Korean Chem. Eng. Res., 51(6), 739-744 (2013)
http://dx.doi.org/10.9713/kcer.2013.51.6.739

1. chAelA =] A2l
Bl A
AR 0% S5k g)rt,

247 vlo] er) 25

=HS (Larix kaempferiy LT HLHX|SIS flet BiElE} =[EETAH BHM
Lisior® - Qsizs* . M+ . OfRhel*!
wolehin SRt Al s

500-757 FT4AA] E5 5= 77

sl Al ekl Qlabysly slslu| Y53}
130-712 A &A] ST S7IZ 57

(2013 7€ 264 A, 2013d 102 119 2 A, 20139 102 182 A

Optimal Condition of Torrefaction for the High-density Solid Fuel of Larch (Larix kaempferi)

Byeong-Il Na*, Byoung-Jun Ahn**, Sung-Taig Cho** and Jae-Won Lee*'t

*Department of Forest Products and Technology, College of Agriculture & Life Sciences, Chonnam National University,
77 Yongbong-ro, Buk-gu, Gwangju 500-757, Korea
**Division of Wood Chemistry & Microbiology, Department of Forest Products, Korea Forest Research Institute,
57 Hoegi-ro, Dongdaemun-gu, Seoul 130-712, Korea
(Received 26 July 2013; Received in revised form 11 October 2013; accepted 18 October 2013)

(@] oF
pel =

2 el HeiEe] AR5 e Slsl nieEkE eeislon kel jsf wies} HHzns B
ABRSATt. HHESh= HRS-25(220~280 °C)9h HEE-A17H20~801)ell whel aaigict. wigtsl 2 5rt S7hek= Aleld

njo] QA 2] BhAEEES- 49.36%CN4 56.65%% 7 1FSE WFA, 47481 AFA9] S 242} 5.56%014] 5.48%, 37.62%
oA 31.67%= FrAstQleh. Weksl 22| 3 npo] ou|Al] FekhAg gl ARk vieks) A= (SF)el whet 7

2 2230 MIkg® Z A A Hlo] o
adhe e UeplloH, 2

o} 7 =2 wheks) A (SE )04 26.58%2] SHASS Yehgow, wadg
w28} nwate] 20.41% S7FskaACE OHLM 52wk} I (SFy7} EobaeE 7
WA ST ke TSl TP 58 olUAES UERITKSF 5.72).

Abstract — In this study, torrefaction was performed to improve fuel properties of Larch. The optimal condition for
torrefaction was investigated by response surface methodology. The torrefaction temperature and time ranged
220~280 °C and 20~80 min, respectively. As the torrefaction temperature and time increased, the carbon content of tor-
refied biomass increased from 49.36 to 56.65%, while its hydrogen and oxygen contents decreased from 5.56 to 5.48%
and from 37.62 to 31.67%, respectively. The weight loss and calorific value increased with SF, while energy yield
decreased. At the severe torrefaction condition (SF 7), the weight loss and calorific value were 26.58% and 22.30 MJ/kg,
respectively. The energy contained in torrefied biomass increased to 20.41%, when compared with the untreated biom-
ass. As the torrefaction severity increased, the energy yield decreased due to the relatively high weight loss of biomass.
Therefore, the highest energy yield was obtained at high calorific value and low weight loss of biomass (SF 5.72).

Key words: Torrefaction, Response Surface Methodology, Calorific Value, Energy Yield

LM E o]t Aok, HAR vjo] erlg AR 7] o]
o S gielo HY WAL A 40l ol iz
AAHOE SAAE 17 W AT-EUSNS B BATAN W AU} A% FeI= 2As) A D Sl golstl 95
o] 918 et i) eI Al Ble] ol A48 % k), sh apAelaol vla) A0 %t

% %47 ol ol FR5 A}

Apglojeh= Aol sHARE WA = e A7 oA HPOIEUH/\«I S

TS HT
nj A e} Zro] wheksk

S OACIIAZ ol ok FHEt B UAE 2w :eu} oleiet EAEE e

VA=) 358 Frge 7L 9o, i Y ¢
5 F7go] dzjolnt, A ulo] &
3 V‘ Hpol QA SRS el W of
Sfel Rbekst A2

"To whom correspondence should be addressed.
E-mail: jw43376@chonnam.ac.kr

739

of] that A7) AsgE|of %h:} [3,4]. Fsh= Al WY 5 shu
23k 24, 5 9hS-2.12(200~300 °C)ollA 1A17F o) &S



740 W - PEE

AlZE B9 H2she Flog HAl2] SAE

< 2 3to] B FES HAE Qi) o] vlo] e e]
AgolL} o] oA E50 7 Qlale] WAsh= EAHS

glom, whgsle] ojs) i, 3 B2 o] AAE ] wdwk g
Ao g nEES) WEs) ARS AxE 5 Y= FHS v
3+ Axjg]of] oJaf HA A ujo] eujA2] Su|AEZ e ARE R
AA AFE =58 slo] AAIE A] 37} Lol ouA=
A7 5 QATH5-7].

A= HG5S olgslo] Nk, Alttel| wet vigkelE
et & 5o, 318H BAS Ak v A el oJs 1
U o= gle) 2ghet #4<) whghsl 2718 Fgstara) g

2.4 o

2-1. 2AXIZE L BIES}

FE((Larix kaempferiys QA 781 © 2 HE] A Fwto} A}
gl om Ho F712 10~30 mmE TE-slo] F=H)ekict. vhekst
A A 48A1F F2F 105 °CellM Txste] AANEE sk e

[e)

o, sk whe7]9] 7hd 9l Ui A RS A o S Al
e SII((EAEE)lA s hest 212
250 °ColA} 50 F<F ISk Al THEA o st AR &
5 WS 230llM =35kt Table 1). WES-7]01 oF 500 g(3d
7199 HE 7Y F HE2 L W SARRS AAalon] Als
= nkebHA] Rhesl w5 FRleioit), H e B whEAR
ekl 5 0kg7] 9] 7HAE Skl 100 °C o)k WA 5 A
2 A EE 3|5t vhes) 7d Foll= N, (gas)E 2 L/min &
LR Y] WE S B Ak AdEE AT

WSt A2 Qs vheARNE} 250 s Seto] vl
T2 VR = QlE severity factor (SF)E ©]-831512H, SF2] 7|
e A (13 229

SF = log {t-exp[(T,—T;)/14.75] )

(t: reaction time, min. T reaction temperature, °C. Tp: reference

temperature, 100 °C)

22. 2B B BEEM

g 2 32 TAPPI ol 23l 2249518127, 40~60 mesh]

2498 - o)l
A2 AHEIIEH10].

2-3. M G LEEr =Y

oL EA 1110 9474 7](CE Instruments Inc., Rodano,
Italy)S ARE-E10] Falalod om | 1.5 mge] MHAEE 1014 °C2] 3]
shzelM A2 F AFe 9] TeeE SIAA 2 AR
CO,, N,, H,O 7|AIE 28e}3]t}. o] E317]A1E gas chromatography
column®l] FIAIA 23t Uy G E7E7](Thermal Conductivity
Detector)E 53l FHEA]S AAIBIRIT

AT A7 0.5~0.6 g (dry weightyS Q376400 Automatic
Isoperibol calorifimeter, Parr Instrument Inc., Moline, Illinois)°ll 5
A3t 5 A AEr ol aA§E «ER RS E A ol 7]eE

el osto] ST,

2-4. HO|2miA 2SN

HHERs} 5-2] E3E/3-S A8 ] S1al 2ol BEAIEEF 10 )
£ mixer (JL-540, Hibell, Korea)ol] 543+ &
FEEA(1, 0425, 0.25 mmyE o851 o] == 24249 wlo] Ll
THE SN0, 3N 3 3 Bk ol &slo] 2SS
LERITH3]. i) vlo] Quij A sl ag oA anlE = AEEE =
31| £18197 electronic energy meter(KEM2500, Korins Inc., Korea)
£ o] g3t

2-5. HIO| A =27| 3 S5 M

Hlo] Qujj Ao Z-87] 7492 A Q) /A4 2] 334 A (frontier
FT-IR/NIR, PerkinElmer, UK)E ©]-&3}o] =331t A8 & 60
mesh ©]5}1°] YAHE AHE-SI 0.1, 4004000 em™' 2] H9ell M =7
Srd=

wheks} ol AE S5TE 2 miE FS § gollellEoA
Elo]E) 10 ml H7lste] F5& AAsklch 247he] &9
Agilent GC 7890A%: ©]-g3}o] #4519

1lom, ZHde DB-5MS, ©]
B4 He (gas), 282 %7] 50 °CollA 53¢ 4] 5 10 °C/min®.
2300 °C7HA] ASAIA SR AIsIIE GC AdE v e R
GC-MS 45 AXEgIth 29 2 25212 GCo s¥3H
&5}3] S, split ratiot= 20:1, mass ranget= 35~350 m/z= S}31S
W, EI mode® 243151t HoI% peak®] mass data®} ¥+ library
data$} ]3] peak®] SHeHE T2E gRlEt

(<]

Table 1. Torrefaction conditions by 2? factorial design with four axial points and three replicates in the central point matrix employed for two

independent variables

Variables Coded levels .
Sample No. - - - Severity factor (SF)
Time (min) X, Temperature (°C) X, Time x, Temperature x,
1 50 250 0 0 6.12
2 50 250 0 0 6.12
3 50 250 0 0 6.12
4 70 270 1 1 6.85
5 70 230 1 -1 5.67
6 30 270 -1 1 6.48
7 30 230 -1 -1 5.30
8 80 250 1.4 0 6.32
9 50 280 0 1.4 7.00
10 20 250 -1.4 0 5.72
11 50 220 0 -14 5.23
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Fig. 1. Moisture and ash contents in the torrefied biomass over a
range of SF values.
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Fig. 2. Weight loss, calorific value and energy yield in the torrefied
biomass over a range of SF values.

(Mygreficqs dry mass of torrefied biomass, m,;;,; dry mass of
untreated biomass,

Emefieas SPecific energy content of biomass after torrefaction,

E omefieds SPeCific energy content of biomass before torrefaction)
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Table 2. Physical properties of untreated and torrefied biomass at various SF

Severity Factor (SF) Moisture Content (%) Ash (%) Weight Loss (%) Calorific Value (MJ/kg) Energy Yield (%)

Raw material 5.62 0.26 - 18.52 100.00
523 227 0.28 6.46 19.42 98.09
5.30 2.14 0.39 8.74 20.03 98.68
5.67 1.93 0.46 6.70 19.66 99.03
5.72 1.83 0.34 7.43 20.25 101.22
6.12 1.65 0.42 12.71 20.85 98.25
6.32 1.62 0.30 13.68 20.86 97.22
6.48 1.28 0.39 16.27 21.38 96.65
6.85 1.27 0.74 23.89 22.10 90.84
7.00 0.98 0.47 26.58 22.30 88.41
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Fig. 3. Particle size distribution after grindability test of torrefied
biomass at various SF (A: ~1, B: 0.425~1, C: 0.25~0.425, D:
~0.25 mm).
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Table 3. Elemental analysis of untreated and torrefied biomass at

various SF
Severity Factor (SF)  C (%) H (%) O (%) N (%)

Raw 49.36 5.96 37.62 0.22
5.23 50.80 5.89 36.06 0.20
5.30 50.97 5.85 35.75 0.20
5.67 51.15 5.82 37.00 0.23
5.72 52.38 5.73 3543 0.28
6.12 5343 5.76 34.80 0.26
6.32 53.36 5.76 34.86 0.21
6.48 54.73 5.72 32.88 0.20
6.85 56.46 5.47 31.67 0.28
7.00 56.65 5.48 31.67 0.24
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Fig. 4. H/C vs. O/C atomic ratio of untreated and torrefied biomass,
depending on torrefaction severity.
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Table 4. Main components in condensed liquid generated from torrefaction Table 5. Analysis of variance (ANOVA) for the adjusted model for
of biomass the calorific value, weight loss and energy yield of biomass
SF 530 6.12 7.00 during torrefaction
Acetic acid D* D D Source Sumof Degreesof Mean Fvalue p-value
2-propanone D D D squares freedom  square (Prob>F)
2-Furancarboxaldehyde D D D Calorific value
2(3H)-Furanone ND D D Model 8.26 3.00 2.75 70.33  <0.0001
Methyl 2-furoate ND D D Residual 0.27 7.00 0.04
Phenol D D D Lack of fit 0.18 5.00 0.04 0.72 0.6684
4H-Pyran-4-one ND ND D Pure error 0.10 2.00 0.05
Benzaldehyde D D D Corrected total 8.54 10.00
1 3-Dioxolan-2-one ND ND D Temp. 7.78 1.00 7.78 198.71 <0.0001
Propanoic acid D D ND Time 0.18 1.00 0.18 4.69 0.0670
Ethane D D D TimexTemp. 0.30 1.00 0.30 7.58 0.0284
*D (detected), ND (not detected) Adjusted R-square: 0.9679
Weight loss
Model 440.55 5.00 88.11 83.85 <0.0001
acetic acidS AT LS WA Ak S e ) (O 2B
718Kk 1 9] 4% AR5 2(3H)-furanone, methyl 2-furoate, Pure error 192 500 0.96 ' '
benzaldehyde 5°] 1%} © ™, 4H-pyran-4-one, propanoic acid®} Corrected total 445,81 10.00
e AN GRS vhee) Yo wEh f7-20] 2lolE vERSIth T2 Time 353.43 100 35343 33635 <0.0001
S| AERE o AT RE FEE FallibEo] tift-S XEAISFATHS]. Temp. 25.99 1.00 2599 2473 0.0042
TimexTemp. 23.33 1.00 23.33 22.20 0.0053
3.3, HISEHEA (Temp.)? 22.49 1.00 2249 2140 0.0057
Ii‘l"?:_]' fﬂi] -§_ Oéo%;ﬂ %%k@'i%, %Oé%k, 01]&7‘]—)1\‘%“% o]_g_ (Time)2 5.50 1.00 5.50 523 0.0708
sof A=e) wEs 20 PAsIA ASHARAE A3 — Adusod Rosquar: D5%%2
. NESIEREY AIRs Fig 59 2L, IS A A f/ifdrij = 140.61 5.00 2812 9061 <0.0001
Fh= Table 5] ‘JFE}‘AALD% A (~5)E friestalnt. fiedd A ow Residual 1.55 500 031
HE SHHAE, BGE, iATES 5T 5 e st = Lack of fit 1.52 3.00 051 2994  0.0325
A& AXE 5 9}4. Pure error 0.03 2.00 0.02
Sk g, wdek olAa=gol ik ANOVA ‘ﬂ/ﬂgi} 99% Corrected total 142.16 10.00
AF oA G4 Q= Ao w Yehtor, G352 oo 71 Time 71.46 1.00 7146  230.24 <0.0001
7 UERdt}, 2aA) Aol 7] Anolas Zekrkag ) ureler Temp. 15.45 1.00 1545 4977  0.0009
o T Solo] S A6 % ekt wale e Anghe o TimeTemp. 9.49 1.00 949 3056  0.0027
- . (Temp.) 34.84 1.00 34.84 112.24  0.0001
Skt MRSt o, AuAEe] Aeols el gl slow (Time)? 1.42 1.00 1.42 457  0.0855
‘/]’EP&E]' TERLET BAFE WA 2 SRS = Adjusted R-square: 0.9891

& g8 e on] HhSgimel s wigkep] St
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Fig. 5. Response surface and contour plot of temperature vs. reaction time on the weight loss (A), calorific value (B) and energy yield (C) during
torrefaction.
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