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i # 4870496021 : MAJOR CHEMICAL ENGINEERING

KEYWORD : BIOMASS MODEL / GASIFICATION MODEL / CHEMICAL EQUILIBRIAM /

DOWNDRAFT GASIFIER/ FLUIDZED GASIFIER
SUPASAK KAEWWICHIT : MATHEMATICAL MODELS OF BIOMASS
GASIFICATION PROCESSES USING GIBBS FREE ENERGY. THESIS ADVISOR :
ASSOC. PROF. DEACHA CHATSIRIWECH, Ph.D., 125 pp.

Biomasses from rice husk, rice straw, almond shell, parawood, bagasse, and comcob have
been modeled as a mixture of phenylpropane (C;H,0), glucose (C.H,,0,), pentose (C.H,,O,) and high
molecule aleohol (C,;H,0) correspondingly. Downdraft gasifier has been represented by a series of
adiabatic equilibrium reactors of pyrolysis, oxidation, Boudouard reaction, hydro-gasification, steam-
pasification, water-gas shift reaction, and methanation. While a fluidized gasifier has been represented
by an isothermal equilibrium reactor, in which all reactions oceur simultaneously. The temperature of
a gasifier can be reduced by increase in the moisture content, or can be raised by preheating the
oxidizing gas. Consequently, the gas composition of synthesis gas producted has been shifted. In
addition to gaseous products, the downdraft gasifier has produced heat 1,900 kJ/kg biomass at 940 K,
while the fluidized gasifier has been produced heat 2,600 kJ/’kg biomass at 1,100 K.
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C + 050, — CO

(n) Partial oxidation

c+0, — CO,

(V) Total oxidation

CO + 0.50— CO,

H, + 0.50, — H,0

(A) Product oxidation

C+ CO, «—>» 2CO

(49) Boudouard reaction
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C+HO «—»CO+H,

Steam gasification

C+H, . <«—>»CH,

Hydro gasification

CO + H,0 «— CO,+H,

Water gas shift reaction

CO.+ 8H,  <«———»CH, +H,0

Methanation
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Lignin Carbohydrates Extractives Total
Cellulose Hemicellulose
14.1 35.7 29 N 100
M31a 2 wamidaquﬁﬂi’fay‘amﬁﬂizﬂaumiﬂizﬂmJ‘nNmﬁmnmsﬂazmuﬁxﬁaniuﬂm’fn
Composition Component biomass model C H (0] N S Total
Lignin Polymer of phenylpropane phenylpropane 11.197 1.244 1.659 0.000 | 0.000 | 14.100
C,H,,0 C9H120 0.108 0.012 0.016 | 0.000 | 0.000 | 0.136
Cellulose Polymer d-glocose Glucose 14.280 2.380 19.040 [ 0.000 | 0.000 [ 35.700
C6H1005 C6H1206 0.072 0.012 0.096 | 0.000 | 0.000 | 0.180
Hemicellulose | Polymer of d-xylose (pentane sugar) | xylose(aldehyde form) 11.600 1.933 15.467 | 0.000 | 0.000 [ 29.000
C5H100 C5H1002 0.060 0.010 0.080 | 0.000 | 0.000 | 0.150
Extractives Various wax 17.374 2.999 0.827 0.000 | 0.000 | 21.20
waxes C28H580 0.336 0.058 0.016 | 0.000 [ 0.000 | 0.410




[l 9
ms1ah 43 wamsulSeuioumdadivezaeuvessig lasimminsznihednteziuusiaes

Rice straw Utimate analysis ,%WT Combustible,%WT Cal. From biomass model RSS
38.17 48.23 54.5 0.80
H 5.02 6.34 8.6 0.77
0 35.28 4458 37.0 1.29
N 0.58 0.73 0 0.73
S 0.09 0.11 0 0.1
a 0 0.00 0 0.00
Ash 10.39 // / r R 4
Moisture 10 / e A' ?’J RSS
Total Total 100.00 100.0 2.98
a3 v waﬂmﬂ?zmrﬁauﬁwﬁ@?hu'e)zﬂfmmmﬁmiﬂaﬁymﬁﬂiwinwwﬁ'nuammu%mm
Rice straw Combustible,%mol Cal. From biomass model mole error mol RSS
C 1.00 45 1.00 0.00 0.00
H 158 8.6 1.89 0.31 0.06
0 0.69 23 0.51 -0.18 0.05
Total 3.27 15.4 3.4 0.12 0.1
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Lignin Carbohydrates Extractives Total
Cellulose Hemicellulose
6 44 36 14 100
M 6 waﬂﬁd’gqgwwﬁﬂ%’ayamﬁﬂizﬂaumiﬂizﬂaumnmﬁ@mmﬁﬂizﬂauﬁgﬁaﬂiwﬁa%’niwsﬂ
Composition | Component biomass model C H o N S Total
Lignin Polymer of phenylpropane phenylpropane 4.765 0.529 0.706 | 0.000 | 0.000 | 6.000
C,H,,0 C9H120 0.108 0.012 0.016 | 0.000 | 0.000 | 0.136
Cellulose Polymer d-glocose Glucose 17.600 2.933 23.467 [ 0.000 | 0.000 | 44.000
C6H1005 C6H1206 0.072 0.012 0.096 | 0.000 | 0.000 | 0.180
Hemicellulose | Polymer of d-xylose (pentane sugar) | xylose(aldehyde form) 14.400 2.400 19.200 | 0.000 | 0.000 | 36.000
C5H100 C5H1002 0.060 0.010 0.080 | 0.000 | 0.000 | 0.150
Extractives Various wax 11.473 1.980 0.546 | 0.000 | 0.000 14.00
waxes C28H580 0.336 0.058 0.016 | 0.000 | 0.000 | 0.410




] Y
ms1ei 47 wamsilSeuisumdadivezaenvessig lasihminsznindgsdnInaazuuuiias

Rice straw Utimate analysis ,%WT Combustible,%WT Cal. From biomass model | RSS
C 43.7 47.65 48.2 0.01
H 5.21 5.68 7.8 0.82
o 42.5 46.34 43.9 0.13
N 0.19 0.21 0 0.21
S 0.04 0.04 0 0.04
Cl 0.08 0.09 0 0.00
Ash 1.4 "I 8%
. / £ 1704 .
Moisture 7 Yy ps /;. RSS
Total Total 100.00 100.0 1.00
M99 18 namsnlSouioumdadiuTas Tuaod1sd10ue9519 C - H: O5z1IH1az1UU 1009
Rice straw Combustible,%mol Cal. From biomass model | mole error mol | RSS
C 1.00 4.0 1.00 0.00 0.00
H 1.43 7.8 1.95 0.52 0.19
(0] 0.73 2.7 0.68 -0.05 0.00
Total 3.16 14.6 3.63 0.47 0.19
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Lignin

Carbohydrates

Extractives

Total

21

Cellulose

Hemicellulose

41

29

100

a Ve w ¢ ~ A & Ao ¢
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Composition | Component biomass model C H 0) N S Total
Lignin Polymer of phenylpropane phenylpropane 16.676 1.853 2.471 0.000 | 0.000 [ 21.000
C,H,,0 C9H120 0.108 0.012 0.016 | 0.000 | 0.000 | 0.136
Cellulose Polymer d-glocose Glucose 16.400 2.733 21.867 | 0.000 | 0.000 | 41.000
C6H1005 C6H1206 0.072 0.012 0.096 | 0.000 | 0.000 | 0.180
Hemicellulose | Polymer of d-xylose (pentane sugar) | xylose(aldehyde form) 11.600 1.933 15.467 | 0.000 | 0.000 | 29.000
C5H100 C5H1002 0.060 0.010 0.080 | 0.000 | 0.000 | 0.150
Extractives Various wax 7.340 1.311 0.350 | 0.000 | 0.000 9.00
waxes C28HS580 0.336 0.060 0.016 | 0.000 | 0.000 | 0.412
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Rice straw Utimate analysis ,%WT Combustible,% WT Cal. From biomass model RSS
c 52.61 51.00 52.0 0.02
H 5.93 6.00 7.8 0.56
0 41.08 43.00 40.2 0.19
N 033 0 0.00
s 0.02 0 0.00
al 0.02 0 0.00
Ash 3 / /' | 4 > 4
- /4
Moisture 12 / | Py ¥ RSS
Total 100 100.00 100.0 0.77

1 R [ ] 1 Y 4 o
ﬂ151\‘1ﬁ V12 Waﬂ’lilﬂ%ﬂULﬁﬂUﬂWﬁﬂﬁ?uTﬂﬂINﬁ@EIWQQWEISU’ENTT]Q C:H: Oﬁ31’?'3']\‘]Lﬂaﬁ]ﬂﬂﬁﬂ@u@]ua&tﬂﬂﬂWﬂ@ﬁ

Rice straw Combustible,%mol Cal. From biomass model mole error mol RSS
C 1.00 43 1.00 0.00 0.00

H 1.43 7.8 1.81 0.37 0.10

(0] 0.62 215 0.58 -0.04 0.00
Total 0.00 0.10
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¥ o 4 a 3 o a o o w Aaaa 1
M1 a1 mansaawuiiassmolunielfnial lnansveshedn laslsommiludioend lad lasddulfasogiuuui 1 uag 2
9

Pyrolysis --> Gasification -->Oxidation

o o e Seuazlaaluavewaniami QN ANNAAIAINADY
stlupumsdadulgnsen
Cco H, CO, | CH, N, | HLO| Cs K) RSS | Temperature
NaN1INAaog 14 19 11 5 40 7 4 913-1073
All reaction take place simultaneous 15.892 | 26.937 | 8.023 | 2.700 | 29.722 | 5.000 | 9.826 914 2.747 0.1%
Pyrolysis --> Oxidation --> Gasification | 16.010 | 26.999 | 7.981 | 2.686 | 29.714 | 5.000 | 9.755 914 2.705 0.1%
22.296 |1 19.073 | 8.948 | 10.791 | 34.285 | 4.607 | 0.000 948 2.865 3.8%

4 o 4 a v 9 I @ a o o w Aaaa {
M1 a2 mansaauiassmoluniealfnial luaasvesdatnlna lasldomamiludoond lad lasdrdulfasonguuui 1 uag 2

o o e SosazTnaliaveswansium GENTHE ANMAMIAINADY
stupumsdadulgnsen
Cco H, CO, | CH, N, H,0 Cs (K) RSS | Temperature
NaN1INAaog 18 16.5 9 4 39.5 8 5 923-1057
All reaction take place simultaneous 21.5851 26.250 |'7.495 | 1.803 | 32.836 ( 5.000 | 4.787 939 0.889 1.7 %
Pyrolysis --> Oxidation --> Gasification | 21.584 [ 26.250 | 7.495 | 1.804 | 32.836 | 5.000 [ 4.787 939 0.889 1.7 %
Pyrolysis --> Gasification -->Oxidation | 23.687 | 17.402 | 8.333+| 7.732 [ 36.594 | 6.252 | 0.000 1078 2.032 16 .7%
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(31910 P1-->01 #1590 02 -->G1-->X-->X-->X-->X

Fesazlnsluaveswansami U ANInAIANADY

stupumsdasulgnsen T

Cco H, | CO, | CH,| N, |HO| Cs X) RSS | Temperature
Nan1INAaes 14 19 1 5 40 7 4 913-1073
P1->01%30 02-->G1-->G2-->G3-->G4-->G5 | 19.67 | 29.34 | 6.32 | 1.68 | 29.15 | 5.78 | 8.07 948 2.220 3.864
P1-->01%30 02-->G1-->G2-->G3-->G5-->G4 | 1526 | 26.05 | 7.77 | 2.57 | 29.65 | 7.95 | 10.75 948 3.399 3.785
P1-->01%30 02->G1->G2-->G4-->G3-->G5
P1-->01%30 02-->G1-->G2-->G4-->G5-->G3 | 15.82 | 27.18 | 7.77 | 2.28 | 29.49 | 7.18 | 10.29 912 3.125 -0.100
P1-->01%30 02-->G1-->G2-->G5-->G3-->G4 | 1533 | 25.82 | 7.77 | 2.72 | 29.73 | 7.98 | 10.63 951 3.268 4.191
P1->01%30 02-->G1-->G2-->G5-->G4-->G3 | 16.19 | 26.75 | 7.80 | 2.72 | 29.73 | 7.06 | 9.74 913 2.609 -0.003
Pl-—>Ol1’i§i’] 02-->G1-->G3-->G2-->G4-->G5 | 20.25 | 24.07 | 8.58 | 6.88 | 32.08 | 4.51 3.62 891 0.636 -2.380
Pl-—>Ol1’i§i’] 02-->G1-->G3-->G2-->G5-->G4 | 20.13 | 23.17 | 856 | 7.26 | 32.29 | 4.94 3.64 911 0.625 -0.195
P1-->01%150 02-->G1-->G3-->G4-->G2-->G5 | 20.00 | 24.20 | 8.30 | 6.42 | 31.82 | 4.97 4.29 891 0.530 -2.411
P1-->01%30 02-->G1-->G3-->G4-->G5-->G2 | 21.87 | 25.44 |-8.36 | 6.78 | 132.03|-327 | 2.26 830 1.130 -9.140
P1-->01%30 02-->G1-->G3-->G5-->G2-->G4 | 21.84 | 24.51 | 8.52 | 7.40 | 3237 | 343 | 1.94 851 1.242 -6.809
Pl-—>Ol1’i§i’J 02-->G1-->G3-->G5-->G4-->G2 | 21.67 | 2544 | 824 | 6.57 | 31.91 | 3.53 2.63 832 0.982 -8.873
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(33910 P1-->01%50 02 -->G1-->X-->X-->X-->X

Forazlnauavesnansiami Error
silsuumsdaanulgnsen Temperature
(610 H, CO, | CH, N, H,0 Cs RSS | Temperature

HaNIINAA0Y 14 19 1 5 40 7 4 913-1073

P1-->01%30 02->G1-->G4-->G2->G3-->G5 | 15.60 | 27.18 | 7.88 | 2.29 | 29.49 | 7.17 | 10.38 918 3.188 0.558
P1-->01%30 02->G1->G4-->G2->G5->G3 | 15.53 | 27.51 | 7.85 | 2.05 | 29.36 | 7.14 | 10.56 912 3.405 -0.087
P1->01%30 02-->G1-->G4-->G3-->G2-->G5 | 19.79 | 24.42 | 850 | 6.40 | 31.81 | 4.77 431 893 0.532 -2.214
P1-->01%138 02-->G1-->G4-->G3-->G5-->G2 | 21.65 | 25.68 | 8.55 | 6.75 | 32.01 | 3.07 2.29 831 1.133 -8.963
P1-->01%30 02->G1-->G4-->G5->G2-->G3 | 16.13 | 3028 | 7.95 | 4.81 | 29.75 | 0.00 | 11.08 1645 4.650 80.145
P1-->01%30 02->G1->G4-->G5->G3->G2 | 18.35 | 26.64 | 8.18 | 424 | 30.59 | 5.27 | 6.74 873 0.933 -4.332
P1->01%30 02-->G1-->G5-->G2-->G3-->G4 | 17.58 | 23.66 | 8.24 | 5.41 | 31.25 | 6.77 7.08 951 0.836 4.184
P1->01%30 02-->G1-->G5-->G2-->G4-->G3 | 18.15 | 24.61 | 8.44 | 541 | 31.25 | 5.82 6.32 922 0.649 1.010
P1-->01%138 02-->G1-->G5-->G3-->G2-->G4 | 17.90 | 25.97 | 8.30 | 4.48 | 30.72 | 5.64 6.99 898 0.933 -1.612
P1-->01%30 02->G1->G5-->G3->G4->G2 | 17.88 | 26.65 [18.02| 3.84 | 130.36 | 5.76 | 7.49 882 1.217 -3.434
P1-->01%30 02->G1->G5->G4->G3->G2 | 17.70 | 25.12 | 8.19 | 4.69 | 30.84 | 6.22 | 7.24 919 0.963 0.675
P1-->01%30 02-->G1-->G5-->G4-->G2-->G3 | 20.81 | 25.28 [8.25 | 12:60' | 3332 | 5116 4.56 902 0.755 -1.246
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(33910 P1-->01%50 02 -->G2-->X-->X-->X-->X

Fouazlasluaveananiam Error

silsuumsdaanulgnsen Temperature

CcO H, CO, | CH, N, H,0 Cs RSS | Temperature
HaNIINAADI 14 19 11 5 40 7 4 913-1073
P1-->01%30 02->G2-->G1-->G3->G4->G5 | 18.63 | 26.54 | 815 | 440 | 30.68 | 5.16 | 6.44 870 0.843 -4.734
P1-->01%30 02->G2->G1->G3->G5->G4 | 13.98 | 2759 | 7.53 | 091 | 28.71 | 849 | 12.79 942 5.924 3.153
P1-->01%138 02-->G2-->G1-->G4-->G3->G5 | 10.32 | 23.99 | 856 | 1.92 | 29.28 | 10.82 | 15.10 927 8.638 1.566
P1->01%30 02-->G2-->G1-->G4-->G5-->G3
P1-->01%30 02->G2-->G1-->G5->G3->G4 | 14.71 | 2827 | 696 | 037 | 2841 | 849 | 12.79 904 6.197 -1.024
P1-->01%30 02->G2->G1-->G5->G4->G3 | 13.81 | 28.08 | 7.46 | 052 | 28.49 | 8.50 | 13.15 933 6.493 2.243
P1-->01%138 02-->G2-->G3-->G1-->G4-->G5 | 15.75 | 36.75 | 8.84 | 0.64 | 3548 | 0.00 2.53 977 2.835 6.982
P1-->01%138 02-->G2-->G3-->G1-->G5-->G4 | 18.32 | 26.62 | 7.50 | 0.10 | 31.76 | 7.12 8.58 918 2.667 0.524
P1-->01%58 02-->G2-->G3-->G4-->G1-->G5 | 13.72 | 27.34 | 725 | 0.63 | 28.55 | 9.10 | 13.42 951 6.789 4.162
P1-->01%30 02->G2-->G3-->G4->G5->G1 | 13.60 | 27.09 [7.30| 0.75 | 128.62 | 9.20 | 13.45 959 6.779 5.061
P1-->01%30 02->G2->G3->G5->G1->G4 | 13.72 | 2734 | 7.25 | 0.63 | 2855 | 9.10 | 13.42 951 6.789 4.162
P1-->01%138 02-->G2-->G3-->G5-->G4=->G1 | 14.95 | 27.62 | 7.10 | 1096 | 28.74 | 8140 | 12:23 915 5.342 0.179
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(33910 P1-->01%50 02 -->G2-->X-->X-->X-->X

Forazlnelaveanansoum Error

silsuumsdaanulgnsen Temperature

CcO H, CO, | CH, N, H,0 Cs RSS | Temperature
WaNINAaDY 14 19 11 5 40 7 4 913-1073
P1-->01%30 02->G2-->G4-->G1->G3->G5 | 13.73 | 2638 | 7.29 | 1.15 | 28.85 | 9.40 | 13.20 972 6.346 6.487
P1-->01%30 02-->G2-->G4-->G1-->G5-->G3 | 1527 | 27.00 | 6.82 | 1.15 | 2885 | 8.78 | 12.12 918 5.190 0.533
P1-->01%38 02-->G2-->G4-->G3-->G1-->G5 | 16.40 | 2491 | 523 | 1.17 | 28.86 | 10.85 | 12.58 921 5.974 0.895
P1-->01%150 02-->G2-->G4-->G3-->G5-->G1 16.64 | 25.81 | 5.19 | 0.80 | 28.65 | 10.42 | 12.50 895 5.983 -1.946
P1-->01%30 02->G2-->G4-->G5-->G1-->G3 | 14.68 | 26.99 | 7.04 | 1.08 | 28.81 | 8.89 | 12.52 934 5.616 2.324
P1-->01%30 02-->G2-->G4-->G5-->G3->G1 | 1540 | 2673 | 6.66 | 1.18 | 28.87 | 9.01 | 12.15 920 5.230 0.712
P1-->01%38 02-->G2-->G5-->G1-->G3-->G4 | 14.82 | 2699 | 6.19 | 028 | 27.21 | 10.40 | 14.11 893 7.993 -2.211
P1-->01%30 02->G2->G5->G1->G4->G3
P1-->01%150 02-->G2-->G5-->G3-->G1-->G4 | 1025 | 24.58 | 857 | 1.60 | 29.10 | 10.64 | 15.26 917 8.940 0.478
P1-->01%30 02-->G2-->G5-->G3-->G4-->G1 | 14.63 | 28.42 |16.99 | 0.28 | 28.36| 8:45 | 12:87 904 6.318 -0.995
P1-->01%30 02-->G2-->G5-->G4-->G1-->G3 | 9.44 | 2243 | 7.90 | 1.60 | 29.10 | 12.79 | 16.74 976 11.582 6.888
P1-->01%38 02-->G2-->G5-->G4-->G3->G1 11.37 |1.24.29 [ 7.86 | 1.60 | 29.10 | 10.93 | 14.85 891 8.399 -2.430
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(33910 P1-->01%30 02-->G3-->X-->X-->X-->X

Forazlnauavesnansiami Error
silsuumsdaanulgnsen Temperature
(610 H, CO, | CH, N, H,0 Cs RSS | Temperature

HaNIINAA0Y 14 19 1 5 40 7 4 913-1073

P1-->01%30 02->G3-->G1-->G2->G4->G5 | 15.62 | 27.06 | 5.81 | 028 | 28.36 | 9.82 | 13.06 898 6.678 -1.683
P1-->01%30 02->G3->G1-->G2->G5->G4 | 14.34 | 2834 | 7.09 | 028 | 28.36 | 8.53 | 13.05 912 6.514 -0.134
P1->01%30 02-->G3-->G1-->G4-->G2-->G5 | 18.68 | 25.28 | 848 | 539 | 31.24 | 5.18 5.75 898 0.586 -1.677
P1-->01%138 02-->G3-->G1-->G4-->G5-->G2 | 18.70 | 24.84 | 8.40 | 5.54 | 31.33 | 5.43 5.76 905 0.566 -0.827
P1-->01%30 02->G3-->G1-->G5->G2->G4 | 18.74 | 25.14 | 821 | 522 | 31.14 | 553 | 6.01 896 0.631 -1.807
P1-->01%30 02->G3->G1->G5->G4->G2 | 21.23. | 2573 | 838 | 635 | 31.78 | 3.53 | 3.00 836 0.871 -8.410
P1-->01%30 02-->G3-->G2-->G1-->G4-->G5 | 21.22 | 25.36 | 8.50 | 6.65 | 31.95 | 3.52 2.80 846 0.914 -7.392
P1-->01%138 02-->G3-->G2-->G1-->G5-->G4 | 21.26 | 25.64 | 8.28 | 6.30 | 31.75 | 3.68 3.09 836 0.839 -8.400
P1-->01%30 02->G3-->G2-->G4-->G1->G5 | 18.66 | 2521 | 821 | 5.14 | 31.10 | 555 | 6.11 897 0.654 -1.754
P1-->01%30 02->G3-->G2-->G4-->G5->G1 | 18:47 | 25.20 837 | 5.22 | 31.14| 548 - 6.12 903 0.645 -1.130
P1-->01%30 02->G3->G2-->G5->G1->G4 | 18.19 | 2596 | 9.58 | 591 | 31.53 | 3.85 | 4.97 905 0.581 -0.879
P1->01%30 02-->G3-->G2-->G5-->G4-=->G1 | 18.90 | 24.26 [ 9.14 | 1668 | 31.97 | 458 4.47 920 0.514 0.752




msuias  wamsaiauuusieesnelumiestngal lvaaweshsinlasldemmiudioendlad lasddulgase

(33910 P1-->01%50 02 -->G3-->X-->X-->X-->X

Forazlnauavesnansiami Error
silsuumsdaanulgnsen Temperature
(610 H, CO, | CH, N, H,0 Cs RSS | Temperature

HaNIINAA0Y 14 19 1 5 40 7 4 913-1073

P1-->01%30 02->G3-->G4-->G1-->G2->G5 | 18.44 | 22.04 | 844 | 6.86 | 32.07 | 6.58 | 5.58 892 0.517 -2.300
P1-->01%30 02->G3->G4->G1->G5>G2 | 19.17 | 23.79 | 895 | 6.86 | 32.07 | 4.83 | 434 922 0.515 0.966
P1->01%350 02-->G3-->G4-->G2-->G1->G5 | 2020 | 24.40 | 817 | 6.28 | 31.74 | 4.94 4.27 893 0.542 -2.210
P1-->01%38 02-->G3-->G4-->G2-->G5->G1 21.86 | 25.44 | 836 | 6.79 | 32.03 | 3.27 2.26 830 1.130 -9.144
P1-->01%30 02->G3-->G4-->G5->G1->G2 | 19.86 | 2531 | 7.55 | 5.04 | 32.42 | 253 | 7.29 925 1.505 1.293
P1-->01%30 02->G3-->G4->G5->G2->G1 | 18.81 | 2420 | 890 | 6.42 | 31.82 | 4.97 | 4388 921 0.485 0.847
P1-->01%30 02-->G3-->G5-->G1-->G2-->G4 | 19.80 | 26.81 | 9.04 | 5.74 | 31.44 | 321 3.97 850 0.734 -6.924
P1-->01%30 02-->G3-->G5-->G1-->G4-->G2 | 18.47 | 2544 [ 10.05 | 6.79 | 32.03 | 3.27 3.95 914 0.676 0.115
P1-->01%38 02-->G3-->G5-->G2-->G1->G4 | 20.88 | 25.27 | 8.43 | 2.81 | 33.48 | 4.89 4.24 903 0.717 -1.144
P1-->01%30 02->G3-->G5-->G2->G4->G1 | 21,01 | 25.25 1824 | 2.70 | 133.41 | 5.05 - 434 898 0.744 -1.634
P1-->01%30 02->G3->G5->G4->G1->G2 | 19.15 | 2225 | 852 | 7.19 | 3225 | 595 | 4.68 948 0.496 3.851
P1->01%30 02-->G3-->G5-->G4-->G2-=->G1 | 18.87 | 24.94 [10.01 | 17:16! | 3227 { 3128 3.47 916 0.750 0.298
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msuiae  wamsaiauuuiiaesmelumiestngal lvaaweshsinlasldommiludioendlad lasddulgase

(33910 P1-->01%30 02 -->G4-->X-->X-->X-->X

Forazlnauavesnansiami Error

silsuumsdaanulgnsen Temperature

CcO H, CO, | CH, N, H,0 Cs RSS | Temperature
HaNIINAA0Y 14 19 1 5 40 7 4 913-1073
P1-->01%30 02->G4-->G1-->G2->G3->G5 | 19.90 | 26.67 | 891 | 574 | 3143 | 336 | 4.00 849 0.715 -6.992
P1-->01%30 02->G4->G1-->G2->G5->G3 | 1848 | 2536 | 9.96 | 6.73 | 31.99 | 3.42 | 4.06 915 0.645 0.165
P1->01%30 02-->G4-->G1-->G3-->G2-->G5 | 21.68 | 20.72 | 3.12 | 3.81 | 30.35 | 11.72 | 8.59 873 2.710 -4.401
P1-->01%38 02-->G4-->G1-->G3-->G5-->G2 | 21.92 | 19.83 | 3.16 | 441 | 30.69 | 11.86 | 8.13 887 2.448 -2.803
P1-->01%30 02->G4-->G1-->G5->G2->G3 | 25.29 | 1831 | 331 | 7.01 | 32.16 | 10.11 | 3.81 851 1.540 -6.765
P1-->01%30 02->G4->G1-->G5->G3->G2 | 27.05 | 1957 | 333 | 7.28 | 32.31 | 851 | 1.95 791 1910 | -13.412
P1->01%30 02-->G4-->G2-->G1-->G3-->G5 | 23.62 | 18.15 | 3.26 | 621 | 31.70 | 11.28 | 5.77 888 1.640 -2.745
P1->01%30 02-->G4-->G2-->G1-->G5-->G3 | 24.10 | 20.71 | 3.20 | 5.10 | 31.08 | 10.11 | 5.70 823 1.460 -9.817
P1-->01%138 02-->G4-->G2-->G3-->G1-->G5 | 1581 | 25.65 | 5.86 | 1.13 | 28.84 | 10.16 | 12.56 926 5.813 1.404
P1-->01%30 02->G4-->G2-->G3->G5->G1 | 16.16 | 26.47 583 | 0.86 | 128.68 | 9.67 [ 12.32 899 5.641 -1.587

P1-->01%30 02-->G4-->G2-->G5-->G1-->G3

P1-->01%50 02-->G4-->G2-->G5-->G3->G1




101

msuiae  wamsaiauuuiiaesmelumiestngal lvaaweshsinlasldommiludioendlad lasddulgase

(31910 P1-->01%50 02 -->G4-->X-->X-->X-->X

Forazlnauavesnansiami Error
silsuumsdaanulgnsen Temperature
(610 H, CO, | CH, N, H,0 Cs RSS | Temperature

HaNIINAA0Y 14 19 1 5 40 7 4 913-1073

P1-->01%30 02->G4-->G3-->G1->G2->G5 | 15.06 | 27.78 | 634 | 0.17 | 28.30 | 9.23 | 13.12 900 6.713 -1.413
P1-->01%30 02->G4->G3->G1->G5->G2 | 13.97 | 2922 | 7.61 | 0.17 | 28.30 | 7.79 | 12.94 907 6.410 -0.660
P1-->01%30 02-->G4-->G3-->G2-->G1-->G5 | 19.74 | 24.46 | 856 | 6.40 | 31.81 | 4.72 431 893 0.533 -2.175
P1-->01%138 02-->G4-->G3-->G2-->G5-->G1 | 21.59 | 25.73 | 8.61 | 6.75 | 32.01 | 3.02 2.30 831 1.134 -8.929
P1-->01%30 02->G4-->G3-->G5->G1->G2 | 17.68 | 2638 | 9.68 | 554 | 31.33 | 3.89 | 5.50 908 0.632 -0.593
P1-->01%30 02->G4->G3->G5->G2->G1 | 18.69 | 2446 | 9.08 | 6.40 | 31.81 | 4.72 | 4.83 919 0.495 0.699
P1->01%30 02-->G4-->G5-->G1->G2-->G3 | 19.72 | 2697 | 9.22 | 5.81 | 31.47 | 2.97 3.84 850 0.773 -6.925
P1-->01%30 02-->G4-->G5-->G1->G3-->G2 | 18.33 | 25.73 [ 10.24 | 6.75 | 32.01 | 3.02 3.93 913 0.712 -0.032
P1-->01%138 02-->G4-->G5-->G2-->G3-->G1 | 23.66 | 34.69 | 822 | 3.38 | 29.57 | 0.00 0.47 1039 3.172 13.771
P1-->01%30 02->G4-->G5-->G2->G1->G3 | 16.77 | 27.21 837 | 3.35 | 130.09| 5:81 - 8.:41 896 1.696 -1.809
P1-->01%30 02->G4->G5-->G3->G1->G2 | 1633 | 26.64 | 8.66 | 3.71 | 3029 | 593 | 8.44 921 1.617 0.891
P1-->01%30 02-->G4-->G5-->G3-->G2=->G1 | 13.12 | 22.90 [79.86 | 1518/ | 31.12 | 7831 10.00 891 2.369 -2.408
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msuia7  wamsaiauuuiieesnelumiestngal lvaaweshsinlasldemmiudioendlad lasddulgase

(33910 P1-->01%50 02 -->G5-->X-->X-->X-->X

Forazlnauavesnansiami Error
silsuumsdaanulgnsen Temperature
(610 H, CO, | CH, N, H,0 Cs RSS | Temperature

HaNIINAA0Y 14 19 1 5 40 7 4 913-1073

P1-->01%30 02->G5->G1-->G2->G3-->G4 | 13.46 | 2425 | 977 | 458 | 30.78 | 7.22 | 9.93 856 2.350 -6.208
P1-->01%30 02->G5->G1-->G2->G4->G3 | 12.39 | 2423 | 1031 | 4.60 | 30.79 | 7.23 | 10.45 885 2.755 -3.036
P1->01%30 02-->G5-->G1-->G3-->G2-->G4 | 15.79 | 26.63 | 7.93 | 2.70 | 29.72 | 7.20 | 10.03 925 2.805 1.368
P1-->01%138 02-->G5-->G1-->G3-->G4-->G2 | 16.06 | 26.92 | 7.93 | 2.70 | 29.72 | 6.91 9.74 914 2.612 0.103
P1-->01%30 02->G5->G1-->G4->G2->G3 | 1691 | 26.68 | 8.16 | 3.48 | 30.16 | 6.18 | 8.43 903 1.669 -1.103
P1-->01%30 02->G5->G1->G4->G3->G2 | 1696 | 26.85 | 8.01 | 327 | 30.04 | 6.28 | 8.60 897 1.803 -1.807
P1-->01%30 02-->G5-->G2-->G1-->G3-->G4 | 25.06 | 3546 | 7.59 | 2.49 | 29.09 | 0.00 0.31 1037 3.649 13.531
P1->01%30 02-->G5-->G2-->G1-->G4-->G3 | 17.40 | 26.65 | 7.87 | 3.45 | 30.14 | 6.25 8.24 891 1.596 -2.447
P1-->01%38 02-->G5-->G2-->G3-->G1-->G4 | 16.78 | 25.66 | 8.11 | 3.88 | 30.39 | 6.70 8.49 926 1.599 1.429
P1-->01%30 02->G5-->G2-->G3->G4->G1 | 24.74 | 33.11 '[7.88 | 3.85 | 130.160.00 -, 0.26 1029 3.209 12.663
P1-->01%30 02->G5->G2-->G4->G1->G3 | 15.89 | 2430 | 7.88 | 3.88 | 30.39 | 8.06 | 9.61 972 2273 6.419
P1-->01%30 02-->G5-->G2-->G4-->G3=->G1 | 17.15 | 2544 [-7.82 | 13:88' | 30.39 | 6.92 8.41 920 1.573 0.771
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msuia7  wamsaiauuuiieesnelumiestngal lvaaweshsinlasldemmiudioendlad lasddulgase

13NN P1-->01 -->G5-->X-->X-->X-->X

Forazlnauavesnansiami Error
silsuumsdaanulgnsen Temperature
(610 H, CO, | CH, N, H,0 Cs RSS | Temperature

HaNIINAA0Y 14 19 1 5 40 7 4 913-1073

P1-->01%30 02->G5->G3-->G1->G2->G4 | 16.61 | 2632 | 853 | 3.88 | 30.39 | 6.03 | 8.24 920 1.484 0.811
P1-->01%30 02->G5->G3->G1->G4->G2 | 13.19 | 22.94 | 10.07 | 540 | 31.24 | 750 | 9.65 890 2.112 -2.471
P1-->01%30 02-->G5-->G3-->G2-->G1-->G4 | 15.69 | 26.66 | 7.89 | 2.61 | 29.67 | 7.30 | 10.19 927 2.946 1.584
P1-->01%138 02-->G5-->G3-->G2-->G4-->G1 | 1581 | 26.73 | 7.69 | 2.43 | 29.57 | 7.45 | 10.32 921 3.106 0.929
P1-->01%30 02->G5->G3-->G4->G1->G2 | 15.73 | 24.91 | 7.84 | 3.45 | 30.15 | 7.98 | 9.94 962 2.573 5.403
P1-->01%30 02->G5->G3->G4->G2->G1 | 16.52. | 26.54 | 826 | 3.45 | 30.15 | 6.35 | 8.73 915 1.813 0.222
P1-->01%30 02-->G5-->G4-->G1-->G2-->G3 | 17.34 | 26.55 | 7.76 | 3.36 | 30.09 | 6.46 8.44 892 1.706 -2.268
P1-->01%30 02-->G5-->G4-->G1->G3-->G2 | 1626 | 26.84 | 8.24 | 3.15 | 29.97 | 6.43 9.11 914 2.096 0.114
P1-->01%38 02-->G5-->G4-->G2-->G1-->G3 0.10 38.25 | 880 | 3.74 | 32.55 | 0.00 | 16.57 1022 13.028 11.984
P1-->01%30 02->G5-->G4-->G2->G3->G1 | 13.75 | 24.18 [19.83 | 4.82 | 130.92|7.00 - 9.51 852 2.037 -6.701
P1-->01%30 02->G5->G4-->G3->G1->G2 | 15.55 | 26.57 | 897 | 3.65 | 29.03 | 6.63 | 9.60 914 2316 0.076
P1-->01%30 02-->G5-->G4-->G3-->G2-=->G1 | 17.20 | . 26.87 [ 8.08 | 13:45 | 30.12 | 6.03 8.23 892 1.591 -2.296




! o y a o [ I o a o o w Aaana
maeiias  Hamsauuudiaeinielunieslnsel lnaasuesdednn Inalagldoimemdudioond lad lasdauilgnsen

(31910 P1-->01 #1590 02 -->G1-->X-->X-->X-->X

Fouazlaalaveananom Error

silsuumsdaanulgnsen Temperature

CcO H, CO, | CH, N, H,0 Cs RSS | Temperature
WaNINAaDY 18 16.5 9 4 | 395 8 5 923-1057
P1-->01%30 02->G1-->G2-->G3-->G4-->G5 | 20.66 | 26.52 | 7.39 | 1.14 | 32.42 | 585 | 6.02 951 1.079 3.009
P1-->01%30 02-->G1-->G2-->G3-->G5->G4 | 20.53 | 2587 | 7.41 | 141 | 3258 | 6.15 | 6.05 968 0.922 4.884
P1-->01%30 02->G1->G2->G4->G3->G5
P1-->01%50 02-->G1-->G2-->G4-->G5-->G3 | 20.85 | 27.00 | 7.31 | 0.93 | 32.28 | 5.65 5.98 935 1.211 1.344
P1-->01%30 02->G1-->G2-->G5-->G3-->G4 | 2042 | 2621 | 740 | 1.18 | 32.44 | 6.10 | 6.24 963 1.042 4291
P1-->01%30 02-->G1-->G2-->G5-->G4-->G3 | 21.05 | 2679 | 737 | 1.18 | 3244 | 552 | 5.63 936 1.090 1.460
P1-->01%38 02-->G1-->G3-->G2-->G4-->G5 | 21.41 | 2630 | 745 | 1.65 | 32.74 | 5.39 5.06 941 0.898 1.943
P1-->01%38 02-->G1-->G3-->G2-->G5-->G4 | 19.26 | 25.64 | 7.48 | 3.93 | 32.92 | 5.69 5.08 959 0.452 3.865
P1-->01%150 02-->G1-->G3-->G4-->G2-->G5 | 21.23 | 2636 | 7.43 | 1.53 | 32.66 | 5.50 5.29 943 0.933 2.171
P1-->01%30 02->G1-->G3-->G4-->G5->G2 | 24.41 | 26.23 |17.69{ 3.32 | 33.80|-325 | 1.29 885 1.449 4.076
P1-->01%30 02-->G1-->G3-->G5-->G2-->G4 | 24.61 | 2537 | 7.54 | 3.68 | 34.03 | 3.64 | 1.13 898 1.370 2.668
P1-->01%38 02-->G1-->G3-->G5-->G4->G2 | 24.48 | 2594 |"7.39 | 1321/ | 33.72 | 370 1.57 887 1.311 3.936




a
7119190 A.8

(33910 P1-->01%50 02 -->G1-->X-->X-->X-->X

namsauuuiiaesneluniosljnsel vaasuesdsinn Ina lasldoimailudioend lad lasddnilfnze

Foaazlaauavesnansaai Error

silsuumsdaanulgnsen Temperature

CcO H, CO, | CH, N, H,0 Cs RSS | Temperature
HaNIINAA0Y 18 | 165 | 9 4 | 395 | 8 5 923-1057
P1-->01%30 02->G1-->G4-->G2->G3->G5
P1-->01%30 02->G1->G4-->G2->G5->G3 | 20.65 | 2720 | 743 | 0.86 | 3224 | 554 | 6.08 936 1.263 1.439
P1-->01%30 02-->G1-->G4-->G3-->G2-->G5 | 20.13 | 26.46 | 7.53 | 2.52 | 32.66 | 6.40 4.29 944 0.632 2.271
P1-->01%38 02-->G1-->G4-->G3-->G5-->G2 | 24.31 | 2635 | 7.79 | 3.31 | 33.79 | 3.15 1.30 886 1.462 3.976
P1-->01%30 02->G1-->G4-->G5->G2-->G3 | 22.57 | 2522 | 7.74 | 2.98 | 33.58 | 472 | 3.18 944 0.751 2.259
P1-->01%30 02->G1->G4->G5->G3->G2 | 22.86 | 2643 | 7.67 | 248 | 33.27 | 4.17 | 3.12 911 0.996 1.262
P1-->01%30 02-->G1-->G5-->G2-->G3-->G4 | 22.58 | 24.30 | 7.60 | 3.29 | 33.78 | 5.23 3.22 961 0.612 4.160
P1-->01%30 02-->G1-->G5-->G2-->G4-->G3 | 23.08 | 24.71 | 7.56 | 3.29 | 33.78 | 4.82 2.77 943 0.763 2.116
P1-->01%138 02-->G1-->G5-->G3-->G2-->G4 | 22.86 | 25.73 | 7.56 | 2.70 | 33.41 | 4.57 3.17 925 0.859 0.220
P1-->01%30 02->G1-->G5-->G3->G4->G2 | 22.80 | 26.15 740 | 233 133.17-| 4.64 | 3.50 915 0.911 0.844
P1-->01%30 02->G1->G5->G4->G3->G2 | 22.76 | 25.05 | 7.42 | 2.85 | 33.50 | 5.06 | 3.36 940 0.717 1.871
P1-->01%30 02-->G1-->G5-->G4-->G2-->G3 | 23.31 | 26.10 [ 738 |1 2:58 | 33:33 | 4137 2.93 906 0.987 1.840

105
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! o y a o [ I o a o o w Aaana
maeiiag  samsauuudiaeinielunIeslnsel lnaasuesdednn Inalagldoimemdudioond lad lasdauilgnsen

(33910 P1-->01%50 02 -->G2-->X-->X-->X-->X

Foaazlaauavesnansaai Error
silsuumsdaanulgnsen Temperature
(610 H, CO, | CH, N, H,0 Cs RSS | Temperature

NaN1INaaoy 18 16.5 9 4 39.5 8 5 923-1057

P1-->01%30 02->G2-->G1-->G3->G4->G5 | 19.47 | 26.61 | 736 | 052 | 32.02 | 6.58 | 7.43 973 1.478 5.449
P1-->01%30 02->G2->G1-->G3->G5->G4 | 1949 | 26.17 | 7.28 | 0.65 | 32.11 | 6.84 | 7.45 982 1.383 6.369
P1-->01%30 02-->G2-->G1-->G4-->G3-->G5 | 20.09 | 26.34 | 7.09 | 0.68 | 32.12 | 6.64 7.04 963 1.334 4.366
P1-->01%138 02-->G2-->G1-->G4-->G5-->G3 | 2024 | 27.58 | 7.01 | 0.09 | 31.75 | 6.18 7.15 931 1.746 0.869
P1-->01%30 02->G2-->G1-->G5->G3-->G4 | 19.57 | 2742 | 731 | 0.13 | 31.78 | 6.28 | 7.51 952 1.753 3.192
P1-->01%30 02->G2->G1->G5->G4->G3 | 2027 | 2757 | 7.03 | 0.13 | 31.78 | 6.13 | 7.08 931 1.716 0.908
P1-->01%30 02-->G2-->G3-->G1->G4-->G5 | 19.31 | 26,53 | 7.30 | 0.42 | 31.96 | 6.79 7.68 979 1.557 6.036
P1->01%30 02-->G2-->G3-->G1-->G5-->G4 | 19.34 | 2639 | 7.26 | 0.46 | 31.98 | 6.88 7.69 980 1.530 6.186
P1-->01%138 02-->G2-->G3-->G4-->G1-->G5 | 19.31 | 26.53 | 7.30 | 0.42 | 31.96 | 6.79 7.68 979 1.557 6.036
P1-->01%30 02->G2-->G3-->G4->G5->G1 | 20.72 | 26.68 |6.88 | 0.62 | 132.08 | 638 | 6.64 940 1.357 1.829
P1-->01%30 02->G2->G3-->G5->G1->G4 | 19.67 | 2636 | 730 | 0.67 | 32.12 | 6.63 | 7.24 975 1.358 5.587
P1-->01%30 02-->G2-->G3-->G5-->G4->G1 | 20.85 | 26.44 | 6.75 | 1067 | 32.12 | 655 6.61 941 1.313 1.969
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! o y a o [ I o a o o w Aaana
maeiiag  samsauuudiaeinielunIeslnsel lnaasuesdednn Inalagldoimemdudioond lad lasdauilgnsen

(33910 P1-->01%50 02 -->G2-->X-->X-->X-->X

Fouazlnauavesnaniami Error
silsuumsdaanulgnsen Temperature
(610 H, CO, | CH, N, H,0 Cs RSS | Temperature

HaNIINAA0Y 18 | 165 | 9 4 | 395 | 8 5 923-1057

P1-->01%30 02->G2-->G4-->G1->G3->G5 | 23.21 | 22.63 | 3.66 | 0.66 | 32.11 | 1037 | 7.35 939 1.615 1.733
P1-->01%30 02->G2->G4-->G1->G5->G3 | 23.44 | 2376 | 3.62 | 021 | 31.82 | 9.84 | 7.30 908 1.844 1.657
P1->01%30 02-->G2-->G4-->G3-->G1-->G5 | 20.14 | 26.10 | 6.85 | 0.59 | 32.07 | 7.00 7.25 965 1.388 4.585
P1-->01%138 02-->G2-->G4-->G3-->G5-->Gl | 21.07 | 25.89 | 6.37 | 0.68 | 32.12 | 7.09 6.77 945 1.301 2.337
P1-->01%30 02->G2-->G4-->G5->G1->G3 | 23.05 | 24.19 | 3.81 | 0.00 | 31.70 | 9.68 | 7.56 909 1.971 1.549
P1-->01%30 02->G2->G4-->G5->G3->G1 | 20.16 | 2721 | 6.77 | 0.00 | 31.70 | 6.66 | 7.50 939 1.811 1.694
P1->01%30 02-->G2-->G5-->G1-->G3-->G4 | 19.47 | 27.56 | 7.29 | 0.00 | 31.70 | 6.31 7.67 952 1.857 3.100
P1-->01%30 02-->G2-->G5-->G1-->G4-->G3 0.00 40.65 | 8.05 | 0.01 | 3636 | 0.00 | 14.93 1026 9.104 11.144
P1-->01%138 02-->G2-->G5-->G3-->G1-->G4 | 19.23 | 27.24 | 7.25 | 0.00 | 31.70 | 6.63 7.94 964 1.878 4.418
P1-->01%30 02->G2-->G5-->G3->G4->G1 | 19.90 | 27.86 [7.23{ 0.00 | 31.70 | 6:01 |, 7.30 935 1.834 1.277
P1-->01%30 02->G2->G5-->G4->G1->G3 | 23.03 | 2421 | 3.84 | 0.00 | 31.70 | 9.66 | 7.56 909 1.967 1.537
P1-->01%30 02-->G2-->G5-->G4-->G3=->G1 | 20.15 | .27.25 [6.80 | 10.00' | 31.70 | 6:62 7.48 938 1.811 1.675
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! o y a o [ I o a o o w Aaana
maefi a0 mamsaduuudiaeinielunieslnsel lnaasuesdednn Inalasldoinmemiudioond lad lasdauilgnsen

(33910 P1-->01%30 02-->G3-->X-->X-->X-->X

Fouazlnauavesnaniami Error
silsuumsdaanulgnsen Temperature
(610 H, CO, | CH, N, H,0 Cs RSS | Temperature

HaNIINAA0Y 18 | 165 | 9 4 | 395 | 8 5 923-1057

P1-->01%30 02->G3-->G1-->G2->G4->G5 | 21.27 | 2636 | 7.45 | 1.57 | 32.69 | 545 | 521 942 0.922 2.107
P1-->01%30 02->G3->G1-->G2->G5->G4 | 21.23 | 2621 | 7.47 | 1.63 | 32.73 | 551 | 5.22 947 0.886 2.577
P1-->01%30 02-->G3-->G1-->G4-->G2-->G5 | 21.23 | 26.36 | 7.43 | 1.53 | 32.66 | 5.50 5.29 943 0.933 2.167
P1-->01%38 02-->G3-->G1-->G4-->G5-->G2 | 24.41 | 2623 | 7.69 | 3.32 | 33.80 | 3.25 1.29 885 1.449 4.078
P1-->01%30 02->G3-->G1-->G5->G2-->G4 | 24.68 | 25.80 | 7.51 | 3.49 | 33.90 | 347 | 115 887 1.435 3.876
P1-->01%30 02->G3-->G1-->G5->G4->G2 | 24.71. | 2590 | 7.40 | 3.34 | 33.81 | 3.55 | 1.28 883 1.407 4.340
P1->01%30 02-->G3-->G2-->G1-->G4-->G5 | 20.99 | 26.42 | 7.39 | 1.35 | 32.55 | 5.68 5.63 946 0.991 2.506
P1->01%30 02-->G3-->G2-->G1-->G5-->G4 | 20.92 | 26.35 | 7.44 | 1.39 | 32.58 | 5.68 5.63 950 0.967 2.909
P1-->01%30 02->G3-->G2-->G4->G1->G5 | 21.61 | 26.10 | 727 | 1.68 | 32.75 | 5.57 | 5.03 939 0.875 1.735
P1-->01%30 02->G3->G2-->G4->G5-->G1 | 2141 | 2636 1739 | 1.57 | 132.69| 545 | 5.15 939 0.927 1.732
P1-->01%30 02->G3->G2-->G5->G1->G4 | 20.76 | 25.67 | 7.43 | 1.63 | 32.73 | 6.05 | 5.72 968 0.823 4.864
P1->01%30 02-->G3-->G2-->G5-->G4->G1 | 21,50 | 26.21 [*7.34 | 11:631 | 32.73 | 5551 5.08 940 0.895 1.800
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(33910 P1-->01%50 02 -->G3-->X-->X-->X-->X

Fouazlnauavesnaniami Error
silsuumsdaanulgnsen Temperature
(610 H, CO, | CH, N, H,0 Cs RSS | Temperature

HaNIINAA0Y 18 | 165 | 9 4 | 395 | 8 5 923-1057

P1-->01%30 02->G3->G4-->G1-->G2->G5 | 21.23 | 2436 | 743 | 3.53 | 32.66 | 550 | 5.29 943 0.434 2.167
P1-->01%30 02->G3->G4->G1->G5>G2 | 2441 | 2623 | 7.69 | 3.32 | 33.80 | 325 | 1.29 885 1.449 4.079
P1->01%30 02-->G3-->G4-->G2-->G1->G5 | 21.51 | 26.15 | 7.28 | 1.61 | 32.72 | 5.60 5.13 940 0.892 1.857
P1-->01%38 02-->G3-->G4-->G2-->G5->G1 21.38 | 26.36 | 7.36. | 1.53 | 32.66 | 5.50 5.21 939 0.937 1.744
P1-->01%30 02->G3->G4-->G5->G1->G2 | 2325 | 26.82 | 8.11 | 2.90 | 3353 | 323 | 2.16 900 1.264 2.445
P1-->01%30 02->G3->G4->G5->G2->G1 | 22.46 | 2623 | 8.66 | 3.32 | 33.80 | 3.25 | 2.26 935 1.112 1315
P1-->01%30 02-->G3-->G5-->G1->G2-->G4 | 17.51 | 23.68 | 9.79 | 3.25 | 33.76 | 5.90 6.11 889 0.372 3.693
P1-->01%30 02-->G3-->G5-->G1->G4-->G2 | 17.59 | 23.86 | 9.60 | 3.02 | 33.61 | 6.02 6.30 882 0.415 4.439
P1-->01%38 02-->G3-->G5-->G2-->G1->G4 17.93 | 19.33 | 10.01 [ 5.70 | 35.31 | 7.02 4.72 965 0.252 4.564
P1-->01%30 02->G3-->G5-->G2->G4->G1 | 18.34 " 22.49 [1139| 5.70 | 135.31 | 3.:85 - 2.93 908 0.836 1.605
P1-->01%30 02->G3->G5-->G4->G1->G2 | 19.25 | 24.04 | 10.43 | 450 | 3455 | 3.89 | 335 851 0.642 7.782
P1-->01%30 02-->G3-->G5-->G4-->G2-=->G1 | 17.87 | .23.09 [11.37| 1518 | 34.98 | 3.94 3.58 907 0.667 1.787
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(33910 P1-->01%50 02 -->G4-->X-->X-->X-->X

Fouazlnauavesnaniami Error
silsuumsdaanulgnsen Temperature
CcO H, CO, | CH, N, H,0 Cs RSS | Temperature

HaNIINAA0Y 18 | 165 | 9 4 | 395 | 8 5 923-1057

P1-->01%30 02->G4-->G1-->G2->G3->G5 | 21.80 | 17.92 | 4.66 | 3.15 | 33.69 | 11.79 | 6.99 865 0.734 6.288
P1-->01%30 02->G4->G1->G2->G5->G3 | 22.04 | 1699 | 471 | 3.75 | 3407 | 1193 | 651 879 0.633 4.719
P1->01%30 02-->G4-->G1-->G3-->G2-->G5 | 23.51 | 16.82 | 478 | 4.59 | 34.60 | 10.99 | 4.71 852 0.494 7.682
P1-->01%138 02-->G4-->G1-->G3-->G5-->G2 | 26.09 | 17.29 | 4.88 | 5.67 | 3529 | 9.09 1.69 790 1.056 14.359
P1-->01%30 02->G4->G1-->G5->G2-->G3 | 23.55 | 1545 | 485 | 531 | 35.06 | 11.40 | 437 879 0.629 4.749
P1-->01%30 02->G4->G1-->G5->G3->G2 | 24.04 | 18.02 | 475 | 424 | 3438 | 10.25 | 432 816 0.462 11.576
P1-->01%30 02-->G4-->G2-->G1-->G3-->G5 | 1628 | 22.41 | 7.25 | 0.89 | 32.26 | 1029 | 10.62 920 2.158 0.345
P1-->01%30 02-->G4-->G2-->G1->G5-->G3 | 16.67 | 23.26 | 7.22 | 0.64 | 32.10 | 9.77 | 10.34 892 2.143 3.329
P1-->01%138 02-->G4-->G2-->G3-->G1-->G5 | 14.33 | 2491 | 9.54 | 0.95 | 32.30 | 7.71 | 10.25 933 2.024 1.040
P1-->01%30 02->G4-->G2-->G3->G5->G1 | 15.25 | 25.01 [19.09{ 0.91 | 132.27 | 7.67 |, 9.80 905 1.844 1.902
P1-->01%30 02->G4->G2-->G5->G1->G3 | 22.40 | 24.98 | 454 | 0.00 | 31.70 | 8.90 | 7.49 913 1.868 1.086
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(33910 P1-->01%50 02 -->G4-->X-->X-->X-->X

Fouazlnauavesnaniami Error
silsuumsdaanulgnsen Temperature
(610 H, CO, | CH, N, H,0 Cs RSS | Temperature

HaNIINAA0Y 18 | 165 | 9 4 | 395 | 8 5 923-1057

P1-->01%30 02->G4->G3-->G1->G2->G5 | 20.77 | 26.83 | 7.88 | 1.51 | 32.65 | 5.05 | 530 947 0.988 2.628
P1-->01%30 02->G4->G3->G1->G5->G2 | 23.91 | 2675 | 815 | 3.28 | 33.77 | 280 | 135 890 1.512 3.621
P1-->01%30 02-->G4-->G3-->G2-->G1-->G5 | 21.27 | 26.46 | 7.61 | 1.67 | 32.75 | 5.22 5.03 942 0.911 2.067
P1-->01%38 02-->G4-->G3-->G2-->G5-->Gl | 21.18 | 26.83 | 7.68 | 1.51 | 32.65 | 5.05 5.10 936 0.999 1.461
P1-->01%30 02->G4->G3-->G5->G1->G2 | 23.12 | 27.15 | 844 | 2.98 | 33.59 | 2.78 | 1.94 900 1.387 2510
P1-->01%30 02->G4-->G3->G5->G2->G1 | 22.22.| 26.75 | 9.00 | 3.28 | 33.77 | 2.80 | 2.19 933 1.233 1.047
P1-->01%30 02-->G4-->G5-->G1->G2-->G3 | 21.32 | 2652 | 7.70 | 1.75 | 32.80 | 5.05 4.86 941 0.905 1.929
P1-->01%30 02->G4->G5->G1->G3->G2 | 21.17 | 2645 | 7.70 | 1.71 | 32.77 | 5.18 | 5.03 945 0.898 2.420
P1-->01%38 02-->G4-->G5-->G2-->G3->Gl | 21.26 | 26.58 | 7.63 | 1.62 | 32.72 | 5.15 5.03 940 0.938 1.823
P1-->01%30 02->G4-->G5-->G2->G1->G3 | 16.60 | 23.78 [19.91 | 2.89 | 133.52 628 -, 7.02 908 0.521 1.675
P1-->01%30 02->G4->G5-->G3->G1->G2 | 1679 | 2426 | 9.87 | 2.72 | 3342 | 6.02 | 6.92 894 0.570 3.189
P1-->01%30 02-->G4-->G5-->G3-->G2-=->G1 | 21.35 | . 26.67 [-7.71 | 11.70' | 3277 | 496 4.84 937 0.941 1.499
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(33910 P1-->01%50 02 -->G5-->X-->X-->X-->X

Fouazlnauavesnaniami Error
silsuumsdaanulgnsen Temperature
(610 H, CO, | CH, N, H,0 Cs RSS | Temperature

HaNIINAA0Y 18 | 165 | 9 4 | 395 | 8 5 923-1057

P1-->01%30 02->G5->G1-->G2->G3->G4 | 21.13 | 26.56 | 7.46 | 1.42 | 32.59 | 545 | 5.40 941 0.987 1.963
P1-->01%30 02->G5->G1-->G2->G4->G3 | 21.25 | 2659 | 7.42 | 142 | 3259 | 542 | 532 937 0.994 1.556
P1->01%30 02-->G5-->G1-->G3-->G2-->G4 | 21.37 | 26.11 | 7.48 | 1.76 | 32.81 | 5.45 5.03 946 0.847 2.512
P1->01%30 02->G5->G1-->G3->G4->G2 | 2132 | 2622 | 749 | 1.69 | 32.76 | 5.42 | 5.08 945 0.876 2353
P1-->01%30 02->G5->G1-->G4->G2->G3 | 21.22 | 26.63 | 740 | 136 | 32.56 | 545 | 539 937 1.014 1.529
P1-->01%30 02->G5->G1->G4->G3->G2 | 2147 | 26.19 | 745 | 1.73 | 32.79 | 5.39 | 4.97 942 0.868 2.078
P1->01%30 02-->G5-->G2-->G1-->G3-->G4 | 21.39 | 2629 | 7.48 | 1.68 | 32.76 | 5.36 5.03 942 0.889 2.022
P1-->01%30 02-->G5-->G2-->G1->G4-->G3 | 21.51 | 26.32 | 7.44 | 1.68 | 32.76 | 5.33 4.95 938 0.898 1.638
P1-->01%138 02-->G5-->G2-->G3-->G1-->G4 | 20.85 | 25.66 | 7.44 | 1.68 | 32.76 | 5.99 5.62 967 0.806 4.724
P1-->01%30 02->G5-->G2-->G3->G4->G1 | 21,51 | 26.26 741 | 1.68 | 132.76 | 539 - 4.98 939 0.890 1.751
P1-->01%30 02->G5->G2-->G4->G1-->G3 | 21.69 | 26.14 | 7.26 | 1.68 | 32.76 | 5.51 | 4.95 936 0.882 1.457
P1-->01%138 02-->G5-->G2-->G4-->G3->G1 | 21.48 | 26.35 | 7.47 | 1168 | 32.76 | 530 4.96 939 0.901 1.700
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(33910 P1-->01 150 02-->G5-->X-->X-->X-->X

Fouazlaauavesnaniami Error
silsuumsdaanulgnsen Temperature
(610 H, CO, | CH, N, H,0 Cs RSS | Temperature

HaNIINAA0Y 18 | 165 | 9 4 | 395 | 8 5 923-1057

P1-->01%30 02->G5->G3-->G1->G2->G4 | 20.65 | 2596 | 7.42 | 1.43 | 32.60 | 6.02 | 5.91 964 0.918 4.390
P1-->01%30 02->G5->G3->G1->G4->G2 | 20.64 | 26.02 | 7.41 | 138 | 3257 | 6.03 | 595 962 0.941 4.250
P1-->01%30 02-->G5-->G3-->G2-->G1-->G4 | 20.88 | 25.55 | 7.45 | 1.76 | 32.81 | 6.01 5.55 968 0.773 4.903
P1-->01%38 02-->G5-->G3-->G2-->G4->G1 | 21.63 | 26.07 | 7.34 | 1.76 | 32.81 | 5.48 4.92 940 0.853 1.845
P1-->01%30 02->G5->G3-->G4->G1->G2 | 2145 | 26.15 | 742 | 1.72 | 32.78 | 5.46 | 5.02 943 0.866 2.149
P1-->01%30 02->G5->G3->G4->G2->G1 | 21.52. | 2621 | 737 | 1.67 | 32.75 | 545 | 5.02 939 0.887 1.782
P1->01%30 02-->G5-->G4-->G1->G2-->G3 | 21.64 | 26.19 | 7.32 | 1.70 | 32.77 | 5.45 4.94 937 0.883 1.519
P1-->01%30 02-->G5-->G4-->G1->G3-->G2 | 21.59 | 26.06 | 7.32 | 1.74 | 32.79 | 5.53 4.97 941 0.854 1.957
P1-->01%38 02-->G5-->G4-->G2-->G1-->G3 | 21.58 | 26.26 | 7.29 | 1.60 | 32.71 | 5.51 5.07 937 0.912 1.466
P1-->01%30 02->G5-->G4-->G2->G3->G1 | 21.39 | 26.44 747 | 1.60 | 132.71 - 532 |, 5.07 938 0.929 1.671
P1-->01%30 02->G5->G4-->G3->G1->G2 | 2142 | 2623 | 7.49 | 1.73 | 3279 | 536 | 4.98 943 0.872 2.128
P1-->01%30 02-->G5-->G4-->G3->G2-=->G1 | 21,55 | .26.23 [ 7.43 | 11737 | 3279 | 536 4.91 939 0.877 1.757
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ABSTRACT
A large number of biomass from agricultural wastes has been produced each year. Besides the

utilization as fuel for generating heat and electricity, respectively, it can be used as raw materials
containing carbon and hydrogen as major elements for manufacturing other chemicals. In
common practice, the biomass has to be converted to synthesis gas by air oxidation or steam
gasification. In the circumstances, other reactions, such as combustion, pyrolysis, and water - gas
shift, might occur simultaneously. Afterwards, the gas can be converted further to hydrocarbons,
alcohols, or their derivatives or can be used to synthesize certain plasticizers alcohols or
lubricating oil additives Various biomass has been modeled with certain compounds with similar
elemental compositions. At the gasification conditions, oxidation, Boudouard reaction, steam
gasification, hydrogasification, water—gas shift reaction and methanation have occurred
simultaneously. The reactions of simulated biomass have been simulated by chemical equilibria.
It has been found that the distribution of both desired and undesired products, corresponding to
the experimental results, can be achieved by proper sequential reactions. Consequently, the
distribution of all products can be predetermined according to the variation of operating
conditions, such as temperature, air or steam to biomass ratio. In addition, process heat integration

can be estimated and pre-designed.

Keyword: Biomass, Gasification, Agricultural waste, Pyrolysis, Chemical equilibrium,

Mathematic model
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Introduction

Modern agriculture is an extremely energy intensive process. However high agricultural productivities
and subsequently the growth of green revolution has been made possible only by large amount of energy inputs,
especially those from fossil fuels [1]. With recent price rise and scarcity of these fuels there has been a trend
towards use of alternative energy sources like solar, wind, and geothermal etc [2]. However these energy
resources have not been able to provide an economically viable solution for agricultural applications [3]. One
biomass energy based system, which has been proven reliable and had been extensively used for transportation
and on farm systems during World War II is wood or biomass gasification [4]. Biomass gasification means
incomplete combustion of biomass resulting in production of combustible gases consisting of Carbon monoxide
(CO), Hydrogen (H,) and traces of Methane (CH,). This mixturc is called synthesis gas [5]. This gas can be
used to run internal combustion engines (both compression and spark ignition), can be used as substitute for
furnace oil in direct heat applications and can be used to produce, in an economically viable way, methanol — an
extremely attractive chemical which is useful both as fuel for heat engines as well as chemical feedstock for
industries [6,7]. Since any biomass material can undergo gasification, this process is much more attractive than

ethanol production or biogas where only selected biomass materials can produce the fuel.

The efficient operation for gasification is dependent on a number of complex chemical reactions,
including pyrolysis of the biomass, partial oxidation of pyrolysis products, gasification of the resulting char,
conversion of tar and lower hydrocarbons, the water-gas shift reaction, and etc [8]. These complicated
processes, coupled with the sensitivity of the product distribution to the rate of heating and residence time in the
reactor, called for the development of a mathematical model capable of predicting the effects of process
variables on the performance and dimensions of the gasifier. As a result, various models with widely differing
complexity have been proposed to describe biomass gasification. These models range from complex kinetic
models incorporating bed hydrodynamics and particle distributions [9, 10] to simple thermodynamic models

based on reaction stoichiometry, chemical equilibrium, and mass and energy balances [11].

Although kinetic models have the capability of predicting both the overall gasifier performance and
the behavior inside the gasifier, there are many problems involved in making use of kinetic data. First, the
kinetics of biomass pyrolysis is mainly based on measurements of weight loss, which is of no help in estimating
product distribution [12]. Second, the experimental conditions under which the kinetic data are obtained are
usually different from those expected in any gasifier[13]. Third, the intensive char circulation between the
oxidizing and reducing zones present within the gasifier might affect the reactivity of the fuel char surface.
Thus, the direct application of the thermogravimetrically obtained kinetic parameters to the analysis of

gasification may not always be justified [14].
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There is evident reported that at operating temperatures above 600 °C, the gaseous mixtures leaving
many types of gasifiers were found to approach equilibrium [15]. Consequently, thermodynamic studies can be

used to provide data for designing and assessing the performance of gasifiers.

2.1 Selection and characteristic of biomass

Typical biomass is agricultural plants and wood. But also matters such as chicken litter, cow dung, pig
manure and organic waste from food processing industries can be considered as biomass fuels. Household
waste is also considered as biomass In Europe there is an on-going debate whether peat should be considered as

biomass.

Table 1 summarizes the relevant parameters of the some type biomass waste found in Thailand.
Representative values serve as input for the system calculations as well as for gas composition calculations and
the gasification tests. The composition of the synthesis gas produced by the gasification varies according to the
biomass used. The gas compositions are derived from lab-scale experiments and from subsequent separate
gasifier model calculations. The results of this exercise are given in Table 2.

Table 1: Characteristic of some biomass residue in Thailand ( derived from www. efe.co.th)

Proximate analysis (wt %) Rice husk Bagasse Oil palm residues wood residues
Moisture 8.2 50.73 58.6 45

Ash 13.2 1.43 2.92 1.59
Volatile Matter 58.9 41.98 30.44 45.7
Fixed Carbon 19.7 5.86 8.04 7.71

Ultimate Analysis (wt %)

C 39.1 21.33 15.11 25.575
H 4.59 3.06 1.51 3.19

0] 347 23.29 19:13 24.475
N 0.18 0.12 2.57 0.138
S 0.04 0.03 0.04 0.022
Cl 0.09 n.a. 0.13 0.0055
Ash 13.2 1.43 2.92 1.595

Moisture 8.2 50.73 58.6 45
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Table 2: Some gas composition data derived from lab-scale Experiments and from subsequent separate gasifier

model calculations.

Gasification Oxidizing [volume percentage of exit gas composition
Fuel Reference
method agent CcO H, CH, CO, N,
Rice husk Downdraft Air 14-17 | 17-19 - 11-14 | Diff' 16
Bagasse Fluidize bed O, 36.97 | 40.69 | 2.56 | 19.79 - 17
Sawdust Fluidize bed O,/steam | 25.1 | 21.2 8.2 12.5 | 337 18
(Wood residue Fluidize bed steam 22.7 | 315 | 11-13 | 274 - 19
(Wood residue Fluidize bed Air 15-17 | 9-11 5-7 18 Diff' 19
'Wood residue Updraft Air 21.5 16 33 14.4 | Diff' 19
[Wood residue Downdraft Air 17-22 | 16-20 | 1-2 1-2 | 55-60 19

* Dependant on air flow rate

2.2 Gasification model

Although various attempts have been made to develop thermodynamic models to predict the
performance of biomass gasification systems, calculation of the equilibrium composition encountered in this
systems is a difficult and time-consuming task because of the need to simultaneously solve the mass and energy
balances as well as the many chemical equations involved in equilibrium calculations through minimization of

free energy approach.

In this study, the modelling is done in the Provision Simulation package (Proll) to take advantage of
the extensive thermal and property database and built-in convergence algorithms. The ease of application is

greatly enhanced, and the computing time is drastically reduced, as compared to prior approaches.

The models developed in this study are based on the use of mass and energy balances and chemical
equilibrium relationships to predict the product gas composition from gasification process. In developing the
models, it is assumed that the biomass fuel fed into a gasifier undergoes physical and chemical changes (which
cannot be entirely dissociated from each other). These are pyrolysis (leading to gas and char formation), the
partial combustion of the resulting char with O,, CO,, H,O, and H, and reaction between product gas. In the
equilibrium calculations, CO, CO,, H,0, H,, and CH, were considered as possible products. The reactions

considered in the model development are shown in Table 3
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Table 3: Reaction & Reaction name take place in gasification process

Reaction name Reaction Chemistry Type of reaction
Pyrolysis Biomass model + heat =2 char’ + volatile compounds’ | Endothermic
C +0.50, 9 CO Exothermic
C +0, 9 Co, Endothermic
Oxidation .
CO  +0.50, - co, Exothermic
H, +0.50, 9 H,0 Exothermic
Boudouard reaction C +CO, = 2CO Exothermic
Hydrogasification C +2H, P CLig Endothermic
Steam gasification @ +2H,0 ==COm=H, Endothermic
Water-gas shift reaction | CO  +H,0 RGOS T Endothermic
Methanation CO +3H, 5 CLL, il ® Exothermic

* Char is a unconverted biomass, at gasification condition around 1100 K ,slow heating late and long
residence time, char is reduced to a carbon atom of biomass [5]

® Volatile compounds are H,, CO, CH,, H,O, and tars
2.3 Thermodynamic calculation

Each of the chemical components involved in this study is included in the Provision database. For
each component this database contains the following transport and thermodynamic data as a function of
temperature [21]: viscosity, diffusivity, thermal conductivity, Gibbs free energy of formation, standard enthalpy
of formation, and heat capacity. This information is required to calculate energy balances and to determine

equilibrium compositions by minimizing the total Gibbs free energy of the system [22].

Material Balance
Using the principle of conservation of mass, the mass balance s can be generally written as follows:
@)
Z(Yiaik) : | ﬁ
In addition, one more equation is required. This is provided by Dalton’s law, which states that the sum of the

mole fractions of all gaseous species that exit the gasifier is unity:
i

Energy Balance
The enthalpy exchanged as heat among the different processes taking place in the gasifier and the

surroundings is given in Figure 1. The corresponding energy balance equation is given as follows:
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Energy output  in T T Energy output  in

gasification reactions ~[———p

Energy output from

oxidation P Energy output from
Pvrolvsis |4— Energy input in Devolatilization process, Q,,
Drying [

Energy input in Drying

Energy input in Energy input

Figure 1. Entropy exchange in gasification process

AH = Q(T, P)‘ siomassT Qo (T P)‘ oniaant Qs (T, P)‘ sotia—Qp (T,P) Productgas (3)
+Q4 (T, P)| oryingt Quu (T P)| pevoraittion Qs (T P)| combustion Qg

Sidereactions

Calculating Equilibrium Gas Compositions

Consider the Total Gibbs free energy in the gas mixture [23]

G =nG(T,P,n);1=1,2,3,...C @)
or another form is 4(G,) = {é(nG)} dT +[6(nG)i| o i o(nG) an 5)
aT p.n 6P T.n i=1 Gni T.p.n

From definition of the partial property

M. {ﬂ} ©)
ani T.Pn;

Where M is extensive property, therefore the above equation becomes

d(GT):[ag‘TG)} dT{a(gf)} dP+ 3 Gn, O

i=1

From Gibbs-Duhem’s theorem:
> Midn, =0~ @)

Applying to eq.7 to get
d(G,) =[a(”6)} oT {a(”G)J ARNT
or In oP i,

When the system approaches equilibrium, temperature and pressure P are constant so eq.9 becomes
(dGsystem)T,P =0 (10)

This equation has a minimum point at G, and that is

nG = Y ((nAGY)+(Xn)RTINP+RTY (0, Iny,)+RTY (n, Ingy) (1D

It is the total Gibbs function (nG) that is to be minimized with respect to the composition of the individual

specie s at the specified temperature and pressure. This is subject to the restraints imposed by atomic balances
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written for a closed system. The standard solution to this type of problem is through the method of Langrangian
undetermined multipliers. This requires that the restraints imposed by the atomic balance be incorporated in the

expression for nG. For each element k, the atomic balance is given as

Z(niaik)_Ak =0 (12)

i
This is multiplied by the Langrangian undetermined multiplier, and the expression is then summed overall k,
giving
Z|:’1k (Z (niaik ) - A ]:| =0 (13)
k i

Adding this equation to the right-hand side of eq. (13) for nG yields
nG = Z(rgAG?iH(ZQ)RTInPJrRTZ(niIn%HRTZ(q Ing) (14)

Al ]

where y, has been replaced by n; . Differentiating eq. 14 partially with respect to n, to form the derivatives
>on

{6 (nG)} and set each derivative equally to zero leads to
on;
P AT.Pn

AGS +RT(InP+Iny, +In¢3i)+2[/1kaik]= 0(5)
k

For an ideal gasqzi = 0. When the gas is nonideal, the Peng-Robinson equation is used to describe
the system. The five chemical compounds considered (CO, CO,, H ,0, H, , and CH, ) lead to five
equations of the form Eq. (15). These compounds, in turn, are composed of three elements (C,H,
and O), which add three further equations of the form Eq. (1). In principle, the composition under
equilibrium conditions can be determined by simultaneously solving this set of eight algebraic
equations. However, when multiple reaction equilibria and/or phase equilibria are involved, it is
easier to solve for the equilibrium composition of the system by using mathematical techniques
that minimize the total Gibbs free energy of the system, subject to the constraints of the elemental
balances. The equilibrium compositions in this study were calculated using the Gibbs free energy
minimization module entitled gibb reactor in the Provision for chemical process flow sheet

simulation [24].

3. Simulation result

In the case of gasification under adiabatic conditions, the equilibrium product composition predicted by
gibbs reactor depends on the flow rates, composition, temperatures of the feed materials (biomass model and

air) fed to the gasifier, and the extent to which the carbon oxidized with O, was converted into gaseous products
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as well as the sequences of reaction. The latter was used as an adjustable parameter to fit the predicted dry gas
compositions to those experimentally obtained shown in Table 2. The components of the gas considered are the

combustible gases CO, H, , and CH ,. The contents of C,H,, C,H,, C,H,, and tar are accepted as non-

2 2t Sotly rtle

equilibrium products [12], so that, for equilibrium calculations at atmospheric pressure, their presence can be
ignored. Exit gas compositions, obtained from any sequencing reactions were computed. And the sequential
reaction that minimizes the residual sum of squares (RSS) criterion (based on dry solid-free mole fractions) was

identified [25]:

RSS = i(%) 1e)

The mean residual sum of squares (MRSS) and the mean error between predicted and experimental product gas

compositions were calculated as follows:

MRSS = E a7
N
Mean error = +/MRSS (18)

4. Result & Discussion

4.1 Biomass model

The Biomass models (dry basis) used in this study are D-glucose (C .H ,0,) and Sucrose (C,H,,0,,)

12
due to the two criteria claimed above. The biomass agriculture can be separated into three fractions: extractable,
cell wall components, and ash. The major fraction of biomass agriculture is the cell wall part. This part

comprises lignin fraction and carbohydrate fraction which is called cellulose minimization module entitled gibb

reactor in the Provision for chemical process flow sheet simulation [24].

3. Simulation result

In the case of gasification under adiabatic conditions, the equilibrium product composition predicted by
gibbs reactor depends on the flow rates, composition, temperatures of the feed materials (biomass model and
air) fed to the gasifier, and the extent to which the carbon oxidized with O, was converted into gaseous products
as well as the sequences of reaction. The latter was used as an adjustable parameter to fit the predicted dry gas
compositions to those experimentally obtained shown in Table 2. The components of the gas considered are the

combustible gases CO, H, , and CH ,. The contents of C,H,, C,H,, C,H,, and tar are accepted as non-

2 2772 2774 2776

equilibrium products [12], so that, for equilibrium calculations at atmospheric pressure, their presence can be
ignored. Exit gas compositions, obtained from any sequencing reactions were computed. And the sequential
reaction that minimizes the residual sum of squares (RSS) criterion (based on dry solid-free mole fractions) was

identified [25]:

N (Cie—Cic )’
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The mean residual sum of squares (MRSS) and the mean error between predicted and experimental product gas

compositions were calculated as follows:

MRSS = RSS 17
N
Mean error = +/MRSS @1s8)

4. Result & Discussion
4.1 Biomass model
The Biomass models (dry basis) used in this study are D-glucose (C,H,,0,) and Sucrose (C,H,,0,,)

due to the two criteria claimed above. The biomass agriculture can be separated into three fractions: extractable,
cell wall components, and ash. The major fraction of biomass agriculture is the cell wall part. This part
comprises lignin fraction and carbohydrate fraction which is called cellulose energy for undergoing reaction
and then they can early occur. Besides, these reactions provide energy for other reactions that are endothermic
reaction such as steam gasification and hydrogasification that can occur later.

It is quite reasonable for using sequential reaction as an adjust parameter to fit the predicted dry gas
compositions to those experimentally obtained because of the fact that the sequence of reaction is varying in
each of mode of operate for gasifier [27]. For example same biomass residue which is fed into gasifier differing

mode of operate has different exit gas so this case will has the different sequence of reaction

5. Conclusions

The mathematical model based on a thermodynamic approach was developed for biomass gasification
process using the Provision process simulator. The resulting models are capable of predicting the reactor
temperature, gas composition, and overall carbon conversion under various operating conditions without
dealing with complex reaction kinetics. The thermodynamic approach provides all of the relevant information
on the gasification process and products with reasonable precision and computational effort. The sensitivity
analyses and verification of the models can be further study. The models could be used to predict the

performance of the gasifier when operating on other biomass materials by use other biomass model.

Nomenclature

a, number of atoms of the k' element present-in each molecule of the chemical species i

A, total number of atomic weights of the k" element present in the k system, as-determined by its initial
constituents.

C, concentration of component i obtained from experiment

C,.  predicted concentration of component i obtained though simulator program

k=1-3 represents the three equations for carbon, hydrogen, and oxygen atomic balance
n number of gaseous components

.th . .
n number of moles of i species in the system
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number of data points

N

P pressure of the system (atm)
R gas constant (kJ / (mol K))

T temperature of the process (K)

Y, number of moles of the species produced

AGoﬁ standard Gibbs free energy of formation of compound i from its constituent elements at temperature T

(kJ / kmol)

A

A

¢i fugacity coefficient

«  Langrangian multiplier corresponding to the k" atomic balance constraints
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