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Class Group Fixed carbon 
(%wt.)

Volatile matter 
(%wt.)

High heating
value (MJ kg-1)

Anthracite Meta-anthracite over 98% under 2%
Anthracite 92-98% 2-8%
Semi-anthracite 86-92% 8-14%

Bituminous Low-volatile 78-86% 14-22%
Medium volatile 69-78% 22-31%
High volatile A under 69% over 31% over 32.5
High volatile B under 69% over 31% 30.2-32.5
High volatile C under 69% over 31% 26.7-30.2

Sub-bituminous A under 69% over 31% 24.4-26.7
B under 69% over 31% 22.1-24.4
C under 69% over 31% 19.3-22.1

Lignite A under 69% over 31% 14.6-19.3
B under 69% over 31% under 14.6



















Type of fuel cell Temperature range
Direct methanol fuel cell ~ 60 ºC
Proton exchange membrane fuel cell ~ 80 ºC
Alkaline fuel cell ~ 100 ºC
Phosphoric acid fuel cell ~ 200 ºC
Molten carbonate fuel cell ~ 650 ºC
Solid oxide fuel cell 650-1000 ºC

















Sample Medium Bed material Temperature, °C S/B ratio1 ER2 Reference

Rice husk steam Silica sand 650-770 1.3 0 Karmakar and Datta, 2011

Pine sawdust steam, air Silica sand 700-900 2.7 0.22 Lv et al., 2004

Sawdust steam, O2, N2 Alumina beads 750-950 1.4 0.18 Turn et al., 1998

Natural coke steam, O2 Quartz sand 850-1000 3.8 0.02 Xiang et al., 2009

Biomass-derivsteam Quartz chips 650-800 1.09 0 Chaudhari et al., 2001
1 Steam to biomass ratio, 2 Equivalence ratio.















Mixed       Phenolic          Alkyl     Heterocyclic           Larger
Oxygenates Ethers   Phenolics     Ethers       PAH PAH 
400 °C 500 °C 600 °C 700 °C 800 °C 900 °C





Conventional flash 
pyrolysis (450-500°C)

High temperature 
flash pyrolysis 
(600-650°C)

Conventional steam 
gasification (700-
800°C)

High temperature 
steam gasification 
(900-1000°C)

Acids Benzenes Naphthalenes Naphthalene
Aldehydes Phenols Acenaphthylenes Acenaphthylene
Ketones Catechols Fluorenes Phenanthrene
Furans Naphthalenes Phenanthrenes Fluoranthene
Alcohols Biphenyls Benzaldehydes Pyrene
Complex oxygenates Phenanthrenes Phenols Acephenanthrylene
Phenols Benzofurans Naphthofurans Benzanthracenes
Guaiacols Benzaldehydes Benzanthracenes Benzopyrenes
Syringols 226 MW PAHs
Complex phenolics 276 MW PAHs
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Thermal conductivity at 20 °C, W m-1 K-1

H2 0.182
CO2 0.016
CH4 0.034
CO 0.026
N2 0.025
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n = 2d sin
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= × (1 )
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= 1 + 8.1716 . . . + . .. .

1 5 10
200 0.023 0.023 0.023
300 0.038 0.038 0.038
200 0.019 0.019 0.019
300 0.040 0.040 0.039
200 0.024 0.024 0.024
300 0.039 0.039 0.039
200 0.020 0.020 0.020
300 0.041 0.041 0.041

U, m s-1 0.248 0.074 to 0.187 0.093

Pressure, baraGasification 
medium Type Particle 

Umf, m s-1

CO2

Steam

Sand

Char

Sand

Char



=

=

1 5 10
ut, m s-1 0.49 0.38 0.33
Rep 1.06 4.11 7.16
CD 32.38 10.85 7.17
ut 0.56 0.45 0.40
Rep 0.51 2.06 3.65
CD 61.36 18.73 11.90
U, m s-1 0.25 0.07 to 0.19 0.09

CO2

Steam

Pressure, bar
Gasification medium
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CH4, % CO2, % H2, % CO, %
Certified value 1 15 10 15
Absolute error, ± 0.02 0.3 0.2 0.3



. =  ×× . × . × 100%
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95% CI = ± .





°



°



°

°



°

°

°



















°









° °

























°











°



°



Run
Pressure, 

bara

Sample 
preparation

Coalin,
g min-1

CO2 in, 

L min-1
H2Oin,         

mL min-1
H2Oin

1
,

%
H2Ototal

2
,

%
n[CO2+H2O]/[C] U/Umf

1 1 As received 1.04 2.39 0.00 0 6 2 10.0
2 1 As received 1.04 1.91 0.36 20 25 2 10.0
3 1 As received 1.04 1.43 0.72 40 44 2 10.0
4 5 As received 3.90 9.01 0.00 0 6 2 7.5
5 5 As received 3.90 7.20 1.36 20 25 2 7.5
6 5 As received 3.90 5.40 2.71 40 44 2 7.5
7 10 As received 3.90 9.01 0.00 0 6 2 3.8
8 10 As received 3.90 7.20 1.36 20 25 2 3.8
9 10 As received 3.90 5.40 2.71 40 44 2 3.8
10 5 Dried 1.37 3.57 0.00 0 0 2 3.0
11 5 Dried 1.37 3.57 0.18 6 6 2 3.0
12 5 As received 1.55 3.57 0.00 0 6 2 3.0
13 5 Dried 1.37 4.50 0.00 0 0 3 3.8
14 5 Dried 1.37 4.50 0.18 5 5 3 3.8
15 5 As received 1.55 4.50 0.00 0 5 3 3.8
16 5 Dried 1.37 9.01 0.00 0 0 5 7.5
17 5 Dried 1.37 9.01 0.18 3 3 5 7.5
18 5 As received 1.55 9.01 0.00 0 3 5 7.5

1 Percentage of steam in the inlet gas stream
2 Percentage of steam in the reactants including the moisture from the feedstock
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CO2, NL min-1 H2O, mL min-1 H2O, %

1 No fixed bed 2.39 0.00 0
2 No fixed bed 1.43 0.72 40
3 Blank 2.39 0.00 0
4 Blank 1.43 0.72 40
5 Ni/YSZ 2.39 0.00 0
6 Ni/YSZ 1.43 0.72 40
7 Ni/CGO 2.39 0.00 0
8 Ni/CGO 1.43 0.72 40

Run Second stage 
condition

Gasification media
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