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ABSTRACT

Characteristics of carbonized biomass obtained from a Wood charcoal briquette manufacturing process using an open
hearth kiln are analyzed in this research, and differences in the characteristics based on the results of a mechanical
screening process and the position within the kiln. One type of biomass and five types of carbonized biomass were
collected from a Wood charcoal briquette manufacturer. After screening and grinding processes were performed on
samples of 1 type of biomass and 5 types of carbonized biomass extracted from a Wood charcoal briquettes manufacturer
to classify by particle size, fixed carbon, ash, volatile matters, elemental composition, and high heating value (HHV)
were measured. Experimental results showed that the carbonized biomass collected from the middle layer had the highest
HHV, 20.4 MJ/kg, and therefore had the highest fuel quality. In terms of particle size, the carbonized biomass below
100 mesh had the lowest ash content and the highest HHV, carbon content, and fixed carbon content. Correlation
analyses showed that ash content had negative correlations with HHV, volatile matters, fixed carbon, and carbon content,
which suggested that ash content affected negatively on fuel quality.

Keywords: wood charcoal briquettes, open-hearth carbonization furnace, fuel characteristic

14 of the National Institute of Forest Science Public

1. INTRODUCTION

Notification 2018-8 “Criteria for Standard Dimensions

Timber products refer to 15 different types of products
prescribed by the Presidential Decree of the Act on
the Sustainable Use of Timbers (the Timber Use Act)
(Korea forest service, 2018). wood charcoal briquette
is one type of timber product, and the criteria for

standard dimensions and quality are defined in Annex

and Quality of Timber Products” (National institute of
forest science, 2018). The wood charcoal briquette
defined in the Public Notification encompasses products
that are shaped into certain forms after being carbonized
from raw materials such as wood, woodchips from

bamboo or seeds and nuts, wood shavings, or bark,
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as well as products that are shaped into forms from
carbonized sawdust using additives. The wood charcoal
briquette is categorized into sawdust charcoal briquettes,
charcoal powder briquettes, and molded charcoal for
kidling holed coal briquette, depending on the manu-
facturing methods. While quality criteria for ash content,
fixed carbon, and high heating value are different
depending on the type of wood charcoal briquette, the
same criteria for heavy metal content apply to all
products in this category, except for barium, which is
used as a complexing agent (National Institute of Forest
Science, 2017). In addition, the use of construction wood
wastes, residential wood wastes, wood treated with
pesticides, wood treated with preservatives, and other
materials including wood, bamboo, seeds and nuts,
sawdust, shavings, and barks that are suspected of
contamination with harmful compounds are restricted
(National Institute of Forest Science, 2017).

When it comes to logging in the Republic of Korea,
cutting volume is estimated to be 7,670,000 m’ in 2016,
and products collected as a result are estimated to be
5,250,000 n’, therefore leaving 2,420,000 m’ of unused
forest biomass (Korea forest service, 2017). Thus, it
is imperative that the unused forest biomass that makes
up 32% of the total cutting volume utilized in various
wood industries.

Domestic manufacturers of wood charcoal briquette
have pursued diversification of the raw materials based
on implementation of the Timber Use Act and National
Institute of Forest Science Public Notification, and wood
charcoal is currently produced primarily by using
branches and roots of trees from the unused forest
biomass (Korea Forest Service, 2018; Choi, 2018). Also,
there had been an increased number of cases where
the heavy metal content of wood charcoal briquette
products is found to exceed the criteria. Current situations
can be viewed as a progress towards standardization
of wood charcoal briquette products, as integrated

quality criteria for timber products are established and

managed; however, currently no consensus exists
among industry, academia, research instutions, the
authorities, and private corporations (Ahn et al., 2013;
Kwon et al., 2018; Yang and Han, 2018).

Most of the charcoal briquettes in the Republic of
Korea are manufactured using an open hearth kiln,
where a pit in the ground is prepared as a carbonization
chamber, and raw materials are stacked in the chamber,
carbonized at 300-400 C, and extinguished using water
or soil (Yang et al, 2017; Magnone et al., 2019).
Afterwards, a new batch of raw materials is added on
top of the carbonized materials, carbonized, and ex-
tinguished and this process is repeated several times.
Once the carbonized materials reach the top of the
carbonization chamber, they are removed from the
chamber and used for manufacturing wood charcoal
briquettes. Carbonization time varies within the
materials produced by this method in that the lowermost
layer undergoes carbonization for the longest time and
the uppermost layer for the shortest time; also, impurities
such as soil are concentrated in certain layers during
the process.

For this, the research aims to evaluate the quality
of carbonized materials produced by carbonization of
unused forest biomass in an open hearth kiln, which
is used for manufacturing wood charcoal briquettes.
Carbonized materials are collected based on the time
in which they are added to the carbonization chamber,
and they are mechanically processed and sorted by
particle sizes. Their fuel characteristics before and after
carbonization are compared based on factors including

time of addition, carbonization time, and particle sizes.

2. MATERIALS and METHODS

2.1. Testing Materials

Materials produced in an open hearth kiln used by

a wood charcoal briquette manufacturer located in
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Fig. 1. Hog (HSW) and carbonized hog (CSW) of soft
wood.

Chilgok-gun, Gyeongsangbuk-do, Republic of Korea,
were utilized in this research. Testing materials were
the byproducts of afforestation efforts, purchased by
the wood charcoal briquette manufacturer, which were
composed of mixed softwoods. The raw materials were
carbonized at approximately 700 C and extinguished
for approximately 80 hours. Hog of softwood (HSW)
and 5 types of carbonized hog of softwood (CSW)
are used in this research (Fig. 1). The carbonized hog
materials were divided into 5 equal layers based on
their vertical position within the kiln during carbon-
ization, labeled as CSW1, CSW2, CSW3, CSW4, and
CSWS5 from the uppermost layer to the lowermost layer
(Fig. 2). Samples were collected from each layer for
testing, and the collected samples were double sealed

and stored at room temperature for a better preservation.
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Fig. 2. Schematic view of charcoal kiln and sampling
by location.
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Fig. 3. Process description of mechanical pretreatments.

2.2. Mechanical screening

Carbonized materials obtained from each layer were
ground and sorted based on the particle sizes to analyze
the distribution of their particle sizes, as shown in Fig.
3. All samples were dried for approximately 48 hours
in an oven at 65T prior to use to facilitate the sub-
sequent screening process. A cutting mill (Pulverisette
19, FRITSCH, Germany) was used for the grinding
process (Fig. 3-(D). The cutting mill was operated using
a rotational speed of 300 rpm, and a sieve with 1 mm
in diameter was used. Particle size sorting was per-
formed using a vibratory sieve shaker (analysette 3,
FRITSCH, Germany), with standard sieves of 40 mesh
(0.4 mm) and 100 mesh (0.149). The materials were
separated into 3 categories: particles with sizes above
40 mesh, between 40 and 100 mesh, and below 100
mesh, labeled as Top, Middle, and Bottom, respectively.
The yield was calculated for each category at this stage
using Equation (1) in order to analyze the distribution

of particle sizes.

Y; (%) = <7< 100 (1)

Y p=Yield of the corresponding particle size (%)
W p=Weight of the corresponding particle size (g)
W =Weight of the original sample (g)

2.3. Proximate analysis

Proximate analysis was conducted using a thermogra-

vimetric analyzer (PrepASH229, Precisa, Switzerland)
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to analyze moisture content, volatile matter, ash, and
fixed carbon contents of the samples. Approximately
1 g of material was used for the analysis. Analytical
conditions were determined based on ISO 18122 Solid
biofuels — Determination of ash content, ISO 18123
Solid biofuels — Determination of the content of volatile
matter, and ISO 18134-3 Solid biofuels — Determina-
tion of moisture content — Oven dry method, published
by the International Organization for Standardization
(ISO). The fixed carbon content was calculated using
Equation (2).

FC (%) =100— (MC +VM+ASH) )

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

2.4. Measurement of high heating value
(HHV)

HHVs were measured uing a calorimeter (Parr 6400,
Parr, USA), referring to ISO/DIS 18125 Solid biofuels
— Determination of calorific value. Samples for analy-
sis were prepared by accurately weighing 0.5 g of the
powder and forming a pellet with a diameter of 13
mm under 10 tons of pressure, and they were com-
pletely dried in an oven at 105 + 3 C for more than

3 hours prior to measurement.

2.5. Elemental analysis

Elemental composition was analyzed using an ele-
mental analyzer (vario MICRO cube elemental analyzer,
elementar, Germany). Carbon, hydrogen, nitrogen, and
sulfur contents were measured, and oxygen content was
calculated according to Equation (3). Analysis con-
ditions were as follows: samples underwent a complete
combustion in the combustion chamber that was main-
tained at the temperature of 1150 = 5 °C, and the gas

generated from this process was purged using helium

flowing at 600 mL/min to the reduction tube that was
maintained at 850 + 5 C, where they were reduced
to Ny, CO,, H,0O, and SO, for analysis. 50 mg of the
powder was used for the analysis, and Standard
Reference Material® 2693 (National Institute of
Standards and Technology, USA) was used as a
reference. Samples were completely dried in an oven
maintained at 105 = 3 C for more than 3 hours prior

to elemental analysis.

0 (%)=100—(C+H+N+5S) 3)

: Carbon content (%)

: Hydrogen content (%)
: Nitrogen content (%)
: Sulfur content (%)

: Oxygen content (%)

SCwvZITO

2.6. Calculation of energy vyield

The energy yield (Yg) of the samples obtained
from the screening process was calculated using
Equation (4). The equation is calculated based on dry
weight.

 HHY,

YE(%)—WXYP )

Y = Energy yield (%)

HHYV, = high heating value for the corresponding
particle size (MJ/kg)

HHVg = high heating value of the original sample
(MJ/kg)

3. RESULTS and DISCUSSION

3.1. Distribution of particle sizes

Weight-based yields of the samples corresponding
to each particle size which are categorized by the
mechanical screening process, are shown in Fig. 4. The
yields of Top (>40 mesh), Middle (40-100 mesh), and
Bottom (<100 mesh) samples are distributed with the
ranges of 43.6%, 30.6%, and 25.9%, respectively, for
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Fig. 4. Particle distribution of the wood
charcoal briquettes.

the HSW sample, which is not carbonized. The yields
of Top, Middle, and Bottom are in the ranges of 10.7-
16.6%, 17.6-20.0%, and 63.8-71.2%, respectively, for
the carbonized samples, CSW1 through CSWS5. Previous
studies have reported that carbonization of wood leads
to thermal degradation of wood components, including
hemicelluloses, celluloses, and some lignins, which
causes an increase in carbon content and brittleness
of wood (Lee et al., 2015; Mei et al., 2015). Therefore,
it is understood that carbonized samples generate a

greater amount of fine particles below 100 mesh when

mechanically processed than the uncarbonized sample
due to the greater grindability. While the carbonized
samples show slightly different yields depending on
their vertical position within the open hearth kiln during
the carbonization process, the differences are rather not
significant, and they indicated a relatively similar

tendency of particles distribution.

3.2. Measurement of high heating value,
proximate analysis, and elemental
analysis

Results of HHV measurements, proximate analysis,
and elemental analysis are summarized in Table 1 for
the uncarbonized HSW1 and 5 carbonized CSW
samples. Samples from CSW1 through CSW5 exhibit

lower volatile matter contents than the HSW by 53.5-

57.7%. The significantly lower volatile matter contents

of the carbonized samples are thought to be caused

by the removal of most of the volatile compounds as
gas during the high-temperature carbonization process.

On the other hand, ash and fixed carbon contents of

the carbonized samples are 20.7-34.0% and 21.1-33.1%,

Table 1. Proximate analysis, elemental analysis, and High heating value (HHV) of the hog and carbonized

hog of soft woods

Proximate analysis

Elemental analysis

Sl (Wt.%, dry basis) (Wt.%, dry basis) (;E;’
ample - : g,
Volatile Ash leedl) C " N o? S dry basis)
matter carbon
HSW 68.4 14.0 17.6 39.9 5.0 0.4 54.8 0.0 16.1
(L.1yY (1.3) (0.2) 0.4) 0.4) (0.1) (1.8) (0.0) 0.2)
CSW1 14.2 39.1 46.7 50.5 1.8 0.9 46.7 0.1 19.3
0.2) (1.5) (1.3) (0.0) (0.0) (0.0) (0.9) (0.0) 0.2)
CSW2 10.7 42.6 46.8 49.9 1.4 0.7 479 0.0 19.4
(0.3) 3.1) (2.8) (0.0) (0.0) (0.0) 2.1 (0.0) (0.5)
CSW3 14.7 34.7 50.7 50.9 1.7 0.7 46.6 0.0 20.4
0.4) (4.8) (5.2) (0.0) (0.0) (0.0) (0.5) (0.0) 0.1
CSW4 13.3 48.0 38.7 429 1.7 0.7 54.7 0.0 16.7
(2.3) (10.9) (8.6) (0.1) (0.1) (0.0) 0.3) (0.0) (0.1)
CSW5 14.7 37.7 47.6 47.1 1.8 0.8 50.2 0.0 18.6
0.7) (3.3) (2.6) (0.0) (0.0) (0.0) (0.5) (0.0) 0.3)

1) Fixed carbon (%)=100-(Volatile matter+Ash) (%)
2) O (%)=100-(C+H+N+S) (%)

3) The numbers in parenthesis refer to standard deviations.
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respectively, which are higher than those of the
uncarbonized sample (14.0% and 17.6%, respectively).
A previous study has reported that mineral components
within wood become concentrated in wood charcoal
by 4-5 times during a carbonization process and remain
as ash (Lee and Kim, 2010). It is thought that the higher
ash content of the carbonized samples than that of the
uncarbonized samples in this study can be attributed
to similar reasons. The carbon content of HSW samples
is measured to be 39.9%, and those of CSW1 through
CSWS5 range from 42.9% to 50.9%, which show a small
increase. Lee et al. (2007) has reported that the carbon
contents of Pinus Koraiensis carbonized at 300-400
C range from 67.7% to 72.2%, which are higher than
the carbon contents proposed in this study. We
hypothesize that this difference, as well as the relatively
high ash contents mentioned above, has been caused
by a greater amount of soil and other impurities
contained in the samples used in this study, which might
have been mixed in when materials were collected from
the ground after trees had been cut, during transport
and storage of the collected materials, or during the
carbonization process in the open hearth kiln. On the
other hand, the carbonized samples had lower hygrogen
and oxygen contents in most cases than the uncarbonized
samples, which is thought to be caused by removal

of hygrogen and oxygen in the form of steam and carbon

dioxide, respectively, during carbonization. Nitrogen
and sulfur contents are relatively small and do not
exhibit significant changes. HHVs on average have
increased after carbonization. Samples from the middle
layer, CSW3, have the largest average HHV, 20.4
MlJ/kg. Also, the bottom two layers (CSW4 and CSWS5)
exhibit smaller HHVs than the top two layers (CSW1
and CSW2) by approximately 1.7 MJ/kg. We conclude
that HHVs of the carbonized materials produced in the
open hearth kiln are not strongly affected by duration
of carbonization but by blocked oxygen influx during
the carbonization process.

Results of proximate analysis, elemental analysis, and
HHV measurement for the carbonized samples (CSW)
are summarized in Table 2 based on the particle sizes.
Volatile matter and fixed carbon content are measured
to be increased with decrease in particle size: these
values for the Bottom particles, 15.5% and 52.3%,
respectively, are approximately twice as large as the
corresponding values for the Top particles, 7.4% and
26.0%, respectively. Ash content is observed to be
decreased with decrease in particle size from 66.6%
to 32.2%. It is thought that most of the impurities,
such as soil, contained in the carbonized samples have
sizes greater than 40 mesh, and as a result, they are
concentrated on the Top layers during the grinding and

sorting process. Carbon content exhibits a similar trend

Table 2. Proximate analysis, elemental analysis and High heating value(HHV) for carbonized hog of soft woods

(Top, Middle, and Bottom)

Proximate analysis

Elemental analysis

Sample S (Wt.%, dry basis) - (Wt.%, dry basis) (ﬁgl‘(’g’
olatile Ash ixed | C H N 0? S dry basis)
matter carbon
o 74 66.6 26.0 16.4 0.7 03 82.6 0.0 10.4
P (1.0Y (7.1) (6.4) (5.6) (0.1) (0.1) (5.7) (0.0) (2.4)
Middle 11.0 495 39.5 33.6 1.2 0.5 64.6 0.0 14.8
(1.3) 4.4) (3.9) (7.4) (0.1) (0.1) (7.6) (0.0) (2.3)
Bottom 15.5 322 523 58.8 2.0 0.9 38.2 0.0 213
(1.8) (4.9) (4.6) (3.4) (0.2) (0.1) (3.5) (0.0) (1.3)

1) Fixed carbon (%)=100-(Volatile matter+Ash) (%)
2) O (%)=100-(C+H+N+S) (%)

3) The numbers in parenthesis refer to standard deviations.
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with the fixed carbon content, which increases with
decreasing particle sizes; the Bottom particles are found
to have the highest carbon content, 58.8%. On the other
hand, oxygen content decreases with decrease in particle
size, with a minimum of 38.2% exhibited by the Bottom
particles. Hydrogen and nitrogen contents show a small
increase as particle size decreases, and sulfur content
does not show any significant changes. The Bottom
particles also have the highest HHV, 21.3 MJ/kg, which
is above the quality criteria for wood charcoal briquettes,
17.6 MJ/kg, prescribed in Annex 14 of the National
Institute of Forest Sciences Public Notification 2018-8
“Criteria for Standard Dimensions and Quality for
Timber Products.” A previous study has also reported
that materials with smaller particle sizes exhibited a
higher carbon content and high heating value when
carbonized (Hwang et al., 2012), and that energy in
the carbonized samples was concentrated in the Bottom
particles (Hwang et al., 2012). Considering these results,
it is concluded that selecting carbonized materials with
smaller particle sizes in grinding and sorting processes
will increase the quality of wood charcoal briquette,
and this pre-processing is expected to be more effective
for materials containing a large amount of impurities

such as soil.

3.3. Energy vyield

Results of energy yield calculations based on HHVs

of each sample are shown in Table 3. The energy yield

in this study considers both weight-based yield from
the mechanical screening process and the measured
HHVs, and it represents the ratio of the final energy
that can be recovered through the screening process
to the total energy contained in the original sample.
The energy yields of the uncarbonized samples, HSW,
are measured to be 0.46, 0.31, and 0.21 for the Top,
Middle, and Bottom particles, respectively. The decrea-
sing trend in energy yield with decreasing particle size
is thought to be attributable to low grindability of the
HSW samples, resulting in the lower yield of smaller
particles, as shown in Fig. 4. On the other hand, the
energy yields of the carbonized samples are measured
to be 0.05-0.12, 0.12-0.17, and 0.70-0.82 for the Top,
Middle, and Bottom particles, respectively, which in-
dicate that the energy yields dramatically increase with
decreasing particle size. It is understood that the carbon-
ized samples generate more smaller particles which have
larger HHVs, thus resulting in significant differences
in energy yield in which these two factors are multiplied.
The highest energy yield is observed in CSW1 Bottom,
0.82; the highest HHV is observed in CSW3 Bottom,
20.67 MJ/kg, while its energy yield (0.71) is on the
lower side due to its relatively low yield. This is con-
sidered to be due to having a relatively lower weight-
based yield when compared to its high HHV. While
the total HHVs of HSW and CSW4 are similar, making
it difficult to believe that the carbonization was suc-

cessful, mechanical screening helps confirm successful

Table 3. high heating values (HHV) and energy yields (EY) for the hog and carbonized hog of soft woods

HSW+ CSW1 CsSW2 CSW3 CSW4 CSW5
Particle sze HHV __EY HHV _EY HHV _EY HHV _EY HHV _EY HHV  EY
Total l(g:}é;) 1.00 (10?'2217) 1.00 (10?5‘2‘)) 1.00 (200.'1411) 1.00 (106.1723) 1.00 (10§562‘; 1.00
Top (106.'68;) 0.46 (g:gg) 0.05 (103.'7571) 0.12 (10().6893) 0.09 (giii) 0.06 (100.6969) 0.09
Middle (106_'3430) 0.31 (l(f '5958) 0.15 (10‘2321) 0.13 (106_'2990) 0.17 (101. '1058) 0.12 (105.'2583) 0.15
Bottom (103_ '1192) 0.21 (202.'32& 0.82 (200_&7) 0.70 (202_'1891) 0.71 (109.6635) 0.79 (20%869) 0.76

1) The numbers in parenthesis refer to standard deviations.
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carbonization of the CSW4 layer, shown by a large and Bottom particles of the carbonized samples CSW1
increase in HHV of the Bottom particles from CSW4 through CSW5 are presented in Fig. 5. Ash content
compared to those from the uncarbonized samples. in the carbonized samples is statistically highly correlated
with the fixed carbon content, exhibiting the largest
3.4. Correlation analysis value of R’=0.9886; this is thought to be related to
Correlations among HHV, volatile matter, ash content, the clearly decreasing trend in ash content with
fixed carbon, and carbon content of the Top, Middle, decreasing particle size observed in this research. HHVs
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Fig. 5. Relationship between ash, volatile matter, fixed carbon, carbon content
and HHV of carbonized hog of soft wood
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of the carbonized samples are highly correlated with
the carbon content (R?=0.9085). This is thought to be
caused by enrichment of C-C bonds, which have high
bond energy, within the carbonized samples as the
hydrogen and oxygen are removed during carbonization
(Lee et al., 2016). In addition, HHVs exhibit a stati-
stically significant positive correlation with fixed carbon
content (R?=0.8363). HHVs of the carbonized samples
with different particle sizes have a statistically signifi-
cant negative correlation with ash content (R?=0.8551).
This is thought to be related to the trend that ash content
of the carbonized samples decreases as particle size
decreases, while HHV increases, as shown in Table
2. The correlation between HHVs of the carbonized
samples and volatile matters exhibits a scattered dis-
tribution and is therefore statistically insignificant. Ash,
volatile matter, and carbon content have statistically
significant negative correlations (R*>0.83). Volatile
matters and fixed carbon have a positive correlation
(R2=O.7956); likewise, carbon content, volatile matter,
and fixed carbon have statistically significant positive

correlations (R>>0.75).

4, CONCLUSIONS

In this study, characteristics of carbonized samples
produced using a wood charcoal briquette manufactur-
ing process based on an open hearth kiln are analyzed.
For the carbonized samples collected based on their
vertical position within the kiln, it was originally expect-
ed that the bottommost layer would exhibit the highest
quality, but the experimental results suggest that the
quality decreases in the order of middle layer, top layers,
and bottom layers. Fuel quality of the carbonized materi-
als produced using the open hearth kiln is observed
to be not related to carbonization time; the middle layer
exhibits the highest quality due to a relatively uniform
carbonization reaction arising from heat transfer from

both directions, i.e., from the layers above and below.

When characteristics of the carbonized samples are ana-
lyzed based on particle size, HHV, carbon content, and
fixed carbon content increase as the particle size
decreases. In particular, the carbonized samples below
100 mesh exhibit an HHV, carbon content, and fixed
carbon content of 21.3 MJ/kg, 58.8%, and 52.3%, re-
spectively, which are directly related to an increase
in fuel quality. A relatively large increase in quality
can be expected if carbonized samples below 100 mesh
are selected after carbonization and grinding, in a case
where screening is not feasible prior to carbonization

in existing processes.
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APPENDIX

(Korean Version)

YRUSEE o4 HYRT AZTHNA PAY B3 vl erh 29 BA

2% : & A7 2002 19T JYRY ALHYI BE B oo 248 Riislen 7P AN
W et o 9o w2 54 Aolg vwstudt sieick AFBE AZUHNA AHH vlolor 153} T} vpo] o)
2 5%0] ARE iR M¥(screening) W E4(grinding)S £ FAARY QA=) WeEE g 3 5, TR,
18, U S G G WIS Sokick 48 A, R0 G welis 5115 B ool
udego] 204 MIkgOR 71 4 24 BAS Lehglck. 41 94 2710 webalis 100 mesh of5}e] ek} vho] oo
A SRl b Wokn Wl B U TARE YRS BUT. AR B 20 98 gue Ay, U4
SR, WYEL, T GG B 2o HBVAS Uehfe] B2 ol AR S $HHA 9P n)X A2
spelshgict

M2

EAAFlT EA Y] A&7t o] gofl wet HE(EA ol § )M dedFg oz A4e 157) AFS BetrhKorea forest
service, 2018). 4TS BAAEE T FH2, FUUTFY DA AR0I88S BANE] FAT FH71E0] B
1404 FA1} Z27)F0] X4.4Q°*11}(1\Iatlonal institute of forest science, 2018). 3T Ao A HolH AgHere 2|,
bt 4lo) AR, o 4 58 Rl sl Qe AEE 4 T Tee AT, wele Bkl 2 5 B2}
AE W1 ARE AS Told, Ak ol whet AR, 27T 9 FHEREie Adues it AgEEY

5ol web SR, aAws, nddw 5 FA7I Aozt EASHARL AR AR EE BHEE Al Fa5
Stk F Ut 7|&2)71 A 7-EItNational institute of forest science, 2017). 0| Q]o| = AXLHEAY, HSHEA), AZE=4E4 =
A, AR SRS 1wt} §1E2 2gdo] SeiEhs BA ok, 4, B4 i, 9 50} Aol AleherkNational
institute of forest science, 2017).

Selyzie] W RS AR 20164 ) WAL T67Rhmolw, o] F WA 7o) oF 252 2428k
ujo] & Abuto] Quj A7} HAELAL QlthKorea forest service, 2017). wabA], HA| WA Eko] oF 32%E X}A|5l= u]o]& Aku}
oleul At chekg BRI ool 4 THEEolof T,

A S A= A2AAES SANY SEAEAE TAY Ao s ARdR IS FAsGAL AA rlold
Abddto] @ o A(Korea forest service, 2018) & ¢E9] 7} 4 B & FURE Bek-S AASEAL QIth(Choi, 2018). E3E,

el A BAtElo] 5 9l AgET] Fa% 7IEAE 26t AWEE F9U Eolu § % *EXéOlE} olE{gt 42
SR A Ze gt “‘71%01 SHE T A=A JPEEe] ArstEy] ¢3t PR E 4= YA, Aol HH Akt
- 7ol E}Okd o Aol HESH AH3Fo|tAhn et al, 2013; Kwon et al., 2018; Yang and Han., 2018).

APEE ARE QA Sl 71 wol ARSI 9l WAl HEESRE o83 W o W dAs Fh
ghfjo] et “J— T Agt o] 2 ujA e YRE Aot oF 300~400C 9] 2= T3FA|7| AL Folut F W] 434
ZItH(Yang et al., 2017; Magnone et al., 2019). 0|3 | 2& n|Az] Y482 43F €@3lE 92 R=Qste] oA Wt
‘ﬂ“ﬂ*ﬂ ol g5l T 43HA 7= B S £ whEste] ettt HE 0 whshEe] gat ol 7A] thrhE W st

S Aol AP EY] YRF AMEHTh o|Hd w3t WE B3 A" URE M o wslh Aed HaidEo
‘HEE} oz atol| ghshE HAdthEo) PR o] §3l Alzto|u 'hst 3 Fot F3 22 o|EHo] EAT Fo| EFEE WA

o] WAy}
ol £ Aol vlolg: Aol s ARzl skl Ak akie £ A7l v A3fete] /14
B9l QA 2719 BRS 5 debe A0 FY A7), 98k AL 9 7] Boll mE G Re] o (2l

o Wnatn o Fol BRAmZAN A JYET URd di FIE WAL Sk
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SRR

2.1, JAA=

2 dolde AR Aol YA 4% EEH(wood charcoal briquette) Al AH|7F AMS-Sh= FRZERRR A YAt
YRE &G AR 7ML= T HARARES RS QAL e Aoz JYa EfeFelth
otz oF 700C 9] 2ol A g3t o] oF 80AI7F 53t 23HE lrk 2 A tofA= Y4 1 (Hog of Soft wood,
HSW)9} et3bel 2¢j4> 31 5% (Carbonized hog of soft woods, CSW)& o|-8-5}¢thFig. 1). 3l 31 P &etslz o]
e} ofAjof wet ATom e AT AR STROE BRet] et on, Ao =R E CSWI, CSW2, CSW3,
CSW4, CSW5& AFs5te] SAIMRE ARSHtH(Fig. 2). AFE AlEe Ala AHE & BHESP] 98 2502 dEsto]
ol Hasteieh

2.2, 7148 ¥

717}0) S0 2R dojzl &gt tigh YAF 2719 BE A4S 9lel Fig. 3o AAE AAY St} A 27E=
Adatolcth. BE ARs AH] Solds $al 65C 2EoA] oF 48A17F ARAIZ] T ARSIt E4(Fig. 3-D)= At
Y(Pulverisette 19, FRITSCH, Germany)2 AR2-3l4ch At Wol 314 4= 300 ipme 2 7FsA| AL 1 mme] 23S
7 A2 ARk 4R 27] ML K54 A2 %7 (analysette 3, FRITSCH, Germany)2} 40 mesh (0.4 mm), 100 mesh
(0.149 mm)9] A7|E& Zt= EEAE ARE31o] 40 mesh ©]AK(Top), 40~100 mesh(Middle), 100 mesh ©]3KBottom) & H-75}%1
oh. A oA Ak 7] FEE B8] el g 27 &S AL A4 Equation (1) Zth

W
Yp(%):WZXIOO (1)

Y, =ad g2 8(%)
W, = g 271 A (g)
W =927 (g)

2.3. 34=4
FYEAL FEI S 7 (PrepASH229, Precisa, Swiss)& A8t X592 =&, 3 3Rz, B8, 1AHAE 24
stoich g2 A&7} AREE QI A 2 AL 2A #23517| 9SO, International Organization for Standardiza-

=i
Lo
2
rr
1Y 12
o

Z(1SO18122 Solid biofuels-Determination of ash content), 3|A 313HE gHF =7(1SO18123 Solid
biofuels-Determinaton of the content of volatile matter), =8 $H2F 2%(1SO18134-3 Solid biofuels-Determination of mois-
ture content-Oven dry method)S #Fa1sto] =33}t A B4 O] - Equation ()5 F3l AXHE I

FC(%) = 100— (MC+VM+ASH) ?)

Fixedcarbon (FC) = 5}
Moisturecontent (MC) = <8 (%)
Volatilematter (VM

Ash = 3% (%

N

[
of calorific valueZ o] Sa5isirh. £4 Azt oF 05 go] B Aol 10 19 o2 2% 13 mme] W3

Hel2 AFPsto] Ao AMgsIgon, ARE 105+3T 279 QBoA 347 o)A AAAZ & ZA o AME3I3L)
2.5, Base 2
AAFFE YAEA 7| (vario MICRO cube elemental analyzer, elementar, Germany)S AME-3lo] BA431¢] 00, B4, =4,
Ak, T TR 24T Ak B Equation (el o) AREAL RAZAL 1150:5CE §AHE Aagiol
AL A Y 7EAE 600 m/ming] FFOE AFS 7 850+5CE FA|HE FYPFoE o]FAl T N

2, CO,,
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H,0, SO,2 HlA|A E43HAeh E40ll= 50 mge] 28-& HAste] ARSH it EEE 2ol 2693(NIST, USA)7H AR5
Stk @Al AHE AR 105£3C 2709 eZo)A 3AZE o] MUK & daggs SAssieh

)
0(%) =100— (C+H+N+S) (3)
C =2 3HH(%)

H =422 3FF(%)

N = 22 (%)

S= ;o ?:}EOL(%)

0 =243 (%)

2.6. YA & Akt
AEERS F3l F5 ARS oluA] 4+&(Ye)> Equation (4 o183t AFsi oIt ouA] & AntAe Adgds
7B s ALkt

Y (%)=

Yy = oA &%)
HHV,, = 3|9 4212719 a2 (MI /kg)
HHV = A1 5.9) g 2(MJ /kg)

3. Zm Y ¥

31 4& &=

HRET AR 714 AAYE A ERE 4R 271 F &2 Fig 491 Atk A A2 HSWE %9 Top
(>40 mesh), Middle (40~100 mesh), Bottom (<100 mesh)o] Z+Z} 43.6%, 30.6%, 25.9%2] Hol& Hxslglr). estA 79l
CSWI~CSW5¢] 72 Top, Middle, Bottom 4=&0] Z¥zF F 10.7~16.6%, 17.6~20.0%, 63.8~71.2%2] W9|& Uelytr). Maja

Soll w=d w3} A2le B4 FAARS dudEres AERe A AR 249 EHE opy|sh, ol wet
0] Bt SRS Z7lAA ATH o2 BAjo] HAHL A 7= Aoa B QtLee ef al., 2015; Mei ef al., 2015).
wEbA FLe 24 ARE TIskEolE fa/del Hold "R R} mIA AR Hot 4T 22 100 mesh o]5+2] mlA| A}
£ Wol 5% 4 A%d AR AlRdr: @SR A5, €@} Al FRESIE o Ao HAof wf2bA Top, Middle,
Bottom &9] 4% HIlSIHAT F-on|eh Afo]S UehfAle B Hud fARE YAEE A3 Uehilch

3.2, HEF, TUEA, daiH

TR 2 A =] HSWhi 559 ©5kA = CSWofl thgt W, 394, dais] k= Table 13} 2tk $EH 3lghee]
75 HSWol| B3l CSWI~CSWS0 A= 2|2 53.5%0llA1 2T 57.7%71A] WA vrebsde). 129 3} 34y F Az W 32
ShghEo] thii 7= felEHA S FdstE dol mA ARl HIg) 2A gt ALR AlRHL) o]
ksl S 3 ARk o] RS AP A E(14.0%, 17.6%)00 B8l 247} & 20.7~34.0%, 21.1~33.1%2] W= et
Aol mh2d =4 e mu o] §3l S Sl 4-5uiE HEtof w5Eo] SReR Yerthal HuEirhLee
and Kim, 2010). w2tA] o]} Z+& o] FZ T3 &7} nH A go] Hel & & FFS Uetls ACE AlgEh €2
THFS HSWE 39.9%2 Uehton], CSWI~CSW59] Ao HSWoj H]al] £ AF43t 42.9~50.9%9] W2 Uepdth
Lee 5(2007)2] A7-AT o] o)5lw eFs}ew 300~400Coll A A 2| Arpo] ehh deke 67.7~722%2 Wz B A A7)
oA AIAIE Ba FFETH 23T ol A5 A F Bl Toifls 9R2E $ASHE B olU AR 4= &5t Y
HAW e FRHIZA gl IAoA Fif 2 Eemo] Yol Q] flels e, 47 2 SR
S ARE 0|9 e ARlef 7]sk= AR AbmHTh FHH, 49 AR FHEES n|A| AR H]sl BSPA RO A HEE
Hashdd), ol e 9 Akt §3) F £5719) olitetetad] Fejr BeHly] twos aekEch Ao g YR
Aoz ngorA fough WSt S HolA] ookt HaRe HatAor w3l o SrtE ATk ©E5 1A
whe} 274590 CSW30lA] 20.4 MIkg O & 713 =0 iredeke wolth E3l, sPhE(CSW4, CSW5)-2 AFH(CSW1, CSW2)
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o w]3) welso] oF 1.7 Mikg %71 Uhebteh. 3 Zslold BRUSIROA HAE Hep R WA Bt A7t
YL FA AW, ToE BN Ak £ Heto] JFS Tk A0E BerHr,

TSP ZCSW)ol T3l 4 3 Q4 7)o ke FAA, A, Wl 24 Z3He Table 20 ek A BHE
0 nYRE GFS YR A7 HHEEF wobdb AUS UEhlow 27 74% 260%Top)lAl 15.5%,
523%(Bottom) © 2 F1o] o 2 Z7H5teirk. Be] A% Q4 717k Aol H4E 66.6%elA 32297 4K AFS
Urehier, o] 24134 Al BehARt Aololls & 5 BB tREo] 40 mesh Mt 9% 27k AN E2AE et
A 5t Topol WA A%z AZE Bh FFY 49 Botomol 4 588%= 71 %7 vepton), ez 277
Hopd4% Z7H5lo] WHTASH FAR ATE Lehilck. |9 M2 AATFES YA 717t HoPISE P 4TS
Lt o n, 2t 38 2%(Bottom) 7] FASHe. S0t Ak G YR 2717} Hobgel uteh 4% Asetgon, F
e WslEo] AthH o A9 glole. Welake] 490l BotomolA 213 MIkg.2 7MY e WS
FYAYHL 1A A0188F BAAFS FAB Y712 BoA 149) HFRE 7ZNH £4EHY
(I7.6MIk)E 43I3Hs A%E BT HPATANE 92t 2717k 24 22014 BaHE 39 Baapol &
w5 7Tk B s ol(Hwang ef al, 2012), A 28] B 44} 2717k 22 Bottome] o4 A7k MopE S Sele
% QlolehHwang e al, 2012), olo} e ATES Melshel, eebiRo] Hal W A A U 2717} 2 RS Ml
oF HPBE Bo| PP AO T ARE, BT Fi} 2L BeBol 0F TIE ARUSE ur 943 AR £nE
L LR

A

rlo

19

3.3, oA $&

2 Az o] 2 Uz a8 A AT Table 33} ek B ATAMY ouix) 282 7AH AY )
Fopgu BATE DT gor AN F oA F Y R BoH HEHOR 9L 4 ol oA vge
UreRWh. W] A el 220l HSWO] 49 o U] &2 212} Top (046), Middie (031, Bottom (021) 402 7| Uebget.
oli= HSWO| ) 40] AtjH o2 9454 Lstel A7) ZukFig. HAY A4 T 4245 o 80| w7
uho] ATHOR YA & B8 U7} 27|17 FeRE FolE o AmELh v, AR O] 4% Top, Middle,
Bottom A]&29] oY A] &2 217} 0.05~0.12, 0.12~0.17, 0.70~0.829] Y= UERFoH, A} 277} 254F YA
Ggo] F43) F71hE A UERITh ol TR A9 A4 2717k AL D] FHSRE £U4S Bk ol
WolgE ol oS BE T o|UX] $8ol4 Hrh 2 AolE B AC® ARk CSW19| Bottomo] 4 0.822
7P e oUA) 48 LERIT CSW39] Bottome] 4= 20.67 Mikg .8 7H & Helsrg BeAet 0712 vl
e ofux) 482 BYh ol Bottomo] £& W] s WE FARES 77| WEoE PekEnh CSWAS)
Total} 1) 72| Qo] Welere we B} o] ojzrka Weksy] o2 9% AW £ Botomol 4 welgko] 27

e AT 4 gk

3.4, ARA 24
SBLA| 9] CSWI-CSW5] 914} Z7]of whek E7E Top, Middle, Bottome] #isy, F1uH4 hat, 3183,
&, BT ABUA B4 A3 Fig 5 ANSHATE GRS YAt 2710 1 BRGFS St
O SAHOE B o] HUWAS HYOH, A B 2YASE HAKR-09886). o]t olfi & Q1
29 Y2} 27)7} Hol 5= sniapel ZolEk Aol F3ol] RO WU HebA R LaFe
WS AHEAR-0.9085)F BGOR, ol wabh WA S o] Sdoh Ak Fepo] gAsheiAl
of & 2% UAZ AL C-C AR F7h5] EOE BeHEtkLee o al, 2016). EF WAFE DY
Folgh oFe] AR -0.8363)2 Uehglch A4 37]0] BE BebiRe waRe gun S Lo
PR (R-0.8551) 2 LR STk Table, 20 AAI% A gabi 2o 42 21717}
o} WARe Z7hEE RS Holy| fgow BerEt SR walsk A HEEL
2 G5 e ATHE Rtk S8 P4 SRS, SAde AEAS Avun B4
AR083)E Btk T4 BB DL Y HBUARSDT956S HYom, v g
I Sy SR, DTS ABBAE T D FBUARS07)Z ek,
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N4
Rl

S =] YA} A7)0 ek

ol
s

o] 717} 21.3 Mi/kg, 58.8%,

off £ 9 100 mesh o]

3k} B RO )

£3] 100 mesh ©]

=

=

5te] EhehA =

[¢)

523%2 UpERdT) 7] 7HE Zol
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