capacity
of regional atmospheres.
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1 Introduction

Carbonyl compounds (CCs) are important intermediates in
atmospheric photochemical reactions and are also significant
precursors for ozone (Zhang et al., 2019; Ling et al., 2020)
and secondary organic aerosols (Shen, 2013; Mellouki et al.,
2015; Go et al., 2024). CCs play a crucial role in regulat-
ing the oxidizing capacity of the atmosphere and have pro-
found effects on the environment (Duan et al., 2008; Yang
et al., 2018) and human health (Krzyzanowski, 2008; Weisel
et al., 2017). Previous studies have shown that primary emis-
sion sources in ambient air are significant contributors to CCs
and significantly influence the oxidizing capacity and photo-
chemical reaction rates of regional atmospheres (Yang et al.,
2018, 2024; Zhao et al., 2024). Tang et al. (2019) measured
gaseous CCs at the junction of the Beijing—Tianjin—Hebei
region and found that the main sources of small-molecule
CCs include vehicle emissions, solvent use, residential coal
combustion (RCC), and biomass burning (BB). Zhang et
al. (2020) conducted a study on the emissions of volatile
compounds in the North China Plain during winter and dis-
covered that RCC, BB, vehicle emissions, and solvent use
are the primary sources of CC emissions, consistent with the
findings of Xie et al. (2021). It is evident that vehicle emis-
sions, BB, and RCC are typical primary emission sources
of CCs. Therefore, investigating the emissions of CCs from
BB, RCC, and vehicle emissions holds significant potential
for controlling atmospheric oxidizing capacity.

At present, many studies have reported on the emissions of
CCs from BB and RCC sources. The results indicate that the
emissions of CCs are influenced by combustion conditions
(temperature, oxygen concentration, and stove type) and fuel
characteristics (type, composition, and moisture content).
For instance, Cheng et al. (2022) investigated the emission
characteristics of CCs from BB, such as emission factors
(EFs) and chemical composition, based on the tube furnace.
They found that combustion conditions, such as temperature
and oxygen concentration, and fuel characteristics, like com-
position, significantly affect the EFs and composition of CCs.
Peng et al. (2023) explored the emission characteristics of
CCs from poplar wood with varying moisture content and
discovered that altering the moisture content can effectively
reduce the formation of CCs. He et al. (2024) conducted field
measurements of pollutant emissions from combustion of an-
imal dung and coal in the Tibetan Plateau and found that the
differences in EFs can be explained by combustion condi-
tions and fuel type. Similarly, Liu et al. (2022) conducted
experiments with 19 types of fuel and a tube furnace at low
and high temperatures, finding that both fuel type and stove
type influence the emission characteristics and composition
of CCs. Furthermore, the Vg,¢ (the volatile matter content
on a dry and ash-free basis) significantly affects the emis-
sions of CCs during RCC. For example, Feng et al. (2010)
found that the concentrations of CCs and volatile organic
compounds (VOCs) increase and then decrease with the ma-
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turity of RCC. However, current research lacks a systematic
analysis of the impact of the different V,r of coal samples on
the emission characteristics of CCs. There is an urgent need
to reveal the influence of Vg,r on the emission characteristics
of CCs from RCC. Additionally, the effects of different fuel
types and combustion systems on the emission characteris-
tics of CCs from BB and RCC sources need to be assessed,
along with their contributions to atmospheric oxidizing ca-
pacity.

Numerous researchers have employed various methods to
determine the emission characteristics of CCs from on-road
sources, such as chassis dynamometer tests (Nelson et al.,
2008; Guo et al., 2011; Karavalakis et al., 2011), tunnel ex-
periments (Ho et al., 2007; Hung-Lung et al., 2007; Wu et
al., 2021), and portable emission measurement systems (Yao
et al., 2015; Cao et al., 2020; Wang et al., 2024). Studies
have found that different emission standards, fuel types, and
vehicle speeds all influence the emission characteristics and
composition of CCs in vehicle exhaust. For instance, Liu et
al. (2024) conducted emission tests on 15 light-duty gaso-
line vehicles using a chassis dynamometer and found that
the progressive tightening of emission standards can signif-
icantly reduce CC emissions and that the use of ethanol-
blended gasoline can decrease the emissions of volatile or-
ganic compounds. Song et al. (2010) measured CC emissions
from diesel engines and found that both fuels typically ex-
hibit higher CC emissions at high speeds compared to low
and medium speeds. Ethanol—gasoline is characterized by its
high combustion efficiency, high octane rating, and renew-
able nature (Costagliola et al., 2013; Zaharin et al., 2018).
Therefore, biodiesel has been widely used as a partial substi-
tute for gasoline and has been actively promoted and applied
in various sectors. Therefore, with the progressive tightening
of emission standards and the improvement of fuel types and
quality in China, it is particularly necessary to re-evaluate the
impact and mechanisms of different emission standards and
fuel types (such as ethanol—gasoline blends) on the emission
characteristics of CCs from on-road sources.

Agricultural machines (AMs), as an important component
of non-road mobile sources, play a significant role in sea-
sonal severe pollution events through their emissions of CCs.
Studies have found that different emission standards and fuel
types significantly affect the emissions of CCs from AMs.
For example, Cao et al. (2020) studied the impact of biodiesel
on CC emissions using portable emission measurement sys-
tems and found that stricter emission standards can signif-
icantly reduce the emission factors (EFs) of CCs (EFccs),
while the use of biodiesel has different effects on CC emis-
sions from different vehicles. Yu et al. (2023) tested the emis-
sions of CCs from 20 AMs with different emission standards
using portable emission measurement systems (PEMS) and
found that stricter emission standards significantly reduce
CC emissions. In recent years, the Chinese government has
actively promoted the development of the biodiesel indus-
try, including applications in vehicles and ships. Studies have
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found that the use of biodiesel significantly reduces emis-
sions of conventional pollutants such as carbon monoxide
(CO) and particulate matter (PM) (Singh et al., 2016; Lou
et al., 2022), but its impact on CC emissions is still not en-
tirely clear. Therefore, it is necessary to assess the impact
of biodiesel on CC emissions, assess the effects of different
blends of diesel on the emission characteristics of CCs, and
to further explore their contributions to atmospheric oxidiz-
ing capacity.

To effectively control the emissions of CCs, it is neces-
sary not only to supplement and update data from various
combustion sources but also to conduct more detailed stud-
ies on the influencing factors of CC emissions from biomass
burning (BB) and RCC, on-road sources, and non-road AM
sources. In this study, the emission characteristics and the key
influencing factors of CCs were explored based on real-world
measurements from four typical combustion sources. For BB
and RCC, experiments were carried out in the real-stove and
tube-furnace simulation combustion to investigate the effects
of fuel type (particularly the Vyur of coal) and combustion
temperatures (500 and 800 °C) on CC emissions. For on-road
sources, urban closed-loop road measurements for gasoline
and diesel vehicles were conducted to explore the effects of
fuel type (such as ethanol-gasoline blends), driving speeds
(low/medium/high speeds), and emission standards (China V
and China VI) on CC emissions. Concerning the non-road
AM sources, the effects of emission standards and fuel type
(such as biodiesel) on CC emissions were investigated based
on field vehicle measurements. Finally, the contributions of
the four typical sources to atmospheric oxidizing capacity
were estimated by the ozone formation potentials (OFPs).
This study will help deepen our understanding of CC emis-
sions from different combustion sources, provide the latest
data for improving emission inventories, and offer a scientific
basis for future air quality simulations and pollution control
strategies.

2 Materials and methods

2.1 Tested fuels and vehicles

A total of 12 common fuels were selected, including three
types of straw (rice straw, wheat straw, and corn straw, which
are widely cultivated in southern and northern China), three
types of wood (pine, poplar, and willow, representing soft-
wood and hardwood), and six types of coal with different
Vaaf (LL coal, GJ coal, DT coal, SH coal, NM coal, and PX
coal) (Table S2). These fuels are typically used for cooking,
heating, or burning activities in rural areas of China. In labo-
ratory conditions, the same fuels (2 g) were used as controls,
with combustion temperatures set at 500 and 800 °C to simu-
late ordinary stoves and high-efficiency energy-saving stoves
commonly used in daily life. A total of 43 samples from ac-
tual stoves and 94 samples from laboratory tube-furnace sim-
ulations were obtained for BB and RCC sources.
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On urban closed-loop roads, the emission characteris-
tics of CCs in the exhaust of gasoline vehicles (GVs) and
diesel vehicles (DVs) were tested, examining the effects of
fuel type, vehicle speeds, and emission standards on their
emissions. Passenger and commercial vehicles meeting the
China V and China VI emission standards (2—4 vehicles per
category) were selected to assess the emission characteristics
of regular gasoline, regular diesel, and ethanol-blended gaso-
line (ethanol—gasoline vehicles, E-GVs) under different driv-
ing speeds, including low speeds (approximately 30 kmh~1),
medium speeds (60-90kmh™'), and high speeds (approxi-
mately 120 km h~1) (Tables S3-S4). Field vehicle measure-
ments were conducted on non-road AMs in farmland, select-
ing tractors and harvesters meeting the China Il and China III
emission standards as experimental machinery to evaluate
the emission characteristics of CCs in the exhaust of regu-
lar commercial diesel (BO) and diesel/biodiesel blended fuels
(Table SS5). The biodiesel was produced from waste cooking
oil and mixed with commercial fossil diesel to create two
blended fuels with different ratios (B5, B20). A total of 67
samples from on-road sources and 69 samples from AMs
were obtained for mobile source sampling.

2.2 Sample collection and analysis

Emissions from typical combustion sources, including flue
gas or exhaust, were collected using a laboratory-made sam-
pling dilution system, which comprises a dilution system
and a sampling system. The detailed description of the
laboratory-made sampling dilution system was presented in
previous studies (Cheng et al., 2022; Liu et al., 2022; Peng
et al., 2023; He et al., 2023). A schematic diagram of the
sampling system is presented in Fig. 1. Briefly, the clean air
was introduced into the dilution system via a fan, where it
is mixed with the flue gas to achieve the purpose of dilut-
ing the flue gas. The concentration of CO; and CO in the
flue gas was monitored in real time using a flue gas analyzer
(Photon-II, Madur, Italy) to control the dilution ratio of the
flue gas. The collection of CCs from the flue gas was ac-
complished using an automatic CC sampler equipped with
2,4-dinitrophenylhydrazine (DNPH)-coated cartridges. CCs
can react with DNPH to form stable hydrazone derivatives
(Tang et al., 2003). The sampling flow rate was 0.5 L min~!,
and DNPH cartridges were placed behind quartz filters to
collect gaseous CCs. After collection, the samples were im-
mediately refrigerated at —4 °C until analysis. The DNPH
sampling tubes were placed in a vacuum glove box, and
2-3mL of acetonitrile was used to elute the target com-
pounds, which were then transferred to vials. The samples
were quantitatively analyzed using high-performance lig-
uid chromatography (HPLC) (1260, Agilent, USA) equipped
with a UV detector and an Agilent™ C18 reversed-phase
chromatographic column (5.0 um, 250 mm x 4.6 mm). The
mobile phase consisted of a mixture of water, acetonitrile,
and tetrahydrofuran in a specific ratio to ensure optimal
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separation efficiency. A total of 20 CCs were analyzed,
including formaldehyde (FA), acetaldehyde (ALD), ace-
tone (ACE), unsaturated aldehydes (UAs) (acrolein, croton-
aldehyde), aromatic aldehydes (AAs) (benzaldehyde, m/p-
methylbenzaldehyde, o-methylbenzaldehyde, and dimethyl-
benzaldehyde), and other aldehydes and ketones (other CCs)
(propanal, butaldehyde, cyclohexanone, isopentanal, pen-
tanal, heptanal, octanal, nonanal, and decanal). QA/QC de-
tails are provided in the Supplement (Sect. S2).

2.3 Calculation of the emission factors

In this study, the EFccs, based on the carbon balance, was
calculated by Egs. (1)—-(6) (Qian et al., 2021; Liu et al., 2022;
Zhang et al., 2024). It is assumed that during combustion, all
carbon in the fuel (excluding carbon in the ash) is primarily
converted into CO, CO,, and particulate carbon (OC, EC),
calculated as follows:

Me-fuel — Mc-ash = Mc-CO, +Mc-CO + Me-0oC +Mmegc. (1)
The incomplete combustion factor is calculated as

K — Mc-CO + Mc-0C + Mc-EC ' ?)
mco,

The EFs of carbon in the form of CO, are calculated as

Mc-fuel — Mc-ash

EFco, =
0z (1+K)M

3)
When the mass of carbon in the ash is significantly lower than
the mass of carbon in the fuel, the carbon emission factor is
calculated as

Me_fuel — Me-ash = Mkc fuel, 4

where m-fyel and m¢_qsh rEpresent the carbon mass in the fuel
and ash, respectively. m¢.co, and m..co denote the carbon
mass in CO; and CO, respectively. m¢.oc and m.gc are the
masses of organic carbon and elemental carbon in particulate
matter, respectively. M is the mass of residential solid fuel
(kg), and kc-fyel is the carbon content of the residential solid
fuel, determined by elemental analysis.

(Mc-fuel — Mc-ash) fCOz

EFco, = EFc co, fco, =

s

(1+K)M
_ ke-fuel fCO, 5)
(1+K)
EF; = —EFco,. (6)
Cco,

where fco, is the conversion factor, taken as 3.67. C; and
Cco, are the mass concentrations of the target compound i
and CO;, respectively (ug L™"). EFco, is the emission factor
of COz.

The modified combustion efficiency (MCE) is a widely ac-
cepted evaluation parameter in biomass combustion research
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(McMeeking et al., 2009; Shen et al., 2010; Li et al., 2016),
which can be used to represent the combustion condition as

ACO,

MCE= —————,
(ACO; + ACO)

(7
where CO, and CO are the concentrations of CO, and CO
emitted from the fuel combustion.

2.4 Oxidizing capacity assessment calculation

The OFPs of CCs can be predicted based on the maximum
incremental reactivity (MIR) values of specific species and
the specific value. And the formula for calculating the OFPs
is shown in Eq (8) as follows (Yu et al., 2023; Zhang et al.,
2024):

OFP = X(MIR; x EF)), (8)

where OFP; is the ozone formation potential of a specific
species i in CCs (g O3) (kg-fuel)_l. MIR; is the maximum
incremental reactivity of species i (Table S6) (Zhang et al.,
2021). EF; is the emission factor of CC species i (g (kg-
fuel) ™).

Uncertainty analysis for OFP calculations is provided in
Sect. S1.

2.5 Statistical significance testing

The ¢ test is a widely utilized statistical method for compar-
ing mean differences between samples. In this study, data
analysis was performed using SPSS, version 26.0. To eval-
uate the significance of mean differences between the two
groups, the normality of the data was first assessed via the
Kolmogorov—Smirnov test. Upon confirmation of normality,
the homogeneity of variances was subsequently examined
using Levene’s test. If variance homogeneity was satisfied,
an independent sample ¢ test was applied for intergroup com-
parisons; otherwise, Welch’s corrected ¢ test was employed.
Statistical significance was determined at a 95 % confidence
interval (CI), with a two-tailed significance threshold set at
o = 0.05. Results were reported as ¢ values, degrees of free-
dom (df), and p values. A statistically significant difference
was defined as p < 0.05. The analytical procedure strictly ad-
hered to the classical ¢ test assumptions (independence, nor-
mality, and homogeneity of variance) to ensure methodolog-
ical rigor.

3 Results and discussion

3.1 Emission characteristics and influencing factors of
CCs from BB and RCC sources

For real stoves, the emission factor (EF) of CCs (EFccg) from
BB (1676.44+989.5mgkg™!) is found to be significantly
higher than that from RCC (287.9479.2mgkg™!) (¢ test,
p > 0.05) (Fig. 2). The difference is attributed to the high EF
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Figure 1. The sampling system diagram.

of CCs being closely related to the high oxygen content of
the fuel, such as the oxygen content of biomass being much
higher than that of residential coal. Figure 2 presents the
EFccs emitted from the combustion of two types of biomass
(straw and wood) and residential coal. The EFccg from BB
and RCC are 1676.3 +989.5 and 287.94+79.2mgkg~!, re-
spectively. The EFccs from BB is approximately 8 times
that of RCC. Among these, the EFccg from straw combus-
tion (2384.1 4+ 1515.0mgkg™") is about 2.5 times that of
wood combustion (968.6 +464.0mgkg™'), which may be
attributed to differences in fuel structure and moisture con-
tent (Cheng et al., 2022; Peng et al., 2023).

The composition of CCs is significantly influenced by fuel
type. Formaldehyde and acetaldehyde are the most abundant
CCs in all three types of fuel, accounting for 71.3 % (straw
combustion), 74.8 % (wood combustion), and 67.0 % (RCC)
of the total CCs. Although the EF ¢ from BB is much higher
than that from RCC, the proportion of acetone in CCs emitted
from RCC is higher than that from BB, representing 10.3 %
of the total CCs, while straw combustion and wood com-
bustion account for 5.8 % and 6.9 %, respectively. There are
significant differences in the proportion of unsaturated alde-
hydes among different fuels, with the proportion in straw
combustion being 1.7 times that of wood combustion and
2.9 times that of RCC. For aromatic aldehydes, the propor-
tion in RCC is the highest (10.6 %), while straw combustion
and wood combustion account for 2.9 % and 4.4 %, respec-
tively. The reason for this phenomenon is that the chemi-
cal structure of residential coal contains a higher content of
aromatic compounds than biomass, which decompose dur-
ing combustion, providing a large number of precursors for
the formation of aromatic aldehydes. Additionally, the large
error bars in each type of fuel indicate variability in emis-
sions within the fuel, which may be related to combustion
conditions. Therefore, this study conducted simulation ex-
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periments in the tube furnace to further explore the key influ-
encing factors of CC emissions from BB and RCC sources.
Fuel type significantly influences CC formation across
straw combustion, wood combustion, and RCC. For
straw, the CCs generated from the combustion of
southern straw (rice straw) are higher than those from
northern straw. The EFccs from rice straw combus-
tion (3865.6+558mgkg™!) are significantly higher
than that of corn (2829.8+1771.8mgkg™!) and wheat
(1772.6 +847.2mgkg™!), indicating that the CCs gen-
erated from southern straw combustion are 1.4-2.2 times
higher than those from northern straw combustion. This
phenomenon may be attributed to differences in the content
of biomass components (cellulose, hemicellulose, and
lignin) and combustion efficiency. Cheng et al. (2022)
found that among the three biomass components, cellulose
combustion generates the highest quantity of CCs, followed
by hemicellulose, with lignin producing the least. Mean-
while, Zhao et al. (2019) discovered that the holocellulose
content (~56.3%) of rice straw is higher than that of
corn and wheat. Additionally, in this study, the MCE of
rice (90.9 %) is slightly lower than that of corn and wheat
(MCE: 92.0%-92.8 %). As for wood, the CCs generated
from the combustion of softwood (pine) are higher than
those from hardwood. The EFccs from pine combustion
(1415.34+431.8mgkg™!) is significantly higher than that
of poplar (1020.34249.1mgkg™!) and willow wood
(905.5 £ 109.6 mgkg ™), indicating that the CCs generated
from softwood combustion are 1.4—1.6 times higher than
those from hardwood. This phenomenon may be due to
differences in combustion efficiency. In this study, the MCE
of pine (94.0 %) is significantly lower than that of poplar
and willow (MCE: 95.6 %-96.0 %). Studies have shown that
incomplete combustion of fuels is more likely to generate
CCs. Furthermore, for residential coal, the Vg,r also affects
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the formation of CCs from RCC. As the Vj,r increases,
the EFccs first decreases (212.1 £99.2 mg kg_l) and then
reaches a maximum value (372.9 +53.7 mgkg~!) when the
Vidar 1s around 30 %. According to the bell-shaped distribu-
tion theory by Chen et al. (2009), coal samples around 30 %
have special chemical characteristics, and these samples
produce a large amount of coal tar during combustion, which
further increases the formation of CCs (Du and Li, 2022).
In contrast, for coal types with the Vg,r between 20 % and
30 %, the EFccs decreases by 43.1 %.

It should be mentioned that temperature is a key fac-
tor influencing the formation of CCs from BB and RCC
sources. Figure 3a and c show that the EFccg from BB (straw
and wood) and RCC is measured under different influenc-
ing factors (temperature, O, concentration, moisture content,
and Vyar). High temperatures significantly reduce the forma-
tion of CCs from BB and RCC sources, with reductions of
92.3 %, 96.8 %, and 51.1 % for straw, wood, and residen-
tial coal, respectively. The reduction effect of high temper-
atures on CCs from BB is particularly pronounced. Com-
pared to combustion temperature, the moisture content also
has a certain impact on the formation of CCs during BB.
For instance, when the Vg,¢ of fuels is close to 10 %, the
EFccs is the lowest (832.0 & 160.2 mg kg_l). As the mois-
ture content increases, the EFccg gradually rises, reaching
a peak (2008.7 &397.1 mgkg~') when the moisture content
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approaches 30 %, which is about 2.4 times the minimum
value (Peng et al., 2023). Therefore, selecting the optimal
moisture content (10 %) can achieve a maximum reduction
effect of 58.6 %. Similarly, the increase in O, concentration
significantly reduces the formation of CCs. At the O, con-
centration of 21 %, the EFccs for straw and wood is 4613.0
and 6545.6 mgkg ™!, respectively. Compared to the O, con-
centration of 10.5 %, the average EFccg from straw combus-
tion and wood combustion decreases by 33.2 % and 36.8 %,
respectively. Therefore, increasing combustion temperature
and O; concentration, selecting biomass fuels with the Vgar
of 10 %, or choosing coal samples with medium to low Vgar
(around 26 %) can effectively reduce the formation of CCs.
Different CC species exhibit varying sensitivities to com-
bustion temperature. Specifically, for BB and RCC sources,
high temperatures facilitate the degradation of formaldehyde
and acetaldehyde, while promoting the formation of acetone
and aromatic aldehydes. As shown in Fig. 3b and d, the EFs
of formaldehyde, acetaldehyde, and acetone are significantly
higher than those of other CCs, accounting for about 62.8 %
of the total CCs. This is consistent with the results of Schauer
et al. (2001) and Liu et al. (2022). With the increase in com-
bustion temperature, the proportions of formaldehyde and
acetaldehyde in straw, wood, and residential coal decrease
by 34.6 %, 37.7 %, and 30.7 %, respectively. In contrast, at
higher temperatures, the proportions of acetone and aromatic
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Figure 3. Differences in CC emission characteristics and composition from BB and RCC sources under different influencing factors. 7': tem-
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aldehydes in the three types from BB and RCC sources in-
crease by 19.8 %, 19.6 %, and 7.2 %, respectively, compared
to those at lower temperatures. It should be mentioned that
small molecules, including formaldehyde and acetaldehyde,
are more sensitive to combustion temperature compared to
larger molecules, due to their tendency to polymerize or cy-
clize under high-temperature conditions (Peng et al., 2023).
The mechanisms of acetone and aromatic aldehyde forma-
tion in the flue gas from BB and RCC at high temperatures
are significantly different. For BB, the formation of acetone
and aromatic aldehydes is closely related to the pyrolysis
of lignin (Cheng et al., 2022). For example, high temper-
atures promote the dehydration and isomerization of 1,2-
propanediol, generated from the cleavage of alcoholic hy-
droxyl groups of lignin, to form acetone (Caballero et al.,
1997). Similarly, high temperatures facilitate the formation

https://doi.org/10.5194/acp-25-8043-2025

of aromatic aldehydes such as benzaldehyde from the cleav-
age of aromatic ring side chains of lignin (Wang et al., 2017).
In contrast to BB, the increase in the proportion of acetone
and aromatic aldehydes in RCC is attributed to secondary
gas-phase reactions at high temperatures. The conjugated
bonds in the aromatic ring structure of coal break at high
temperatures, providing more precursors for the formation
of acetone (Miura, 2000). At high temperatures, aromatic
hydrocarbons generated from coal combustion undergo sec-
ondary reactions and oxidation to form aromatic aldehydes
such as benzaldehyde (Wang et al., 2017). This mechanism
is further supported by the pattern of aromatic hydrocarbons
observed at high temperatures. The pattern of aromatic hy-
drocarbons was reported by Qian et al. (2021) at high temper-
atures, further verifying this mechanism. Unsaturated alde-
hydes are insensitive to temperature changes, with their pro-
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portions fluctuating between 4.3 % and 6.5 % in the three
types from BB and RCC sources.

3.2 Emission characteristics and influencing factors of
CCs from on-road sources

The formation of CCs from on-road vehicles is significantly
influenced by fuel type and emission standards. As shown
in Fig. 4a and b, DVs emit more CCs than GVs, as in-
dicated by the Fccs of 214.1+£34.1 mgkg™! for DVs and
117.84+78.3mgkg~! for GVs. This result has also been
frequently observed in previous findings (Ban-Weiss et al.,
2008; Martinet et al., 2017; Wang et al., 2024), indicating
that fuel type is a critical factor in the formation of CCs from
on-road sources, achieving the 45.0 % reduction. The higher
emissions from diesel vehicles may be related to their com-
bustion process, where excess air is present in the combus-
tion chamber (i.e., the overall fuel-lean conditions), leading
to higher oxygen content and more oxidation processes dur-
ing combustion (Pang et al., 2008; Gentner et al., 2017). Ad-
ditionally, the use of ethanol-blended gasoline significantly
reduces formaldehyde emissions but increases the EFs of ac-
etaldehyde, changing the ratio of formaldehyde to acetalde-
hyde from 5.6:1 to 1:1. The EFs of acetaldehyde in E-
GVs are 2.8 times that of GVs (Magnusson et al., 2002).
When 10 % ethanol is added, the change in ethanol content
has a minimal impact on the total emissions of CCs. This
phenomenon is consistent with existing research findings,
such as those by Karavalakis et al. (2014, 2015) and Yang
et al. (2019), who also found that the use of ethanol in gaso-
line significantly affects the formation of acetaldehyde, while
having a minor impact on total CC emissions. Similarly, the
study revealed that China VI emission standards E-GVs ex-
hibit an acetaldehyde—formaldehyde (A / F) ratio of approxi-
mately 0.38 in CC emissions, which is about 2.5 times that of
conventional GVs meeting the same emission standards. This
demonstrates that ethanol-gasoline application significantly
enhances acetaldehyde emissions. In contrast, this A /F ra-
tio for China V E-GVs is 1.80, suggesting that higher emis-
sion standards can effectively reduce CC emissions while
also decreasing acetaldehyde generation. The reason for this
phenomenon may be that, with the progressive tightening of
emission standards, exhaust treatment technologies are im-
proved, and emission requirements become stricter, leading
to further oxidation of harmful substances such as acetalde-
hyde into formaldehyde. Additionally, when the emission
standards are tightened, the average EFccs for DVs and GVs
decreases by 61.3 % and 23.9 %, respectively, indicating that
stricter emission standards have a more significant reduction
effect on DV emissions. This also suggests that the impact of
the emission standards on CC emissions from GVs is much
lower than that on diesel vehicles. Vehicle speed is equally
important for CC formation. Data analysis reveals that for
GVs, DVs, and E-GVs, the distribution of EFccg follows
the pattern of low speeds > high speeds > medium speeds
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(Fig. 3). That is, at medium speeds, CC emissions reach their
minimum value (71.2 +£21.1 to 177.9 +£22.8 mgkg~!), with
a maximum reduction of 55.9 % in CC emissions. This con-
clusion is consistent with the findings of Liu et al. (2024),
and the likely reason is that combustion efficiency is highest
at medium speed, effectively reducing the formation of CCs.
This phenomenon indicates that the impact of vehicle speed
on emissions is nonlinear, and an optimal driving speed can
enhance combustion efficiency, thereby effectively reducing
CC emissions.

Additionally, the type and composition of CCs were di-
rectly determined by fuel type (Fig. 4c, d). GVs primarily
emit small-molecule CCs, such as formaldehyde, acetalde-
hyde, and acetone, accounting for about 78.9 % of total CCs.
In contrast, DVs emit more large-molecule aldehyde and ke-
tone compounds, such as aromatic aldehydes (46.1 %) (Gen-
tner et al., 2012; Erickson et al., 2014; Yue et al., 2015),
highlighting the importance of reducing emissions of heav-
ier aromatic aldehyde CCs in DVs. This difference mainly
stems from the compositional differences in the fuels. For
example, diesel contains a higher proportion of medium- to
high-carbon hydrocarbons (C9—C33), especially polycyclic
aromatic hydrocarbons, which are more likely to oxidize to
form aromatic aldehyde compounds. Gasoline, in contrast,
primarily consists of lower-carbon hydrocarbons (C4—Ci3)
(Gentner et al., 2017; Sorokina et al., 2021), resulting in the
formation of more small-molecule CCs. An inverse trend
was observed for the effects of emission standards on the
composition of CCs from different fuel types. For instance,
when the emission standards are tightened, the proportions of
formaldehyde and acetaldehyde decrease for both GVs and
DVs, while the proportions of acetone and aromatic alde-
hydes show the opposite trend. The real reason for the dif-
ference in results was mainly attributed to the different ex-
haust treatment devices in the two types of vehicles, leading
to varying removal efficiencies for the same pollutants (Rus-
sell and Epling, 2011). The impact of vehicle speed on the
composition of CCs is not significant.

3.3 Emission characteristics and influencing factors of
CCs from non-road sources

In the emissions of CCs from AMs, the emission stan-
dards are considered a key factor influencing emission char-
acteristics. Figure 5a illustrates the EFccs and composi-
tion from AMs under different emission standards and fuel
types. Similar to on-road vehicles, emission standards sig-
nificantly affect the formation of CCs from AMs. Specif-
ically, the EFccs from China III standard AMs is signifi-
cantly reduced compared to that from China II standard ma-
chinery (by 57.0 %). This result indicates that raising emis-
sion standards can significantly decrease the formation of
CCs from AMs, especially for older China II standard ma-
chinery, where upgrading emission standards offers substan-
tial potential for emissions reduction. Additionally, the study
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found that the EFcc; increased from 576.3 mgkg~! for BO
to 785.9mgkg ™! for B20, representing a 26.7 % increase in
CC emissions (Fig. 5a). This trend is consistent with the con-
clusions drawn by Karavalakis et al. (2011) and Prokopow-
icz et al. (2015) in the existing literature, who suggested that
the ester-based oxygen structure of biodiesel may be a sig-
nificant factor contributing to the increase in CC emissions.
The higher oxygen content in biodiesel facilitates the for-
mation of more carbon oxides during combustion, thereby
increasing CC emissions. Moreover, biodiesel may also af-
fect the calorific value and density of the blended fuel, lead-
ing to decreased combustion efficiency (Guo et al., 2023),
which further promotes the formation of CCs. With the in-
crease in the proportion of biodiesel blending, some spe-
cific species in CCs change significantly. For example, the
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EFs of acrolein in B20 increased by 40.7 % compared to
BO, attributed to the oxidation of residual glycerol, saturated
fatty acids, and unsaturated fatty acids in biodiesel (Gra-
boski and McCormick, 1998). In contrast, since biodiesel
does not contain aromatic hydrocarbons, the addition of 20 %
biodiesel reduced the EFs of aromatic aldehydes by 21.5 %
(Karavalakis et al., 2011). Additionally, the EFccg from AMs
using diesel (576.3 +47.4mgkg™") is 2.7 times that of on-
road DVs (214.1 & 85.3mgkg™!). The likely reason for this
phenomenon is that emission standards (exhaust treatment
technologies) for on-road diesel vehicles can reduce the CC
emissions of diesel (Sharp et al., 2000; Russell and Epling,
2011; Wang et al., 2022). The importance of updating emis-
sion standards for both on-road and non-road sources of CC
emissions was reaffirmed. In summary, although increasing
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the proportion of biodiesel blending can reduce emissions of
some conventional pollutants such as CO and PM (Chien et
al., 2009; Karavalakis et al., 2010; Lin et al., 2011), it may
also have adverse effects on CC emissions. This necessitates
a comprehensive consideration of its emission reduction ben-
efits and potential increases in emissions.

Upon analyzing the composition of CCs, it is observed that
formaldehyde, acetaldehyde, and acrolein are the most abun-
dant species in the emissions of CCs from AMs (He et al.,
2009), accounting for 71.8 % to 73.9 % of the total emissions
(Fig. 5b). However, as the proportion of biodiesel blend-
ing increases, the proportion of formaldehyde and acetalde-
hyde decreases by 6.2 %, while the combined proportion
of heavier compounds such as acetone, unsaturated aldehy-
des, and other aldehyde and ketone substances increases by
20.0 %. This corresponds exactly to the 20 % addition ratio of
biodiesel (v/v), indicating that the additional heavier CCs are
entirely derived from the newly added biodiesel. Biodiesel,
primarily composed of long-chain esters, is more likely to
generate larger aldehyde and ketone compounds upon py-
rolysis. The proportion of aromatic aldehydes is found to
slightly decrease (by 4.5 %) with the increase in biodiesel
ratio, possibly because the addition of biodiesel reduces the
content of aromatic hydrocarbons in the fuel, which are pre-
cursors for the formation of aromatic aldehydes. Overall, the
blending of biodiesel significantly affects the composition
of CCs, particularly by increasing the generation of heavier
aldehyde and ketone compounds while reducing the emis-
sions of small molecules such as formaldehyde and acetalde-
hyde.

3.4 Emission characteristics and oxidative potential
assessment of CCs from different combustion
sources

3.4.1 Emission characteristics and composition
comparison of CCs from different combustion
sources

Significant differences are observed in the composition of
CCs between residential solid fuel sources and mobile
sources (on-road and non-road vehicles). The combustion
temperature is a key factor affecting the formation of small-
molecule CCs, including formaldehyde and acetaldehyde. As
depicted in Fig. 6, the proportion of formaldehyde and ac-
etaldehyde in residential solid fuel sources (69.2 %) is typi-
cally higher than that in mobile sources (57.1 %), which can
be attributed to differences in combustion temperature. The
combustion temperature from residential solid fuel sources
(such as straw, wood, and residential coal) typically ranges
lower (500-800 °C), in contrast to the higher temperatures
(1800-2000 °C) of mobile sources. Under high-temperature
conditions, formaldehyde and acetaldehyde, as highly reac-
tive substances, are prone to polymerization and cyclization
reactions, leading to a reduction of 12.1 % in their proportion
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to emissions. It is evident that the formation of formaldehyde
and acetaldehyde is more significantly influenced by com-
bustion temperature. For the CCs emitted from DV, the pro-
portion of formaldehyde and acetaldehyde (44.8 %) is lower
than that from GVs (60.1 %), which is due to the ignition
method of DVs that allows for complete combustion of fuel,
resulting in the full oxidation of aldehyde and ketone com-
pounds (Saliba et al., 2017; Guo et al., 2023). In contrast,
AMs, despite using the same fuel, exhibit a higher propor-
tion of formaldehyde and acetaldehyde (57.9 %) compared
to DVs (44.8 %). This difference may be attributed to the
stricter emission standards and exhaust treatment technolo-
gies adopted by on-road vehicles.

The formation of acetone and aromatic aldehydes is sig-
nificantly influenced by different fuel types. For instance,
the proportion of acetone and aromatic aldehydes in RCC
(20.9 %) is higher than that in BB (10.0 %), and this differ-
ence is mainly related to the chemical composition of the
fuel. Residential coal is noted to contain a higher concen-
tration of aromatic compounds, providing abundant precur-
sors for the formation of acetone and aromatic aldehydes
(Liu et al., 2022). With increasing temperature, the propor-
tions of acetone and aromatic aldehydes in BB and RCC in-
crease from 6.3 % and 22.5 % to 26.0 % and 29.6 %, respec-
tively. Under high-temperature conditions, small-molecule
substances are more likely to undergo polymerization and
cyclization reactions, leading to the generation of a greater
number of aromatic hydrocarbon compounds (Zhao et al.,
2019). Similarly, the proportion of acetone and aromatic
aldehydes in emissions from mobile sources, especially DVs,
is found to be the highest (25.7 %—42.3 %), possibly due to
a higher content of aromatic hydrocarbons in diesel (29 %—
34 %), which oxidize at high temperature to form acetone and
aromatic aldehydes. Unlike the aforementioned CC species,
combustion temperature and fuel type have an impact on
the emissions of unsaturated aldehydes. For example, the
emission characteristics of unsaturated aldehydes differ no-
tably. Owing to the presence of unsaturated bonds, unsatu-
rated aldehydes have higher reactivity and cannot exist stably
under high-temperature conditions, leading to a decrease in
their proportion from 8.6 % to 2.5 % under high-temperature
conditions. However, in non-road sources, the proportion of
unsaturated aldehydes is observed to increase by approxi-
mately 20.4 % with the increase in the proportion of biodiesel
blending. This phenomenon can be explained by the chemi-
cal characteristics of biodiesel. Studies have shown that glyc-
erol in biodiesel dehydrates and condenses to form acrolein
under high-temperature conditions (Abdullah, 2022; Corma
et al., 2008), resulting in an increase in the proportion of un-
saturated aldehyde substances with the increase in the pro-
portion of biodiesel.
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3.4.2 Comparison of OFPs for CCs from different
combustion sources

In this study, the selection was made to calculate the top 10
CCs that have the greatest impact on the OFPs, which include
formaldehyde, acetaldehyde, acetone, acrolein, propanal,
crotonaldehyde, butanal, cyclohexanone, isopentanal, and
pentanal. As illustrated in Fig. 7, significant differences are
observed in the distribution of OFPs for the top 10 CCs em-
anating from various combustion sources. The OFPs from
BB sources (8.8 g O3 kg-fuel ') are found to be significantly
higher than those from other sources (p < 0.05), being ap-
proximately 3.1 to 12.9 times higher than other sources,
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thereby indicating a substantial contribution of BB sources
to the OFPs. The next highest OFPs are from non-road
AM sources (2.5g 03 kg-fuel™!), which are significantly
higher than those from RCC sources (1.3 g O3 kg-fuel™")
and on-road sources (0.4-1.1g0O3 kg—fuel_l). Furthermore,
it is noted that the species with high OFPs from all com-
bustion sources are predominantly low-carbon CCs, such as
formaldehyde and acetaldehyde, a finding that is consistent
with other studies (Dong et al., 2014). This consistency fur-
ther confirms that low-carbon CCs exhibit stronger reactivity
and are present at higher concentrations in the atmosphere.

In on-road sources, the OFPs for E-GVs, GVs, and DVs
are 0.4, 0.6, and 1.1 g O3 kg-fuel !, respectively. When com-
pared to pure gasoline, it has been found that the use of
ethanol-blended gasoline can lead to a reduction in OFPs by
31.0% (Yao et al., 2011). This reduction is attributed to the
fact that the CCs produced by E-GVs contain a higher pro-
portion of acetaldehyde, which possesses a lower MIR value
in comparison to formaldehyde. Consequently, while the use
of ethanol-blended gasoline does not significantly diminish
CC emissions, it does contribute to a reduction in the reliance
on fossil fuels and, to a certain extent, aids in diminishing the
contribution of on-road sources to atmospheric oxidizing ca-
pacity. The OFPs obtained for GVs in this study are slightly
higher than those reported by Cao et al. (2016) (0.5 g O3 kg-
fuel_l), while the OFPs for DVs are similar to the findings
of Dong et al. (2014) (1.1 g O3 kg-fuel™!) but slightly lower
than that reported by Yao et al. (2015) (1.5 g O3 kg-fuel™1).
These differences may be related to the selection of MIR val-
ues, vehicle types, and driving distances (Wang et al., 2013),
all of which can affect the composition of CCs and subse-
quently influence the OFP values.

For AMs, the application of biodiesel also exerts a signif-
icant impact on OFPs. As shown in Fig. 7, the OFPs of B20
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Figure 7. Ozone formation potentials (OFPs) of the top 10 carbonyl compounds emitted by different combustion sources.

(3.5203 kg-fuel ') are 1.4 times that of BO (2.5 g O3 kg-
fuel™!), indicating that the use of biodiesel enhances the
OFPs, thereby increasing atmospheric oxidizing capacity.
In the emissions of CCs from AMs, formaldehyde, ac-
etaldehyde, and acrolein are identified as the primary con-
tributors to ozone formation, with formaldehyde being the
most significant contributor, accounting for 56.3 % to 57.9 %
of the total OFPs. With the increase in the proportion of
biodiesel blending, the contribution of formaldehyde slightly
decreases, while the contributions of acetaldehyde, propanal,
and acrolein increase by 24.0 %, possibly due to the presence
of esters and glycerol in biodiesel. Acrolein is classified as
a Group III carcinogen by the International Agency for Re-
search on Cancer of the World Health Organization. There-
fore, when employing biodiesel, it is necessary to consider
the impact of newly generated toxic and harmful components
in the exhaust on human health. The OFP values obtained for
AMs in this study are comparable to those reported by Yu et
al. (2023) (2.2g03 kg-fuel_l), and formaldehyde, acetalde-
hyde, and acrolein are also the main contributors to the OFPs
of AMs (Yu et al., 2023).

Therefore, emissions from BB and AMs are significant
sources of regional atmospheric oxidizing capacity and re-
quire attention. Appropriate control measures should be im-
plemented, such as continuing to implement straw burning
bans and vigorously promoting the use of energy-efficient
stoves, which can reduce CC emissions and further decrease
ozone formation by 97.6 %, thereby reducing atmospheric
oxidizing capacity. For AMs, timely updates to emission
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standards (resulting in the 62.6 % reduction in OFPs) can ef-
fectively decrease ozone formation, and efforts should be ac-
celerated to explore new alternative fuels to reduce CC emis-
sions and lower atmospheric oxidizing capacity. Although
biodiesel has good emission reduction effects on other con-
ventional pollutants, it increases the proportion of some toxic
components and atmospheric oxidizing capacity.

The OFP reduction effects of the key emission control
measures proposed in this study were evaluated, with the spe-
cific mitigation outcomes as follows. For example, at a high
combustion temperature of 800 °C, the OFPs of BB and RCC
are 0.8 (g0Os3 kg—fuel_l) and 0.6 (g0O3 kg—fuel_1 ), respec-
tively, indicating that increasing the combustion temperature
can reduce ozone formation by 91.0 % and 53.8 %, respec-
tively. Similarly, for both on-road and non-road sources, up-
grading vehicle emission standards can significantly reduce
ozone formation (46.8 %—65.0 %), with the most notable re-
duction effects observed for DV (63.6 % reduction) and AMs
(65.0 % reduction), which are the sources with higher emis-
sions levels. In conclusion, the proposed measures in this
study demonstrate significant emissions reduction effects on
atmospheric oxidizing capacity.

4 Conclusions and Implication
The emission characteristics of CCs from BB sources, RCC

sources, on-road sources, and non-road AM sources are
found to exhibit significant differences. Specifically, the

https://doi.org/10.5194/acp-25-8043-2025



Y. Lu et al.: Carbonyl compounds from typical combustion sources

EFccs from BB (1968.2:|:661.2mgkg’1) is an order of
magnitude higher than those from on-road sources (117.8
to 214.1 mgkg~"). The composition of CCs is determined
by fuel type, where oxygen-rich BB sources primarily emit
formaldehyde and acetaldehyde (80 %), which is signifi-
cantly higher than other combustion sources, whereas RCC
sources, characterized by their aromatic structures, have
a higher proportion of acetone and aromatic aldehydes
(26.0 %). In on-road sources, the addition of ethanol-blended
gasoline significantly alters the ratio of formaldehyde to ac-
etaldehyde, changing it from 5.6: 1 to 1 : 1. Similarly, the use
of biodiesel increases the production of unsaturated aldehy-
des by 20.4 %, which corresponds exactly to the 20 % (v/v)
addition of biodiesel.

For residential solid fuel sources, the combustion temper-
ature is identified as the key factor influencing the formation
of CCs. Specifically, improving stove technology from 500
to 800 °C (high temperatures) can reduce CC emissions by
94.6 %. For on-road sources and non-road AM sources, the
raising of emission standards has been found to have a sig-
nificant reduction effect on high-emitting vehicles (61.3 %).
Therefore, when formulating emission reduction measures,
priority should be given to updating emission standards, fol-
lowed by the use of new alternative fuels (such as ethanol-
blended gasoline), which can also effectively reduce CC
emissions. However, it is important to note that after im-
plementing corresponding emission reduction measures, the
proportion of some toxic compounds may increase signif-
icantly. For example, although high temperatures can en-
hance combustion efficiency and reduce the formation of
CCs, close attention must be paid to acetone and aromatic
aldehydes. High temperatures can cause small-molecule sub-
stances to polymerize and cyclize, thereby promoting the for-
mation of acetone and aromatic aldehydes, which also ap-
plies to liquid fuels. Additionally, new alternative fuels can
change the composition of CCs: the use of ethanol-blended
gasoline provides a large number of precursors for the for-
mation of acetaldehyde, thereby increasing its proportion; on
the other hand, the use of biodiesel promotes the formation
of unsaturated aldehydes such as acrolein. Therefore, while
considering combustion efficiency, attention should also be
paid to the toxicity and its impact on the environment and
health.

Based on the calculation of OFPs using MIR values, it has
been found that BB sources (8.8 g O3 kg-fuel™!) and non-
road AM sources (3.5g03 kg—fuel_l) contribute the most
to the regional atmospheric OFPs, indicating that BB and
AM sources are significant contributors to atmospheric ox-
idizing capacity. Moreover, for AMs, acrolein contributes
significantly more to OFPs than other emission sources,
thus highlighting the need for attention to BB sources and
AM sources. Targeted control measures should be developed
based on the composition of different combustion sources.
At the same time, with the continuous growth in the number
of on-road vehicles, the contribution of on-road source emis-
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sions to atmospheric oxidizing capacity in the future should
not be underestimated.
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