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ABSTRACT

This study selected three types of agglomerated wood charcoal (Agglomerated wood charcoal with charcoal powder,
Carbonized wood briquette, Ignition-type of perforated charcoal) that are in circulation in Korea among fuel-type wood
products and analyzed the fuel characteristics, harmful substance content, and emissions of air pollutants generated
by combustion. The first results showed that charcoal-grilled carbon, which is the raw material of charcoal, produced
higher CO than saw-billed carbon. The second result is that the emission standards of air pollutants generated by the
combustion of molded wood coal are not up to the emission standards of nitrogen oxides and sulfur oxides in the
entire product, compared with the emission criteria of the atmospheric environment preservation method (based on
2019, carbon monoxide: 200 ppm, nitrogen oxides, 150 ppm sulfur oxides: 100 ppm), but the carbon dioxide moulding
and carbon dioxide levels were not up. Based on the analysis of combustion gas generated during combustion derived
from this study, future research is needed for comparing with the emission standards of pellets, which are wood products
for fuel, among the existing biomass burning standards and for reducing carbon monoxide generated during incomplete
combustion of agglomerated wood charcoal.
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1. INTRODUCTION

Recently, there has been increasing public interest
in fine dust and pollutants entering in the atmosphere
of Korea (Jo et al., 2019). The Ministry of Environment
amended and promulgated the Enforcement Regulations
of the Clean Air Conservation Act in May 2019, and
planned to implement it in January 2020. According
to the amended enforcement regulations, substances
such as ethylbenzene, styrene, and carbon tetrachloride
have been newly established as specific air pollutants,

and the regulations on existing specific air pollutants

(13 types including chromium, arsenic, mercury, etc.)
have been strengthened by approximately 33%. For 11
types of general air pollutants (dust, carbon monoxide,
nitrogen oxides, sulfur oxides, etc.), the standards on
allowable emission have been reduced by an average
of 30% (Magnone et al., 2019).

As the standards on allowable emission of pollutants
have been strengthened, companies have established
air pollutant emission reduction devices, and coal power
plants came up with alternatives such as an indoor coal
yard (an indoor coal yard project to reduce scatter dust

from outdoor coal yards) and the use of renewable
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energy sources such as wood pellets, etc (Kang et al.,
2018; Yang et al, 2018). Recently, research on the use
of resources such as mixed solid fuels including waste
wood and spent carbon has been conducted to study
fuel-type wood products, which include agglomerated
wood charcoal, as it is in increasing demand in Korea
due to an increasing number of campers (Kwon et al.,
2010; Lee et al., 2015). However, frequently there has
been cases in which harmful gases such as benzene,
toluene, and carbon monoxide generated when waste
wood prohibited in such fuel-type wood products is
used (Kwon et al., 2018; Yang et al., 2018; Edoard
et al., 2019).

In order to prevent this, in accordance with Article
14, Paragraph 1 of the Enforcement Decree of the “Law
on Sustainable Use of Wood”, the Korea Forest Service
has been implementing administrative and judicial
procedures for quality compliance by inspecting 15
types of wood products through continuous crackdown
and product testing. In particular, the quality of fuel-type
wood products such as wood pellets and agglomerated
wood charcoal are evaluated according to the heavy
metal content and calorific value included in the product,
which are items in the current quality standards (Lee
et al., 2017). However, the revised regulations not only
strengthened the standards for restricting air pollutant
emissions, but also included biomass burning (meat and
fish roast, open-air incineration, wood stove, charcoal
kiln, etc.), which is a comprehensive term that refers
to biomass burning among air pollutant emission sources
specified in 2011.

During biomass burning, not only various particulate
and gaseous air pollutants are emitted, but also
greenhouse gases such as carbon dioxide, methane, and
nitrous oxide are discharged on a large scale (Kim,
2011). There is an increased interest from the public
in the air pollutants emitted during charcoal combustion,
which occurs frequently in restaurants and camping

sites, and there are studies on the emission of fine dust

due to roasting (Park et al., 2011).

However, there have been few studies on air
pollutants generated during combustion of fuel-type
wood products such as agglomerated wood charcoal
and wood pellets. In particular, research on fuels based
on wood is at best about reducing air pollutant
generation during incineration of waste wood and
calculating annual average greenhouse gas emissions
by tree species and products for charcoal (Kim et al.,
2010; Seo et al., 2015; Yang et al., 2017).

At a time when the importance of strengthening air
pollution emission standards and biomass burning is
emphasized, this study aims to compare and analyze
the quality characteristics among the agglomerated
wood charcoal products distributed in Korea and the
emissions of air pollutants (CO, NOy, SOy) generated
during combustion, in an attempt to prepare emission
standards for air pollutants from agglomerated wood

charcoal.

2. MATERIALS and METHODS

2.1. Testing materials
The test materials used in this study are three types

of agglomerated charcoal distributed in Korea in ac-

Table 1. Species of raw materials about test pieces
of agglomerated wood charcoals

Type of agglomerated wood charcoal
Charcoal A Charcoal B Charcoal C

. Mixed Hard Mixed Hard
specie of raw wood Merbau wood
materials )
Coconut shell Bamboo Mixed wood

*

Charcoal A — agglomerated wood charcoal powder,

Charcoal B — agglomerated wood charcoal sawdust,

Charcoal C — agglomerated wood charcoal for igniting
nine-holed charcoal

* Charcoal B (agglomerated wood charcoal sawdust) has
no domestic producer, so both samples are imported.
Charcoal C (agglomerated wood charcoal for igniting
nine-holed charcoal) has no imported samples, so both
samples are domestic products.

*
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cordance with the specifications and quality standards
of wood products (No. 2018-8). They were classified
into 4 types of lumber industry (domestic production)
and wood import distribution business (import) for tree
species. Specified types of Agglomerated wood char-
coal specimens are shown in the Table 1. Charcoal A
(Mixed Hard wood) is obtained from Homebeque Inc.,
Charcoal A (Coconut shell) from Juwon System,
Charcoal B (Merbau) from Shinil Energy, Charcoal B
(Bamboo) from Wooae Hardwood Charcoal Korea Inc.,
Charcoal C (Mixed Hard wood) from Yongmoon In-
dustry, and Charcoal C (Mixed wood) from Daemyung

Charcoal Inc.

2.2. Experimental methods

2.2.1. Fuel specificity of the test piece

The calorific value, fixed carbon, and volatile matter
were analyzed to compare the fuel specificity of the
test materials, and Bomb calorimeter (Parr 6400, PARR
INSTRUMENT INC, USA) was used to measure the
high heat generation by using dry raw materials. The
components of moisture, volatile matter, ash, and fixed
carbon were analyzed in accordance with KS F 3705
(industrial analysis method of coals and cokes). An
automatic elemental analyzer (Flash 2000, Thermo
SCIENTIFIC, USA) was used to analyze the carbon

and hydrogen composition of the test piece.

2.2.2. Content of harmful substances in the
test piece

To predict air pollutants emitted to the atmosphere
during agglomerated wood charcoal combustion, 8
kinds of heavy metals, which are harmful substances
in products contained in the test piece, and small
amounts of harmful substances, such as barium nitrate,
were analyzed using inductively coupled plasma
spectrometers (JP/ICPE-9820, Shimadzu, Japan). As a
pre-treatment method, the sample is screened with 0.25

g of particles less than 40 mesh (0.25 mm), diluted

with distilled water of 70% nitric acid solution by 240
times the sample weight, and pre-treated with
temperature rising for 30 minutes and maintaining the
temperature at 170°C for 30 minutes using a microwave
decomposition system (Microwave, Multiwave PRO,
Anton Parr, Austria). Since the experiment was carried
out with a small amount of sample (0.25 g), all the

samples were dissolved without leaving residuals.

2.2.3. Amount of air pollutants generated by
the test piece

In order to compare the air pollutants generated during
the combustion of agglomerated wood charcoal
products, a commercially available 40 x 40 x 80cm
briquette furnace, as shown in Fig. 1, was selected and
used to burn the actual materials. A test piece of 330
g was installed inside the furnace. Then, from the time
of ignition (igniting temperature of 250C), air pollutants
(ppm, %) discharged during the ignition measurement
time of 60 minutes were measured in accordance with
the specifications and quality standards of wood
products (No. 2018-8). At this time, the air pollutants
were measured in terms of CO, NO,, and SOy, using
a portable combustion flue gas analyzer (GreenLine
MK2, EUROTRON s.r.], Italy).

3. RESULTS and CONSIDERATIONS

Two types of agglomerated wood charcoal distributed
in Korea were selected to measure the quality characteristics
of the product and the amount of air pollutants emitted

during combustion. Quality inspection was carried out

Fig. 1. Exhausting gas test.
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according to the standard quality standards of wood
products in Table 3. The air pollutant emission criteria
shown in Table 4 were compared with the amount of
air pollutants generated during the combustion of
agglomerated wood charcoal, and the result was
deducted.

3.1. Fuel specificity of the test piece

The results of calorific value, fixed carbon, volatile
matter, and elemental analysis achieved by a test meth-
od according to supplement 14 among the specifications
and quality standards of wood products (No. 2018-8)
are shown in the Table 2. Among the agglomerated
wood charcoal products, Charcoal A (Mixed Hard
wood), Charcoal B (Mixed Hard wood), and Charcoal
C (Mixed wood) have an ash content of more than
30% and a fixed carbon content of less than 42%. It
is assumed that the ash content is high because it was
molded using raw materials under the conditions in
which substances, such as soil, introduced in the pro-

duction process were not removed. In addition, Charcoal

B of two species, which have the lowest moisture content
and ash content of less than 10% and the highest heat
generation quality of greater than 7,600 kcal/kg, has
excellent fuel specificity, since its raw materials are
tropical tree species of Merbau and Bamboo (Jang et
al., 2017). Through experiments, the high heat gen-
eration amount and the fixed carbon content of the ag-
glomerated wood charcoal appeared to have a propor-
tional relationship. This is probably because the higher
the carbonization degree during the carbonization proc-
ess, the less the volatile matter, and the more fixed
carbon content and ash content of residual minerals,
which have an inversely proportional relationship (Lee
et al., 2015). Also, the higher fixed carbon content is
indicated with the higher calorific value. This is because
the total weight of the sample can be calculated as
the sum of volatilization (volatile matter) and char re-
action (fixed carbon deformation), moisture evaporation
(moisture content), and ash (residual ash) (Lee et al.,
2000). Because hydrogen and oxygen contents are re-
duced, it is closely related to the carbonization of raw
materials (Jo et. Al., 2006). In the case of Charcoal

Table 2. Standard of specification quality inspection about agglomerated wood charcoal

Standard of specification quality

Propert;
pery Charcoal A

Charcoal B Charcoal C

Under 10%
Under 25%
Over 4,200kcal/kg
Over 30%

Moisture content(%)
Ash (%)
High heating valve(kcal/kg)
Fixd carbon(%)

Under 10%
Under 10%
Over 6,500kcal’kg
Over 65%

Under 10%
Under 17%
Over 5,500kcal/kg
Over 50%

As(mg/kg) Under 3.0mg/kg
Cd(mg/kg) Under 1.5mg/kg
Cr(mg/kg) Under 30mg/kg
Cu(mg/kg) Under 30mg/kg
Pb(mg/kg) Under 30mg/kg
Hg(mg/kg) Under 0.15mg/kg
Ni(mg/kg) Under 30mg/kg
Zn(mg/kg) Under 300mg/kg
S(%) Under 15%
Ba(%) Under 30%

Under 3.0mg/kg
Under 1.5mg/kg
Under 30mg/kg
Under 30mg/kg
Under 30mg/kg
Under 0.15mg/kg
Under 30mg/kg
Under 300mg/kg
Under 15%

Under 3.0mg/kg
Under 1.5mg/kg
Under 30mg/kg
Under 30mg/kg
Under 30mg/kg
Under 0.15mg/kg
Under 30mg/kg
Under 300mg/kg
Under 15%
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A (Coconut shell), the carbon (%) content of elemental
analysis is lower than the fixed carbon (%) content.
That is probably because in the elemental analysis proc-
ess, the sample in the dry state was analyzed, whereas
in the process of industrial analysis, the sample was
analyzed in the non-dry state, resulting in the carbon
element reversal phenomenon of the fixed carbon due

to the difference in moisture content of 20.8%.

3.2. Content of harmful substances in the
test piece

The results of the content of heavy metals, barium
nitrate, etc., that are contained in the test piece are
shown in the Table 3. In contrast to Table 4, the Cu

content in Charcoal A and Charcoal C and Pb content
in Charcoal A (Coconut shell) exceeded the reference
values. This seems clear from the detection of trace
amounts of heavy metals above the standard values
that may occur during the process of producing agglom-
erated wood charcoal and material pre-treatment. For
all other products, As, Cd, and Hg were not detected
and Ni and Zn were below the standard values. The
reason why Ba (%) was detected in two species of
Charcoal A is that barium nitrate within 30% of the
weight of the charcoal sample is added to promote initial
combustion due to the characteristics of agglomerated

wood charcoal powder (charcoal A).

Table 3. Emission of allowance standard about air pollutants (Source with The law of Atmospheric environment

enforcement regulation on an asterisk 8)

Air pollutant

Facility of air pollutant

Emission of allowance standard

CcO Facility of using Biomass or wood pellet Under 200 ppm
NOy Facility of using Biomass or wood pellet Under 150 ppm
SO« Facility of manufacturing SRF Under 100 ppm

Table 4. Results of specification quality inspection about agglomerated wood charcoal

Moisture

Higher

. Ash Fixed carbon Volatile . Carbon Hydrogen
Test details content %) %) %) heating value %) %)
(%) ’ ’ ’ (kcal/kg) ’ ?
Charcoal A
(Mixed Hard wood) 2.9 36.9 30.8 29.4 3,673 79.11 2.58
Charcoal A 20.8 4.7 67.0 75 6,662 5424 1.93
(Coconut shell)
Charcoal B
(Merbau) 4.7 32 85.4 6.7 7,721 85.02 0.79
Charcoal B 8.3 34 81.7 6.6 7,636 88.03 0.69
(Bamboo)
Charcoal C
(Mixed Hard wood) 5.9 31.7 42.1 20.3 5,460 55.72 1.84
Charcoal C 53 30.9 39.3 24.5 4,563 56.22 2.86

(Mixed wood)

* In case of Charcoal A(Coconut shell), moisture content is too high than others. Because its state was very wet with oily

liquid.

* Charcoal A — agglomerated wood charcoal powder, Charcoal B — agglomerated wood charcoal sawdust, Charcoal C
—agglomerated wood charcoal for igniting nine-holed charcoal
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3.3. Amount of air pollutants generated
by the test piece

3.3.1. Amount of carbon monoxide (CO)
generated by the test piece

The results of the comparison of carbon monoxide
and carbon dioxide emissons according to the type of
agglomerated wood charcoal are shown in Fig. 2. The
average hourly rate of CO generation is 0.0615%
(615ppm) (Mixed Hard wood), and 0.0433% (433ppm)
(Coconut shell) for Charcoal A, 0.0279% (279ppm)
(Merbau) and 0.017% (170ppm) (Bamboo) for Charcoal
B and 0.0586% (586 ppm) (Mixed Hard wood) and
0.0589% (589 ppm) (Mixed wood) for Charcoal C. As
shown in Table 5, two species of Charcoal A are
complexing agents that form an explosive mixture when
mixed with organic substances, and barium nitrate is
agitated, resulting in lower CO emissions due to higher
complete combustion than Charcoal C. Since the
moisture content of Charcoal A (Coconut shell) is
20.8%, which is higher than that of Charcoal A (Mixed
Hard wood), it can be confirmed that it takes more
time to ignite by the increasing CO generation, which
shows a difference in average CO generation with low
volatile matter content of 7.5%. In the case of two
species of Charcoal B, CO emissions were significantly
less than Charcoal A and Charcoal C. This is because

the fixed carbon in Charcoal B has a higher proportion

20 —m— Charcoal A - Hard wood
—#— Charcoal A - Coconut shell
—A&— Charcoal B - Merbau
—y— Charcoal B - Bamboo
—— Charcoal C - Hard wood
—— Charcoal C - Mixed wood

CO Concentration (unit : %)
°
=

0 10 20 30 40 30 60
Time(mins)

Fig. 2. CO emission of all test pieces.

of fixed carbon when compared to the carbon element,
and a low volatile matter content, leading to little
absolute amount of CO that can be generated due to
oxidation of carbon during combustion. In addition,
Charcoal C showed a rapidly high CO generation
following the sharp rise and fall of the initial CO
generation due to sawdust and sulfur as the complexing
agent settled on the surface, and incomplete combustion
during the process of spreading fire on the sample.
The amount of CO generated was closely related to
the content of fixed carbon relative to the preceding
carbon element and volatile matter content, and the
higher the carbon element excluding the fixed carbon
and the higher the content of volatile matter, the higher

the amount of CO generated.

Table 5. Results of heavy metal content about agglomerated wood charcoal

Test details As cd Cr

Charcoal A (Mixed Hard wood)  N.D. N.D. 6
Charcoal A (Coconut shell) N.D. N.D. 20
Charcoal B (Merbau) N.D. N.D. 2
Charcoal B (Bamboo) N.D. N.D. 3
Charcoal C (Mixed Hard wood)  N.D. N.D. 15
Charcoal C (Mixed wood) N.D. N.D. 12

Cu Pb Hg Ni Zn Ba
(mg/kg) (mgkg) (mgkg) (mgkg) (mgkg) (mgkg) (mgkeg) (mgkg) (%)
43 1 N.D. 6 25 2.8
38 52 N.D. 8 117 0.2
9 1 N.D. 1 41 -
9 1 N.D. 1 42 -
35 19 N.D. 7 96 -
35 15 N.D. 6 92 -

* Charcoal A — agglomerated wood charcoal powder, Charcoal B — agglomerated wood charcoal sawdust, Charcoal C —

agglomerated wood charcoal for igniting nine-holed charcoal
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Fig. 3. NO, emission of all test pieces.

3.3.2. Amount of nitrogen oxide (NO,) and
sulfur oxide (SO,) generated by the test
piece

The results of comparison the generation of nitrogen

oxides and sulfur oxides according to the type of
agglomerated wood charcoal are shown in Figs. 3, 4.
As shown in the figure, the average hourly rate of NOx
generation is 65.5 ppm (Mixed Hard wood) and 2 ppm
(Coconut shell) for Charcoal A, 2.6 ppm (Merbau) and
8.7 ppm (Bamboo) for Charcoal B, and 41.3 ppm (Mixed
Hard wood) and 41ppm (Mixed wood) for Charcoal
C. Among them, in the case of Charcoal A (Mixed
Hard wood), the high amount of NOx is generated due
to incomplete combustion during initial combustion,
resulting in an increase in average amount of generation.

In the case of SO, emissions, it was not detected
in the agglomerated wood charcoal produced with mixed
hardwood species, and 1.8 ppm was detected in the

product made with coconut shell. No detection occurred

—a— Charcoal A - Hard wood
35 —e— Charceal A - Coconut shell
—d— Charcoal B - Merbau

10 —— Charcoal B - Bamboo
—#— Charcoal C - Hard wood
—<— Charcoal C - Mixed wood

SOx Concentration (unit : ppm)
I

Time(mins)

Fig. 4. SO« emission of all test pieces.

in charcoal B for both species, and it was 4.2 ppm
(Mixed Hard wood) and 3 ppm (Mixed wood) for
Charcoal C. Although a trace amount was generated
in Charcoal C, SO emissions in the entire test piece
are negligible. In addition, the phenomenon in which
SOy emission recording occurs mainly after 30 minutes
is due to the condensate that is generated due to the
temperature deviation when moisture in the gas or high
temperature heat in the combustion chamber is sucked
into the gas sampling hose, when measuring in a place
with the emission of high temperature heat, such as
a chimney, due to the properties of the analysis

equipment.

3.4. Comparative analysis of annual
average accumulated emissions of
air pollutants

According to the statistics on air pollutant emissions

Table 6. Average of yearly accumulated gross air pollutants emissions for 5 years from 2012 to 2016.(National
Air Pollutants Emission Service, 2015-2016)

Year CO NO, SO,
o 2015 792,776 1,157,728 352,292
Average of yearly gross emissions ¢ 759,044 1,248,309 358,951
(unit : ton)
Average 775,910 1,203,019 355,622
o 2015 232,455 8,383 79
Average (?f yee'lrly emissions based 2016 233,066 9,059 7
on biological combustion
(unit : ton), For 2 years Average 232,761 8,971 78

(30% of gross emission) (1% of gross emission) (0.02% of gross emission)
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released by the National Institute of Environmental
Science and Technology, Table 6 shows the annual
average amount of air pollutants generated from 2015
to 2016 and the annual average amount of biomass
burning. As shown in the table, among the total air
pollutant emissions, biomass burning emissions account
for 30% of CO, 1% of NOy, and 0.02% of SOy and
carbon monoxide emissions accounted for a significant
portion among the emissions of various air pollutants.

Among these, the air pollutants emitted during the
combustion of agglomerated wood charcoal were cal-
culated in consideration of the production and import
distribution of the agglomerated wood charcoal. As
shown in Table 7, CO, NOy, and SOy were predicted
to account for approximately 0.01%, 0.005%, and
0.01% of emissions due to biomass burning, respectively.
The calculation of this is as follows. 4,368 tons of pro-
duction distribution of agglomerated wood charcoal and
37,215 tons of imported distribution were combined
(41,583 tons), and the cumulative amount of CO, NOx,
and SO, generated per hour, which was obtained in
this study, is multiplied by the minimum measured value
of 170 ppm, 2 ppm, 1.8 ppm, and the maximum meas-
ured value of 615 ppm, 65.5 ppm, 4 ppm, respectively.
In this process, the ranges of NOy and SOy were omitted
because the differences between the minimum and max-

imum measurements were not large. As the interest

Table 7. Average of yearly accumulated air pollutants
emissions based on Charcoal combustion for 2 years
from 2015 to 2016

co NOy SOy
Average of yearly
emissions based on
Charcoal combustion 7-25 047 0.01
(unit : ton)
The ratio of emission under under under

(charcoal/biological

. 0.01% 0.005% 0.01%
combustion)

* It is multiplied by the amount of charcoal from pro-
duction and import and emission per ton of air pollutants
those are analyzed in this study.

from the public in air pollutants generated during bio-
mass burning increases, attention should be paid to CO
generated during the burning of agglomerated wood
charcoal. In particular, future studies are needed on
the reduction of CO generation in Charcoal A and

Charcoal C, which were generated in large amounts.

4, CONCLUSION

This study selected three species of agglomerated
wood charcoal distributed in Korea, agglomerated wood
charcoal powder (Charcoal A), agglomerated wood
charcoal sawdust (Charcoal B), and agglomerated wood
charcoal for igniting nine-holed charcoal (Charcoal C),
among fuel-type wood products. Fuel specificity, hazard
material contents and air pollutant emissions generated
during combustion based on the products were
comparatively analyzed, and the following results were
derived.

1. As for fuel specificity of the agglomerated wood
charcoal, fixed carbon and ash are inversely
proportional, whereas fixed carbon and high-
calorific value are proportional. Since Charcoal
B has a higher fixed carbon content than Charcoal
A, the proportion of fixed carbon in the carbon
element is large and the amount of CO generated
is low due to the small amount of carbon
volatilized.

2. Comparing with the emissions standards of the
Air Quality Conservation Act (as of 2019-carbon
monoxide: 200 ppm or less (biomass and wood
pellet facilities), nitrogen oxides: 150 ppm (bio-
mass and wood pellet facilities), compared with
sulfur oxides: 100 ppm (drying and heating
facilities among general solid fuel product manu-
facturing facilities)), the emissions in this study
for the air pollutants generated during the burning
of agglomerated wood charcoal did not meet the

emission standards of nitrogen oxides and sulfur
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oxides in all products. However, the CO emissions
of Charcoal A and Charcoal C exceeded the
standard values.

3. Currently, there are no emission regulations for
air pollutants generated during combustion of
agglomerated wood charcoal, but the calculation
of the emission coefficients for air pollutants
generated by agglomerated wood charcoal kilns,
roasters when using white charcoal, and wood
stoves for wood pellets has been established.
However, there are only few studies on emission
control for agglomerated wood charcoal that is
frequently used for roasting and as camping fuel.
Based on the analysis of combustion gas generated
during combustion derived from this study, future
research is needed for comparing with the emission
standards of pellets, which are wood products
for fuel, among the existing biomass burning
standards and for reducing carbon monoxide
generated during incomplete combustion of

agglomerated wood charcoal.
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APPENDIX

(Korean Version)

Algol e E e AFEDY 85T FAIA Ad A7

25 & dAqolMe = H7‘ﬂ’|5‘ + U FeEH e 3T APH=THE 49, a4, FeHEes
Aeehe AYst] da qé %6]1 =4 Y, A4 A AEE VL9 Ed wiE S At 9E AdEk A
Al 271 ARl AT EEN H £ GRS TYAZIon, 35T da A dsks t71ed=d W&
F& 1R 2ZAY wiEsE l%# Hlﬂ Al A AEE A - BAtekE HilE 71l nIAA ek 201949 7] HiE
3187|E2R dAteheta 200 ppm, A4 4T2HE 150 ppm, FAkele 100 ppmo|, ojiteteta & )52 MG A 49k
oh & Aol ofs) AgE davks %*4% 7|2 ARR “%5—%4 A A BAEE d7lL 982 W& At AT
FEo] e A % APEEY =9d dao s A dakshda Ao digt F7HA A A 2ad deR
ot

LME

2 el = mAdAl 9 o7] $9 LAEEe] thet S5 WA= ok §lem(o ef al., 2019), SR
7138 A A RS ik, 20199 59 FaEskglom, 202019 19 Al Rl Qlk o] *H%Z‘A T8 A
ofg¥idl, A", AFAstEa T 22 24E AU REAR Adstden, 71E SRR e EAEE, B, 2
S 13%)2 oF 33% Ao eh Auttir| L= 11E5(HUA], dAststa, dairshs, atshe )0l telile Bt 30%
A HjE587]|ES A tH(Magnone et al., 2019).

olAY 7] L EEE &S E 7|0l e wet AgAle d71LEEE HiE A AR 75, Avhddas Awd
SUEHoFe] AR HAFAR] AE et SUiEE A T AT AR TR Hel EAER Y ARS EHOPOE Fsta
lom(Kang et al., 2018; Yang et al, 2018), 2| B A9 712 Qsto] ollA Aol 5718k Yl AR =T 5ol
defrie day FAAE] A A7E o HuA 9 AL 5 E4F 1FAR Fo] ALY AEHH ANE AT
A7t AP aL Qlrh(Kwon ef al., 2010; Lee et al., 2015) Z=H; ol2jdt A&d HAjAlEe] AMge] S =5 Aol
HAl, 254 2 Garshetadt 22 {7kt WS A7 WIREkA] HAE AL Qitk(Kwon et al., 2018; Yang et al.,
2018; Edoard et al., 2019).

o5 W57 flate] TEA|e] A &7bagt ool Aet HEs 2 AT Al 14% A1l A 15742 BAAES
Aoz A=A = LAY B4 D AFY AdY=E Bl F4 7&"\& 3Jojl-roﬂ o2 B APEAE % ﬁﬂﬁﬂ
o3 e} 53], HAEE, AP EY 5 98Y SAAES A 2N dulEe ARl 23 Fo5 A UdT
Soll wet F4E F7tetA Eof SitkLee et al., 2017).

T2y A7) edEd WS-8 7182 Bedt 71e ASHE ot 20119 7] L EEA v BAALE 2PHOR
oJulsl= golQl BEA A7) B AAe], =Mz, AAGE, 270 oA t7|=2 HHa—El“ L EEAE L Hl
A = ek

REGAL A ohget YA, 7iA 7| 354 WS ofy e} o Absheka, g, oAt A 5 2AVMARE tit R
2 i Z(Kim, 201 D)=, SA -3 AP FolA ol AHSE= AF 5 gt da A 71 dEd wEo] ¥4
S7kef 7)ol E e 2 ulAHA] wjEo] B3t A7 N eI Qlck(Park er al, 2011).

T 4R EY, 5 B3l 2 ARy EAAE da A AR g7 edEdel didt At vinlsh, &3, A4S
22 T Ao W A FHu5A 27 A 7| = WA Ao tiE A1} BeE o R % U A i
LTS AR Wl EF AR B3 AF7F AFo|tHKim ef al., 2010; Seo et al., 2015; Yang et al., 2017).

ol & A= W7| e dEA WiEs871E 43t Y AR dizh T84 F2E= AFY AN AR5 b7
HdE4 wiE 71E vhE Aol Sl feE Al Sle AT ES AR 1 FE BT A4 Al B EE H71 L A= E(CO, NO,,
SO,) HiEFE HlaEAskA: Sith
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SRR

2.1, FAA=R

2 Aol AHgE FAMEE SAAES] FA3 FA7)E LA(H2018-88) wE ERAE W -EEL Y= 3F
HBEES U AYFEN ADT BASAGEAGAOR BRot0] S50 THo| Holth BRE 43
A& 9] F2W 4222 Table 13} 2t} Charcoal AMixed Hard wood)+= &)E-H|H, Charcoal A(Coconut shell)2 F=HA| 2 H],
Charcoal B(Merbau)= AlY 9|1 %], Charcoal B(Bamboo)= G-l #h4=F 2|0}, Charcoal C(Mixed Hard wood)= -&-FAH,
Charcoal C(Mixed wood)= @ HXZo A F5FTh

N
1o

2.2, A&

22.1. N drEA

FAARY ARA EALE Sl WY, DA, UL RS WA F AAARS ol §9 TYLAFS
ZA3s}17] 98] EHE dFA(Bomb Calorimeter, Parr 6400, PARR INSTRUMENT INC, USA)E o] 83} o™, 1k
EE, 3R FALE BAS 9lsto] KS F 3705(A R W ZaARE] SR oAste] -8, R, 3E,
DTS TAAE HAS NS AP B, S T4 BAS 9lste] 4 A7) (Automatic Elemental
Analyzer, Flash 2000, Thermo SCIENTIFIC, USA)E ©|&3}%ith

N

I

222 N9 feiEd

AREHY A4 A H7] o2 HAE 7] dEEY &S flstel AIEH Wl 3 AlEY e F
8L Arhutgat 22 A9 faiEde f =4S 2uREE A (JP/ICPE-9820, Shimadzu, Japan)E ©|-§-3}3ict A
B0 2= ARE 40741(0.25 mm)o]ste] A} 0.25 g2 AMEste] 70% FARGNE AR FA tiH] 2408 F5H4: 3
3}al, ufo]m 2u} Baj A]AH|(Microwave, Multiwave PRO, Anton Parr, Austria) & 308 42, 30& 170C&% $4
ol AR HAYE shoiy & AFolMe 2% AR(0.25 g)= WFste] o] Alg Qlo] HF G E ik

N oot

2 2% ol
U wo b

223. APHY 7|2 @=d T

ARE Aol Tt A4 Al HAEE d7] SHdEE L Hlawsly] fJske] Fig. 13} 22 A5 #l =il gl 40x40%80
cm 2719 A% B2 E AAsto] Ao A Al ARSkGlTh SHE Wil 330g0] AIFHS Ao, 2 E SR E
2500) e BAAF] 43 F471% LAIAR018-8T) o] 2lA st 23l ZAAITHI 6087t uE T 7] 2. & H (ppm,
%)S Ak o, A% gi|ePdELLS CO, NO,, SO, 47HAE ZAstaon, tj7|uj&7tAZ%7](Portable
combustion flue gas analyzer, GreenLine MK2, EUROTRON s.r.l, Italy)E ©]83}%ith

U s A3 FFE 27HIE Astel AlE FASAET A4 A PAEE dr|eded vEde S
1, Table 39 ZAAIE 7 AFE 710l st FEHAE 3IFAL Table 4] we 7] L H=2 vl

o
N
G
2
rH
Y
_?L
2

3.1 AlgHY dr B4

EQAEL AT FE7IE LA(H2018-83) F F&A] 140 o3t AIFHO R Wrdsk, wATA, S, daRs ik
Table 2¢] YRt A& EE A& % Charcoal A (Mixed Hard wood), Charcoal C (Mixed Hard wood), Charcoal C (Mixed
wood)&: S| e 30% o]4fols, AT 42% ofat vekgtizt, ol AR 9 Ax BN ST F, = 2L
EZo| AAEA F2 o AARE o]8oto] P E|o] F|7 o] =2 A0 R Aty 12|al FeEd) 3E Rk
10% olsh2 ABH 5 714 Wom, 7,600 kealkg o402 & 19IABO| £2E 71 5 550 Charcoal BE 2327}
2t}452] Merbau®} Bamboo AHEs10] 2tk el BAS Uehhis 202 ARt lang ef al, 2017). A& e
NP Eee] ngeskn s T WA Yerton, o] Sslagold BelEsl Boldes U g
asshal o9 ALAQl uA A Tk A Fr1Eldl SEFEe] EolX|s AL E AlREY(Lee ef al., 2015), EZT

R
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LS, & LT Fo } = 208 Uyt ol AR SAF IR0 SR} chard] Bh3(1L
AeAHY), 8 SUHELE), ash(F 389 gho g AR 4= Ql7] wlEo|thLee et al., 2000). =4 U Ak4dFo)
ZHAE7] gl A= srele el WHsE #H-S Yeldti(Jo et al., 2006). Charcoal A (Coconut shell)9] 79, HAEA 9]
Carbon (%) $Fo] Fixed carbon (%) SFHT} W2 o] 8= YAEA WA A AAAE Q) A|RE BA5= ‘é}ﬂi TojHLA 9
FANALE 7 A0 2R RAL stol, T-9H 208%0] TEE Aol ola] WAL Basls AAANS Leh}
S Aoz werE.

OHJR

3.2. AWW $o12 B

AEHE Yol e FalEdd S5, d4htE 59 S Zit= Table 30 UetWith Table 49} B|atdto] Charcoal
A8} Charcoal C9J Z} T 4% BToA 9 Cu ¢} Charcoal A (Coconut shell)o| 4] Pbglafo] 7|&AE 233131,
ol AFEY Ax 9 Ar A I FolA WY 5 Qe 7|EA ol vEF Fu4 HEE wddHth UmA 2E
AEoN A= As, Cd, Hgol m|AZ 9 Ni, Zn g9 7|24 olst 217t A& =ieh Charcoal A 7 =F0]4 Ba (%)°]
B2E ol S/} FekCharcoal A) A1 544 27] 21318 ZA5p7] Sl HFLer A2 2 el 30%ole] LAkt
F A7 85t gl7] fZelth

3.3 AHY Yrloged P

33,0 A QABHERACO) WA

Fig 2= 4J@=ere] 50| 2 Austetact odsietas] vy vns @ Axolth. COY| A HF WA
Charcoal A¢] 0.0615% (615 ppm) (Mixed Hard wood), 0.0433% (433 ppm) (Coconut shell), Charcoal B+= 0.0279% (279
ppm) (Merbau), 0.017% (170 ppm) (Bamboo), Charcoal C+ 0.0586% (586 ppm) (Mixed Hard wood), 0.0589% (589 ppm)
(Mixed wood)©. 2 UEFYC} Table 50 Vel vke} o] L= 4239] Charcoal Ax 7] B33} £3 A] T4 SFdES
A= 2SA 2 AR mukE]o] 9lo] Charcoal Co H|3| =& SAALZE CO HH 2Fo| 31, Charcoal A(Coconut
shell)9] =EFo]| 20.8%= Charcoal A (Mixed Hard wood)Et} tf W7 w0 Z37tA] A|7to] o AE F& ZolA=
COTAFO R EQIg 4= glom, 7.5%9] o 3utE ek o g it CO LAY o) & Kolth F 42%9] Charcoal B2
7S Charcoal A, Charcoal Coj| H]d}o] CO vj&efo] A3 & Aoz U}t o] Charcoal BQ] EtA YA thy]
A ]Fe] 11 9 Feo] viot ek A] Bt AlshElo] COTL A 4 Gl vkl H7] we] ekt
Aol el Charcou CE= stinal sl 33 sigieel st o qlo 2] oM Fa 5apt
ol Al Eo] &4 B+ oA ELAALTE dolut 543] & COUETSE HolA HSirh COY T
S ] e Fat o] F EFRE HEE g AR wEls Ut on] 1A E AefRt gadart
R o] =28 COY WPl F7lete 2HE =&kl

' m°
H 2

]

332 *1‘24.5-4 ARAFHE(NOy), BAeHE(SOy) BT

Fig. 3, 4= A32ee $50| o2 a4} Aa1ge] WASS vmet Anjolth. o] e wief 2o,
NO,9| A7t Jﬂ—_n’- HFAIEFLS Charcoal A2 65.5 ppm (Mixed Hard wood), 2 ppm (Coconut shell), Charcoal B 2.6
ppm (Merbau), 8.7 ppm (Bamboo), Charcoal C+= 41.3 ppm (Mixed Hard wood), 41 ppm (Mixed wood)2] A5 LElHT]
©] % Charcoal A (Mixed Hard wood)?| 79~ 27] 23t Al Egd A4z Qe WAshE NO& oFo] ol B+ TAF
Z7bz et

SO« Hl&TF2] 79 Charcoal A 5 FH4-ET,Z 072 A3 AYZEL ujd=, Coconut shell2 A| 23 A& 1.8
ppm, Charcoal B&= 24~% 2% 1|7]%, Charcoal Ci= 4.2 ppm (Mixed Hard wood), 3 ppm (Mixed wood)©] &% o], Charcoal
CoflA w]=k A ﬁoi e AT A4 Al HolA SO viE% wlH|gE otk 221l SO« HH%F* 7]50] 30

ofoll 2 Uehbe @48 BA717] EA4 353} o] 129] do] W FolA] 24 Al k] S8, EL i
o 329 do] k4 B B4z FAUHWA LE Wi o) A7lE S35 U ACe AZR,
3.4, rlogEe B o A WEF vlm 24
THER SN TS 7| edEE e $A A=l 9Jsto] 2012 F-E] Table 6= 2015WH# 2016W71] 2147t
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o s t7led=d At T AT ARt A A4 A9t TS e Azolth Aol Lehd nie} o]
AR 710 E A e F ATARALo] O hERE CO 30%, NO, 1%, SO, 0.02%F A3t, o2 o] o8
WE7hs % Qarsterao) wldeol ATEES A5t

ol &, AFEEY Wik frEdS Lokl 43 EH "4* Al HiEE = 7| L @8-S APEEE AL, Table 79} 2ol
Hl&F 3 CO 9F 0.01%, NO, 0.005%, SOy 0.01% ©]3}2 Hj&E+«= Aoz o=Hdt) o5 elsh=

SE7F 4,368 tond} =% FEF 37,215 ton(BAAE 2] A5 AJAFRAF LA 2017. page

51. page 173, 20152016\ B 3atod(41,583 ton) & AL Ea £28 A7 4 CO9 NO, SO.9] HHAIekS
22 272 170 ppm, 2 ppm, 1.8 ppmZ H| =4 615 ppm, 65.5 ppm, 4 ppm o2 Z+z F5}gIe}. o] oA NO,
SO #2274 Ao 2442 Aolrt 24 Lo WolS At

AEAL A SRR o712 9E 0] TIE} R0 2M AREE: A A WAlEks CO0) FEafolelnl Sl i
o] W Charcoal A} Charcoal C2] CO ¥ #|7to] digt A7} HQst Aoz otwch

=

L["L
3

o~

E
Ate ARY BAAE 52U FEEL Sle APEY 3574 ¥ (Charcoal A), 51/ % FH(Charcoal B), 4%
215+ P (Charcoal C) Aol AlEe] e A &4, Flled oE, 94 A dAsE d7edEed Weds
HEAstg o, theat 242 AiE =&shqith
1 dgEge] da E’“ii BLE )= Eatl el Hﬂl@ﬂ, aekaol Aol gske vl Y| BAE Yetllon, FAddw
(Charcoal B)o| <7154 & ¥(Charcoal A)R T} =28 1 AEA SRS 71A] 1 Qlo] EtAYA & AT H|S0]
A A Fof YA H [e= 22 g ELF*OE Qs CO Aol WA yetsich
2. 43 EEY] da Al Wske d7] e dEE WiEES d7|1S A wjE6] 871220199 712 UASFEF22:200ppm
O]OKHPC’]QUH’\ 9 B AFEAIA), HaAtsHE:150ppm(Hto] e oA Bl EAES] ARE-AA), AR 100ppm( LR
FARAE AXAE 5 A2 D 7FEAAR) I} vashd, A AlEol A Aaitehsm ﬂ*@ﬁ# Hj&7]Eol= Pl
EOW O}, £7H/d P eh(Charcoal A)¥} LHEHEE- AJF TH(Charcoal C)2] CO HiEFo] 7|1 & 2ot 25
R=pvisg
3. @A AR ET A4 A I EE d71edE o] tigt siEtAle Sl AEAAARE £7mf, W o]§ A] A7)0,
SRS StEdR FolA W EE d7]1ed=dY WiEAS 4] FEE ] Yo old W APARE Pol
AREE AT tiet slEFAl] tigt ATt wblEt) £ ATE 5Ol EEE A4 A H““El% A7kl gk
S 71RE 712 AEAAL 7S F ARE SAAIER B9 w7 vl 7hedt Aot AP aee] B d
a Al HgE s dalsleAaE A7) % A7t Festith

p
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