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Abstract — Combustion of the Korean Anthracite and wood-pellet was characterized in air atmosphere with variation
of heating rate(5, 10, 20 and 30 °C/min) in TGA. The results of TGA have shown that the combustion of the wood-pel-
let occurred in the temperature range of 200~620 °C which is much lower than that of Korean anthracite. Activation
energies of the wood-pellet and Korean anthracite, determined by using Friedman method were 44.12, 21.45 kcal/mol
respectively. Also, their reaction orders(n) and pre-exponential factors(A) were 5.153, 0.7453 and 4.01x10'¢, 1.39x10°
(s™) respectively. In order to find out the combustion mechanism of the wood-pellet and Korean anthracite, twelve solid-
state mechanisms defined by Coats Redfern Method were tested. The solid state combustion mechanisms of the wood-
pellet and Korean anthracite were found to be sigmoidal curve A3 type and a deceleration curve F1 type respectively.
Also, from iso-thermal combustion(300~900 °C) of their char, the combustion characteristics of their char was found.
Activation energies of the their char were 27.5, 51.2 kcal/mol respectively. Also, pre-exponential factors(A) were
2.55x10'2, 1.49x10'%(s™") respectively. Due to the high combustion reactivity of wood-pellet compared with Korean
anthracite, combustion atmosphere will be improved by co-combustion with Korean anthracite and wood-pellet.

Key words: TGA(Thermogravimetric Analysis), Wood-Pellet, Korean Anthracite, Activation Energy, Pre-Exponential Factor,
Co-Combustion
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Table 1. Proximate and elementary analysis and Heating value of (a)wood-pellet, (b)Korean anthracite

(a)
Initial moisture (%) Volatile matter (%) Ash (%) Fixed Carbon (%) Heating value (kcal/kg, D.B)
8.62 72.14 2.20 17.04 4,669
Carbon (%) Hydrogen (%) Oxygen (%) Nitrogen (%) Sulfur (%)
50.87 5.87 40.48 0.28 0.09
(b)
Initial moisture (%) Volatile matter (%) Ash (%) Fixed Carbon (%) Heating value (kcal/kg, D.B)
3.76 3.92 27 6532 4,230
Carbon (%) Hydrogen (%) Oxygen (%) Nitrogen (%) Sulfur (%)
68.79 0.82 241 0.43 0.24
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Table 2. Algebraci expression for g(X) for mechanism of solid state processes|11]

Symbol Solid-state processes
Sigmoidal
A, [-In(1-X)]? Nucleation and growth(Avrami equation(1))
Ay [-In(1-X)}? Nucleation and growth(Avrami equation(2))
Ay [-In(1-X)]* Nucleation and growth(Avrami equation(3))
Deceleration curves
R, X Phase boundary controlled reaction(one-dimensional movement)
R, 2[-In(1-X)"?] Phase boundary controlled reaction(contracting area)
R, 3[-In(1-X)"?] Phase boundary controlled reaction(contracting volume)
D, X? One-dimensional diffusion
D, (1-X)In(1-X) +X Two-dimensional diffusion(Valensi equation)
D, [-In(1-X)]"3)? Three-dimensional diffusion(Jander equation)
D, [1-(2/3)X]-n(1-X)*3 Three-dimensional diffusion(Ginstling-Brounshtein equation)
F, —In(1-X) Random nucleation with one nucleus on the individual particle
F, 1/(1-X) Random nucleation with two nuclei on the individual particle
F; 1/(1-X)? Random nucleation with three nuclei on the individual particle

3lerast w48 15 20104 22
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Fig. 1. The curve of conversion versus temperature at various heat-
ing rates (a)wood-pellet, (b)Korean anthracite.
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Table 3. Activation Energy and correlation on conversion level of (a)
wood pellet(2nd region), (b)wood-pellet(3rd region), (c)Korean
anthracite(2nd region) calculated by Friedman method

(a)

X E(kcal/mol) R? X E(kcal/mol) R?
0.1 40.6818 0.9869 0.4 440856 0.9982
0.15  42.8338 0.9984 045 431 0.9967
0.2 43.7756 0.9988 0.5 41.8601 0.9965
025  45.8759 0.9988 0.55  43.8094 0.9985
0.3 46.1441 0.9978 0.6 47.7655 0.9789
035  45.699 0.9995 -

(b)

X E(kcal/mol) R? X E(kcal/mol) R?
0.75 17.7944 0.9007 0.9 6.4957 0.7934
0.8 11.9755 0.8593 095  6.60081 0.8637
0.85 8.22221 0.8258 -

©
X E(kcal/mol) R? X E(kcal/mol) R?
0.1 3591503  0.995389  0.55 19.24608  0.988281
0.15 3498008 0992875 0.6 18.61342  0.988433
0.2 3252123 0.993831  0.65 17.99944  0.988737
025  30.00966 0987725 0.7 17.16708  0.987725
0.3 2741464 0991211  0.75 1511571 0.986103
035 2514151 0990252 0.8 1192339 0.980918
0.4 23.09093  0.989343  0.85 11.83398  0.991615
045 2126487 0988079 0.9 18.61978  0.993126
0.5 2026144 098737 095 2249085  0.9998
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Fig. 5. Friedman calculation
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of the reaction order and the pre-expo-

nential factor from experimental data (a)wood-pellet, (b)
Korean anthracite.
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Table 4. Activation Energy and correlation on conversion level of (a)
wood pellet(2nd region), (b)wood-pellet(3rd region), (c)Korean
anthracite(2nd region) calculated by Flynn-Wall-Ozawa method

(2
X E(kcal/mol) R? X
0.1 35.95265 0.9844 0.4
0.15 38.8098 0.9886 0.45
0.2 39.24706 0.9912 0.5
0.25 41.39765 0.9948 0.55 41.31237 0.9998
0.3 42.98873 0.996 0.6 44.01246 0.9981
0.35 43.9472 0.9981 -
(b)
X E(kcal/mol) R? X
0.75 26.52538 0.9831 0.9 16.01913 0.9561
0.8 22.26119 0.9673 0.95 13.99515 0.9587
0.85 18.7649 0.9549 -

E(kcal/mol) R?
42.64632 0.9984
41.63737 0.9994
40.23599 0.9999

E(kcal/mol) R?

(0)
X E(kcal/mol) R’ X E(kcal/mol) R’

0.1 44.85651  0.998098  0.55 38.15066  0.988281
0.15 4471294 0997898 0.6 37.52589  0.98818

0.2 43,6557 0.994987  0.65 36.94027  0.988281
025 4701015 0976678 0.7 3639599  0.988383
0.3 4167436 0991564  0.75 3594917  0.988888
035  40.8303 0.990454 0.8 35.59066  0.989646
0.4 40.09589  0.989646  0.83 35.07771  0.990858
045 3936279  0.988989  0.85 3447208  0.991867
0.5 3877021  0.988433  0.88 33.2382 0.993227
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T el A Alket g slelUA] ] Fatgke] Afo]7t HAlHE 2
735, 22k 7 9l 32 el A ZE2E 3,01, 9.29 keal/mol 2
zto)7F EABII 2L, Fig. 6(a), ()2} 2o] FARE A2 YeER)
Qo sfFeleke] 79 Fig 6(c)2t 2o] T WholA Akt &
Azl q=] o] BiEgke] 21017} 17.03 keal/mol® WERFTE. 2t 5P ol
gk 7hE P EkS Table 5ol sl YERAQITE 2 Aol
Friedman 1 9] A3l Ed3lelulA] 3k o838l RES2(n),
HRSE T AERe] MIERIAHA)E Akt o] Anls nfgow &
AAZ g g Igke] 1A i vk wz S-S A o)
7123 E ARESIATHTI.
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Fig. 6. Kinetic analysis by Flynn-Wall-Ozawa’s method (a) wood-pel-
let (2nd region), (b) wood-pellet (3rd region), (c) Korean anthra-
cite.
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Table 5. Averaged activation Energy of wood-pellet and Korean
anthracite

A - 7]

Table 6. Reaction order(n) and pre-exponential factor of (a) wood-
pellet, (b) Korean anthracite with respect to heating rate

Activation Energy [kcal/mol] @)
2nd Region 3rd Region Condition Region n A )
oo T mehod .12 1022 (Xrange) _(reacton nder) _(pre-exponenta faton
Ozawa method 41.11 19.51 5°C/min e . 0 ‘5226 1.07><106
Korean Anthracite Friedman method 21.45 0;)715:3'2 5-1516 4‘()4>< T
Ozawa method 38.47 10 °C/min o : )
0.75~0.95 0.8123 1.91x10°
oy 0.1~0.6 4.9674 3.84x10"
*Tw 20°C/min - 25 095 1.0475 2.40x10°
30°Cmn %1700 5.1161 4.32x10;5
14 4 o o 0.75~0.95 1.3974 2.53x10
E o © ° ° i °° . i 2
@3 e °® ¢ Condition Region ! A .
= ° (Xrange)  (reaction order) (pre-exponential factor)
g o A A 5 °C/min 0.1~0.95 0.7453 1.39x10°
Sl e LA A g vV 10°C/min  0.1~0.95 0.8661 1.38x10°
= s §ov v v 15°C/min~ 0.1~0.95 1.006 3.31x10°
B é Y ®  5°C/min 20 °C/min 0.1~0.95 0.7453 4.16x10°
11 A O 10°C/min
v 20°C/min
A 30°C/min
v o o Ny 02 00 wteh 22 FHX=0.1~0.6) B! 32 TRH(X=0.75~0.95)°1 Tfsl 247}
In(1-X) 0.05% F7HA171 A gl Wt In[(dX/dt)/exp(—E/RT)]2} In(1-
2 X) w52 A4 Wit 7127)9h M o m Y vhgAler Bl izt
£ 75197 Table 6(a)°ll ERASATE. T3t SlF- gl tisiA = 2+
. o $ o & WO Fig 7)o} 2ol 23k TRHX=0.1~0.95)14 WHEAI:
="1 o gl IRl lod 2L A3HE Table 6(b)ell HrERASITE
x Friedman *3'H-& o]&-3}o] Alkst &/dslellu=], ¥h-3x15= 2 1l
- Lot QLA kg o1g3l0] HAMIT TR WSe 2o
3 a % WHSA1S 5k Table 77} 2ok ool ko] wAlsh=
s | 7 AR Bl TR) 24700} SRR i Wl
iy o ‘oo Soui= F XTI 22177l T BE 5 2AATE )
v 20 WA HRSAE 2 A1} QA uhS QAR Apmle] B4l
& sremn 2 3he TS o S Tk ol HAlER) Beue] o) whe
4-3.2 30 28 26 -24 -22 20 18 -16 -14 12 b sbleke] # xSl wis v Wi s ofvlsth
(10 o, SR A 2707 A7) Ak Bajsh £35S 1
0 Qo] 13k, 22 8713 2] Wadt 21 ofwlgicha shck
3 | s 4-4. SIS I FLHFOAEIO| A4 BEZ HIFIE BZ
£ o ° wAPE! Bl SdRe] LA A e HES )
Y ) o ° 913l Coats-Redfern Wi & o18510] L 548 BT, 58
g ¢ © © o ¢ Sizof whet &dstoluiA] 9l AdaAe] WSk thas QIARE, RE
g o , ¢ ¢ § ES) R0l 1Y 2 e S Gl TP 1R SR
= 8 o (5 °C/minyll e AR 9} 1 ABAFE F3IA
32 4 n n " ; ?chnr::n Table 7. Reaction rate equation of wood-pellet and Korean anthracite
¢ v 20°C/min combustion
& 30°C/min reaction rate equation of combustion
30-1 0 08 06 04 02 00 2nd Region (L—)t( =4.01x 1016exp(—¥)(1—xf'”3
i wood-pellet dX 16 9,819 05226
Fig. 7. Activation energies based on the conversion level for thermal 3rd Region T 1.07x10 exp(—’T)(l -X)
decomposition by Friedman’s and Flynn-Wall-Ozawa method
(a)wood-pellet(2nd region), (b)wood-pellet(3rd region), (c) Korean 4 Region dX _ 1304 10°exp(—2-’-§-2-§)(1 _x)0743
Anthracite dt T

Korean anthracite.
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Fig. 8. Curves indicating the solid-state mechanism by using Coats
Redfern Method (a) wood-pellet, (b) Korean anthracite.
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32k THX=0.75~0.957H4] 0.05% S7HAZ A4 Askgol ule}
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Table 8. Activation energies of (a)wood-pellet and (b)Korean anthracite
obtained from the Coats-Redfern method for several solid-
state processes at 5 °C/min

(a)

Method X R2 E (Activation A (pre-exponential
2(X) range Energy) factor)
A, 0.1~0.6 0.9968 31.40 6.99E+10

0.75~0.95 09374 26.64 4.68E+08
Ay 0.1~0.6 0.997 48.22 7.07E+16
0.75~0.95 0.941 41.31 4.64E+13
A, 0.1~0.6 0.997 65.04 7.15E+22
0.75~0.95 09427 55.97 4.61E+18
R, 0.1~0.6 0.9958 11.72 4.50E+03
0.75~0.95 09636 1.94 1.24E+00
R, 0.1~0.6 0.0304 0.034 2.64E+00
0.75~0.95  0.0013 0.024 2.40E+00
D, 0.1~0.6 0.9966 25.684 2.97E+08
0.75~0.95  0.9861 6.58 3.21E+01
D, 0.1~0.6 0.9975 27.438 7.96E+08
0.75~0.95 09753 10.648 5.14E+07
D, 0.1~0.6 0.9976 29.39 1.14E+09
0.75~0.95 09545 17.86 4.20E+04
D, 0.1~0.6 0.9977 28.08 3.29E+08
0.75~0.95 09678 12.92 7.40E+02
F, 0.1~0.6 0.9965 14.57 6.91E+04
0.75~0.95 09242 11.97 4. 71E+03
F, 0.1~0.6 0.791 3.94 2.50E+01
0.75~0.95 0.867 27.13 1.34E+09
F; 0.1~0.6 0.8592 10.13 9.18E+03
0.75~095 08775 56.95 3.76E+19
(b)

Mgit;;)d X range R? E (EAI?:rgt)lon A (pret:;:s:(t;())(;;lentlal
A, 0.9870 89.46 4.04E+14
Ay 0.9873 136.04 2.05E+25
A, 0.9875 182.61 1.04E+36
R, 0.9818 28.70 2.55E+00
R, 09122 3.35 2.55E+04
D, 0.9840 61.09 4.11E+07

0.1~0.95
D, 0.9873 68.58 1.47E+09
D, 0.9890 78.51 9.14E+10
D, 0.9883 71.82 2.06E+09
F, 0.9860 42.89 7.98E+05
F, 0.8478 31.57 7.06E+01
F; 0.8604 66.82 3.17E+10

W2 R, Fy, FyE, 33} TA R o9} nilR|9] 7B E A,
As, R;, Fy, By, Fi5 BES WIAUS dllddellr 21 2J3H0TH 14]. QA
Al s} o] dglelyA] W REEEE ks 7150 %, 2
2} 7oA = AlelE <-4 (Sigmoidal curves) FENE 7H<™ 3}
2 437 2ddl Avrami equation(2)S WHEE A, 32F TRIAE 2
5224 (Deceleration curves) FERE 7™ 23191 41 0] Valenci
equations W= D7t 7P 213et 210 % whekth, 9FA Friedman
WO R ARREE GAstelUA] g W WheSE 9 R 17} Fho]
7P fAket Aoz Hol7] ujiolt, sl Agke] tisia = ARt
3 A= Fig. 8(c) 2 Table 8(b)ell UERS O, ebA] A3t 1
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Fig. 9. Arrhenius Plot for Combustion Reaction (a) wood-pellet, (b)
Korean anthracite.
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Table 9. Reaction rate equation of wood-pellet and Korean anthracite
char combustion

reaction rate equation of char combustion

dX _ 12 ( 13824) 273
wood-pellt = = 25510 exp(—=3= ) (1-X)

(for chemical reaction control regime)

dX _ exp(28) 1 xy®
Korean Anthracite dt 149210 "exp|~ T 1=

(for chemical reaction control regime)

¢

Q1 71A2 EdA| ol X = HAEE L] A 500 °C o), Sl
C oldelA o] Folis el o] 5 AT

2719] G|, A4 71 wigt 2 71EF S Riste) dis) 1
JE -5 &% (chemical reaction control regime)
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A= @73 Eco-STAR Z2AE Ul d=rmaubd (G2)e] o
TAYC R e Ak ofef] FAE=RYTh

7=
A : pre-exponential factor[min']
B,,is : starting material
C,,iia  : solid product during the disappearance of B,
D,,  : gas product during the disappearance of By,
E : activation energy[kcal/mol]
f(X) : function of X, depending on the particular decomposition
mechanism
g(X) :integral function of conversion
n : decomposition orders
R : gas constant[1.987x10~ kcal/mol-K]
R? : square of regression coefficient

: reaction time[min]
: absolute temperature[K]
0 : initial weight of the sample[mg]

« @ weight of the sample at equilibrium[mg]

t
T
W,
W, : weight of the sample at time t[mg]
W,
X : degree of decomposition

B

: heating rate[°C/min]
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