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Optimal Condition for Torrefaction of Eucalyptus by Response
Surface Methodology ™!

Young-Hun Kim** - Byeong-ll Na*? - Soo-Min Lee*¥! -
Hyoung-Woo Lee* - Jae-Won Lee**"

o Ok
o =

2 Y52 (Eucalyptus globulus) 9] ¥Fetsl HA 2718 gA57] 98ke] Hh-g-HHBAH S o] 8315 whet
3} vfo] Qo] BhAskake wtelksl A =5 ER & severity factor (SF)oll Lﬂrﬁl— =7} om who] @ nfj Ao
._L‘G]—E] }\9} }\]-}\o] ‘6]—3}:0 7L/\o}oﬂq_ %ﬁ]— H]—O] ouﬂz\o] aLoﬂa}:O vl ] Lq_g}. 20.23~21.29 MJ/kg%
e O™ X A vio] Quj e} vlwate] 1.6~6.9% AR gdo] F713t 5 4 2 YETE Hlo] o9 5

B SF S woh SR, AAGEol WSl £t 209 e Agsigion doo
2 Akl g G Sk Aol UAFEE S SFA wEEE Faads o 2 4 st

ABSTRACT

The optimal condition for the torrefaction of eucalyptus (Eucalyptus globulus) was investigated
by response surface methodology. The carbon content in the torrefied biomass increased with the
severity factor (SF), while hydrogen and oxygen contents decreased. The calorific value of
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torrefied biomass ranged from 2023 to 2129 MJ/kg, depending on the torrefaction conditions. This
implied that the energy contained in the torrefied biomass increased by 16 to 69%, when
compared with that of the untreated biomass. The weight loss of biomass increased as the SF
increased. The Code level of reaction temperature had the highest impact on the energy yield of
torrefied biomass, while the effect of Code level of reaction time was considerably low. The
highest energy yield was obtained at low SF.

Keywords : torrefaction, eucalyptus, response surface methodology, energy yield
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Table 1. The 2° factorial design with four axial points and three replicates in the central point ma-
trix employed for two independent variables

Variables Coded levels
Sample No. Time (min) Temperature (°C) Time Temperature Severity factor (SF)
X1 Xz X1 X2

1 50 250 0 0 612

2 S0 250 0 0 612

3 50 250 0 0 612

4 70 270 1 1 685

5 70 230 1 -1 567

6 30 270 -1 1 648

7 30 230 -1 -1 530

8 80 250 14 0 632

9 50 280 0 14 700

10 20 250 -14 0 572

11 50 220 0 14 523
D. 2t 282 AA5H 500 g9 2 HF2= et EAR(F 30 9 & FE= F BFA(9.5, 6.35, 4
S710l FYs F A 2E wnkele 7k 24 upEl & 2, 1 mm)E o]&3afe] ¢ 5 Fk £E0] BEA 9
= B ARE #ART R332 B AT =Yd A7)l wet BelEe vle] Quj o] FFS S5t
A% gkg7]e] 7S SHaka 100°C o) aF= WAl o AAZ7EEE A
7 & Az wRkE FAATAL AEE ARE 3 EHEA LS vfe] Q2 oF 10 go] FRARE F
stk weksl 3y Foll= AAvkaE 2 4 /min % Z3% & mixer (JL-540, Hibell, korea)& ©|-&3}4
2 7] W2 FelRd A s skt 1 Eet ek & 2FA(1, 0.425, 0.25 mm) & ©]

Wekst 27 v WA 259 TS goto] Fojg #H7e) SRS SA k] ALtskait.

et ddWHFE YER 4 & severity fac-
tor (SF)E ]3] YERHATHT). SFE] A%k 2.4 HIO|QOIAQ| YABM Ol Hidzlr =X

SF=1log{t « exp[(Ty— Tj)/14.75]} (1
(t : Code level of reaction time, min. Ty Code
level of reaction temperature, °C. Tr: reference
temperature, 100°C)
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Table 2. Chemical compositions and elemental analysis of untreated and torrefied biomass at vari-

ous SF
SF Moisture content (%) Ash (%) C (%) H (%) O (%) N (%)
523 218(0.08) 033(004) 4836 563 2571 003
530 149(003) 048(005) 4859 574 2473 004
567 206(009) 058(004) 4911 567 2473 005
572 200(004) 042(001) 5042 569 2403 003
612 139%(005) 040(0.06) 5102 560 2421 009
632 125(0.03) 069(0.02) 5165 554 2355 006
648 107(014) 060(0.06) 5205 544 2354 009
685 110(006) 062(001) 5403 546 2217 007
7.00 138(0.03) 052(006) 3435 545 2202 ol
Raw material 771(002) 033(004) 4603 593 2650 004
25 HISHHEAM o] Wretsl ¥ Fol| HAlo] FEzkAe] W A
Al SVt Abm T
FARR 20t wersle] AH g 2] 4] iAol At wiekst Ae] A A 7‘%&% &
3 WESAIZHX, 20~804) ] WX (Xy, 220~ % 46.03%, T2 5.93%, kA 26.50%, 0.04%
280°0)8 SHHFR skl 2° factorial designo® 2 FAEO] dglon A & %%P%%iA s
AF S AAEATE 2F A 274 Ao = F a2 48.36~54.35%= A d A5t Blw3S
Fas W BATFY ol & o ALt oA < W SF7 St S gadtge] STlehe A
485 design-expert version 8.0.1 software (Stat- geolst 4= Q. 78 =2 SF (SF 7: 280°C, 50
Ease Inc., USA)E 53] A3t om 23 w42 E)oll A EAsES 54 35% % Ag Ay} v wste]
° 2 YEFTHSE) 18.08%2] E7F&< YEYE. REA, Faeh Ak
22 ZV7} 5.63~5.44%, 25.711~22.02%% & A
3. jl_|- al _Tl_J_éF Az ot vusta S w SFrF S TS 7”\0}h
BaE BT olgd Ade BA Holu w4
H}O| 20} st EN AtE ) e vlo] m ~ 5 el A2 8elS uf 0401
Ae ARE} FARHA YERRTET, 16]).
nlo] @ ufj 2~ 3}eha] AL SR wel Table 201 A2EA AHE ol &ate] SF whe drxA
el et 589 49 Ay A ARE 1.71% H3}E van krevelen diagram (atomic H/C ratio
gon werst A o= gAR 1~2% W& versus O/C ratio)g 2 nAdast vusgick
e FEES 7MY Ao ' UEhygt) o)A A (Fig. D. Ael A Fr2HF29 49 H/C ratio =
ol wleksl EA o 2 wkSd]| o3 upo] @ uj A Uje] 1.55, O/C ratio = 0.432.2 yEh} UubAQl blo]
A7) Zraol wWE Asjo|t). 3 dhEe] A% Qujof FAME Bl &S HATH9). A7 F §7
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Fig. 1. H/C vs. O/C atomic ratio of untreated

and torrefied eucalyptus, depending on
torrefaction severity.
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Table 3. Energy values, weight loss, and energy yield of untreated and torrefied biomass at various SF

SF Energy value (MJ/kg) Weight loss" (%) Mass yieldb (%) Energy yield (%)
523 2023(0.19) 386 9614 9770
530 2024(016) 289 9711 9872
567 2032(015) 718 0282 9473
572 2033(0.16) 1076 8924 9110
612 20.80(016) 1436 8564 8946
632 2082(012) 1541 8459 8343
648 20.81(019) 2056 7944 8303
685 2124(012) 2428 7572 8075
7.00 2129(015) 2348 7652 8180
Raw material 1991(019) - 100.00 10000

a : weight loss (%) = {(mass of untreated biomass-mass of torrefied biomass)/mass of untreated biomass}*100
b : mass yield (%) = 100-weight loss of biomass

>

Az 2aen, Azew Adee 59 A4 L =R BEaln e A4S S1E 5 o) ®
g0l Bl ek 53 B4/ vholerjze @ AAAOR P FAESE 1 mm o]3ke] 29
A% #Ue A% Baeke Be U Be Ad BE7b AU Ae A fAETA0) A
2 3 At g F fBAT e BASHE BAG A

whehA] whekel Ae] F vlolowlael mAES L (Fig 3) e A F2YFA A 1 mm ol4e)
SAS Qobuy] A QAIIRESE RASHE  A]e] 66.72%7F RES WW, Aol T RUYTS
SFol weh mwssich, WEsh A F GAAAR ) B 1T~064%% 1 R} HAs] gasch
EE BN A% Fig 20 ebieh vhol oz oleld RASYS nPoR B F AR F3
(10~30 mm)©) o 48~73%7} wharstel ol8) o 4 WEEo] 50%7k K= ARG BEA AFE F

100

F
nE
uD
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"B
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523 330 367 M2 632 648 685 T.00
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252232838

a
=

Size distribution (%)
Size distribution (%)

]
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00 l
I I | | D
uc

523 530 567 572 612 632 648 685 T.00 Raw

1=

Fig. 2. Size distribution of torrefied biomass at Fig. 3. Size distribution after grindability test of
various SF (A : ~9.5, B : 6.35~9.5, C: untreated and torrefied biomass at vari-
4~635 D:2~4,E:1~2, F: 1 mm~). ous SF (A : ~9.5, B : 6.35~9.5, C :

4~6.35 D:2~4,E:1~2, F: 1 mm~).
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B: Reaction ime

A Temperature

calorific value (A), weight loss (B) and energy yield (C) during torrefaction.

Fig. 5. Response surface and contour plot of temperature vs. Code level of reaction time on the
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Table 4. Analysis of variance (ANOVA) for the adjusted model for the energy value, weight loss

and energy yield of biomass during torrefaction

Source Sum of squares Degrees of freedom Mean square  F-value  p-value (Prob>F)
Calorific value
Model 141 500 028 15889 < 00001
Residual 001 500 00018
Lack of fit 00046 3.00 0.0015 074 06194
Pure error 00042 200 00021
Corrected total 141 1000
Temp. 112 100 112 063134 < 00001
Time 018 100 018 10226 00002
TimeTemp. 003 100 003 1731 0.0088
(Temp.)’ 0.003 100 0003 180 02373
(Time)’ 008 100 008 4314 00012
Adjusted R-square : 09875
Weight loss
Model 51514 200 25757 20604 < 00001
Residual 10.00 800 125
Lack of fit 853 600 142 193 03805
Pure error 148 200 074
Corrected total 52514 10.00
Time 48854 100 48854 39081 < 00001
Temp. 2659 100 2659 2127 00017
Adjusted R-square : 09762
Energy yield
Model 35201 200 17631 13634 < 00001
Residual 1034 800 129
Lack of fit 838 600 140 142 04682
Pure error 196 200 098
Corrected total 36296 1000
Time 34003 100 34003 26296 < 00001
Temp. 1258 100 1258 973 00142

Adjusted R-square : 09644
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Calorificvalue = 20.8+0.3736z, + (3)
0.1504, +0.08751,2,
—0.023877 —0.1163x5

Weightloss = 13.7736 4+ 7.8146x, +1.8233x, (4)
Energyyield =89.5109 — 6.5195x, — 1.2540z, (5)

(X; : Code level of reaction temperature, Xy :
Code level of reaction time)
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