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Torrefaction Properties of Unused Agricultural Residues As Biomass Fuel
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Abstract

In South Korea, 25 % of annual agricultural residues (11.64 million tons) are unused. The hydrophilicity, low lower heating value (LHV), and low energy
density of agricultural residues can be obstacles for efficient usage. Torrefaction, a low temperature pyrolysis process, can be a solution to overcome
these disadvantage of agricultural residues. In this study, agricultural residues such as bean stem, pepper stem, perilla stem, sorghum stem, acorn shell,
and ginkgo shell are torrefied at 200, 230, and 250 ‘C and evaluated energy properties, respectively. The torrefaction can increase the LHV and energy

density rate of agricultural residues from 3,331~4,444 kcal/kg to 4,166~5,830 kcal/kg and 20~30 %, respectively.
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22 45, A7k 5 sh ezl Zh oy el 52
37 201549 3+2] @A (Paris Climate Change Accord) 2] A
AR A7 SA|A ol thf-3-517] fl8t0] Hio] QU AE 0]-83t o
YA| a7l B2 B A5 4335kl Slrt (Kang et
al., 2017). =} 2] 7420 %= 2012 RPS (Renewable Portfolio
Standard; Al 2] A ORI EEFANA =S =Y
FHO.2 W A1H]§50] S00 MW oA SHARS-£ 20141 7]
=3 % o= A A A = AAstoof gt (Mun et al.,
2014). o] 2IFIRPS A| w2 o512 © 2 Yol 5= A
2 AR | A o] )5 A= F=xIskaL §lom, 53] Bio|
ol soh Aeke EFsto] AHg ek Edubo] 2 TS
Hola1 Qlt}h (Cho et al., 2014; Jeeban et al., 2014; Kang et
al., 2014; Lee et al., 2013).
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o x|= gk S, A& 7, FH IRt o8- Ths e
2 QI8 AR Al R =2 255 AL §ltt (Matali
et al., 2016; Yu et al., 2013). Park et al. (2011)9] =™
20094 7] Aol FHEE & WYk FARE Hlol
A= A7EOF 1,164 REEO|W, 15 9F75 %5 AR5k B
i} A= T2 715 AlRU 2R 0 ' Aol g-E] AL Ql=HtE
25 %9] WAHE FAHE} T A A& 52t 54
of|A] &zt AL Sl WA AL Ql= A7 olt) (Hong, 20155
Yuetal., 2013). ol A EAYSH= n]2HE- 5 AR v
QuAE A GIAE S 72 FHAKSE 72 11.5 7FTOE (Tonne
of Oil Equivalent; 1 TOE = 10" kcal/ton) 2, $-a]u ka2t AIZAY
oY A] FH53£29] 5.0 %<0 ™, 20094 7] Aetake Hh
A7) 0.7 %0 Eol= o]t} (Jeong and Kim, 2010; Yu
et al., 2013). AT A FARE Hio| emjie dRtAo R
oL X] I} wEar, A4k x| o] i fish, A A7 = <
AoHA] 7] wizoll =4, aefofl T 8o ol 28 5=
S/90] St} E3F URbA o 2 pERko] =il w2 F5A
o2 o8l WA Aotet Y=o MAS 72 (Deng et al.,
2009)5}7] wjszoll Am=A] o] 8817 o= of#&o] Wt
o|2|gl Blo| Ui A 0) FAIHE S&517| 2IRF o of
L= A whetsto]l gt A7t A5 02 % AL Gl
HHeteh= Auha o 2 FAA s oA A o2 e 2w
(200~300 C)ollA] B2 AITH(~1AIZH &R A 2ok 54
otk WHeehs Faf Hio] QU W 23 A AT o2}
F9 74 A5l FuAE R @A (Hemicellulose) 2} U5 All

202 (Cellulose) S Ea510] W& ahalapo] 21919] Ak
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SYFAE HiEtst £

£ 00U CO9 FHZ AA 2 F54& Lo s
HIIA 7] 3L, WS S7HA o Aok =R HEESlE Hlo]
Q2o B &= (Grindability) 7} & 8 A Ho] Qufj A H

A oA A] 2417} 374 7a5to] AR} g 2Rl v
29 A7E 4= ) (Prins et al., 2006; Deng et al., 2009;
Lee et al., 2013). =20 A= HZ, AN A} (Miscanthus x
giganteus), <2t (Arundo donax L.), 720 lokA} (Phoenix
canariensis) AN 5 TR HEo| QU2 O] WiEs) AR}
A8Ye]al ¢J= HHH (Deng et al., 2009; Xue et al., 2014;
Correiaetal., 2017), FU o Al=-E4, Oil palm 5 F+2 &=
27| vfo] L uj 0] Bhekst AL7E x1dZ-o]w (Cho et al,
2014; Kang et al., 2014; Lee et al., 2013), =P FAFE H}o| &
o] whetst 15 vjulat Agoll.

b 1 el Sl el vig o
AFE (B, T, ST, Skl REAA, LU
ol 5l 411} 20 RIS e aleke erefstol @
22A0) A4S BASIUTE B A 48, o7 48,
iz 4= 5 o|A| 54& AESHL Al Ao | A=A
O] 2§ 7hs/d= wetsiaich

ade

i
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o, E@H‘:H, —I—T‘:H)er 7@%‘% sk (==,
AA)E ol g3tk A% sY e F &7 U
Eo AT E o]83}0] 5~7 cm Q] o= Hdsl¥ i, 7

YRS EllE AR AT o8k He
ke A E o e AHE A A8 d7 ]Sl

F 4 Atk

=] A4 712, W] W22 muffle furnace (900 C,
7.5 kW)= AElojgl o, Fig. 13} o] A< Aafsts)
o}, HHesl s 28gst7] A, vhe-x Yol sy fakE 10 g=
1, Ak AR BHET) S19) A B Lo gow
1A (Purging)dlth T4 AFEl 9] HES-Z= muffle furnace
of 9] o]-Oﬂ 15 C/—v—_‘] &7 2% 274 (200,230,250 C)
THA] S-EAZ] T 452 7F WSS skl dubE oz
FEFSI 200-300 Co] Ao AIek 1 o] 79 3
27| Blo] Quj 2of H]sf| 312 71 o] HFEHs] 2pAg of 4] oL
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Z] {=Alo] wr] Wj&o] (Deng et al., 2009), &2 Lo A=
250 ‘Colste] 1 22104 Wighals Xasgict.

3. SHRMEO| HARN & oUx] EY 24
HFeRs} Hgof tieh HAFARE Y] ofluA] E/4E whefst
7] §J3) Y4~E-417] (Elemental analyzer 2400 series 11, Perkin
Elmer, USA)Z 0]-835}0] k4 (C), 24 (H), éli(N) 3H(S)
o S ZYBIAL, 4] (1) ol 35lo] S A2}
RO (Matali et al., 2016; Li et al., 2016), Y4 s 21=
oz 4] ()5 o] §5l0] 5| SRS 1S
319} (Kang et al., 2014).

[R=]

0 (%) = 100— [C(%)+ H(%)+ N(%)+S(%) ] 1)
LHV (kcal /kg)= 33,823 < C + 114,250 x (H—0/8)
+9,419% S )

I RARE O] Mhels) 17} 7.0 S ST T A ()%
ol-g-3to] AF =& (Mass yield)= 7| J’g}‘ﬂl 2} FAFAT
2o vlElst Aut 3 Aot ek 718 o] &

2] o= (Energy yield)& A4S} u}z o7 My
S oA -5 0]-8-5to] Hhekd} 1) 9] of  A] Hi=H]
(Energy density rate)% 2] (5)e} o] Aiksteitt (Choetal.,
2014).
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Fig. 1 Schematic diagram of the torrefaction process for agricultural
residues



LHYV after torrefaction
LHYV before torrefaction

x Mass yield (%) 4)

Energy yield (%) =

Energy yield (%)

Energy den51ty rate = m (5)

nE Ao X035} /\]EE_ o]%—a—].o:] 3dRE /\16—40] ;36141.‘-,]
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2 Aol A AMERE TP FARES] YaEA] A Table
o] el om, Ak vlashy] 9sf sfedhda
oA F2 ARE-E|= o} At (Sub-bituminous coal) T} E4~
of| AF&-E]i= =3 (Woodchip)S Zo] A|AsHATt £7157
EURAIE O] A T4 42.6~44.8 %, 542 6.0~6.4 %, ZA
0.5~1.2 %, AkAa~ 47.2~50.6 %2] gF=Fo 2 Vet on, 72
T U] A, o, Al AkeTE 247 48,1~
48.9 %, 6.2~6.9 %, 0.3~1.6 %, 43.9~44.1 %= Vel =
717 SRR 5% 9= o] vla] e Sa
e glego] Lpehront, AAR AR AhAo.
] AR At e YA
ofolgeke] 53.0~61.9 % 420l o, Akaglrel
R R S
e olmol whe Agliele] 23l [4 ()
o QREAe] 717} HolA|k AoR T,
o) 34 QAR Th| ek A g einke) At
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fRle=A o art Qlck

HHets} 2= HH3tof| w2 aFA] A3LE Table 201 AJA]
Shel). whest 2= 7o) Abstol whaf ghaghedo] 749
) 2.0~6.4 Y%p, 2152t 1.5~7.2 %p, 78t 4.1~6.0 Yop, 5=
2=t} 1.9~7.0 %p, =E 21742 4.2~9.9 %p, 2372 4.7~10.0
%p Z7VBHS T, AFATHES 71213.5~9.7 %p, 2.9~10.2 %p,
4.3~7.0 %p, 2.6~7.6 %p, 3.5~8.7 %p, 4.5~11.3 %p 445}
Fom, LAtk AAgERS 7171 -0.8~0.7 %p, -0.8~3.3
Yop = LFER 2 3P} gLl 5 AR o] vheksl 1 &
&l ghaxgbgo] S7kslal, 4kaghro] fasshe kol U
BT, o= WS} v of| A k] = Ad o] Bl H]
off Ab7t 7] wzow, YRk e g 417] (OH) &40
9J5f] Aladlefo] Zash= Ao 7 H %9t (Matali et al.,
2016). RHAehE Fof WA s ARG T Tadd
O] S7FF AT e AR RS TV ot
Yek 4] (2)], TPFARES] SAS A o8 HBk7]7]
uzel (Li et al., 2016) Y40l ArzA &8 7Fsd
S =Y 7oz gyt

Table 32 ¢ FAMES] YAis ZIkE BEUR 4 )5
o|-g-sto] 4hETt A I A d-E AR Aot v A &
HEAEQ] #9irdake )| 3,735.9 keal/kg, 1751 3,807.1
keal/kg, =70t 3,757.5 keal/kg, 4~5=tf] 3,331.5 keal/kg, &=
S84 4,144.4 keal/kg, 2372 4,444.2 keal/kg © 2 1}
Epsiet whetst 2% 271 200 Cof|Ae] A9ddw2
4,231.3 keal/kg, 31521] 4,004.2 keal/kg, E70t]] 4,293.6 kea/kg,
4521 3,724.6 keal/kg, =¥ 2] 72 4,639.1 keal/kg, 2357
2 4,969.8 kcal/kg = UERFIL 230 CoflAl= Fl 4,344.9
keal/kg, 315=t]) 4,131.3 kcal/kg, =71l 4,473.4 keal/kg, 4~
42t}] 3,975.7 keal/kg, =22 744 4,812.6 keal/kg, 23872

Table 1 Results of ultimate analysis on raw agricultural residues and other fuel

Raw materials Components ()
(©; H N (0] S
Bean stem 44 510.6 6.410.2 0.9%0.1 48.210.6 0.00
Pepper stem 452105 6.310.3 1.220.1 472104 0.00
Perilla stem 448102 6.410.2 0.5%0.1 48.310.9 0.00
Sorghum stem 426102 6.0£0.2 0.910.0 50.6%0.5 0.00
Acorn shell 48110 1 6.210.3 1.6+0.2 441105 0.00
Ginkgo shell 489101 6.910.3 0.3+0.0 439104 0.00
Woodchip” 476 6.5 0.8 450 0.0
Sub~—bituminous coal” 79.0 53 1.5 10.0 0.2

) Kang et al., 2014
? Cho et al,, 2014
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Table 2 Change in elemental components of agricultural residues by different torrefaction temperature

Torrefaction Agricultural Elemental components (%)
temp (C) residues c H N 0

Bean stem 46,5102 6.910.2 1,840.1 44.7%0.3

Pepper stem 46.810.2 6.2+0.5 27101 44 4107

200 Perilla stem 48,9402 6.520.1 0.740.0 43.9+08
Sorghum stem 445%0.2 6.410.2 1.3£0.2 47,9105

Acorn shell 52.3%0.1 6.3+0.1 0.8+0.1 40.6%0.3

Ginkgo shell 53.6+0.3 6.81+0.2 0.24+0.2 39.5+0.6

Bean stem 50.510.3 6.110.2 1.1+0.1 42 4107

Pepper stem 47.0%0.2 6.510.1 2.5%+0.1 44.1+0.3

Perilla stem 49.810.2 6.610.1 1.0£0.0 42 6104

230 Sorghum stem 48.7+0.2 5.6%0.1 1.610.0 44.1+0.6
Acorn shell 55.410.3 5.610.2 1.5+0.2 37.4%+0.3

Ginkgo shell 58.9+0.1 6.410.1 0.2%0.1 34.5%0.3

Bean stem 50.910.2 6.510.1 41%0.1 385104

Pepper stem 52.4%0.1 6.1£0.1 4510.0 37.0%0.1

250 Perilla stem 50.8%0.2 6.5%0.1 14101 41,3102
Sorghum stem 49,610.2 5.810.1 1,620.1 43.0+0.4

Acorn shell 58.0£0.2 5.2%0.1 14101 353104

Ginkgo shell 59.0+0.1 7.210.0 1.3+0.0 32.610.4

5,474.7 keal/kg 2 UEPF O, nfx|ako & 250 Co|A= &
o] 4,690.9 keal/kg, T30 4,762.5 keal/kg, S70d] 4,577.1
keal/kg, =521} 4,165.6 keal/kg, =272 4,974.9 keal/kg,
=374 5,830.3 keal/kg = LER S} 22 7F 571t
uje} Ajejurelab o] Z7kke o] Uehge, olzlat
A @pielere] 7o ehagiare] Z71et b Ao 7t
Aof 7]Q18E A0 &2 ' %] 31 ¢It}(Cho et al., 2014; Kang et
al., 2014). o} AEr2] 42.76~57.05 % 0| A FHFAF
=0 A9 WESlE Fal 53.47~74.84 % o=
AF3tg) om, =3 (4,168.8 keal/kg)S A3|e= At
UEh sl ano] Ead R 2 A SEHS tAE] S
o Ao F .

2, HiEtslol E AT 8, olUX] 2 H olHXx| 2=

FUFARES Wrets} 2o i Ak 9 oy A & ¥

able 4of) AAIS}SIT, WHEIS} 7} 571alas 1
o] 7251} 250 TEANA 25.0~30.0 %2] Heo] 7+
S19ick. e 4-8.0] g HlEta) 3o A o] A5
(150 ‘Co|3p, 3 AE =2 2 (Hemicellulose; 200~240 C)
LB MEZ 0 A (Cellulose; 240~350 C) 7} E35jE of| e}

b 0 o
i

>

LRk
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Table 3 Changes in lower heating value (LHV) of agricultural
residues by different torrefaction temperature

LHV of Agricultural residues (kcal/kg)

Torrefied agricultural residues
Raw agricultural residues Torrefaction temperature (°C)
200 230 250
Bean stem 37359 | 42313 | 43449 | 4690.9
Pepper stem 3807.1 | 4004.2 4131.3 4762.5
Perilla stem 37575 | 42936 | 44734 | 45771
Sorghum stem 33315 | 37246 39757 4165.6
Acorn shell 4144 4 | 4639.1 48126 | 49749
Ginkgo shell 44442 | 4969.8 | 54747 | 58303
Woodchip” 416838
Sub—bituminous coal” | 7790.6

K Kang et al,, 2014
? Cho et al,, 2014

7k 9 Sy E o] A E o] Al A E 7] whizo| T (Deng
etal., 2009; Correia et al., 2017; Matali et al., 2016). ofJL] %]
4-8:0] 79wk} L7k S7kelo] ke 20 97.4-91.7 %,
13} 93.6~88.8 %, S 97.1~90.1 %, ==t} 96.2~87.5
%, =E2177 98.5~90.0 %, 2P 77 97.2~94.5 %= 4



Table 4 Change in mass and energy yield of agricultural residues
by different torrefaction temperature

Torrefaction | Agricultural Energy properties
temp (°C) residues | Mass yield (%) |Energy yield (%)
Bean stem 86.0 97.4
Pepper stem 89.0 93.6
Perilla stem 85.0 97.1
200
Sorghum stem 87.0 96.2
Acorn shell 88.0 98.5
Ginkgo shell 92.0 97.2
Bean stem 81.0 942
Pepper stem 84.0 91.2
Perilla stem 79.0 941
230
Sorghum stem 76.0 90.7
Acorn shell 83.0 96.4
Ginkgo shell 78.0 96.1
Bean stem 73.0 91.7
Pepper stem 7.0 88.8
Perilla stem 74.0 90.1
250
Sorghum stem 70.0 87.5
Acorn shell 75.0 90.0
Ginkgo shell 72.0 94.5
16
Il Bean stem [ Pepper stem [ Perilla stem
1.4 [ Sorghum stem [ Acorn shell [ Ginkgo shell
12 1 — e[ ]
. N =
£ 10
5
'; 0.8
2
Q
I.E 0.6 -
0.4 4
0.2 4
0.0 - L el | — L
200 230 250

Temperature (C)

Fig. 2 Changes in energy density of agricultural residues by
different torrefaction temperature

SHA=E, olUA] &2 T A (4)9F ol A 80|
NI &3 FA 7} 7] wizo EJ&E}EIEP S FA R
AREO] B WIESE 27104 o g A] gro] A &Rt
A GERFAL, 25 270 5 7}zﬂj£1;<}o]hq A 9.
A vlo] Quj A5 0] 85k A AT (Cho et al., 2014)2} 5

U Aoz eyt ol RM-2=7} 371845 59

2.0
b4 v@ ]
15 i ed <
v ]
2
=
g
Q ®
I 1.0
o
E X Raw Torrefied
=z O Bean stem @ Bean stem
v Pepperstem ¥ Pepperstem
0.5 1 A Perillastem A Perilla stem
O Sorghumstem B Sorghum stem
& Acomshell @ Acornshell
¥ Ginkgo shell ¥ Ginkgo shell
X Sub-bituminous coal
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Atomic O/C ratio

Fig. 3 Van Krevelen diagram, comparing sub—bituminous coal
with raw and torrefied (250 C) agricultural residues

AR 23 7, I 24 Y udER e AT I}
g A A= o] AF f=go] F7sl| tit o & wtEch

U] Hie= £ 98 O] 3T DEFo= 4 olx
™ (Matali et al., 2016), HFets} 342 H QJuEA O 7 of 1
2] WIEH|= 1.00 o]AFO 2 FFAFETE Cho et al. (2014)2
1.30~1.609] o4 2] Y= n]|7} Lehd uf EEX—M Ao B
a3k v} Qloh §FEs) 2o whE oA WisH| o] Mk
Fig. 20]] a2 vJehfigick 200 C %= 2 A= 1.05~
1142 YEgat, 230 C 2= 240 4=1.09~1.23 02 1}
Epyit} 250 C %= 27049 o YAt ] = F ) 1.26,
3y 1.25, S 1.22, 42521 1.25, =E2|7A4 1.20, &
YA 13102 1.300] 7H4A Ve grets) 2= 573_01
F7Fr= of| AU |7t F7tske A 3Fe] ARt ekt
t}. o] = Whets}l =7 S715 o || g3 AR 5
O] AR} AR 7] Y o2 HEETH 4] (5)]. 250 TE =3
Sh= 2ol A RIS R ohd o X EH] 9] AF5o]
ST o & o|FH AoR e Auh FudER oA Y
AEE o 10) 27149 Baj & ols) Ak ) o i 4
&9 FA%H I AE oF7|8kc}h (Cho et al., 2014; Matali et al.,
2016). AgF 9 o[ qA] =&, 1e|aL o] WieH] o] E4E
HokS o, 5YPFARES] A viets} 2 2712250 TR
wchE),

3. st 2Hoil 2let H/C A O/CHI Hat

Fig. 32 QI3 A 5 AR} RS} 5 A AR, oF

Aeko] H/C, O/C YAMH]E Van Krevelen diagram (Van K.
D. W., 1950) 40| v]3z3}o] ek Aolch. wies} 2
AL H/C, O/CH|= 742} 1.55~1.73, 0.69~0.89 & Lhebyt

s g etsi=r All5od AlsE, 2017 « 21
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1,250 C, 451 HFeks} 7142 23 1.08~1.54, 0.42~0.65
islo] HESLE Fa) S RArEe) Baka 44o] of
AT} LA S BHISH S ek ol 2l HIC v

QFgA-S oJulakiL, 0/C 1]9] ot
Bpo] @ uf 20| v =] of3t 3 o] 1 ofujg
o} (Lee, 2015). §FEFSI] JgHHIC 9 O/C H]e] s}= 4
B vkzyl gyl2 223} (Decarboxylation), E712H Y3}
(Decarbonylation), &< (Dehydration) ¥1-8- ¥ o}L] 2} oA
EAF T w2 -2 3 Abas SRS FE| = QIR
Akax o] B2 Ao 7] 9lgtrhar H a1k a1 Qlet (Correia et
al., 2017). RISl B3t S HFARES] G5, AE5H oH
A, TLE|aL T4 A] 40 QFg /o] Frktol et w0 4=
% W A7go] golsfA] 7] whiZel Z-8 71 = T F7FE A
o= sk

v. 2 &

—

QAo 471 QPA QI 57bolH S 5
A (F, 13, S, S5, FEYA, 29 )
2 ol gsto] WrEIakE aste.on, WiRke} £ (200, 230,
250 ) Befate] ouix) B4 WekS asigct. viEtet
2 At 2, sl S7hshL Akkgage] 4astel
6w, 3,331~4,444 kcal/kg ~=2] #9erdeFo] 4,166~5,830
kcallkg o 2 Z71510] 4 AdunzA F2 o] 85 =3
2 4y8sk A} kebiteh, B oulX) W) uieke} o)
7 7k ] 38 3 ) 1.20-1.315) 0150 B Ak B A
A4:0] PP S AN 5 9 A0 E PRk ol
IS B2 SURAE (I, DR, S, 55
EEegd, SWE e A4 vieksh 2 242250 C o
2 ghehE, Vel S ARR S AR EA] SE ol4ge]
S 7B, B s BAARRA o8 4 9
g ofuje} chofat Mool A 1P ARE Tgo] Hsstel.
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