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ABSTRACT
This research investigated the emission rates (ERs) and emission factors (EFs) of air pollutants generated from charcoal
barbecues and the influence of temperature, the charcoal’s proximate composition (moisture, volatile matter, fixed carbon,
and ash), and oil drops. Charcoal briquettes, longan charcoal, and binchotan (commonly used for indoor barbecues) were
selected for combustion experiments, and the exhaust gas was collected for the analysis of air pollutants, viz., CO, CO2,
NOx, hydrocarbons (HCs), benzene, toluene, formaldehyde, acetaldehyde, PM2.5, and trace metals (Al, Cr, Cu, Fe, and Zn).
A linear regression model was employed to verify the major factors affecting the EFs.
The EFs of HCs measured during the dripping of oil and sauce on the charcoal ranged from 2486.2 to 9305.2 mg kg–1,
76.4–357% higher than those measured during no dripping. For PM2.5, the EFs measured during dripping ranged from 3080.4
to 3926.5 mg kg–1, 8–19 times higher than those measured during no dripping. The EFs of benzene, toluene, formaldehyde,
and acetaldehyde also significantly increased during dripping. In addition, increasing the combustion temperature reduced
the EFs of HCs, formaldehyde, and CO but increased those of Fe and Zn. The charcoal moisture content was significantly
positively correlated with the EF of HCs, whereas the volatile matter content was significantly positively correlated with
those of HCs and benzene. Positive correlations existed between the charcoal ash content and the EFs of CO, Fe, and Zn.
The fixed carbon content was significantly positively correlated with the EF of CO2 but negatively correlated with those of
CO, Al, and Zn.
Keywords: Charcoal barbecue; Air pollution; Emission factor; PM2.5.

INTRODUCTION
Worldwide, approximately 2.8 billion people (approximately
half of the world’s population) rely on solid fuels, including
wood, charcoal, coal, crop residues, bamboo, and animal
dung, for cooking, particularly in developing countries (Jetter
and Kariher, 2009; Bonjour et al., 2013; Huangfu et al.,
2014). According to the first comparative risk assessment of
the Global Burden of Disease project (Smith et al., 2004),
cooking with solid fuels has led to approximately 2 million
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premature deaths from pneumonia, chronic obstructive
pulmonary disease and other respiratory diseases (WHO,
2017). Based on the newest available data, in 2016, 2.6 million
global deaths resulted from illnesses were attributed to
household air pollution from burning solid fuel (Institute for
Health Metrics and Evaluation, 2017). Solid fuel cooking
has also caused considerable outdoor air pollution in many
regions and, consequently, it has been associated with
approximately 0.5 million more premature deaths (Lim et
al., 2012).
Emissions from cooking activities can have detrimental
impacts on aerosols and air quality at regional and global
scales. The measurement of air pollutants, such as particulate
matter (PM) and trace gases, can enable the quantification
of the impact of cooking and biomass burning on regional
air pollutant concentrations. For example, daily PM2.5 filter
samples were collected in Navrongo, Ghana, from 2009–
2010 (Ofosu et al., 2013); using source apportionment
techniques, observed particulate elemental carbon (EC) and
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organic carbon (OC) and speciated elements were used to
identify sources of PM2.5, and biomass combustion was
found to be the second-largest contributor to ambient PM
concentrations after dust. Regional PM2.5 monitoring has
also been performed in Accra (Rooney et al., 2012); Nigeria
(Obioh et al., 2013); Ouagadougou, Burkina-Faso (Boman
et al., 2009); and Cairo (Abu-Allaban et al., 2007).
In developed countries, household solid fuel cooking is
uncommon. However, charcoal barbecues (BBQs) are very
popular, and barbecuing has become a common leisure
activity. Charcoal BBQs are used both outdoors and indoors.
For example, in Taiwan, the number of indoor charcoal BBQ
restaurants is increasing, and there are even indoor barbecue
chain stores. The air pollution emitted from BBQs not only
results in the deterioration of indoor air quality but also
severely impacts outdoor air quality. Many studies have
found that charcoal BBQs are one of the major sources of air
pollutants, including PM, carbon monoxide (CO), nitrogen
oxides (NOx), volatile organic compounds (VOCs), carbonyls,
trace metals, and polycyclic aromatic hydrocarbons (PAHs)
(Venkataraman and Rao, 2001; Bhattacharya et al., 2002b;
Jetter and Kariher, 2009; Kabir et al., 2010, 2011; Huang et
al., 2016).
Taner et al. (2013) found that the total hazard quotient
(total HQ) and excess lifetime cancer risk (total ELCR) from
exposure to metal elements on the fine PM in indoor
barbecue restaurants were higher than the acceptable level.
Susaya et al. (2010) also found that the concentrations of
many trace metals emitted from BBQ charcoal combustion
exceeded the permissible exposure limits (PELs) (Iqbal and
Kim, 2016). Not only the concentration of trace metal elements
but also the concentration of PM exceeded the PELs, as
demonstrated in a review by Iqbal and Kim (2016). Although
the VOCs and carbonyls emitted from BBQ charcoal
combustion may not exceed the PELs (Kabir et al., 2010),
offensive odorants including VOCs, carbonyls, reduced
sulfur compounds and ammonia sometimes exceed the
reference guidelines (Mahmudur Rahman and Kim, 2012).
Badyda et al. (2017) investigated the inhalation exposure to
particle-bound PAHs released from BBQ grills powered by
gas, lump charcoal, and charcoal briquettes. They found that
the PM emission concentrations from BBQ grills with food
loaded were much higher than those without food loaded.
The incremental lifetime cancer risk due to particle-bound
PAH exposure ranged from as low as 8.38 × 10–5 (gas without
food load) to as high as 0.868 (charcoal briquettes with food
load). Therefore, we suspected that the oil drops (and BBQ
sauce) from barbecued foods, which usually instantly emit
extremely high concentrations of smoke, contribute most of
the air pollutants during charcoal BBQs. However, this issue
was not previously investigated. In addition, although
charcoal emissions have been reported in many previous
studies, most of the studies involved descriptive research
without systematic statistical analysis and did not provide
results about what kinds of factors influence the air pollution
emitted from charcoal BBQs. One innovative approach in
our study is that we utilized a linear regression model to
determine the major factors influencing the emission of air
pollutants during the combustion of charcoal.
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Our previous study (Huang et al., 2016) evaluated the
emission factors (EFs) of PM2.5, PM10, hydrocarbons (HCs),
CO, CO2, NOx, formaldehyde and acetaldehyde from ten
charcoals used in both indoor and outdoor BBQs in Taiwan.
As a follow-up study, the primary objective of this study is
to investigate the effects of oil dripping from food on air
pollutants, namely, CO, carbon dioxide (CO2), total HCs,
NOx, carbonyls (formaldehyde and acetaldehyde), aromatic
HCs (benzene and toluene), PM2.5 (particles smaller than
2.5 µm), and PM2.5 metals, emitted from commonly used
BBQ charcoal and to determine the pollutant EFs. Basic
experiments involving the determination of charcoal
characteristics, including the heating value and the contents
of moisture, volatiles, fixed carbon, and ash, and elemental
analysis, were also undertaken. Combustion experiments
investigating three common charcoals, i.e., charcoal briquettes,
longan charcoal, and binchotan, were performed under
different combustion temperatures with or without oil dripping.
The flue gas from the combustion was collected and
analyzed for PM2.5 and the gaseous air pollutants CO, CO2,
NOx, and total HCs. Understanding the characteristics and
EFs of pollutants emitted from charcoal BBQs can help
formulate better control strategies and predict the impact of
charcoal BBQs on both indoor and ambient air quality.
MATERIALS AND METHODS
Experimental Design
Three kinds of charcoal commonly used for indoor
barbecuing in Taiwan were selected for combustion
experiments (Table 1). The charcoals utilized in this study
were cut into small pieces (20–40 mm). Before combustion,
the charcoal was conditioned in a drying cabinet at room
temperature and relative humidity below 50% for 24 hours.
For each batch combustion experiment, 30 ± 0.5 g of the
conditioned charcoal was burned at two different temperature
settings (425°C and 500°C) to simulate charcoal combustion
at high temperatures during a BBQ. The air flow rate passing
through the combustion chamber was set at 10 L min–1,
corresponding to a face velocity of 8.5 cm s–1, which meets
the excellent-grade indoor air flow standard (< 20 cm s–1)
recommended by the indoor air quality guidelines of Hong
Kong. The ventilation rate of the combustion chamber was
17 min–1, which provided sufficient air and oxygen for
charcoal combustion. In addition, the dripping of oil and
BBQ sauce from the barbecued meat to the burned charcoals
was simulated. A total of 3 ± 0.05 g of lard oil, BBQ sauce,
or a mixture of lard oil and BBQ sauce (1:1) was added to
the charcoal. The whole sampling time of airborne pollutants
from the combustion was 60 minutes. After 1 hour, the
charcoal flames were extinguished. The remaining unburned
charcoal was conditioned again and then weighed. All
experiments were carried out in triplicate. The air pollutants
produced from charcoal combustion investigated in this
study included PM2.5, the heavy metals in PM2.5, HCs, CO,
CO2, NOx, benzene, toluene, formaldehyde, and acetaldehyde.
The emission rates (ERs) and EFs of the measured air
pollutants emitted by combustion were calculated by Eqs. (1)
and (2) based on the analytical results.
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Table 1. Charcoal characteristics.
Proximate analysis (%)
Charcoal

Moisture

Volatile matter

Fixed carbon

Ash

ED, calorific value
(KJ kg–1)

3.34

5.36

78.07

13.22

28,573.23

4.22

21.63

69.96

4.19

27,960.86

9.89

2.69

85.16

2.25

28,469.56

Charcoal briquettes (CB) from Indonesia

Longan charcoal (LC) from Taiwan

Binchotan (BC) from South Asia
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Here, Ci is the air pollutant concentration (mg Nm–3); Qi
is the air flow rate passing through the combustion chamber
(10 L min–1 = 10–3 Nm3 min–1); ti is the sampling time (60
minutes); m0 is the weight of charcoal before burning (g);
and mf is the weight of the remaining unburned charcoal (g).
The unburned charcoal is not part of the ash. The ash content
was determined by the standard methods NIEA R205.01C
and CNS 10822, as described in our previous study (Huang
et al., 2016), and the ash was the charcoal residue after
burning at 800°C for 3 hours. The unburned charcoal was
the charcoal residue in our experiments (burning at 425°C
or 500°C for 1 hour).
Experimental Setting
The schematic of the experimental setup is shown in Fig. 1.
An air compressor provided the air for the experimental
system. The moisture in the air was removed first by a mist
eliminator and then by a diffusion dryer. Then, the organic
compounds and PM in the dry output air were eliminated by

an activated carbon cartridge and a high-efficiency particulate
air (HEPA) filter to produce zero air for the combustion
chamber (Model D-55; Deng Yang Instrument Co., Ltd.,
Taiwan) to perform the charcoal combustion experiments.
The combustion chamber (250 mm × 350 mm × 400 mm)
was composed of a tube furnace with front and back
stainless-steel doors, a quartz tube, and a quartz carrier. The
inner diameter and the effective heating length of the tube
furnace were 55 mm and 300 mm, respectively. The internal
and external diameters and the length of the quartz tube were
50, 53, and 1000 mm, respectively. Before the combustion
experiments, 30 ± 0.5 g of the conditioned charcoal was
loaded in the quartz carrier, which was a half-cylinder with
a 35-mm external diameter and a 154-mm length. In this
study, the effect of different temperatures (425°C and 500°C)
on the emission of air pollutants was investigated. In addition
to the combustion experiments on the three different charcoals
(charcoal briquettes, longan charcoal, and binchotan),
combustion experiments with oil (lard oil, BBQ sauce, or a
mixture of lard oil and BBQ sauce (1:1)) dripping on the
burned charcoals were conducted to explore the effect of oil
dripping on the emission of air pollutants. The hot flue gas
exhausted from the combustion chamber was cooled to
< 43°C using cooling water.
The PM2.5 in the flue gas was measured continuously by an
environmental particulate air monitor (Model EPAM-5000;
HAZ-DUST®) for 60 minutes. The EPAM-5000 used in this

Yu et al., Aerosol and Air Quality Research, 20: 1480–1494, 2020

1483

Fig. 1. Schematic of the experimental setup.
study has a unique sampling design. This design allows for
real-time data and filter-based gravimetric analysis utilizing
the Federal Reference Method (FRM) 47-mm cassette
located directly behind the optical sensor for aerosol particles.
The sampling flow rate of the EPAM-5000 can be adjusted
between 1 and 4.3 L min–1. The PM2.5 probe was used during
sampling, and the sampling flow velocity was adjusted to
8.5 cm s–1 (the same as that in the combustion chamber) to
create isokinetic conditions to retain the same particle size
distribution. The 47-mm filters collected from PM2.5 sampling
by EPAM-5000 were conditioned in desiccators and then
digested in a Teflon tube with 20 mL of extraction solution
by a microwave digestion system. The filter sample was
heated to 140 ± 5°C and maintained at this temperature for
13 minutes. The digested solution was filtered by a 0.45-µm
membrane filter, injected into a clean sample tube and
adjusted to 20 mL. The sample tube was then analyzed by
inductively coupled plasma optical emission spectrometry
(ICP-OES) for 15 heavy metals, namely, Al, As, Be, Cd, Co,
Cu, Fe, Hg, Ni, Pb, Se, V and Zn, by the method of NIEA
A306.10C of the Taiwan Environmental Protection Agency.
Gaseous air pollutants (total HCs, CO2, CO, and NOx) in
the flue gas were measured continuously by a multigas analyzer
(HM5000; Infrared Industries, USA) for 60 minutes. The
moisture and particles were removed by a diffusion dryer
and a HEPA filter before measurement to protect the multigas
analyzer.
The gaseous carbonyl compounds (formaldehyde and
acetaldehyde) generated from charcoal combustion were
collected on LpDNPH (2,4-dinitrophenylhydrazone) S10 air
monitoring cartridges (Supelco, USA), and the sampling

flow rate was set at 0.5 L min–1 to avoid breakthrough of
gaseous carbonyl compounds. After sampling, the DNPH
cartridge was eluted with 2 mL of acetonitrile, and the eluate
was adjusted to 10 mL. The DNPH-carbonyl derivatives were
analyzed by injecting 10 µL of eluate to a 1200 Series HPLC
equipped with a diode array detector (DAD) (Agilent, USA)
and were quantified by the absorbance at 360 nm. An Agilent
C18 column (250 × 4.6 mm, 5 µm) (Agilent, USA) served as a
reversed-phase column for the separation of DNPH-carbonyl
derivatives. The mobile phase contained two solvents: Mixture
A, 40:60 (v/v) pure water/acetonitrile, and Solvent B, 100%
acetonitrile. The gradient program started with Mixture A
for 7 minutes, followed by a linear gradient from Mixture A
to Solvent B over 13 minutes. The flow rate was maintained
at 1.0 mL min–1 throughout the analysis. Calibration curves
(R2 ≥ 0.995) for quantification of formaldehyde and
acetaldehyde were prepared by diluting the TO11/IP-6A
Aldehyde/Ketone-DNPH Mix (certified reference material,
15 µg mL–1 in acetonitrile; Supelco) with pure acetonitrile
solvent into a series of concentrations. The detailed QA/QC
procedure for carbonyl compound analysis was described in
our previous study. The recovery and limit of detection
(LOD) for formaldehyde were 99.6–106.3% and 3.1 ppb,
respectively, while those for acetaldehyde were 99.6–105.6%
and 2.6 ppb, respectively.
The gaseous aromatic compounds (benzene and toluene)
produced from charcoal combustion were collected on
Tenax TA (60/80 mesh) cartridges (Supelco). The sampling
flow rate of the Tenax TA (60/80 mesh) cartridges was
controlled at 0.05 L min–1 to avoid breakthrough of the
gaseous pollutants. After sampling, the Tenax TA cartridges
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were thermally desorbed, and the aromatics were cryofocused
using a Tekmar 6000 AERO Trap desorber. Then, the aromatic
compounds were analyzed using an Agilent 6890N gas
chromatograph with a flame ionization detector (GC-FID). A
30-m SPB-5 column (Supelco) with a 0.53-mm inner diameter
and a 0.5-µm film thickness was used. The quantification of
aromatic compounds was conducted as follows. First, we
prepared a series of reference solutions diluted from the EPA
TO-1 Toxic Organic Mix 1A solution (certified reference
material, 2 mg mL–1 each component in methanol; Supelco).
Then, we introduced 1 µL of the reference solution into a
125-mL glass sampling bulb (Supelco). Once the reference
solution was evaporated, the air in the sampling bulb was
swilled out by cylinder-compressed air, sampled with a
Tenax TA cartridge at a flow rate of 25 mL min–1 for
10 minutes, and then analyzed by the GC system. Calibration
curves for the quantification of aromatic compounds were
generated based on the analytical results for the series of
reference solutions. The recovery and LOD for benzene
were 93.6–108.3% and 15 ppb, respectively, while those for
toluene were 92.1–107.3% and 16 ppb, respectively.
The hydrocarbons benzene (a human carcinogen), toluene
(has neurotoxic properties), formaldehyde (causes cancer of
the nasopharynx, leukemia, and irritation of eye and
respiratory tract), and acetaldehyde (possibly carcinogenic
to humans) were determined because of their severe toxic
properties (https://toxnet.nlm.nih.gov/). In addition, the singlering compounds benzene and toluene are precursors of toxic
PAHs (Bruinsma and Moulijn, 1988; Shukla and Koshi, 2011),
which were commonly found in emissions from charcoal BBQs
and BBQ meats (Kabir et al., 2010; Badyda et al., 2017).
The charcoal characteristics were derived from the
proximate and elemental analyses and calorific value
measurement conducted in our previous study (Huang et al.,
2016), and the associated data in Table 1 are adopted from
our previous study (Huang et al., 2016). The thermogravimetric
analysis (TGA) and differential thermal analysis (DTA) of
charcoal briquettes, longan charcoal, and binchotan were
conducted by using a DuPont TA Q50 thermogravimetric
analyzer with air purging.

for the variable selection and p-value < 0.1 as the removal
cutoff. The results of the linear regression analyses were
described with the model-adjusted R2 and unstandardized
beta coefficient. The accepted level of statistical significance
was a p-value < 0.05* and 0.01** (two-sided test). Statistical
analysis was conducted using SPSS for Windows, version
20.0 (IBM Corporation, Armonk, New York, USA).

Data Analysis and Statistics
Spearman’s rank correlation coefficient was applied to
evaluate the correlation between the EFs of all the target air
pollutants from charcoal burning. According to the analysis
results, the air pollutants with highly correlated EFs had
similar emission trends. Therefore, only one representative
pollutant was further analyzed to avoid redundant descriptions.
A linear regression model was utilized to determine the
major factor influencing the EFs of air pollutants during the
combustion of charcoal. The EF of each air pollutant was
applied as a separate dependent variable. Because EFs may
be affected by the combustion temperature, sauces, and
charcoal components, the combustion temperature, sauce
(Sauce 1 was lard oil, Sauce 2 was BBQ sauce, and Sauce 3
was a mixture of lard oil and BBQ sauce), and charcoal
components (the moisture, volatile components, fixed carbon,
and ash content) were included in the model as independent
variables. We set the p-value < 0.05 as the entry threshold

According to our measurement results, there was a
significant positive correlation between ER and EF/ED
(Spearman’s rho = 0.649–0.998, p < 0.002), even though the
measurements were obtained under various experimental
conditions; thus, the stove power can be estimated based on
this equation.

RESULTS AND DISCUSSION
Emission Rates of Air Pollutants
Fig. 2 and Table 2 demonstrate the ERs of air pollutants
from charcoal burning under different conditions. The ERs
of PM2.5, benzene, toluene, formaldehyde, and acetaldehyde
changed significantly among different experimental conditions,
particularly with/without lard oil and BBQ sauce, and
ranged from 2.675 to 103.5 mg h–1, 0.05 to 1.03 µg h–1, 0.02
to 0.68 µg h–1, 0.28 to 1.90 µg h–1, and 0.20 to 7.66 µg h–1,
respectively. In addition, the fractions of benzene, toluene
and formaldehyde among the total hydrocarbons were
0.00003–0.00101%, 0.00002–0.00059%, 0.00021–0.00658%
and 0.00068–0.05179%, respectively. However, the variations
in the ERs of the heavy metal pollutants (Cr, Cu, and Fe),
CO, CO2, NOx, and among different experimental conditions
were not as obvious as the variations in PM2.5, benzene,
toluene, formaldehyde, and acetaldehyde (HCs).
However, the ERs were affected by the mass of the charcoal
burned; in other words, as the charcoal mass increased, more
air pollutants were generated, leading to higher ERs. To
eliminate this effect and obtain the EF of each air pollutant,
the ERs of the air pollutants emitted by charcoal burning
were normalized to the mass of charcoal burned. Some
studies suggest that the ER is a function of stove power (W,
kJ hr-1) and the energy density (or calorific value) of the fuel
(ED, kJ kg–1) and that the fuel-based EF can be calculated as
(Johnson et al., 2011):
ER 

EF
W
ED

(3)

Emission Factors of Air Pollutants
Fig. 3 and Table 3 demonstrate the EFs of air pollutants
from charcoal burning under different conditions. Among all
the metal pollutants, Al had the highest EF, while acetaldehyde
had the highest EF among all the measured organic
pollutants. It is noted that the EF of Zn from the combustion
of binchotan was much lower than that from the combustion
of other charcoals. In the production process of binchotan,
the temperature in the activation phase increases up to
1200°C (much higher than the activation temperature for
other charcoals); thus, most of the elemental Zn (boiling point
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Fig. 2. Effects of lard oil and BBQ sauce on the ERs of various air pollutants from charcoal burning under different conditions.
= 907°C) in binchotan may evaporate during the activation
phase. Therefore, the emission of Zn from binchotan was not as
much as those from charcoal briquettes and longan charcoal.
Similar to the ERs, the EFs of HCs, PM2.5, benzene,
toluene, formaldehyde and acetaldehyde varied considerably
among different experimental conditions, especially with/
without lard oil and BBQ sauce, and ranged from 622.6–
15,667.8 mg kg–1, 134.3–5291.1 mg kg–1, 2.23–49.17 µg kg–1,
1.05 to 32.08 µg kg–1, 18.8 to 87.1 µg kg–1 and 10.2 to
380.4 µg kg–1, respectively. The EFs of the HC compounds
were compatible with the results from our previous study
(Huang et al., 2016) and other studies on the HC emissions
from burning biomass (Andreae and Merlet, 2001), charcoal

(Bhattacharya et al., 2002b), and wood (Bhattacharya et al.,
2002b; Evtyugina et al., 2014). It is noted that, when the oil
and sauce were applied to the charcoals, the EFs of the HC
compounds significantly increased.
When oil or sauce was dripped onto the charcoal, the
PM2.5 EFs ranged between 3080.39 and 5291.14 mg kg–1,
which was 8–19 times higher than the PM 2.5 EF range
without sauce dripping. Therefore, the PM2.5 EFs observed
in this study were much higher than those observed in our
previous study (Huang et al., 2016). Not only the HC and
PM 2.5 EFs but also the EFs of other target pollutants,
including benzene, toluene, formaldehyde and acetaldehyde,
increased significantly when the sauce was added to the

(B)

2

3

Fe (µg h–1)
38.80 ± 0.74
37.86 ± 1.52
44.30 ± 0.54
36.77 ± 2.11
34.92 ± 6.89
27.00 ± 2.39
32.64 ± 0.55
35.82 ± 0.48
37.84 ± 1.53
36.53 ± 0.61
39.95 ± 0.62
37.29 ± 2.33
39.66 ± 2.33
41.02 ± 1.52
41.11 ± 0.53
46.81 ± 0.32
26.87 ± 0.29
32.09 ± 4.41
28.05 ± 0.42
26.60 ± 0.81

Zn (µg h–1)
29.47 ± 0.58
28.39 ± 0.46
29.47 ± 1.83
31.63 ± 0.12
29.73 ± 1.50
26.88 ± 1.16
28.10 ± 0.53
28.05 ± 0.14
34.38 ± 0.79
31.38 ± 0.38
31.76 ± 1.36
31.00 ± 0.74
30.49 ± 0.42
32.00 ± 0.88
30.82 ± 1.37
32.44 ± 0.76
7.31 ± 0.10
7.57 ± 0.23
7.44 ± 0.14
7.23 ± 0.20

CO (g h–1)
6.50 ± 0.90
7.82 ± 0.58
5.13 ± 1.13
7.36 ± 0.60
6.00 ± 0.51
5.91 ± 0.58
4.24 ± 0.77
6.59 ± 1.34
5.13 ± 1.00
5.64 ± 0.54
4.39 ± 0.32
4.71 ± 0.15
4.58 ± 0.84
4.98 ± 0.20
4.04 ± 0.36
4.90 ± 1.17
2.37 ± 0.41
2.13 ± 0.36
2.22 ± 0.39
1.82 ± 0.19

CO2 (g h–1)
53.77 ± 0.60
46.90 ± 0.44
32.73 ± 7.91
48.33 ± 1.99
36.73 ± 1.92
30.57 ± 3.76
25.72 ± 1.99
43.35 ± 4.56
38.10 ± 7.83
44.32 ± 2.17
35.84 ± 2.48
39.37 ± 2.88
35.80 ± 1.63
36.30 ± 2.00
42.79 ± 9.66
37.08 ± 6.42
32.78 ± 2.99
37.24 ± 1.38
33.23 ± 2.04
40.52 ± 5.50

Table 2. Emission rates (ERs; mean ± standard deviation) of air pollutants from charcoal burning under different conditions.

(C)
HC (mg h–1)
Al (µg h–1)
Cr (µg h–1) Cu (µg h–1)
Non 40.14 ± 12.85
116.73 ± 5.68
0.75 ± 0.10 0.65 ± 0.02
(1)
40.62 ± 3.38
110.67 ± 9.76
0.71 ± 0.10 0.67 ± 0.03
CB
(2)
16.18 ± 0.94
83.27 ± 13.82
0.90 ± 0.10 0.67 ± 0.02
(3)
44.14 ± 2.00
89.11 ± 18.01
0.61 ± 0.14 0.65 ± 0.01
425°C
Non 203.76 ± 16.45 112.80 ± 5.04
0.80 ± 0.16 0.80 ± 0.12
(1)
286.61 ± 21.62 93.33 ± 14.46
0.59 ± 0.10 0.81 ± 0.09
LC
(2)
155.51 ± 44.36 109.93 ± 8.01
0.73 ± 0.15 1.03 ± 0.03
(3)
224.16 ± 20.71 87.95 ± 5.59
0.53 ± 0.04 0.62 ± 0.03
Non 25.89 ± 1.38
68.48 ± 10.05
0.77 ± 0.09 0.78 ± 0.09
(1)
52.20 ± 6.60
74.02 ± 14.95
0.66 ± 0.12 0.71 ± 0.05
CB
(2)
13.38 ± 1.30
47.90 ± 5.58
0.63 ± 0.06 0.65 ± 0.03
(3)
36.58 ± 7.41
62.44 ± 3.95
0.61 ± 0.14 0.69 ± 0.04
Non 107.64 ± 59.51 135.08 ± 9.54
0.81 ± 0.04 0.66 ± 0.05
(1)
183.56 ± 14.40 131.49 ± 12.64 0.75 ± 0.19 0.78 ± 0.09
500°C LC
(2)
64.01 ± 17.79
104.90 ± 5.20
0.72 ± 0.06 0.72 ± 0.06
(3)
203.64 ± 59.13 107.19 ± 2.21
0.67 ± 0.08 0.68 ± 0.06
Non 18.94 ± 0.63
58.06 ± 7.50
0.28 ± 0.02 0.75 ± 0.04
(1)
58.26 ± 7.19
45.34 ± 4.87
0.75 ± 0.19 0.71 ± 0.12
BC
(2)
24.90 ± 1.23
18.62 ± 1.54
0.61 ± 0.05 0.47 ± 0.03
(3)
42.89 ± 4.86
17.24 ± 2.87
0.54 ± 0.09 0.56 ± 0.05
1
(A) Temperature of the charcoal BBQ (°C).
2
(B) Types of charcoals: CB = charcoal briquettes, LC = longan charcoal, BC = binchotan.
3
(C) Types of sauces: (1) lard oil, (2) BBQ sauce, (3) lard oil + BBQ sauce.

(A)

1

NOx (mg h–1)
6.69 ± 0.58
7.01 ± 0.60
2.35 ± 0.22
3.41 ± 0.31
4.81 ± 0.77
5.04 ± 0.67
4.56 ± 0.67
4.59 ± 0.47
8.00 ± 1.31
7.43 ± 0.54
3.98 ± 0.39
4.75 ± 0.43
4.54 ± 1.41
3.33 ± 0.39
2.98 ± 1.95
3.29 ± 0.73
3.30 ± 0.52
4.10 ± 0.34
4.13 ± 0.37
4.30 ± 0.44
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Fig. 3. Effects of lard oil and BBQ sauce on the EFs of various air pollutants from charcoal burning under different conditions.
charcoal. Conversely, the variation in the EFs of CO, CO2,
NOx, and some metals (Cr, Cu, Fe) among the different
experimental settings was not substantial.
Correlations between the Emission Factors of Different
Air Pollutants
The results of the correlation analysis between the EFs of all
the target air pollutants from charcoal burning are presented in
Table 4. The EFs of benzene and toluene were highly positively
correlated. Both toluene and benzene are the main ingredients
of VOCs in charcoal exhaust gases (Kabir et al., 2010). The
EF of HC also demonstrated a significant positive correlation
with the EFs of toluene and benzene. In addition, the PM2.5 EF
was significantly positively correlated with the EFs of benzene,

toluene, formaldehyde, acetaldehyde, and HC compounds.
Among all the metal pollutants emitted from charcoal
combustion, there was a significant positive correlation
between the EFs of Fe and Cr, Fe and Zn, and Al and Zn. A
marginally significant positive correlation between the Fe
and Cr emitted from charcoal products has been reported by
Kabir et al. (2011). However, it is curious that there were no
significant correlations between the EFs of the PM2.5 metals
and the PM2.5 EF. In the study by Dionisio et al. (2012),
there was a weak correlation between an indirect method of
estimating personal PM2.5 exposure (i.e., applying the
relationship between cooking-area PM2.5 and CO to personal
CO measures) and a direct method of measuring personal
PM2.5 for children in Gambia.

(B)

2

Zn (µg kg–1)
1441 ± 95
1339 ± 25
1414 ± 80
1600 ± 40
1557 ± 90
1321 ± 109
1285 ± 28
1317 ± 98
1740 ± 73
1492 ± 58
1631 ± 116
1560 ± 59
1491 ± 94
1621 ± 22
1542 ± 159
1587 ± 126
418.6 ± 15.2
505.3 ± 25.0
456.4 ± 25.6
485.8 ± 31.0

CO (g kg–1)
319.6 ± 27.2
368.3 ± 23.0
257.3 ± 42.8
372.7 ± 41.2
303.3 ± 34.8
291.3 ± 43.4
208.3 ± 22.0
317.9 ± 55.5
244.3 ± 40.2
268.7 ± 32.5
225.4 ± 20.7
237.1 ± 4.3
222.9 ± 34.4
252.1 ± 10.3
201.9 ± 25.8
240.7 ± 67.5
135.2 ± 22.0
142.3 ± 25.7
137.1 ± 28.8
122.6 ± 16.8

CO2 (g kg–1)
2656 ± 151
2211 ± 36
1641 ± 315
2444 ± 82
1851 ± 41
1502 ± 209
1265 ± 226
2025 ± 83
1813 ± 327
2105 ± 91
1836 ± 78
1979 ± 119
1747 ± 40
1839 ± 90
2118 ± 372
1820 ± 382
1875 ± 147
2487 ± 160
2268 ± 366
2716 ± 325

Table 3. Emission factors (EFs; mean ± standard deviation) of air pollutants from charcoal burning under different conditions.

3

(C)
HC (mg kg–1)
Al (µg kg–1) Cr (µg kg–1)
Cu (µg kg–1) Fe (µg kg–1)
Non 1590 ± 351
5699 ± 263
36.64 ± 6.76
31.71 ± 0.78 1898 ± 138
(1)
1914 ± 140
5216 ± 426
33.33 ± 5.13
31.62 ± 1.96 1785 ± 50
CB
(2)
815 ± 18
4283 ± 889
43.07 ± 5.57
32.19 ± 1.32 2127 ± 50
(3)
2231 ± 48
2276 ± 101
31.05 ± 7.91
32.74 ± 0.66 1860 ± 112
425°C
Non 10,300 ± 1184 5910 ± 386
42.04 ± 9.30
41.71 ± 6.56 1823 ± 316
(1)
14,120 ± 1798 4601 ± 875
29.02 ± 6.53
39.50 ± 2.43 1329 ± 172
LC
(2)
8184 ± 915
5032 ± 429
33.29 ± 7.13
47.05 ± 0.53 1493 ± 14
(3)
10,570 ± 1709 4117 ± 59
24.70 ± 0.82
29.30 ± 2.88 1681 ± 95
Non 1237 ± 95
3464 ± 511
38.89 ± 5.67
39.64 ± 5.15 1914 ± 90
(1)
2486 ± 378
3539 ± 852
31.15 ± 5.23
33.74 ± 2.66 1736 ± 63
CB
(2)
686 ± 67
2453 ± 221
32.39 ± 3.45
33.60 ± 1.94 2050 ± 72
(3)
1837 ± 352
3143 ± 245
30.70 ± 6.71
34.95 ± 2.37 1877 ± 144
Non 5273 ± 2929
6600 ± 546
39.88 ± 4.04
32.10 ± 2.92 1942 ± 215
(1)
9305 ± 796
6661 ± 608
37.88 ± 9.65
39.60 ± 4.19 2078 ± 63
500°C LC
(2)
3215 ± 1001
5228 ± 79
35.71 ± 3.61
35.83 ± 4.53 2052 ± 97
(3)
10,040 ± 3265 5241 ± 360
32.76 ± 5.79
33.03 ± 1.74 2288 ± 121
Non 1085 ± 64
3330 ± 501
16.01 ± 1.16
43.03 ± 1.54 1538 ± 37
(1)
3886 ± 450
3024 ± 294
50.61 ± 14.04 47.44 ± 8.94 2148 ± 348
BC
(2)
1526 ± 68
1144 ± 136
37.52 ± 4.80
28.92 ± 2.76 1720 ± 64
(3)
2876 ± 274
1163 ± 241
35.97 ± 5.37
37.60 ± 2.08 1788 ± 124
1
(A) Temperature of charcoal burning (°C).
2
(B) Types of charcoals: CB = charcoal briquettes, LC = longan charcoal, BC = binchotan.
3
(C) Types of sauces: (1) lard oil, (2) BBQ sauce, (3) lard oil + BBQ sauce.

(A)

1

NOx (mg kg–1)
330.4 ± 28.4
330.8 ± 32.3
128.2 ± 24.9
172.9 ± 21.0
243.2 ± 42.8
247.4 ± 36.8
211.1 ± 32.3
215.9 ± 31.5
380.9 ± 53.1
353.2 ± 26.9
204.5 ± 24.4
238.8 ± 20.3
223.8 ± 75.0
168.5 ± 18.3
146.0 ± 91.4
161.1 ± 38.9
189.0 ± 31.6
273.9 ± 28.9
253.4 ± 25.3
288.5 ± 23.8
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HC
CO
CO2
NOx
PM2.5
Al
Cr
Cu
Fe
Zn
Benzene
Toluene
HCHO
C2H4O
Variable2
HC
1.00
CO
0.19
1.00
CO2
–0.18
0.04
1.00
NOx
–0.12
0.10
0.39**
1.00
0.47**
0.09
0.09
–0.03
1.00
PM2.5
Al
0.47**
0.36**
–0.38**
–0.12
–0.24
1.00
Cr
0.02
–0.08
0.13
0.14
–0.18
0.17
1.00
Cu
0.23
–0.31*
–0.24
–0.02
–0.04
0.03
0.18
1.00
Fe
–0.14
0.00
0.09
–0.18
–0.09
0.17
0.43**
–0.12
1.00
Zn
0.00
0.45**
–0.19
–0.13
–0.08
0.28*
0.20
–0.02
0.55**
1.00
Benzene
0.54**
0.03
–0.08
0.04
0.71**
0.07
–0.17
0.21
–0.17
–0.09
1.00
Toluene
0.53**
0.22
0.01
0.12
0.71**
0.04
–0.20
0.26*
–0.25
–0.02
0.93**
1.00
HCHO
–0.08
0.06
0.21
0.15
0.39**
–0.20
0.20
–0.09
0.02
–0.23
0.21
0.19
1.00
C2H4O
0.06
–0.09
0.03
–0.02
0.38**
–0.18
–0.10
0.02
–0.06
0.07
0.35**
0.28*
–0.12
1.00
1
The analysis unit is an individual sample (n = 60).
2
HC (mg kg–1), CO (g kg–1), CO2 (g kg–1), NOx (mg kg–1), PM2.5 (mg kg–1), Al (µg kg–1), Cr (µg kg–1), Cu (µg kg–1), Fe (µg kg–1), Zn (µg kg–1), benzene (µg kg–1),
toluene (µg kg–1), HCHO, formaldehyde (µg kg–1), C2H4O, acetaldehyde (µg kg–1).
* p-value < 0.05; ** p-value < 0.01.

Table 4. Spearman correlation coefficients between the EFs of air pollutants from charcoal burning1.
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Effect of Temperature on the Emission Factors of Air
Pollutants
The main objective of this study was to investigate the
effects of temperature, oil, sauce, and charcoal components
(moisture, volatile matter, fixed carbon, and ash) on the
emission of air pollutants from charcoal BBQs. A linear
regression model was used to evaluate the correlation
between these influential factors and the EFs of air pollutants,
and Table 5 shows the results of the linear regression
analysis.
Increasing the combustion temperature of the charcoals
from 425°C to 500°C significantly reduced the EFs of HC
compounds, formaldehyde, and CO, as presented in Table 5.
Our previous study also demonstrated that the EFs of HC
compounds decreased significantly when the combustion
temperature of sawdust briquette charcoal increased from
450°C to 500°C (Huang et al., 2016). Venkataraman and
Rao (2001) also showed a negative correlation between the
EF of CO and the combustion temperature of biofuel.
Raising the temperature can promote complete combustion
(Venkataraman and Rao, 2001) and thus decrease the
emission of organic compounds (HCs, formaldehyde and
acetaldehyde) and CO.
The TGA and DTA results in Fig. 4 help explain the
correlations between the combustion condition (especially
temperature) and pollutant emissions. As shown in Fig. 4,
the weight loss from 35 to 100°C was caused by the loss of
moisture. In the DTA curve of longan charcoal, the peak at
396°C was associated with the loss of volatile matter. For
charcoal briquettes and binchotan, the loss of volatile matter
occurred at approximately 100–420°C and 100–450°C,
respectively. This result may explain why the emission of
HC at 425°C was higher than that at 500°C. The peaks at
465°C and 450°C in the DTA curves of charcoal briquettes
and longan charcoal resulted from the loss and combustion
of fixed carbons. The loss and combustion of fixed carbon
that occurred at 561°C in the DTA curves of binchotan may
explain why binchotan is not flammable at 425°C.
More efficient stoves with higher combustion temperatures
may decrease PM2.5 emissions compared with open fires but
increase other potentially more toxic emissions such as
ultrafine PM, black carbon, and PAHs (L’Orange et al., 2012).
Similarly, charcoal burning may reduce PM but increase CO
exposure (Lu et al., 2009).
However, raising the combustion temperature may
promote the release of metals from the charcoal, significantly
enhancing the EFs of Fe and Zn when the combustion
temperature of the charcoal increased from 425°C to 500°C.
Effect of Charcoal Proximate Composition on the
Emission Factors of Air Pollutants
As demonstrated in Table 5, the moisture content of the
charcoal was significantly positively correlated with the EF
of HCs but negatively correlated with the EF of acetaldehyde.
Many previous studies have demonstrated that higher moisture
content in fuel reduces the burning rate and combustion
efficiency of stoves (Bhattacharya et al., 2002a; Yuntenwi
et al., 2008; Huangfu et al., 2014), which may lead to more
HC emissions.
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The volatile content in the charcoal was significantly
positively correlated with the EFs of HCs, PM2.5, and
benzene, as shown in Table 5, indicating that the volatile matter
in charcoal may emit as HC and PM2.5 during combustion.

Chen et al. (2006) also demonstrated that the EFs of organic
carbon and PM increased with the volatile matter content of
coal when the volatile matter content was below 30%.
Moreover, the volatile matter content in the charcoal was

Table 5. Linear regression analysis with the air pollutant EFs under different charcoal BBQ conditions as the dependent
variables (n = 60).
Pollutantsa

HC, R2 = 0.84
PM2.5, R2 = 0.798
95% CI
95% CI
Variablesc
Bb
B
Lower
Upper
Lower
Upper
Temp (°C)
–26.06**
–39.75
–12.37
–1.03
–6.76
4.71
Sauce_(1)
2444.21**
1145.74
3742.69
3023.73**
2479.47
3568.00
Sauce_(2)
–1012.11
–2310.59
286.37
631.08*
86.82
1175.34
Sauce_(3)
1612.59*
314.11
2911.06
3010.09**
2465.83
3554.36
Moisture
435.41**
221.78
649.05
78.79
–10.76
168.34
Volatile
423.64**
365.16
482.11
25.36*
0.85
49.87
NOx, R2 = 0.392
Benzene, R2 = 0.808
Temp (°C)
–0.01
–0.49
0.48
–0.01
–0.05
0.04
Sauce_(1)
1.30
–45.06
47.66
26.20**
21.87
230.94
Sauce_(2)
–84.82**
–131.18
–38.46
4.45**
0.12
8.79
Sauce_(3)
–58.00*
–104.36
–11.64
7.54**
3.21
11.88
Moisture
–4.01
–11.63
3.62
0.51
–0.20
1.22
Volatile
–3.80**
–5.89
–1.71
0.69**
0.49
0.88
HCHO, R2 = 0.539
C2H4O, R2 = 0.539
Temp (°C)
–0.96**
–1.35
–0.56
–0.55*
–0.04
–1.06
Sauce_(1)
62.83**
25.59
100.06
82.96**
34.47
131.46
Sauce_(2)
49.83**
12.59
87.06
156.71**
108.22
205.21
Sauce_(3)
46.68*
9.44
83.91
93.94**
45.44
142.43
Moisture
–4.39
–10.51
1.74
–10.54*
–18.51
–2.56
Volatile
–4.17**
–5.85
–2.49
–0.33
–2.52
1.85
CO2, R2 = 0.32
CO, R2 = 0.76
Temp (°C)
–0.56
–3.16
2.04
–0.91**
–1.20
–0.62
Sauce_(1)
40.33
–206.35
287.01
19.48
–8.09
47.04
Sauce_(2)
–163.11
–409.78
83.57
–39.09*
–66.66
–11.53
Sauce_(3)
208.36
–38.32
455.04
13.15
–14.41
40.72
FC
38.63**
22.31
54.95
–4.70**
–6.52
–2.87
Ash
0.18
–18.85
19.21
7.75**
5.62
9.87
Al, R2 = 0.73
Cu, R2 = 0.14
Temp (°C)
–1.34
–7.91
5.23
–0.01
–0.05
0.04
Sauce_(1)
–392.52
–1015.98
230.94
0.75
–3.41
4.90
Sauce_(2)
–1372.85**
–1996.31
–749.39
–2.12
–6.28
2.04
Sauce_(3)
–1812.72**
–2436.18
–1189.26
–4.11
–8.27
0.05
FC
–210.48**
–251.74
–169.22
0.09
–0.19
0.36
Ash
4.69
–43.41
52.79
–0.46*
–0.78
–0.14
Fe, R2 = 0.13
Zn, R2 = 0.94
Temp (°C)
3.24**
1.35
5.12
2.31**
1.50
3.13
Sauce_(1)
–8.05
–187.04
170.94
–73.74
–151.26
3.78
Sauce_(2)
65.23
–113.76
244.22
–63.64
–141.16
13.88
Sauce_(3)
75.6
–103.31
254.66
–19.46
–96.98
58.06
FC
–8.47
–20.31
3.38
–63.27**
–68.40
–58.14
Ash
15.39*
1.58
29.20
63.69**
57.71
69.67
a
HC (mg kg–1), CO (g kg–1), NOx (mg kg–1), PM2.5 (mg kg–1), benzene (µg kg–1), HCHO (µg kg–1), CO2 (g kg–1),
C2H4O (µg kg–1), Al (µg kg–1), Cr (µg kg–1), Cu (µg kg–1), Fe (µg kg–1), Zn (µg kg–1).
b
B = unstandardized beta coefficient.
c
Sauce_(1) = lard oil, Sauce_(2) = BBQ sauce, Sauce_(3) = lard oil + BBQ sauce; Water = water content of charcoal (%);
Volatile = volatile content of charcoal; FC = fixed carbon content of charcoal (%); Ash = ash content of charcoal (%).
* p-value < 0.05; ** p-value < 0.01.
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Fig. 4. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) with air purging of charcoal briquettes,
longan charcoal, and binchotan.
negatively correlated with EFs of NOx and formaldehyde.
NOx emissions during combustion are produced via three
major mechanisms: thermal, fuel, and prompt NOx production
(Ryu et al., 2003; Sterner and Turnheim, 2009; Huang et al.,
2016). Thermal NOx is produced from the reaction of nitrogen
and oxygen in the combustion air under high temperatures
(thermal NOx is the main mechanism at temperatures above
1377°C, much higher than the temperatures used in the
current study) (Pershing and Wendt, 1977; Ryu et al., 2003);
thus, thermal NOx is negligible in this study (Huang et al.,
2016). Meanwhile, fuel NOx is generated from the oxidation
of the nitrogen in fuels, and its production rate is related to
the nitrogen content of charcoal (Sterner and Turnheim,
2009; Huang et al., 2016). Prompt NOx is formed from the
prompt collision and reaction of molecular nitrogen with HCs
in fuel-rich flames (Ryu et al., 2003; Sterner and Turnheim,
2009; Huang et al., 2016). The EF of NOx was positively
correlated with the nitrogen content of the charcoal [Spearman
rho rs425°C = 0.880; rs500°C = 0.759, the data of nitrogen
content of the charcoal were adopted from our previous
study; Huang et al., 2016), and the peak concentrations of
HCs and NOx occurred simultaneously. Therefore, both fuel
and prompt NOx might be responsible for the NOx emissions
in this study (Huang et al., 2016).
The fixed carbon content in the charcoal was significantly
positively correlated with the EF of CO2, which was a
reasonable result, but negatively correlated with the EFs of
CO, Al, and Zn. In our previous study, we found that the
carbon content was highly positively correlated with the
energy density (or calorific value) of the charcoal (Huang et
al., 2016). A higher energy density of the fuel may promote
the oxidation of CO to CO2. Therefore, a negative correlation
between the EFs of CO and the fixed carbon content was

found.
The ash content in the charcoal was significantly positively
correlated with the EF of CO. A relatively high ash content
in charcoal may be unfavorable to combustion and lead to
high CO emissions. In addition, Fe and Zn may be two of
the main components of ash; therefore, significant positive
correlations between the EFs of Fe and Zn, and the charcoal
ash content were found.
Effect of Oil and Sauce Drippings on the Emission
Factors of Air Pollutants
Lard oil (Sauce 1) contains approximately 40% saturated
fatty acids and 58% unsaturated fatty acids (Bitman, 1976)
and has a smoke point of 190°C (Culinary Institute of
America., 2011). When heated, lard oil generates great
amounts of fumes and smoke, which may contain polycyclic
aromatic HCs, benzene, toluene, formaldehyde, acetaldehyde
and PM (Lin and Liou, 2000; Chen and Chen, 2001; Zhu and
Wang, 2003; He et al., 2004; Katragadda et al., 2010).
Therefore, dripping lard oil on burning charcoal significantly
increased the EFs of HCs, PM2.5, benzene (and toluene),
formaldehyde and acetaldehyde, as shown in Table 5.
The major ingredients of BBQ sauce are soy sauce, vinegar,
garlic, sugar, salt and water (5.9% protein, 1.6% lipids,
25.2% carbohydrates, 21.9% sugar, and 2.56% sodium), and
some may also contain sesame oil, rice wine, hot pepper
paste, fruit juice, or honey. When burning, these ingredients
can considerably contribute to the emission of PM2.5,
benzene (and toluene), formaldehyde and acetaldehyde. In
addition, BBQ sauces contain a large amount of water, and
the increase in the moisture of the charcoal reduces the CO
and NOx emissions (Bhattacharya et al., 2002a; Huangfu et
al., 2014). Therefore, adding BBQ sauce (Sauce 2) to the
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flaming charcoals also significantly enhanced the EFs of
PM2.5, benzene (and toluene), formaldehyde and acetaldehyde
but reduced the EFs of NOx, CO, and Al significantly.
The addition of Sauce 3 (the mixture of lard oil and BBQ
sauce) to the burning charcoals significantly increased the
EFs of HCs, PM2.5, benzene (and toluene), formaldehyde
and acetaldehyde but decreased the EFs of NOx and Al
substantially, and this result demonstrated the comprehensive
effect of lard oil and BBQ sauce.
However, to assess the impact of cooking on air quality,
emissions of PM2.5 (including organic and black carbon),
CO, and other reactive and greenhouse gases from cooking
must be quantified as a function of activity and emission
factors (or the mass of emitted pollutant per time cooked or
fuel used). Emission factors are based on the stove and fuel
used. Activity is the information that describes cooking
practices, such as the timing and duration of cooking and the
types of dishes prepared (Dickinson et al., 2015).
Communities that rely heavily on solid fuels often suffer
from elevated indoor and outdoor air pollution. Household
emission of pollutants can be an important contributor to
ambient air pollution (Chafe et al., 2011).

The fixed carbon content of the charcoal was significantly
positively correlated with the EF of CO2 but negatively
correlated with those of CO, Al, and Zn. The EFs of CO, Fe,
and Zn were positively associated with the ash content of the
charcoal. Dripping lard oil on the charcoal considerably
increased the EFs of HCs, PM2.5, benzene, formaldehyde,
and acetaldehyde. However, dripping BBQ sauce significantly
increased the EFs of PM2.5, benzene, formaldehyde, and
acetaldehyde but reduced those of CO, NOx, and Al. To
reduce the emission of air pollutants during barbecuing, oil
should be prevented from dripping on the charcoal.
Furthermore, according to the experimental results, briquettes
may be a better choice than longan charcoal or binchotan for
barbecuing due to the air pollutant EFs and costs.

Limitations
1. The ventilation rate and charcoal size can affect the ER
and EF of airborne pollutants. However, the temperature
of the combustion chamber would also be influenced by
the ventilation rate and charcoal size. Therefore, the
ventilation rate of the combustion chamber was controlled
at 17 min–1 and the charcoal size was controlled at 20–
40 mm to maintain the same temperature conditions.
However, the effect of ventilation rate and charcoal size
on the ER and EF values cannot be evaluated in this study.
2. The experimental conditions have been modified from
the real conditions during the use of charcoal BBQs in
the field and may be slightly different from the real
conditions.
3. The constituents of foods and additives could affect the
emission of air pollutants. However, there are a vast
number of possible combinations of constituents of foods
and additives, and we only focused on three conditions
(lard oil, BBQ sauce, and a mixture of lard oil and BBQ
sauce). Many future works should be performed to
investigate other conditions during the use of charcoal
BBQs.
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