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Abstract

Biomass can be considered as chemical energy obtained from nature, and includes all living organisms such as plants,
animals, and microorganisms. Biomass is eco-friendly, is easily obtainable from the environment, and can be recycled without
special treatment processes. Biomass can also be converted into bioenergy fuel through pyrolysis and fermentation. Therefore, it
has been considered as a renewable energy source, which prevents the depletion of natural resources such as fossil fuels. In this
study, torrefaction to increase the carbon content in various types of biomass sources (sawdust, rice straw, rice bristles, coffee
ground, and waste wood) was conducted under an inert atmosphere and at a temperature of 523~573K. The possibility of using
torrefied biomass as an alternative to solid fuel for industrial purposes was analyzed by examining the carbon concentration and
combustion behaviors.

Key words : Biomass, Torrefaction, Bioenergy, CO, emissions, Recycling

- Received : June 15,2021 - Revised : July 31,2021 - Accepted : August 3, 2021
$ Corresponding Author : Sun-Joong Kim (E-mail : ksjoong@chosun.ac.kr)

Department of Materials Engineering & Science, Chosun University, 309 Pilmun-daero, Dong-gu, Gwangju 61452, Korea
(©9)The Korean Institute of Resources Recycling. All rights reserved. This is an open-access article distributed under the terms of the
Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/), which permits unrestricted
non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited.

46



sio] emj A Fof uhE vheks)

1M

rhu

A2 ee] £ Q12 €O, 7Rol, 1960
OF &4 0 2 CO,9| WA F7Iok= FAolt}. AA|
AMAFolA HiEERE CO,9) viEw d7Zato] =H
A7} AkJo] AR|sH= CO, ¥iEF OF 23% Folct.
20059 AlA H7} AL 646 Mt CO,E tj7|Hol W=
sto] 4R 2 CO, EQIE FFUo g AP, A
A B AT T 12 4 H2E L8 S AL
Sk 3782 oF 65%F AA|okal o, oA Ay
Sh= CO,9| HiEE A7 B4t 34 F 70% old= &
AP, 12 wAA e} A 2N FIAE AMSD}
of A3JA oz R AHE Ped| ALSEE Zo|t}. H]
o F7 ARRJEE ofuEt SR ARE ARBSh= AMdEell
A CO, &S £0)7] floii= 3H AR AMSFS
=9 £ A= 71E 2L giA olvAY A=E Adst
£ 71& 50 2asiY, 34 BA 88, Az 549 &
/3 714 5 thst SHoNA ARY Q] A& Ths e RS
7Fs3H| SH= 2 710 A|RME TH. Aok oheF
S FollA HA B30l A vl A A8 XAl A
o7 FFA A|ZQ} 12 A AHS] GHG(greenhous gases,
GHGs) ¥i&S A33] W& 5= }?. vo] QA= 24
20 & e40] RS 7ML Q=] WS 38 B
Stof Ho] QUi A 1 §hA0] TS Fistote] A7 3%
gt op gt thekst FAoll A Akgo] 7Hs S 4= it

g, 2L A oA F shk= Hie] oll| A7t
it o]zt Hio] Qo X CO, T A= Hio] Q.uj
AE B9l AT 5= Qlrk. Bl QA= B A|AIE
ol R715E Fohe AEA, 191 AES Ao
ok 5E vAE 5 FERVIAE AXstH, 54
o= A3 &= Q= e oy A] Akolet. Hio]
QujAE= S U R &8 S U= AT EES T
of, AukE o2 R, & AE0] 7|4 % EFFot] &
W ou|2 ARgEr. Hlo| A= A 9 Zjggo]
7Fsgt ovA| o], CO, FY A=olH Agto] digh
SO, NOx ¥ 354 HiES £ 4 Ao, sh A=
O} np7 A 2 Hlo] QAT EAS Eeleh= ROl
Eh4 7HEo] A8 t)7] £ GHGSl CO.E vi&gt
t}. 3H4 dge} vl QufA 7] 523 Zpol= CO,7F
WEEE A Sk B7] F COE 3H dde= ¥

i
=
)
o)
P
A
oft
4

Fohs T2 Rt dol Ze)7] miZof|, AaofM
S5= CoE ‘Mz 2oz 5H:. SHATE ol 2
s AasH AE0] 57] SO Fet olitelgta
£ IHi= wiEstet A 282 s sl Fet ol
Aol THA] 571 S BiEshe AlelEo] Rt
CO &= H &2 g AH7T FAIHERZ 05 CO §

d A=t ZoRt. co, 59 dmll HlolemjAs
el E=dE IS E3) HieleouA| 2 deste
ALz ARG = U vlo| ufi i AR Ak
7t ele A B97] AJHIoIA vhol i S d=rt
& Fhe golm, R AL ke 3782 1h
5} F7ole} 0. ARt o Hio] QujALE 2
FRFe /AL gleEe d
F7] F=otct. webA, Rhest
&3 HlolQuiAE Hiole AR a8S T
Y7} ek whesl 5742 oF 573K 2] oA A
dofeta] FAolH, Hhes} Lol Atd-pi
ARl S ER e A7F ZoE T, oj4tebea B A
Abofetas, v, B2 59 21844 71(CO, COz, N, CHy
9 ESlea) S WAete] RejEnt. gha-Sa A
AAEZ A0} vha-gha ARl )1 o] 2
SHA| Fof 317 ©40] Fhefol S7IsHA "k, 84 <
Fe T8 v Ao 3H dArE ARSSHL itk
SHAIRE oHY A o] ndah At o) W2 b W w2
& 521 A 22 AL diAll v A = vtol 2 A=7t
A W7 glom), A AT EA 5H A= A
SP7] Aoie A £, AeA] 2= 59 712AF7)
HFEA] Easitt

£ @M e 2874 2971 3 573K A TRt vt
o] Qufj 0] vrets} A2 ZIegsto] A A v b
HESIA. 2L, 34 d7g tiAE 4= s L A vt
ole Ang WEol & 7FsAde AESM] flstel, &
o I A0 ghers} 213t vlo| u Aot IS E9t
Sto] A £eof 2k S AAS AR

P

&

] &

ha}

E'\L_—r

o
o
R
2 G
RO
(ST

A

=

|

o B>

1.

O

fE -

Flofl Mz
ox oX

_?E
rll‘ e, ﬂJlO <

o o o
il

I,

od
o

i

jug

2,
E Ao A= 571%]9] Hlo] QU A BES AR 5}o] HF
5

AHS AWSATE Table 12 Hlo] QP A4Z] B

ARl S A 308 A 45, 2021



48 8
Table 1. Proximate analysis of biomass samples (wt%)
Biomass Moisture | Volatile Ash Fixed

carbon
Sawdust 7.3 63.9 3.6 252
Rice straw 8.6 52.2 16.7 22.5
Rice bristles 9.1 53.6 12.6 24.7
Coffee ground 7.3 67.1 1.5 24.1
Waste wood 7.6 59.6 7.7 25.1
l Pt wire
& mesh
- MFC
- B
purification

Fig. 1. Schematic diagram of resistance furnace for investi-
gating combustion behaviors of mixed biomass.

Table 2. Experimental conditions of torrefaction experiments

Temperature (K) 573
Atmosphere (ml/min) N, (500)
Reaction time (hour) 2
Mesh & Wire Pt
Fuel type sawdust, rice straw, rice bristles,
coffee ground, waste wood
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Fig. 2. Schematic diagram of resistance furnace for measuring temperature of sample by oxygen blowing.
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Fig. 3. Thermal history of torrefaction, combustion rate and temperature profile experiment.
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Table 3. Weight loss and carbon content in various of biomass

pellets before and after torrefaction

Weight loss (g) TB?:;E:S
Biomass | Y ion | tomehoton | €
Rice bristles 6.5 3.4 41.8
Sawdust 6.5 43 73.2
Rice straw 6.5 3.8 41.7
Coftee ground 6.5 4.1 71.2
Waste wood 6.5 3.8 68.4
2 ALgstol AL APshck, WEst A % 5o vo]
QU A MESS A7) s A1 & B ghe Wilth Table
o Al chorst Ho] Qul s HEE] wieieh 9 5

o] % 7ok wretst 71 8 9] T 9o Aol ek

Aol 2 A 30 A 43, 2021
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Fig. 5. Carbon content in biomass before and after torrefaction.

Fig. 6. Observation of biomass surface before torrefaction by FE-SEM (a: Sawdust, b: rice bristles, c: rice straw d: waste wood

e: coffee ground).
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Fig. 7. Observation of biomass surface after torrefaction by FE-SEM (a: Sawdust, b: rice bristles, c: rice straw d: waste wood e:

coffee ground).

1 1 O T T T T T T T T T T T
100%¢ g g % 1 : " = = = = =
90 Y .
80 | L § § A A E
9 2 5 ¢ e
< 70 -
2
= 60 4
&
5 S0F .
o
2 sl m  Coke ‘ )
O Coke + Torrefied rice bristles
30 - A Coke + Torrefied sawdust b
20k v Coke + Torrefied rice straw
@ Coke + Torrefied coffee ground
0r 5 Coke + Torrefied waste wood
0 1 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Temperature (°C)
Fig. 8. Effect of temperature on the changes in weight loss

of cokes and biomass samples by combustion reaction.
The mixing mass ratio of cokes and biomass samples
was 1:1.

3.2. HIO|DjA | A £

£ dolMe 2 38 W ZIAE G5 dAIsH]
3t ssto]o] AmEA Hio] QujA WEES AR
Sfo] A13S 23519 T) Fig. 82 AR20A] 1373K71A]

24 ZA7100A 7 A Uehdnh g I
SRS AT EZ 2R ST A AEE

o
T

0000, nsan
o & yvﬂ ot
8 vk .

1Xa

o

o
o, -
o9V, ~

o
©
T

e
07 pet " a
ot
IACa
S SO 7
Oooeg L

008V

=
o
T

Reduction ratio (wt%)

.". i“* Coke
—o— Coke + Torrefied rice bristles
—— Coke + Torrefied sawdust
[49— Coke + Torrefied rice straw
|—e— Coke + Torrefied coffee ground
ﬁ'. —=— Coke + Torrefied waste wood
1 1 1 1 1

=}
~
T
" o
o

o
M)
T

0.
0O 10 20 30 40 50 60 70 80 90 100 110 120 130

Time (min)

Fig. 9. Effect of time on the reduction ratio of cokes and
biomass samples by combustion reaction at 1373K.

o) ] QAR T49} ISt Aele ol ot 4
259 Tl A18oIGE A9 oF 673K %7 7
Ago] ZAEQt} Daniel Nevas 5'P2] H 10| oj2%
673K 2ol A Ho| QU A W} Aba-eds ATEAQL Sv]
AEE Q A7} R =]H, oj4tabetAa 9 AAtS A, H|E,
Et2 59 2194 7HA(CO, COu, N, CHy B |3l S
gsto] 22| et web Z400 2ok Ao vt
513 vlo 20 20] RefEkgol ofs) A 247} 2ol
Ptk ks Fig. 9= EH 2591 1373KoA 29
71E Dry air2 W75t 4% A4 5 Yehdoh

el E Al 308 A 43, 2021



52 209

WA, T 349 Ak &} u]msle] et u
g5} A 23t vlo] QM A 0] Tal MEE0] o4 &l A
fHo® ule qid &t TRE e vhe, 2 Aglo]
A B AEY) o] QA o] T2 da S 2
o1} gick ke, oLk 9w AFL NI B9,
B4 R, AR, W5, A 08 L3ic. Fig. 7(d)
9} ()2} o], Whata} F g E 0.2 2 FFo] 44H o
Lo} Aot 9hg wjo] AHA A =7} wekd
Ao Wesls, 7|go] A) BAEA ke Fu B
9] G S e A, & Aol
] gzu 2o} Qla ool vl g AWstglonh

0] PN A5 A 0] AT s 254
zn% sore 18} gk weech

l

3.3. 33t 1= 914 5 2 21 F}
A WrEISh A ) S 2 S Aol 2
£ 20 I3 B2 $I1E 5 7 55 &

Lol =eeid 291E A=

A FPstT Fig. 1 % 2w tg & A%
371(Dry ainZ 291715 HAst] & 345 UEhd
t}. Fig. 109] (a)= H}Oliﬂﬂ AE S AddE ez g4
o] w2 5, AvE,, HEA AaAl S 2=

WSS U™, Fig. 109] (b)= Blolull2 ME 5 4
2o = g Tepo] W2 BAL o] 2% HoE
Epdit}. 174 Bk4 SheFo] oF 88 wt%o| ™ 2F 7500~8000
Keal/Kg?] TS 7H & I35 1373K0f|A oF
1413K77]'X] _9_57} /LP_/_\_a].oﬂ o 01: 18005\01]/‘1 Z_Z%Q
9lom, vieks] X2l Hlo] QujA = kA o] 73%
]uq OF 4200~4700 Kcal/Kg W=k 714 Exfa} 519
AE TS S 1403K7HA] AF55t9l.oH oF 1600
Zo| A SA AT wHH g4 o] oF 42%0]H oF
2700~3300 Kcal/Kg®] Wrgdeke 714 BAL 1393K7t
A 755t e ™ 11002014 S =3 E‘r“‘) o I
© AA7F A= A0 o] Bl o] of 2k
570] 18002004 1413K7HA] SA =0, F3 7
NS SIS B BARY g4 IR Thgo]
EoF &= H|WA FHfo] BAHT £A SHEUH.
ESE, Aa AR Addid e A SAEHUA. diFEE
7 AE-22000~2500% ool E=E|UT. 2=
A& B9l A FFo] 2 HPR|QUIAEE 25

H

o2 HI

A7
ruz .ll)l'

Resources Recycling Vol. 30, No. 4, 2021

w4z

1150 T T T T T T
(a) =— Coke
o— Coke + Torrefied sawdust
—— Coke + Torrefied coffe ground
—— Coke + Torrefied waste wood

1140 | -

Temperature (°C)
B 3

o

1100

1090 I 1 I I 1 1

0 1000 2000 3000 4000 5000 6000
Time (sec)
1150 T T T T T T
(b) =— Coke
—o— Coke + Torrefied rice bristles
1140 - - —— Coke + Torrefied rice straw |+
51130 - |
< .s
o fal
5 a0
g 120} =eh 4
é .':&‘" 5
5] st 8
21110 | = A -
< .
H Y [y S—
1100 o Hrssesssssssssssssisssssissssisse o |
1090 | 1 L | | |
0 1000 2000 3000 4000 5000 6000

Time (sec)

Fig. 10. Effect of time on the temperature profile of mixtures
of cokes and biomass samples. In Fig. (a), the
terrofied biomass was from sawdust, coffee ground
and waste wood. In Fig (b), the terrofied biomass
was from rice bristles and rice straw.

7} 29 1403K7HA] A5 SISt or e
RHE o 25002714 ZAHSAAT, T Fgo]
olOP|AEE L7 HT) 1398K7HA] %55
£ 2% AZRE oF 20002004 TS Bt
T A 315120} lo] o 0] B 1L 5:5% A
so] 4B AN, T4 W W &S ol
CCEER CEELEEE R EPEEES b
o). 3, SO vlgle] ofet AT Washe Foid)

of £ v|wsfor & Waol Yick

ol
>

I\

o S e
2 rlo

jas)
-

,d
,
8,
lo M

!

0

—

4.2 2

£ Q7oA vieiel 342 Bl ol Qml AR,
R WA, A, HEA) R Tk Y ZABHHO



Hlo] )4 o] w2

™, I g4 Hpo| @ AgE THERlth I At el vt
o|QuiAg Tet & F-goto] A Kol Ak 2 S
= S5 Wil e 9l o, 2= A9 F6 o
= 22 A AU

—

Rk} A9 X19PA] Blo] QU2 F FRh o] e o
o] 7M &35S SIS o, FE-SEME F3f T4
o] Sl et 3= T3 SRS ERlskgitk

oA B 257 £ R S5 T
FAAE FA Aol A9 AR vieks} #|2igt up
ojeujA9t FIAE TRISIAZ B¢ o 673KOIA
A g0l 3=

3. TGA A% T8 & dol3le
wke|E ke gelskict.

.G FFAE 1373KOA 1413K7HA] %71 455t
AL, Hrete} JeRt FR IAAS SRI6le
- 1403K7HA] F52he ERIsk3it. wieteh 57
1 Fio] B4 34 W ZAAE AR HAE 5

2 7] % et

RED)

Lol 2

£ AT AU MOTIE)2} Ffu17] 7]
£97MUKETEP)?] 4 90S Wob 5343 A7 Ty
THNo. 20212010100060).

References

1. T.Y.Jin, G.Y. Choi, EM. Lee, et al., 2020 : A Decomposition
Analysis of Domestic Carbon Dioxide Emissions Related
to Industry Structure and Energy Mix in Korea, Journal of
Environmental Policy and Administration, pp.153-182.

. H. Coninck, M. Benson., 2014 : Carbon Dioxide Capture
and Storage: Issues and Prospects, The Annual Review of
Environment and Resoureces, pp.243-270.

3. G.W. Kim, G.Y. Ryu, S.J.Kim., 2021 : Measurement of
Carbon Concentration and Dissolution Ratio in Molten
Steel by the Mixing Conditions of Carbon Materials Using
Coftee Ground, Resources Recycling, pp.77-82.

. E. Biagini, M. Cioni, L. Tognotti, 2005 : Development and
characterization of a lab-scale entrained flew reactor for
testing biomass fuels, Journal of Science Direct, pp.1524-
1534.

5. K.D. Peaslee, 2008 : Opportunities and Challenges in Steel

uletsh £

10.

11.

12.

13.

14.

53

Manufacturing: Engineering a Brighter Future, AISTech
2008 Brimacombe Lecture, pp.91-102.

. Ki\W.Ng, J.A. MacPhee, L. Giroux, et al., 2011 : Reactivity

of bio-coke with CO,, Fuel Processing Technology, pp.
801-804.

. C. Figures, C.L. Quere, A. Mahindra, et al., 2018 : Emi-

ssionsare still rising: ramp up the cuts, Nature, pp.27-30.

. Xueyu Tian, Fengqi You, 2019 : Carbon-neutral hybrid

energy systems with deep water source cooling, biomass
heating, and geothermal heat and power, Applied Energy,
pp.413-432.

. Babu, B.V., 2008 : Biomass pyrolysis: a state-of-the-art

review, Biofuels, Bioproducts & Biorefining, pp.393-414.
G. Crugz, I. Avila, P. M. Crnkovic, 2012 : Effects of torref-
acation on biomass: a thermal and morphological evaluation,
Proc. of 14th Brazilian Congress of Thermal Sciences and
Engineering, pp.18-22.

D. Neves, A. Matos, L. Tarelhoa, et al., 2017 : Volatile
gases from biomass pyrolysis under conditions relevant
for fluidized bed gasifiers, Analytical and Applied Pyrolysis.
pp.57-67.

W.-J. Lee, 2015 : Study on Torrefaction Characteristics of
Solid Biomass Fuel and Its Combustion Behavior, Journal
of Korea Organic Resource Recycling Association, pp.
59-94.

D. Nicholls, J. Zerbe, 2010 : Cofiring Biomass and Coal
for Fossil Fuel Reduction and Other Benefits, General
Technical Report PNW-GTR-867.

S.Y. Park, K.C. Oh, C.G. Lee, et al., 2017 : Characteristic
Analysis of Torrefied Forestry and Agricultural Byproduct:
Focusing on Water Resistance and Heating Value, Korean
Society for Agricultural Machinery, pp.50-58.

528
- Aok gl gt
« 2ATohE AR B} A1

Z1
(=]

rx
O

L LERES EL R
QR ek ok} A}
SER EPC SRR L TN
TR

ERES LS
Ex e

=

ARl S A 308 A 45, 2021





