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ABSTRACT

This study was conducted into combustion characteristics and gases generated by the combustion of charcoal and
agglomerated charcoal distributed in the domestic using a combustion chamber based on the average space per crater
of a charcoal-grilled restaurant in South Korea. Each of the three types of charcoals and agglomerated wood
charcoals was analyzed for fuel and combustion characteristics. In addition, the concentration changes of CO, CO,,
NOy, and O, were measured for 20 minutes depending on ventilation. As a result, CO yield without ventilation was
measured in the range of 1390 to 4703 ppm, and CO yield with ventilation decreases about 29.8% to 57.4%. CO,
yield without ventilation was measured in the range of 1.34% to 2.42%, and CO, yield was about 44.1% to 53.6%
when the emission was more than about 1.5% at 10 minutes. The NOx yield was divided into two cases where the
NOy yield was continuously increased because of incomplete combustion, emitted ranging from 29 ppm to 47 ppm,
and where emission was constant after 1 minute in the range of 9 ppm to 18 ppm. The NOy yield with ventilation
tends to be similar to the without ventilation, and NOy yield decreases up to 62.5%. Therefore, it could be used
for health risk assessment with the simulation of the usage environment of charcoal and agglomerated wood
charcoal.
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1. INTRODUCTION Science Notice No. 2018-8 (Korea Forest Service,

2018). The charcoal is classified into white charcoal

Charcoal and Agglomerated charcoal, which are and black charcoal based on the refining method; one
wood products designated by the Act on the Sustain- is cooled down outside a charcoal kiln (white char-
able Use of Wood, are defined in ‘Annex 14’ and coal) and the other one is cooled down inside a char-
‘Annex 15 of ‘Specifications and Quality Standards coal kiln (black charcoal). Agglomerated charcoal is
for Wood Products’ of National Institute of Forest classified into agglomerated charcoal with charcoal
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powder, agglomerated charcoal with sawdust, and igni-
tion-type of perforated charcoal based on whether a
charcoal contains bonding and ignition agents and the
way in which the charcoal is agglomerated (National
Institute of Forest Science, 2018).

Charcoal and agglomerated charcoal have the ad-
vantage of having higher energy density than wood,
burning for a long time, and producing less gas (Kabir
et al., 2010; Huang et al., 2016). In addition, they can
be produced using a variety of raw materials such as
bark, sawdust, and coconut shells, and have the ad-
vantage of being relatively low in sulfur and mercury
content than coal along with easier storage and main-
tenance (Jelonek ez al., 2020; Vicente et al., 2018).
Because of these advantages, the charcoal and agglom-
erated charcoal are widely used in cooking, especially
for barbeques where meat is cooked by charcoal fire
and consumed in both indoors and outdoors. However,
the process of igniting the charcoal and the exhaust-
from the barbecue through high-temperature charcoal
fire can degrade the air quality and be absorbed into
the food. As a result, consumers are likely to be ex-
posed to pollutants when consuming the meat or
breathing (Kabir et al., 2010; Huang et al., 2016).

The ‘Specifications and Quality Standards for Wood
Products’ notice specifies fuel characteristics such as
moisture content, ash, higher heating value, and fixed
carbon as quality items for charcoal and agglomerated
charcoal. In addition, since the agglomerated charcoal
contains chemical substances such as bonding and ig-
nition agents, five heavy metals such as lead, arsenic,
mercury, and cadmium and elements such as chro-
mium, copper, nickel, and sulfur are included in the
quality category (Korea Forest Service, 2018). However,
the category for the heavy metals indicate the amount
of heavy metals in the product before use, and the
standards for the type and hazardousness of the com-
bustion gases generated are insufficient, when a con-

sumer uses the product for roasting.

In the results of international studies that analyzed
the emissions of charcoal and agglomerated charcoal
combustion, it was reported that the concentration of
mercury was relatively high in the flue gas from burn-
ing charcoal (Pandey et al., 2009), and carcinogenic
substances such as formaldehyde, acetaldehyde and
some elements were also reported in some products
(Huang et al., 2016). In addition, it has been reported
that fine particles, carbon monoxide, carbon dioxide,
and nitrogen oxides that can enter a human body dur-
ing the breathing process are continuously generated
during the combustion of charcoal (Kabir er al.,
2010).

In short, it is judged that there are various gas com-
ponents produced from the combustion of charcoal
and agglomerated charcoal, and these results are an-
ticipated to be crucial supplement data in judging and
evaluating the safety of use of the products. However,
for the charcoal and agglomerated charcoal products
in Korea, systematic data on the types and concen-
trations of the flue gas produced during such use is
still insufficient.

Therefore, in this study, the condition was limited
to an occasion which the charcoal and agglomerated
charcoal are used for cooking, and the concentration
of flue gas during the combustion (CO, CO,, NOy, O,)
is measured in real time to compare and analyze the
change in the concentration of the gases according to
the ventilation volume, considering the environment of
restaurants in Korea using charcoal and agglomerated

charcoal.

2. MATERIALS and METHODS

2.1. Test materials

In this study, 3 types of charcoal and agglomerated
charcoal each, which are widely used in Korea, were
purchased, and used as test materials. The charcoals

which were used were 2 types; white charcoal (Al,
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Table 1. Product information of charcoal and agglomerated charcoal

Sample Species Raw material Coun.tr.y of Additives
origin
Al White charcoal 1 Vietnam -
A2 White charcoal 2 Laos -
A3 Black charcoal South Korea -
Corn starch : 15%
. H . 0,
Bl Agglomerated charcoal with charcoal undeclared USA limestone : 7%
powder borax : 1.5%
barium nitrate : 0.1%
barium nitrate : 13%
B2 Ignition-type of perforated charcoal undeclared South Korea Wheat flour : 5%
Sodium nitrate : 3.5%
B3 Agglomerated charcoal with sawdust Broad-leaved tree Indonesia -
A2) and 1 type of black coal (A3), and for agglomerated FC=100-(MC+VM+ASH) €8

charcoal, 1 type of agglomerated charcoal with charcoal
powder (B1), 1 type of Ignition-type of perforated char-
coal (B2), and 1 type of agglomerated charcoal with
sawdust (B3) were used, and Table 1 shows the charac-
teristics of the product at the time of purchase in the

product quality labeling.

2.2. Fuel characteristic analysis

Proximate analysis as performed to compare the
fuel characteristics of the test materials, and the ulti-
mate analysis and higher heating value are measured.
Detailed measurement methods can be found in Ju et
al. (2020). The higher heating value of the sample was
measured using a bomb calorimeter (6400 Automatic
Isoperibol Calorimeter, Parr Instrument company,
USA), and a powder sample of about 0.5 g was
accurately measured and used as the analysis sample.

Proximate analysis was performed using an
Thermogravimetric analyzer (PrepASH229, precisa,
Swiss) to analyze the moisture content, volatile con-
tent, and ash content of the sample, and the fixed car-

bon was calculated by using Equation (1).

FC: Fixed carbon (%)
MC: Moisture content (%)
VM: Volatile matter (%)
Ash: Ash content (%)

Standard material 2693 (NIST, USA) was used for
ultimate analysis, and the contents of carbon, hydro-
gen, nitrogen, and sulfur were analyzed using an ele-
ment analyzer (vario MICRO cube elemental analyzer,
elementar, Germany), and the oxygen content was cal-

culated by using Equation (2).

0=100-(C+H+N+S) 2
O: Oxygen content (%)
C: Carbon content (%)
H: Hydrogen content (%)
N: Nitrogen content (%)
S: Sulfur content (%)

2.3. Combustion testing method
undersimulated use environment
A schematic diagram of a combustion chamber made
for the combustion testing of charcoal and agglom-

erated charcoal is shown in Fig. 1. The combustion
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Fig. 1. Scheme of combustion chamber.

combustion chamber was designed as 1.5x 1.5x2 m
as widthxlengthxheight respectively, assuming a table
space for 4 people of a typical charcoal restaurant, and
the internal volume was about 3.96 m’.

The height of the table is 720 mm, the distance be-
tween the roaster and the exhaust port is 120 mm, and
the distance between the exhaust port (inner diameter:
95 mm, height: 1 m) and the table is 120 mm. The
measuring equipment, an anemometer and gas meas-
urement probe, were installed in the center (height di-
rection) of the exhaust port, and a ventilation fan was
installed at the top of the exhaust port, and the speed
of the ventilation fan was adjusted through a fan speed
controller.

The exhaust velocity measured by the gas measure-
ment probe was 0.3 m/s, and the air volume was 0.008
m’/s. When the ventilation fan was operated, external
air was constantly introduced into the air compressor
at a rate of 25 L/min through a 6 mm diameter tube
for air circulation inside the model chamber. The gas
sampling tube was installed in the center of the com-

bustion chamber, 1 m.

Start Finish
@ min 10 min 20 min

Eawi
ventilation

(3) Before (@) Combustion
experiment process

a. ignition
b. stahilization{10min)

Fig. 2. Process for combustion of charcoal and
agglomerated charcoal.

The test process that simulated the environment of
a general domestic restaurant using charcoal is shown
in Fig. 2. To simulate the situation in which charcoal
was ignited by an external igniter and used for roast-
ing, the test sample was first ignited outside the model
chamber and then burned for 10 minutes (Fig. 2 @).

After that, the test sample was put into the model
chamber and sealed, and the gas emissions and tem-
perature were measured. First, the sample was burned
for 10 minutes to accumulate flue gas inside the com-
bustion chamber (Fig. 2 @). Second, the change in
the concentration of exhaust gas with ventilation was
measured for 10 minutes with two cases; with and
without the ventilation (Fig. 2 ®3-1, 2). After the end
of the test, the weight of the test sample, which was
burned for 30 minutes, was measured, and the weight
of the remaining residue after spontaneous combustion

in the atmosphere was measured.

2.4. Flue gas measurement

The real-time emissions of exhaust gas generated
from the combustion of charcoal and agglomerated
charcoal were measured using a flue gas analyzer
(Testo 350XL, Testo, Germany). A gas measurement
probe installed in the center of the exhaust port was
used to measure the yield of CO, CO,, NO,, and O,

at intervals of 15 seconds for 20 minutes.
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3. RESULTS and DISCUSSION

3.1. Fuel characteristics

The results of analyzing the fuel characteristics of
charcoal and agglomerated charcoal are shown in
Table 2. As a result of the proximate analysis, in terms
of moisture content, charcoal products A1~A3 were
0.9~1.9%, and agglomerated charcoal products B1~B3
were 2.6~3.0%, which all met the standard of Annex
14 (agglomerated charcoal) and Annex 15 (charcoal)
of ‘Specifications and Quality Standards for Wood
Products’, Notice No. 2018-8 by National institute of
forest science (National institute of forest science,
2018). Volatile compounds showed the highest level
with 43.3% in B1 and the lowest with 5.4% in A2.
As for the ash content, B2 was 39.3%, which was
22.7% higher than the quality standard of 17% of
Ignition-type of perforated charcoal, which did not sat-

isfy the quality standard. Such a result may be attrib-
uted to the fact that substances which can degrade
quality such as soil are included during a raw material
processing (Ju et al., 2020; Jeoung et al., 2020). On
the other hand, all other products showed results that
satisfied the quality standard. In the case of charcoal,
there was no quality standard for the fixed carbon
content, and Al, A2, and A3 showed 86.0%, 90.4%,
and 57.7%, respectively.

In the case of the agglomerated charcoal, B1 and
B3 satisfied the quality standard, but B2 was at 26.8%,
which was 23.2% lower than the quality standard. Based
on a result of ultimate analysis, the carbon content was
the highest with 97.4% in A2 and the lowest with 40.6%
in B2, and as carbon content increased, the hydrogen,
nitrogen and oxygen content decreased. In previous
studies, it was reported that hydrogen and oxygen level
decreased as carbon in charcoal increased (Jo et al.,
2007; Lee et al., 2010). On the contrary, it showed

Table 2. Proximate analysis, ultimate analysis, and High heating value (HHV) of charcoals and agglomerated

charcoal
Proximate analysis Ultimate analysis
(Wt.%, dry basis) (Wt.%, dry basis) HHV
Sample - - (kcal/kg,
Moisture Volatile Ash F1xed]) C H N 0? S dry basis)
matter carbon
Al 1.9 9.4 2.8 86.0 96.5 0.90 0.80 1.77 0.00 7,777
0.1y% (0.2) (0.0) 0.3) 0.5)  (0.06) (0.07) (0.51) (0.00) (46)
A2 1.8 5.4 2.4 90.4 97.4 0.51 0.74 1.29 0.00 7,780
(0.1) (0.2) (0.6) (0.5) 0.2)  (0.02) (0.07) (0.20)  (0.00) O]
A3 0.9 39.6 1.8 57.7 76.6 3.99 0.44 18.92 0.01 6,954
(0.0) 0.2) 0.1) 0.2) 0.2)  (0.06) (0.01) (0.26) (0.00) (15)
Bl 2.9 43.3 12.1 41.6 60.9 4.19 0.30 34.62 0.00 5,428
0.5) 0.2) 0.1) (0.4) 0.7)  (0.14) (0.02) (0.79)  (0.00) (53)
B2 3.0 30.3 39.9 26.8 40.6 1.76 2.77 54.83 0.05 3,565
0.1) 2.4) (1.7) (1.2) (1.0)  (0.06) (0.13) (1.00)  (0.00) (144)
B3 2.6 11.5 4.7 81.2 88.8 2.12 0.32 8.77 0.00 7,592
0.1) (0.4) 0.1) 0.2) (0.3) (0.10) (0.01) (0.23)  (0.00) (10)

D Fixed carbon (%)=100-(Moisture+Volatile matter+Ash) (%)

2 0 (%)=100-(C+H+N+S) (%)
» The numbers in parenthesis refer to standard deviations.
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a proportional relationship with the higher heating val-
ue, because C-C bonding of high bonding energy in-
creases with the degree of carbonization (Lee et al.,
2016).

In case of sulfur, the sulfur content was 0.01% and
0.05% in A2 and B2, respectively. For the higher heat-
ing value, B2 did not satisfy the quality standard of
5,500 kcal/kg, similar to the case of Ash and fixed

carbon.

3.2. Ignition time and weight change
during combustion

The combustion characteristics performed in the
chamber according to the ventilation are shown in Table
3. The ignition time was different depending on the
type of charcoal and agglomerated charcoal, ventilation,
and an igniting agent. On average, the charcoals (Al,
A2, A3) showed a longer ignition time than the agglom-
erated charcoal, which may be attributed to a lack of
low molecular compounds that are pronefor ignition
due to low volatile compounds (Chia et al., 2014). In
particular, among the agglomerated charcoal, the igni-

tion time was the shortest at 3 minutes for B1 and

B2 with igniting agents added. However, in the case
of B3 without the igniting agent, the ignition time was
15 minutes, which was about 5 times longer than that
of B1 and B2. As a result, it was confirmed that the
ignition performance of the agglomerated charcoal was
greatly improved by the igniting agent.

When the agglomerated charcoal and charcoal were
burned without ventilation, the content of volatile mat-
ter was relatively higher than that with ventilation in
all samples except for the case of B2. In particular,
in the case of Bl, the content of volatile matter was
the highest in both with and without ventilation;
68.9% and 67.8%, respectively. After leaving it in the
atmosphere environment, the content of the residue af-
ter combustion was generally high without ventilation,
but the tendency was different for some products. It
is considered that the possibility of incomplete com-
bustion increases as oxygen supply required for com-
bustion is limited without ventilation, and accordingly,
the amount of residues after the combustion has in-
creased compared to the ventilated condition. The low-
est residual content was 6.1% and 3.2% respectively

in Al and A3 with ventilation.

Table 3. Combustion characteristics of charcoal and agglomerated charcoal in a closed and ventilated condition

Sample Condition Ignition time Volatile matter Burned material content Residual

P (min) (Wt.%) for 30 min (%) (%)
Al 12 9.4 54.7 13.2
A2 9 5.4 349 30.8
A3 8 39.6 60.5 12.8

closed
Bl 3 433 68.9 25.9
B2 3 30.3 53.7 37.2
B3 15 11.5 39.4 6.4
Al 12 9.4 52.8 6.1
A2 9 5.4 38.4 33.8
A3 8 39.6 59.4 32
ventilated

B1 3 433 67.8 11.0
B2 3 30.3 59.7 33.2
B3 15 11.5 333 19.8
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3.3. Real—time flue gas emissions

The results of measuring the concentrations of CO,
CO,, NOy, and O, emitted through the combustion of
charcoal and agglomerated charcoal in real time are
shown in Fig. 3, 4, 5, and 6, and the hazard criteria
of each CO and NOy are shown in Table 4. The con-
centration level of O, without ventilation is shown in
Fig. 3 as a solidline. On average, it decreased from
21.04% (0 minute) to 17.5%. It continued to decrease
over time from the beginning, and at 20 minutes, Al,
A2, A3, Bl1, B2, and B3 decreased by up to 18.8%,

Bl —— B2 — B3

02 concentration [%]
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7 8 % 10 11 12 13 14 15 16 17 18 19 20
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[

Time [Minutes]

Fig. 3. O, concentration of charcoal and agglomerated
charcoal with and without ventilation (Al : white char-
coal 1, A2 : white charcoal 2, A3 : black charcoal,
B1 : Agglomerated charcoal with charcoal powder, B2 :
Ignition-type  of perforated charcoal, B3 :
Agglomerated charcoal with sawdust).

Closed condition

Ventilation condition : ----- Al - A2 —--o- A3 - Bl --- PP p— B3|

CO2 concentration [%]

OO 1 2 3 4 _“: 6 7 8 9 ‘\‘011 1213141‘5]6‘\7‘\81920
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Fig. 5. CO, concentration of charcoal and agglomerated
charcoal with and without ventilation (A1l : white
charcoal 1, A2 : white charcoal 2, A3 : black charcoal,
B1 : Agglomerated charcoal with charcoal powder, B2 :
Ignition-type of perforated charcoal, B3 :
Agglomerated charcoal with sawdust).

14.8%, 20.0%, 17.8%, 17.0%, and 11.4%, respectively
(Fig. 3). The O, concentration level with ventilation
is shown in Fig. 3 as a solid line. The O, concentration
level rapidly increased after the ventilation fan was
operated, and the level was recovered to 91.2~96.0%
of the initial concentration within this experiment
range.

For CO, the concentration without ventilation is
shown in Fig. 4 as a solid line. The concentration level
showed a tendency to continuously increase as the
combustion time elapsed. The agglomerated charcoal
(B1, B2, B3) showed relatively higher CO concentration
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Fig. 4. CO concentration of charcoal and agglomerated
charcoal with and without ventilation (Al : white char-
coal 1, A2 : white charcoal 2, A3 : black charcoal,
B1 : Agglomerated charcoal with charcoal powder, B2 :
Ignition-type  of perforated charcoal, B3 :
Agglomerated charcoal with sawdust).
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Fig. 6. NO, concentration of charcoal and agglom-
erated charcoal with and without ventilation (Al :
white charcoal 1, A2 : white charcoal 2, A3 : black
charcoal, B1 : Agglomerated charcoal with charcoal
powder, B2 : Ignition-type of perforated charcoal, B3 :
Agglomerated charcoal with sawdust).
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Table 4. Effluent quality standard of air pollutants (The
minister of environment, 2020)

Air Facility of air Effluent quality
pollutant pollutant standard
co Facility of using biomass less than
of wood pellet 200 ppm
NO Facility of using biomass less than
* of wood pellet 90 ppm

level than the charcoal during the combustion.
Especially, Bl showed the highest level of 4703 ppm
(20 minutes) among the agglomerated charcoal, and
1390 ppm, the lowest in A2 among the charcoals.
In case with ventialtion, the concentration level of
CO decreased rapidly after 10 minutes, which was the
starting point of the ventilation fan operation, and then
gradually decreased in all samples (Fig. 4. dotted line).
It is assumed that as the amount of CO produced de-
creased as the concentrated CO in the combustion
chamber was vented out, and a complete combustion
occurred with the inflowed air over time.
Particularly, in the case of B3, the maximum reduc-
tion rate (about 57.4%) was shown as the CO concen-
tration level decreased from 2102 ppm to 896 ppm
with ventilation, while the reduction of Bl was the
lowest at 29.8%. In addition, the average CO concen-
tration was 3092.7 ppm (20 minutes) in closed con-
dition and 1189.2 ppm (20 minutes) with ventilation,
which did not satisfy the emission limit of 200 ppm.
This indicates that when using charcoal and agglom-
erated charcoal, a ventilated space is required rather
than a closed space, and ventilation should be used
with a ventilation volume higher than 0.008 m?/s.
In the case of CO,, the concentration was in the
low range of 2.5% or less, but both with and without
ventilation were similar to the trend of CO concen-
tration level change (Fig. 5). In case with ventialtion,
CO, production amount of Al, A2, A3, B1, B2, and
B3 was 2.23%, 1.69%, 2.42%, 2.07%, 2.03% and
1.34%, respectively (Fig. 5. Solid line), which were

proportional to the aforementioned decrease in O, con-
centration level. In previous studies, it was reported
that the inverse proportion of CO, generation level and
O, concentration level increased the rate of complete
combustion (Choi et al., 2015). Looking at the trend
with ventilation, in the case of Al, A3, B1, and B2
where CO, generation amount was more than about
1.5% at 10 minutes, reduction rates were up to 44.1%,
50.0%, 51.3%, and 53.6% after the ventilation fan was
operated (Fig. 5. Dotted line). On the other hand, A2
and B3, in which CO, generation amount was around
1%, gradually decreased after 12 minutes and then re-
mained constant at about 0.5%. Similar to the afore-
mentioned trend of CO, such a result may be caused
by the phenomenon that the rate of complete combus-
tion increased due to the inflow air.

In the case with ventilation, the amount of NOy in-
creased rapidly in all samples until the initial 1 minute.
Even after 1 minute, the NO, generation amount of
Al, A3, and B2 showed a tendency to increase con-
tinuously to a maximum of 29 ppm (20 minutes), 47
ppm (20 minutes), and 36 ppm (20 minutes), re-
spectively (Fig. 6. Solid line). It is judged that the in-
complete combustion continues during the combustion
process of Al, A3, and B2 (Jeoung et al., 2020). On
the other hand, the amount of NOy generated in A2,
B1, and B3 appeared relatively constant after 1 mi-
nute, with a maximum of 18 ppm (20 minutes), 17
ppm (20 minutes), and 9 ppm (20 minutes),
respectively. In the case with ventilation of Al, A3,
and B2, the amount of NOy generated continues to in-
crease, similar to the closed condition, showing a max-
imum of 17 ppm (10 minutes), 35 ppm (10 minutes),
and 27 ppm (10 minutes), respectively, and after the
ventilation fan was turned on, the reduction rates were
up to about 47.1%, 31.4%, and 40.7% (Fig. 6. Dotted
line). According to Feng et al. (2010), the higher air
inflow in fuel combustion can lower the ratio of NO,.

In the case of A2, B1, and B3, the case without ven-
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tilation were similar, and the reduction rates were up
to about 40.0%, 50.0% and 62.5%. The amount of
NOy generated, on average, was 26.0 ppm (20 mi-
nutes) without ventilation and 10.7 ppm (20 minutes)
with ventilation, which was lower than 90 ppm, which

is the emission limit, satisfying the emission limit.

4, CONCLUSION

In this study, the characteristics of fuel were ana-
lyzed for the charcoal and agglomerated charcoal
available in Korea. A model space that simulated the
usage environment was created to measure the amount
of flue gas generated during the combustion and to
evaluate the ventilation rate by classifying it into the
closed conditions and ventilated conditions. As a re-
sult of analyzing the fuel characteristics of the char-
coal (Al, A2, and A3) and the agglomerated charcoal
(B1, B2, and B3), all charcoal products satisfied the
quality standard, but the agglomerated charcoal prod-
uct B2 did not satisfy the quality standard. With the
combustion characteristics of closed and ventilated
conditions, the charcoal (Al, A2, and A3) had a longer
ignition time than the agglomerated charcoal (B1, B2,
and B3). In particular, for the ignition time of B1 and
B2 containing igniting agents in the agglomerated
charcoal, it was confirmed that the agent greatly short-
ened the time. In addition, in most of the samples,
the content of volatile substances was higher in the
closed condition than in the ventilated condition.

As a result of the comparison of the flue gas gen-
eration, consisted of CO, CO,, NOy, and O,, the con-
centration of O, continued to decrease without ven-
tilation, and recovered to about 91.2~96.0% of the ini-
tial O, concentration level with ventilation. In the case
of CO, the concentration wasin the range of 1390 to
4703 ppm with ventilation. In the case with ven-
tilation, it was confirmed that the concentration of CO

dropped rapidly after the ventilation fan was turned

on, and then gradually decreased due to the equili-
brium between the amount of CO production and the
amount of ventilation.

The amount of CO, generated was similar to that
of CO generated in both with and without ventilation,
which was inversely proportional to the amount of O,
generated. In the case of NO,, the amount of flue gas
generated in a sample that continued incomplete com-
bustion increased steadily, but the amount of flue gas
for the samples with complete combustion showed a
constant amount.

Based on the result obtained through this study, the
amount of ventilation and the amount of flue gas gen-
erated through combustion in a specific space, the
amount of ventilation required for cooking food using
charcoal and agglomerated charcoal in the future can
be identified and can be utilized as basic data for

health hazard evaluation.
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APPENDIX

(Korean Version)
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1 3

£} J9%0] AR SAS BAT AT Table 29F 2ok B 27k B8O 29 £ AE AL-AIL 09-19%=
Uehten, A3s AlEQ BI~B3E 2.6~3.0%2 B AlFoli s34rdastd 1A A2018-8% “=AAZ9] 142 471
0] HAEMI4(AE%)L HEA15(%)9] 7%l Folsh= 21S et National institute of forest science, 2018). 3]1HA]
SRS BlolA 433%2 71 =& ks Hlom, A20)4 54%% 7P W Fheo] el 3§ 3 B27F 39.3%2
THHASE AT FA7IEA 17%R} oF 22.7% =A| Uet FA7|5E WSk L3 om, o= A3E Al AHEE
A7 Qolle AR A BAolA F Zo] AFY F4E A 4= e E80] Wo| ZelEo] vehd o=
Holtk(Ju et al., 2020; Jeoung ef al., 2020). ¥, & AFoAM = BF FH7|ES WEohe 228 2oty Lgga
A2 9] 9 A0 EASHA] Wokom, Al, A2, A3 7+t 86.0%, 90.4%, 57.7%% UEIGTE ¥ <] 4ol
Bl B3t E47]28 nEelgiAv B2olX 268%2 E47120T} oF 23.2% WA Uehiteh. flawe w4 23, v
TR A20IN 974%2 7ML B2OIA 40.6%2 71 SO, e BRFE S, A, Ake PRRS SolAle HRE
Rt ol AE ATONE B o] Bavh FHeE Saof Aik RaBeR BT o al, 2007; Lee e
al., 2010). oo} With 2 ol dskul= vHsle WAE o, o)< gt A= et =2 A3 oux|9 C-C Aol
S7V8l7] fizolth(Lee et al., 2016). S FF2] 9 A2} B2o|A 217t 0.01%2} 0.05% = Yebgdth u 9wk 387}
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W2 PP StER s Mol el A AT sRtEo] BEsto] Yehs Jo2 AlREti(Chia ef al., 2014). 53],
e FolXe A7 A7k Bl B29] 74 Heta|zto] 3202 7Hg At =fu A9pA|7) sekEA] of2 B39
78 ABpAIRIe] 15202 Bl, B2oj| HI3j o 5| AA vebgton, olE S3f 2etAle] sl d@=e] Mt A A FEE
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o AR We 27o] £ AN meolk Y% AE) A4S Aol
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2 AR P G BolE e 2] 27 sl Q1 AL A3A 242t
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43} 4849 A4S 4 MjZE= CO, €O, NO, 0,9] BES AAZto 2 243t AT Fig 3, 4, 5, 63 2o,
7} CO} N8| 1ol 7122 Table. 42} 2t} W 27014 0,9] 5= Fig. 39] AX1T} 2}, BaH 02 21.04%(08)0) 4
17.5%747) 7ha8190c). 2718} Alzko] Aol wleh A&ajA] asigon, 2059 u Al A2, A3, BI, B2, B3o|A] 27}
2t 18.8%, 14.8%, 20.0%, 17.8%, 17.0%, 11.4%uH2 7HaslqithFig. 3). 87] 2719 O E L Fig. 39 AAMla} Zon
719 715 T 0, Bt B8] Z7ksIgen, B AF W9 Yol 27] FEo] 912-96.0%714] FHals ATkE Uehii.

CO9| 79 Wl 2AL Fig. 4 AT} 2o, A2A7o] Ao wet 557} 4808 Z7lske 43S B 43%
(BI, B2, B3)& 914 A] £H0} AYHos %8 (0 s UEyon, 484 5 BlolA 71 %& 4703 ppm(203),
% % A200A 7P e 1390 ppm& LERiTh 3] 2AdKE RE AFHeA S 715 AHal 102 Fo o)
w7t 328 asithh datels Aee W oltkFig 4. HAD. ol #7]% sl s ] 538 Covt dow
W2 =T A7) Aol wt $9lE 218 Fa) a4 22150] CO A4l tad) Uit Ao AmHr). 3,
B39 4% 7] 27 3 CO =7k 2} 2102 ppmolA] 896 ppm O FAFAA 744 2 BIIL(OF 574%)S b
s BIOA] 29.8%2 714 WS $7]8-8 YER9lth, E3 CO Sl Bdo s W 27004 3092.7 ppm(20), 5171
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£ 11892 ppm(20:) 2.2 YEht wiE8-871% 58 200 ppme: THEAI7|A] S8l AHE Bt o= 2% 434S
AHEE o e SR 3|7t His F7ko] A7tE T 3)EFo] 0.008 mY/sHeh & S|4 ALgsjof gttt A
LHERdTY.

CO,9) 9= FE7F 25% ofotE W oot We 241 3] 271 HE CO9| 5= Wsh At fAkeHA Lebstct
(Fig. 5). 99 27X Al, A2, A3, BI, B2, B32] CO, WAzre 77k 2.23%, 1.69%, 2.42%, 2.07%, 2.03%, 1.34%=
UEP e m(Fig. 5. A4, ¥4 A3t 0, 529 Zad vlgshe 225 Hoirh A8 dFolM: CO, HAZ O, =9
Hh) g A2 0] H| S-S ZIHAFIth By °*E]-(Ch01 et al., 2015). 37] 279 AL AgEw £ AF(102)9
CO, BHEFo] oF 1.5% oAkl Al, A3, Bl, B29] A< 37|19l 7} & 2t 44.1%, 50.0%, 51.3%, 53.6%2] 37]2-S 2ok
(Fig. 5. 341). whelo] CO, MAlao] 1% A2 WA A29} B3E 128 o|Fo] ghubsl7] WolA|ehr} of 0.5%:2 A4}
FAEE A Btk ol ohA dgdt COY At fASHA YR 3712 A A48 HlEo] FopbAA Yehthe
A4 fEo R shekE

NO, 9| A2 |
B29] NO, Ay 77}

tlo mo

& 27] 12712 BE ARA FA3] 718 AFS Btk 15 o|Fo = Al A3,

ppm(20+2), 47 ppm(204), 36 ppm(20H)7HA| A &H 07 F7)eh= S B YITH(Fig.
6. AA). o= Al, A3, B TAFe B9 dart A& Ueite Aoz st ti(Jeoung ef al., 2020). ©]9]
uls] A2, B, B39 NO, %Wi%k 15 0% v|wa dAstA Uepton, 7zt 2o 18 ppm(2042), 17 ppm(204), 9 ppm(20:)
o Uepdtt $7] 2719] Al A3, B29] A9 Wa 24T} SARSIA NO, AEFo] A&ate] 713 247 #df 17 ppm(10
H) 35 ppm(105), 27 ppm(108) 0.2 Uethr} 879 715 & 2o oF 47.1%, 31.4%, 40.7%2] 817]8-S B rhFig.
6. ZAl). o]3= Feng er al. (2010)°] w21 $29] AhofA] 3719 f3o] ok NO,9| Hlgo] Holdl 4= 9rkir Hiugct.
A2, Bl, B39 Aox 9y zAq} TA}O} om ) oF 40.0%, 50.0%, 62.5%2] 34782 R} NOO| Hhyeke Bz o
2 49 2712 26.0 ppm(204), 7] 2702 10.7 ppm(204) 22 Vet HiE3]8-71541 90 ppmiEth WA Ul uiE3]-8-7]

F2 wEyt

Aol
HAd 2
o] of
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4,28
AP Al 75 39 %ﬂ W%l ol Gln B4 RUAD NSRS BT S A o

A7F5HATE £(Al, A2, A3)T} AEL(BI,
BZ, B3)«1 ‘?iﬂ E*é% %ﬁf& A3, é%% E% Xﬂ%ol %23‘7]4}% SR ABx AlER] B2l F2715E WEA7A
ZRch gy 203 9] 279 A4 545 ATEE £(Al, A2, A3)9] *é&‘%(Bl B2, B3)°ﬂ H]8l] HepAzte] Aola
531, @zl AepA7E 23E AEQ B, B2o| HopAZto] 24 &
2 du 204 i 229 ool wA Hehhth

CO, COz, NO,, 0429 Aa7f WA vl Faff ehd 2uz A 2794 0,9 see ALHA dashgla
W] 2= 27] O F=of of 91.2~96.0%7H%] 2=t} CO9J 7ol Lufl 274 1390~4703 ppm®] H =
AYSIAT. 2] 239 - CO9| w=rt &YW 7hs & F43] HolA|thrl CO9| ARt 7|72 B o= ¢ls) atsf
Ae 2IE Uit COo) WAL du 223 &) 2 Ho| A CO9 LAY 3} FARBH Uehden, 0,9
Y v ehs AaE Ytk NO&| 39 ¢ davt A&s e Alae TR FEH S7FstAA vl
S5 Qazh APE Ao e AT TS Bk

B ATE B dolzl AT B BN ALE Bl BHHE 7A0 AR B1FE OB F5 Aol
43 8% o8 24 20l A AT WIFE I 517 ok A Y Blol AT A\2Am A 2
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